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Abstract
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Endothelial cells make up the inner lining of blood and lymphatic vessels, where they
participate in functions vital to survival of the tissue; endothelial cells maintain vessel integrity,
dynamically respond to the changing metabolic needs of tissues, and participate in many tissuespecific functions. Endothelial cells sense environmental cues which initiate signal transduction
pathways that regulate behavior. Endothelial cell dysfunction is a feature of many diseases,
such as cancer, atherosclerosis, and retinopathies and therefore knowledge of endothelial signal
transduction pathways is important for designing therapies to treat these diseases.
The receptor tyrosine kinase VEGFR2 is a master regulator of endothelial cell biology,
regulating survival, growth, migration, angiogenesis and vessel permeability. VEGF stimulation
of VEGFR2 results in phosphorylation of tyrosine residues in the receptor’s intracellular
domain. The phosphorylation of Y949, Y1173, and Y1212 is known to initiate complex
signaling pathways in endothelial cells, but it is still unclear how each individual phosphosite
contributes to overall endothelial regulation.
The scaffold protein palmdelphin has been found to be highly expressed in endothelial cells,
though its role in endothelial biology is still unclear.
In this thesis I present investigations of endothelial cell signaling pathways. In Paper I,
we identify VEGFR2 pY1212 binding partners and use a mouse model to reveal the effect of
abrogated Y1212 signaling in vivo. In Paper II, we investigate endothelial palmdelphin and
establish that loss of palmdelphin in vitro and in vivo results in morphological changes for
endothelial cells. Additionally, loss of palmdelphin leads to a misalignment of endothelial nuclei
in response to flow, implicating palmdelpin in a mechanotransduction pathway. In Paper III,
we use mouse models of proliferative retinopathy to demonstrate that loss of VEGFR2 Y949
signaling leads to a reduction or delay in neovascularization and a decrease in vessel leakage
from pathological lesions.
In summary, the investigation of endothelial cell signal transduction pathways can help us
understand and unravel the complexities of vascular biology. Designing therapies which affect
only a specific signaling axis has the potential to reduce side effects and optimize treatment.
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Introduction

Endothelial cells make up the innermost layer of the blood and lymphatic vessels which in turn are basic components of the circulatory system. A study of
the formation and function of vessels in health and disease therefore necessitates knowledge of endothelial cells and, in particular, knowledge of how
these cells respond to signals they receive from the surrounding tissue.

Figure 1. The endothelial cell is a basic building block of the vascular system. This
scanning electron microscope image shows an arteriole containing several red blood
cells at 400x magnification. Image courtesy of Steve Gschmeissner.

An endothelial cell will be exposed to different signals depending on the stage
of development and the location of the cell within the body, as the demands
placed on the vasculature are both dynamic and tissue-specific (Augustin and
Koh, 2017). Endothelial cells are known to respond to mechanosensory signals, which convey information about the physical forces impacting the cell,
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as well as to chemical signals, which are delivered in the form of ligands binding specifically to receptors expressed on the endothelial cell surface. In response to such signals, endothelial cells can change their shape, their movement, their growth, their division, and their adhesion to basement membrane
or neighboring cells, and the coordinated control of these types of changes
leads to complex and nuanced adaptation of the vasculature.
From an evolutionary standpoint, endothelial cells and the endothelium developed due to the limitations of passive diffusion to transport oxygen and
nutrients. The earliest forms of vasculature in vertebrates are believed to have
originated 540-510 million years ago (Monahan-Earley et al., 2013), though
the development of a blood-based vascular system may have developed even
earlier. The circulatory system is highly conserved throughout mammals and
therefore the insights gained by examining the vasculature of laboratory mice
and rats are instructive for understanding human biology as well. Indeed, the
vascular system is often implicated in human diseases, from atherosclerosis to
cancers, and thus the components of the vascular system have been a focus of
intense research focused on fundamental biological questions as well as on the
identification of drug targets and development of drugs to modify vessel function in disease.

Signal transduction
Endothelial cells rely on signals from their environment in order to respond to
the dynamic needs of the tissue and organism. Signals that originate outside
of the endothelial cell have their effect by interacting with cell surface receptors, thus initiating signaling cascades that transmit a signal inside the cell,
resulting in a cellular response and ultimately a biologic activity. Endothelial
cells respond to a host of signaling forces and molecules derived from either
the luminal or abluminal side (Dragoni et al., 2018). For each molecular signal, one or more specific cell surface receptor will bind the ligand, each receptor thus initiating signaling cascades that combine and synthesize to control the overall function of these cells. There are many classes of ligands that
are important in the control of endothelial cell activity, most notably vascular
endothelial growth factors (VEGFs), angiopoietins, ephrins, platelet-derived
growth factors, fibroblast growth factors and transforming growth factor-β
(Augustin et al., 2009; Bochenek et al., 2010; Folkman and Klagsbrun, 1987;
Hellstrom et al., 1999; Kuijper et al., 2007; Yamazaki and Morita, 2006; Yang
et al., 2015). However, among these VEGFs play an especially prominent role;
the loss of even one VEGF allele is embryonically lethal (Carmeliet et al.,
1996; Ferrara et al., 1996), and VEGF signaling controls many diverse aspects
of endothelial cell activity, discussed in greater detail below.
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VEGF signaling
VEGFs are growth factors that coordinate and regulate a wide range of signaling pathways within vessels. The members of this family of factors are the
VEGF proteins, VEGF-(A-D) and placental growth factor (PlGF), as well as
two additional members that are not produced in mammals but can signal via
the mammalian receptors - VEGF-E, which derives from the orf parapox virus, and VEGF-Fs, which are found in snake venom (Ogawa et al., 1998; Suto
et al., 2005). The VEGF family ligands form homodimers which bind to the
extracellular region of the VEGF receptors, VEGFR1-3. Notably, VEGFRs
are receptor tyrosine kinases (RTKs), a category of transmembrane proteins
containing a tyrosine kinase domain that upon activation promote downstream
signaling (Simons et al., 2016). As illustrated in figure 2, the VEGFs can bind
to one or two VEGFRs and therefore each VEGF can elicit distinct signaling
responses depending on the mix of growth factors and receptors present (Karaman et al., 2018).

Figure 2. VEGF growth factors are dimeric ligands that are master regulators of endothelial cell biology. The five members found in mammals are shown in this stylized illustration with arrows indicating their VEGFR binding affinity. VEGFR signaling is initiated by ligand binding, which leads to receptor dimerization and activation of the cytoplasmic tyrosine kinase domain. Some major aspects of endothelial
biology regulated by the three VEGFRs are indicated. For a more thorough review
describing the complexity of VEGFR signaling, please see (Koch and ClaessonWelsh, 2012). Image adapted from (Karaman et al., 2018).
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The prototypical VEGF, VEGF-A, was initially also known as vascular permeability factor for its profound ability to rapidly and transiently increase
blood vessel permeability (Leung et al., 1989; Senger et al., 1986). VEGF-A
binds with high affinity to VEGFR1 and with lower affinity to VEGFR2, however the tyrosine kinase activity of VEGFR2 is more potently induced in response to VEGF-A, supporting VEGFR2 as the primary signaling receptor
upon VEGF-A stimulation. Furthermore, although total genetic deletion of
VEGFR1 in mice leads to embryonic lethality due to excessive endothelial
proliferation and formation of lumen-less vessels, deletion of just the tyrosine
kinase domain does not lead to a strong phenotype (Shibuya, 2013). These
observations underpin the theory that VEGFR1 and the soluble form of the
receptor, which is generated by alternate splicing of the pre-RNA, act as
VEGF-A-binding “sinks”, thereby regulating the amount of VEGF-A available to interact with VEGFR2 (Kendall and Thomas, 1993).
VEGFs exist in several isoforms based on alternate splicing of the pre-RNA
or proteolytic cleavage of the translated protein. The isoforms of VEGF-A are
denoted VEGF-AXXX where XXX indicates the number of amino acids in the
final protein product, with VEGF-A165 being the prototypical isoform. The alternative splicing determines also whether the isoform is secreted from the
cell, is able to bind heparan sulfate proteoglycans present on the cell surface
and in the extra-cellular matrix, and whether it is able to bind neuropilin 1, a
co-receptor of VEGFR2; all factors that influence the signaling outcome
(Peach et al., 2018). For example, isoforms of VEGF-A, such as VEGF-A165
and VEGF-A189 bind to heparan sulfate attached to proteins in close proximity
to the producer cell and thereby contribute to the patterning of vascular beds
(Gerhardt et al., 2003; Ruhrberg et al., 2002).
Mechanistically, using VEGF-A and VEGFR2 as an example case, VEGFA binding leads to VEGFR2 dimerization and the resultant proximity of the
paired receptors in turn leads to the full activation of the VEGFR2 kinase domain (Lemmon and Schlessinger, 2010). Phosphorylation of VEGFR2 in
trans at tyrosine residues within the activation loop of the intrinsic intracellular tyrosine kinase domain greatly enhances the kinase activity, resulting in
phosphorylation of other tyrosines at specific positions within the cytoplasmic
region. By convention, these residues are identified by the amino acid letter
code (Y for tyrosine) and numeric position within the protein (Koch et al.,
2011). For VEGFR2, phosphorylation to activate the kinase domain at Y1052
and Y1057 (numbering for mouse protein) in the activation loop, is accompanied by phosphorylation primarily at the Y949, Y1173, and Y1212 residues.
Phosphorylated tyrosines and the adjoining amino acids then serve as docking
locations for signaling proteins containing an SH2 (Src Homology 2) domain.
SH2 domains bind to given peptide sequences adjacent to and including a
phosphorylated tyrosine and the specificity of the SH2 interactions allows for
the recruitment of a unique set of signaling players from the intracellular environment (Schlessinger and Lemmon, 2003). Several signaling proteins
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which bind to VEGFR2 autophosphorylation sites have been identified in conjunction with known signaling pathways (reviewed in (Simons et al., 2016))
but there has not yet been a complete accounting of all the proteins that bind
to VEGFR2 phosphorylation sites (Claesson-Welsh, 2016). The end result of
signaling is immediate or longer term changes in biological activity of an endothelial cell, such as the promotion of permeability or the alteration of gene
regulation activity, respectively. A few of these biological responses especially relevant to this thesis are described later in greater detail.
Too little or too much VEGFR2 signaling is detrimental. Signaling can be
enhanced by increasing expression of the ligand or the receptor, or through
the interaction of co-receptors (Kawamura et al., 2008) and signaling can be
attenuated by the actions of phosphatases that remove tyrosine phosphorylation from the receptor or by reducing the amount of VEGFR2 that is present
on the cell surface (Corti and Simons, 2017). VEGFR2 at the cell surface undergoes a process of internalization into vesicles expressing different proteins
of the Rab family of small GTPases (Simons et al., 2016), bringing receptors
to lysosomes for destruction or, recycling receptors back to the cell surface.
The first step of receptor internalization into early endosomes is required for
some VEGFR2 downstream signaling (Lampugnani et al., 2006). Efficient
signaling via Y1173, for example, requires internalization of VEGFR2 away
from the peri-membrane region where contact with the phosphatase PTP1b
leads to loss of Y1173 phosphorylation (Lanahan et al., 2010). Through accelerated internalization or reduced recycling, the cell surface levels of
VEGFR2 decrease (Ballmer-Hofer et al., 2011; Zwang and Yarden, 2009).

Mechanosensing
In endothelial cells, signal transduction is not limited to the binding of extracellular ligands to their cognate receptors; it also occurs in response to mechanical forces affecting the receptor through a physical impact. Hemodynamic forces arise from the pumping of blood throughout the vasculature. Endothelial cells lining the vessels are in direct contact with the blood and are
exposed to, in particular, fluid shear stress, the frictional force per unit area
arising from the passage of blood, and circumferential stretch, arising from
the pulsatile expansion of vessels under pressure. The sensing of blood flow
is important for many aspects of vascular biology, from the embryonic development of a vascular plexus to regulation of vessel tone in the adult (Lucitti
et al., 2007; Vanhoutte et al., 2009). At the level of the organism, vessels adapt
to changes in blood flow in order to ensure proper delivery to each tissue.
Pathologies, most notably atherosclerosis, can arise as a result of disrupted
blood flow sensing, and thus understanding the signal transduction events involved is of great importance (Stevens et al., 2008).
A challenge in studying mechanotransduction lies in identifying the molecules responsible for sensing force. Unlike chemical ligands, it is not possible
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to purify and clone a receptor based on the impact of a physical force (Chatterjee et al., 2015). Instead, researchers have identified downstream signaling
pathways that are triggered by the onset of flow, such as the activation of ion
channels, various kinases, and transcription factors, and have worked backward to determine the initial sensing entity (Tzima et al., 2005). A collection
of potential mechanosensors on endothelial cells has been proposed, including
the glycocalyx (the inner macromolecular coating of vessels; see below), ion
channels, focal adhesions, and the junctional protein platelet endothelial cell
adhesion molecule (PECAM-1). It is likely that multiple sensors are involved
in endothelial mechanotransduction (Chatterjee et al., 2015).
The protein PECAM-1 is illustrative for how the earliest sensing of a physical force is converted to a biochemical signal. PECAM-1, as demonstrated by
the use of magnetic beads to selectively apply a shear stress-like force to the
receptor, has the capacity to initiate signal transduction in endothelial cells
(Tzima et al., 2005). A complex involving PECAM-1, vascular endothelialcadherin (VE-cadherin), VEGFR2, and VEGFR3 is a prerequisite for ligandindependent activation of VEGFR2 and VEGFR3 tyrosine kinases (Coon et
al., 2015). Shear stress also increases the association of PECAM-1 and vimentin, a component of the cell’s cytoskeletal architecture, and both VEGFR
signaling as well as the attachment to vimentin are necessary for endothelial
cell alignment to flow (Conway et al., 2013).
In the case of PECAM-1, the mechanosensor is itself located at the luminal
surface and therefore is in direct contact with blood flow however, physical
forces can also be transmitted elsewhere in the cell via engagement of the cytoskeleton, for example through interaction with the glycocalyx, a layer of
proteoglycans and glycoproteins that covers the apical surface of endothelial
cells and interfaces with the cytoskeleton (Tarbell and Ebong, 2008). The cytoskeleton comprises actin filaments, intermediate filaments such as the aforementioned vimentin, and microtubules, elements which are organized into networks of proteins that dictate cell morphology. Cytoskeletal proteins are arranged in long fibers, or filaments, that in one end are anchored to the cell
membrane via direct and/or indirect connections to transmembrane proteins
while the other end is linked to cell-cell or cell-matrix adhesion structures.
Actin filaments also link to organelles within the cell including the nucleus,
thus positioning various cellular elements relative to each other (Helmke,
2005). As seen in Figure 3, the nucleus of the cell connects to components of
the cytoskeleton by means of the Linker of Nucleoskeleton and Cytoskeleton
(LINC) complex of proteins (Lombardi and Lammerding, 2011). It has been
suggested that the nucleus may contain mechanosensory elements, which respond to transmitted force. Forces applied to the nucleus may also regulate
signal transduction by altering the location of heterochromatin in relation to
the nuclear membrane (Fedorchak et al., 2014). Changes in cell shape and
orientation lead to changes in nuclear shape and orientation as well, mediated
at least in part by the cytoskeleton (Versaevel et al., 2012). How endothelial
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cells change shape, orientation and migration in response to shear stress in the
aorta is discussed in greater detail below.

Figure 3. The cytoskeleton consisting of cortical actin as well as actin stress fibers,
microtubules and intermediate filament proteins, gives a structure to the cell. The
cytoskeleton is anchored to the cell membrane by connection to transmembrane proteins. The nucleus is also connected to the cytoskeleton by adaptor proteins, such as
those found in the LINC complex, SUN and nesprin proteins, and linker proteins
that bridge between nesprins and intermediate filaments and microtubules. Endothelial cell shape and orientation, as well as nuclear shape and orientation are regulated
by fluid shear stress in vessels. Image adapted from (Fedorchak et al., 2014; Fels et
al., 2014).

Biological responses
Signaling within a cell and tissue is coordinated to establish biological responses allowing specific vascular functions necessary for survival.
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Angiogenesis
Blood vessels play a central role in the function of healthy tissues by delivering oxygen and nutrients and removing waste. Blood vessels are organized
into a hierarchy of larger and smaller vessels. Large bore vessels, arteries,
emerge from the heart and branch into progressively narrower vessels, arterioles and then capillaries - at this stage just wide enough for the passage of
single blood cells - which fuse back into larger venules and veins that lead
back to the heart. Arteries, capillaries and veins have slightly different compositions, reflecting their specific roles, but blood vessels in general share a
common structure. Vessels contain a monolayer of endothelial cells that is
surrounded by a basement membrane on the abluminal side and the glycocalyx
on the luminal side (Arkill et al., 2012). Endothelial cells are surrounded in
many vessels by mural cells, such as vascular smooth muscle cells (vSMC)
and pericytes, which provide survival factors and structural support to the endothelium (Armulik et al., 2011; Herbert and Stainier, 2011).
The earliest endothelial cells are derived from progenitors termed angioblasts which aggregate and self-assemble into a primitive vascular network in
a process called vasculogenesis (Coffin et al., 1991). Following this initial establishment of a primitive vascular plexus, the vast majority of new blood
vessels are derived not from circulating progenitor cells, but rather from the
already existing vessels, in a process known as angiogenesis. Blood vessels
grow during development and then remain relatively stable and quiescent in
an adult, with a few notable exceptions that occur when tissue growth is stimulated, such as during wound healing (Tonnesen et al., 2000), as a result of
exercise (Bloor, 2005), or during menstrual cycles (Okada et al., 2018). However, blood vessel growth can also be a pathological response, driven by proangiogenic signals from a growing tumor.
Lymphatic vessels also feature a monolayer of endothelial cells but differ
from blood vessels in a number of ways. At a basic level, they are blunt-ended
vessels with unidirectional flow that collect interstitial fluid and transport it
from the periphery back to the subclavian veins. Additionally, lymphatics contribute to other biological functions such as fat absorption in the gut and immune regulation (Ulvmar and Mäkinen, 2016). During embryonic development, lymphatic progenitor cells in the cardinal vein bud off, migrate, and
coalesce to form lymph sacs which develop via lymphangiogenesis (Yang and
Oliver, 2014). In addition, non-venous sources of lymphatic progenitor cells
also participate in lymphatic vessel formation (Ulvmar and Mäkinen, 2016).
Although this text focuses on signaling events in blood endothelial cells the
same principles also apply, broadly speaking, to lymphatic endothelial cells
which express many of the same cell surface receptors - notably VEGFR2 and
VEGFR3 - and also experience flow.
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Figure 4. The hierarchical arrangement of blood vessels in the body. Angiogenic remodeling of primitive vascular structures, created during vasculogenesis, results in a
network of arteries, capillaries, and veins that carry blood throughout the body. The
lymphatic system arises from progenitors that bud off from veins. Image adapted
from (Herbert and Stainier, 2011).

Sprouting angiogenesis is initiated by tissue-derived proliferative signals, e.g.
in response to tissue hypoxia. An early step is the degradation of basement
membrane (Spuul et al., 2016), which frees the sprouting endothelial cells to
extend away from the existing vessel. Endothelial cells then loosen their contact to their neighbors, allowing migration into the parenchyma to form a nascent sprouting vessel. The new vessel is led by a specialized tip cell which
possesses filopodia able to sense the growth factor gradient for directed migration. Stalk cells make up the next cells in the growing sprout; they proliferate (described later in more detail) thereby driving growth of the vessel.
Stalk cells also lay down basement membrane, recruit pericytes and drive vessel lumen formation. Tip cell versus stalk cell identity is tightly regulated as
only a proper balance in the ratio of tip cells and stalk cells leads to successful
sprout formation (Geudens and Gerhardt, 2011). However, there is frequent
rearrangement during sprout growth where a stalk cell migrates forward into
the tip cell position and the previous tip cell slips (Jakobsson et al., 2010).
Signaling via the Notch receptor pathway is needed to establish the tip
cell/stalk cell distinction. Briefly, VEGF stimulated tip cells upregulate the
expression of delta-like ligand 4 (Dll4) a transmembrane protein, and a ligand
for Notch receptors. Dll4 binds to the transmembrane Notch1 receptors of a
neighboring cell, thereby inducing a proteolytic cleavage of the receptor, resulting in the cytoplasmic release of the Notch1 intracellular domain (NICD).
The NICD translocates to the nucleus and regulates gene expression, importantly downregulating the expression of VEGFR2 and VEGFR3 in the cell,
thus establishing or reinforcing the cell’s role as a stalk cell (Hellström et al.,
2007). The process of sprouting angiogenesis culminates when the tip cell of
19

the sprout fuses with an adjoining sprout or nearby vessel, creating a completed loop. Endothelial cells of a sprout ultimately mature and become quiescent, at which stage they are referred to as phalanx cells. The new vessel
recruits mural cells and secretes basement membrane as it evolves into a stable, mature vessel.

Figure 5. Organization of a growing vessel during sprouting angiogenesis. Directed
migration of a leading tip cell drives the formation of a sprout. The following stalk
cells proliferate, form a vessel lumen, secrete basement membrane and recruit mural
cells. As endothelial cells of the sprout stabilize and mature they once more become
quiescent phalanx cells. Image adapted from (Geudens and Gerhardt, 2011).

Sprouting angiogenesis quite often leads to an overabundance of new vessels
(Ribatti and Crivellato, 2012). An overdeveloped network undergoes remodeling with the removal of superfluous vessel connections to achieve a more
optimal configuration, a process known as regression or pruning (Franco et
al., 2015). When a vessel segment is pruned, the endothelial cells of that segment either undergo apoptosis or instead migrate away, becoming incorporated into a preceding vessel segment. However, the relative contribution of
apoptosis versus migration varies depending on the tissue (Franco et al.,
2015). Experimentally, evidence of remodeling is observed by immunostaining for basement membrane components, which are deposited around endothelial cells and persist for a time after vessel retraction, so-called basement
membrane ghosts.
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Proliferation
During vessel growth, an increased number of endothelial cells is required to
create the expanding vasculature. This increase is achieved by enhancing endothelial proliferation, i.e. the rate of endothelial cell division. As described
above, during angiogenesis, stalk cells contribute to the growth of new vessels
by proliferating whereas tip cells and phalanx cells do not proliferate; this regulation of proliferation is required for proper network formation
Actively proliferating cells require energy and nutrients in order to synthesize the building blocks needed for cell duplication – proteins, nucleotides,
and lipids – and, paradoxically, they need to accomplish this in an environment that is oxygen and nutrient poor (Potente and Carmeliet, 2017). Therefore, it is unsurprising that endothelial cells display a unique metabolic signature. Endothelial cells rely on aerobic glycolysis of glucose for a large proportion of their metabolic needs both as a rapid source of ATP as energy and as a
source for the building blocks for synthesis, this despite the fact that glycolysis
is a less efficient method of ATP generation (Heiden et al., 2009). Another
source of energy and building blocks used by proliferative stalk cells is fatty
acid oxidation which supplies critical intermediates needed for nucleotide synthesis (Schoors et al., 2015).
The transcription factor Myc is an important regulator of the metabolic
state of endothelial cells. Under quiescent conditions, Myc protein undergoes
rapid proteosomal degradation which is dependent on phosphorylation at threonine (T)58. Conversely, phosphorylation at serine(S)62 instead leads to Myc
stabilization and accumulation, allowing Myc to bind its partner protein Max;
this complex binds DNA regulatory elements and amplifies transcription of
genes related to cell cycle progression and metabolic pathways, such as those
mentioned above (Stine et al., 2015).
Growth factor signaling, e.g. VEGFR2 activation, is known to promote
proliferation via many pathways (Simons et al., 2016). Relevant to the importance of metabolic programming discussed above, VEGFR2 signaling increases Myc stability due to Myc S62 phosphorylation from extracellular-signal regulated kinases (ERK)1/2 (Potente and Carmeliet, 2017). Briefly, phospholipase C-γ is activated by binding to VEGFR2 pY1173 starting a cascade
that involves protein kinase C activation of the RAF1-MEK-ERK1/2 pathway
(Simons et al., 2016). Additionally, VEGFR2 signaling mediates proliferation
via phosphatidylinositol 3‑kinase PI3K activation of Akt pathways (Rössig et
al., 2001) and protein kinase D dependent phosphorylation of histone deacetylase 7 (Wang et al., 2008).
Quiescent endothelial cells do not have a high rate of proliferation, a status
maintained partially by inhibitory signaling. For instance, α2β1 integrin signaling is known to inhibit proliferation in endothelial cells attached to laminin
(Cailleteau et al., 2010). Also, stable cell-cell contacts are shown to limit proliferation of endothelial cells by reducing VEGFR2 phosphorylation in a VE21

cadherin and DEP-1 (density–enhanced PTP 1) dependent fashion (Lampugnani et al., 2003).

Endothelial response to flow
The endothelial cells that line blood vessels have an elongated morphology
while endothelial cells grown in static cell culture conditions tend to assume
a rounded cobblestone appearance. In vivo, arterial endothelial cells, such as
those in the aorta, experience higher fluid shear stress than do venous endothelial cells. As expected arterial cells are more spindle shaped and venous
cells are more polygonal (dela Paz and D’Amore, 2009). The application of
fluid shear stress by imposing laminar flow stimulates cultured endothelial
cells to first elongate and then align themselves parallel to the direction of
flow, if plated at a high enough density (Ohta et al., 2015).
Changes in cell shape and cell alignment require regulation of the cytoskeleton. Blocking microtubule formation blocks cell elongation in response to
flow (McCue et al., 2006). The small GTPases Rac1, RhoA, and CDC42, important regulators of cytoskeletal dynamics, are essential in cell shape changes
(Tzima, 2006). For instance, Rac1 activation in the downstream (in relation to
the direction of flow) region of the cell is necessary for the alignment response
(Kroon et al., 2017). Endothelial alignment and elongation also impact barrier
function. Flow leads to tightened paracellular junctions in the short term, in
vitro, and longer term flow promotes an increase in the expression of junctional proteins to maintain barrier function (Seebach et al., 2007).
Endothelial cell migration is also affected by flow. Migration is the result
of dynamic changes in the cytoskeleton driven by the creation of protrusions
at the leading edge of a cell and retraction at the trailing edge. Endothelial
cells in culture tend to migrate in the direction of flow but this migration can
be blocked by disrupting the formation of lamellipodial protrusions (Hu et al.,
2002). Changes to cell adhesion are also needed for endothelial migration (Hu
et al., 2002). Shear stress induces RhoA translocation to the cell membrane
where it becomes active (Li et al., 1999) and plays a role in stress fiber formation and in the formation of focal adhesions (Chiu and Chien, 2011). RhoA
is known to phosphorylate and thus activate focal adhesion kinase (FAK)
(Flinn and Ridley, 1996).
The focus on flow-related signaling in blood vessels stems primarily from
the relationship between disturbed flow and the development of atherosclerosis. Atherosclerotic lesions tend to form in regions of the vasculature that experience oscillatory flow or low shear flow, such as along the inner curve of
the ascending aorta or in bifurcation points along major vessels. The regions
experiencing steady unidirectional flow, and thus high shear stress, are relatively protected (Ando and Yamamoto, 2009).
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Figure 6. Pumping blood in the aorta creates regions of high shear stress (blue) as
well as regions of disturbed flow (yellow) where low shear stress or oscillatory flow
prevail. Endothelial cells lining the aorta show flow dependent morphologies; cells
in regions of disturbed flow are rounder whereas cells in regions of high shear stress
are elongated and more aligned with the direction of blood flow. Image adapted
from (Heo et al., 2011).

Vessel barrier function
For blood vessels to effectively transport oxygen and nutrients to all tissues,
the vessels are to a certain degree impermeable, i.e. the vessel acts as a barrier
so that the components of the blood remain confined within the vessel lumen
and the contents of the extravascular space are excluded from the blood. However, this barrier function is not absolute, as a key task of the vasculature is to
deliver materials such as solute and small molecules from the blood with the
surrounding tissue. Furthermore, permeability can be regulated, based on tissue type, stage of development and production of various factors that can induce greater leakage. Thus, efflux can be divided into two components, basal
sieving which is denoted permeability and inducible leakage, which is regulated by factors such as VEGF and histamine (Aird, 2007a, 2007b). The barrier function of vessels has been closely studied, with attempts to promote the
uptake of therapeutic substances, to reduce the passage of metastatic cancer
cells and to block excessive leakage and edema in a variety of conditions.
Vessels can be composed of discontinuous, fenestrated, or continuous endothelium which impart, respectively, progressively more selective barrier
properties. The discontinuous and fenestrated endothelium contain pores
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spanning individual endothelial cells which are either uncovered (discontinuous) or covered by a diaphragm (fenestrated) that allow a greater flux into and
out of vessels. In contrast, continuous endothelium is marked by a complete
coverage of the inner surface of the vessel. In healthy tissues, basal permeability from the continuous endothelium occurs via either a paracellular or a
transcellular route. Paracellular efflux occurs when fluid and small solutes
pass though the junctional spaces that exist between endothelial cells. For
transcellular efflux, fluid and macromolecules pass through an endothelial cell
carried by vesicular transport or traversing transient channels that extend from
the apical to the basal side of endothelial cells (Claesson-Welsh, 2015). Even
leukocytes extravasate through a transcellular or paracellular route during immune surveillance and inflammatory responses (Carman, 2009; Vestweber et
al., 2014). Notably, the brain and the eye possess specialized features that
strictly regulate permeability in these sensitive tissues, where contact with
blood components might be neurotoxic (Zhao et al., 2015). Endothelial cells
in these tissues have very tight paracellular junctions and, as the vessels become mature, the cells also lose the transcellular route for efflux which enhances the barrier properties of the vessels in the adult setting (Chow and Gu,
2017).
Paracellular leakage can be regulated by increasing or decreasing the space
between neighboring endothelial cells. Endothelial cell-cell junctions are
formed between adjacent endothelial cells in vessels, and when these junctions
are in a tightly closed conformation, leakage is minimized. Basal leakage varies throughout the vasculature both at the level of the vessel type and at the
level of the tissues type (Nagy et al., 2008). Vessels in the brain have no basal
leakage whereas vessels in the liver have higher levels (Aird, 2007b; Félétou,
2011). Adherens junctions and tight junctions are the two main types of junctions that contribute to vessel barrier function (Radeva and Waschke, 2017).
The main component of adherens junctions is the transmembrane protein VEcadherin, discovered in 1991 and later shown to be specific to endothelial cells
(Breviario et al., 1995; Suzuki et al., 1991). Loss of VE-cadherin during embryonic development results in lethality at E9.5, due to endothelial cell apoptosis, underscoring the fact that alongside its noted role in junctional stability,
VE-cadherin forms a complex with VEGFR2 and thereby participates in endothelial cell survival signaling (Carmeliet et al., 1999). The extracellular portions of VE-cadherin molecules from two abutting cells bind together to form
adherens junctions in resting conditions. The intracellular domain of VE-cadherin on the other hand binds catenins, such as p120 catenin, beta-catenin and
plakoglobin thus anchoring the protein to the cytoskeleton via an interaction
with α-catenin. Anchoring of VE-cadherin to the cytoskeleton is vital to VEcadherin-mediated adhesion and, based on experiments with a VE-cadherin αcatenin fusion construct, release from the cytoskeleton is necessary for VEGF
or histamine stimulated increase in permeability to occur (Schulte et al., 2011).
This finding also illustrates that the paracellular pathway likely accounts for
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the majority of all stimulated leakage, since a transcellular response to stimulation should not depend on the adherens junction–cytoskeleton connection
(Schulte et al., 2011).
Blood flow is an important regulator of vessel integrity, and a decrease in
shear stress is associated with increased leakage (Chiu and Chien, 2011; Hahn
and Schwartz, 2009). Mechanistically, shear stress results in the cleavage of
the transmembrane protein Notch1 and the subsequent release of the transmembrane domain of the protein which then participates in signaling events
that promote adherens junction formation and cytoskeletal rearrangement (Polacheck et al., 2017).
Many signaling factors are known to transiently induce vessel permeability, such as VEGFs, histamine, bradykinin. The receptors for these factors initiate distinct signaling pathways, but a common feature of all three is the disassembly of adherens junctions (Claesson-Welsh, 2015). VE-cadherin is crucial for the formation of the endothelial cell-cell junctions needed for vessel
integrity, yet experimentally triggering the loss of the protein in 7 week old
mice, results in vessels that show increased basal permeability but are otherwise quite stable (Frye et al., 2015). The central role of VE-cadherin in the
control of vessel integrity has led to its use as a marker of junctional activity
in an experimental setting. The appearance of the protein along the cell-cell
junction in a linear presentation corresponds to mature inactive cell junctions
and a serrated presentation, inferred to arise from the internalization of VEcadherin, indicates a more active motile configuration (Bentley et al., 2014).

Relevance to disease
Many diseases are linked to dysfunctions of the vascular system, such as atherosclerosis, stroke, diabetes, and cancer (Carmeliet and Jain, 2011). Understanding the signaling which regulates endothelial cell function is key to designing therapies for such diseases. Animal models of human disease have
been invaluable tools for this research effort, allowing genetic and biochemical manipulation that would be impossible in human studies. In this section
the endothelial signaling involved in proliferative retinopathies is discussed,
with attention given to two of the animal models used in this field of research. VEGF signaling has been a therapeutic target in the treatment of
these diseases, and a discussion of the strengths and weaknesses of current
anti-VEGF therapy follows.

Animal models of proliferative retinopathies
The retina is a tissue that is particularly sensitive to dysfunctions in blood vessels. Located in the back of the eye, the retina is home to photoreceptor cells
that convert incoming light into electrical impulses and, as such, loss of visual
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acuity and even blindness can occur when the normal functioning is disrupted.
There are two sources of blood which serve the retina, the retinal blood vessels
and the choroid plexus. Retinopathies are classified as neovascular or proliferative when the excessive growth of new blood vessels is an active component of the etiology. Proliferative retinopathies, such as retinopathy of prematurity (ROP), diabetic retinopathy (DR), and exudative age-related macular
degeneration (AMD) are the leading cause of blindness in the pediatric population and amongst adults of working age in developed countries (Sapieha et
al., 2010) and as such have been the focus of much study.
Oxygen-Induced Retinopathy
The model of oxygen-induced retinopathy (OIR) was developed to mimic the
etiology of the human disease retinopathy of prematurity. The retinas of mice
lack blood vessels at birth and the vasculature in the tissue develops postnatally. Following a highly reproducible timecourse, blood vessels enter the retina at the optic nerve head and extend via sprouting angiogenesis, first forming
the superficial vascular plexus before subsequently forming the deep and intermediate layers (Dorrell and Friedlander, 2006; Stahl et al., 2010). The initial vascular network undergoes remodeling, resulting in the regression of superfluous vessels, leading to a fully mature network at P18 (Korn and Augustin, 2015). In contrast to mice, the human retina is vascularized during gestation and the process is completed at birth. However, premature babies have a
still-developing retinal vasculature at birth which confers a great risk of developing retinopathy and even blindness.
Underlying this retinopathy is a two-phase disease progression. In phase I,
normal blood vessel growth is delayed and existing vessels are damaged and
destroyed; the concentration of oxygen is an important factor contributing to
this loss. In utero, retina vessels grow under conditions of relatively low oxygen but the retinas of premature babies instead are exposed to the higher levels
of the normal atmosphere or supplemental oxygen; tellingly, there are clear
links between higher oxygen and more severe retinopathy outcomes (Hartnett
and Lane, 2013). The vessel destruction in phase I leads to regions of avascularity while simultaneously the metabolic needs of the retina increase as the
infant eye grows, kicking off phase II. The avascular regions become ischemic, prompting the production of angiogenic growth factors, chief among
them VEGF, thus spurring rapid vessel growth. However, the vessels that form
do little to address the tissue ischemia as they grow into the vitreous space and
clinically appear to be prone to leakage. These pathological vessels may regress over time but they can leave behind scar tissue and a retina susceptible
to retinal traction and blindness.
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Figure 7. In normal retinal development, the superficial (s) intermediate (i) and deep
(d) vessel layers form a well ordered vascular network. In the setting of retinopathy
of prematurity, the vascular network is damaged due to vasoregression and neovascular tuft formation. This pathology is also present in the OIR model. Image adapted
from (Augustin and Koh, 2017).

In the mouse model, the two phases of the disease progression are recapitulated. P7 mouse pups are moved from 21% room oxygen to an environment
where a relatively higher concentration of 75% oxygen is maintained, prompting the loss of vessels, a characteristic of phase I. Decreased levels of VEGF
as a survival factor are implicated in this vaso-obliteration. In the retina, hypoxia-inducible factor HIF-1α is stabilized in conditions of ischemia thus promoting the creation of a HIF-1α and HIF-1β complex that translocates to the
nucleus where it binds to the hypoxia-responsive element in the flanking region of the VEGF gene and increases transcription (Campochiaro, 2015; Penn
et al., 2008). In contrast, during the relative hyperoxia experienced at this
stage, VEGF mRNA is downregulated and angiogenesis and endothelial cell
survival are attenuated, causing central avascular regions to form. At P12, the
mouse pups are removed from the high oxygen environment which initiates
phase II proliferation. Room air is now sensed as relatively hypoxic and the
ischemic avascular areas produce high levels of VEGF. The hallmark neovascular growth into the vitreous can be seen starting at P13 and a peak in the
amount of these lesions, termed neovascular tufts, occurs at P17 (Connor et
al., 2009). The avascular regions and the tufts will rectify overtime; by P25
the tufts have regressed and the retina appears normal. The OIR model is used
also to model other retinopathies, such as proliferative diabetic retinopathy
which also features the formation of neovascular tufts (Duh et al., 2017).
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Choroidal Neovascularization
Laser-induced choroidal neovascularization (CNV) is another common model
of proliferative retinopathy focusing, however, on lesions that sprout from the
choroid plexus. Such lesions are present in patients with exudative age-related
macular degeneration, a blinding disease affecting millions of people, particularly the elderly, which is often characterized by the presence of macular
edema (Lambert et al., 2013). The macula is a largely avascular central region
of the human retina responsible for sharp vision (Daruich et al., 2018). Macular edema results from an imbalance in how the retina takes in or expels fluid
and is associated with several diseases, notably diabetes; this edema often
leads to visual impairment due to loss of tissue transparency, or detachment
of the retina, and chronic cases of edema can lead to structural damage of the
neural cells (Daruich et al., 2018). The macular edema seen in exudative agerelated macular degeneration is presumed to derive from pathological choroidal neovessels, which are leaky (Soubrane, 2010). During disease, choroidal neovessels sprout from the choroid plexus in response to angiogenic
factors such as VEGF. They penetrate the Bruch’s membrane and the retinal
pigment epithelial (RPE) layer - which together normally form a tight barrier
between the retina and the choroid plexus - and grow into the subretinal space.

Figure 8. In neovascular age-related macular degeneration, the normal barrier between the retina and the choroid is disturbed allowing for the formation of choroidal
neo-vascularization, leakage and edema. Laser-induced rupture of the Bruch’s membrane in mice results in similar lesions. Image adapted from (Augustin and Koh,
2017).

One approach to model this disease progression in mice, involves the use of a
laser pulse to induce focal disruptions in the Bruch’s membrane (Tobe et al.,
1998). Pigments in the RPE absorbs the laser energy and cause a burn that
ruptures the underlying Bruch’s membrane. Sub-retinal lesions develop in the
following days driven by proangiogenic factors such as VEGF and PlGF
(Rakic et al., 2003). A time course of disease progression can be observed
with an early initial recruitment of cells followed by a neoangiogenic phase,
and finally a recovery (André et al., 2015). Tissue hypoxia (pathway described
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above) represents one source of VEGF driving the neoangiogenic phase (André et al., 2015). The involvement of inflammatory cells also contributes to
the progression of CNV, and the depletion of neutrophils or macrophages resulted in a decrease in VEGF levels and smaller lesions (Noël et al., 2007;
Zhou et al., 2005).

Anti-VEGF Therapy
The importance of VEGF signaling to the development of retinopathies is
highlighted by the success of anti-VEGF treatment in animal models and in
humans. The concept of blocking blood vessel growth as a strategy to treat
solid tumors was proposed by Judah Folkman in the early 1970’s, well before
VEGF had been purified (Kim and D’Amore, 2012). However, development
of bevacizumab (Avastin), a humanized antibody targeting VEGF, brought
this strategy to the clinic in the early 2000’s when Avastin was approved in
combination therapy to treat colorectal cancer. Around the same time, in the
eye, the anti-VEGF drug Macugen was demonstrated to be effective in the
treatment of neovascular macular degeneration; Macugen is a nucleic acid aptamer that binds specifically to VEGF-A165 and thus blocks receptor activation
(Gragoudas et al., 2004). Since those early days, anti-VEGF treatment in the
form of Avastin, Lucentis, and Eyelea, has been added to or even replaced the
conventional paradigm of laser-ablative treatment and has given improvements to visual outcomes.
Although the current therapeutic strategy of completely blocking VEGF
signaling, i.e. by neutralization of VEGF, is effective at reducing edema and
improving vision in many patients, challenges with this strategy remain. For
instance, intravitreal injection can lead to retinal detachment and endophthalmitis and the need for frequent (as often as monthly) dosing is a cause of concern for patients and possibly a factor leading to poor compliance (Kandula et
al., 2010). Additionally, although anti-VEGF therapy is administered locally,
there is evidence that these injections can have systemic effects and may lead
to thromboembolic events (Campochiaro, 2015). Importantly, anti-VEGF
therapy may be a factor in the progression of geographic atrophy in patients
(Enslow et al., 2016; Grunwald et al., 2014; Munk et al., 2016; Thavikulwat
et al., 2017) and also in the promotion of retinal fibrosis (Ahn et al., 2016;
Bloch et al., 2013; Zhang et al., 2016). These worrying side effects can be
explained on the basis of that VEGFR2 signaling may be required not only for
survival of endothelial cells (Simons et al., 2016) but also for neuronal cells,
as VEGFR2 is expressed on retinal neurons (Okabe et al., 2014; Saint-Geniez
et al., 2008). Blocking VEGFR2 signaling might therefore lead to vessel loss
and hypoxia leading to fibrosis and also to drop-out of neurons and atrophy of
the retina (Nishijima et al., 2007). Added to these medical concerns is the fact
that many patients, in one study 75%, do not have a complete response to the
therapies (Blinder et al., 2017) and the reality that the gains in visual acuity
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seen after the initial treatment are often lost within 2 years (Rofagha et al.,
2013). Improvement upon the current anti-VEGF drugs is therefore an unmet
need in the treatment of retinopathies.
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Current investigations

In this section, I summarize each of the studies included in this thesis, highlighting the research aims and the main findings.

Paper I
The major aim of the study was to understand more fully how the phosphorylation of VEGFR2 Y1212 contributes to overall VEGF signaling in endothelial cells. As noted previously, activation of VEGFR2 results in phosphorylation at Y949, Y1173, and Y1212 and this phosphorylation is necessary for the
recruitment of signaling proteins. As each site of phosphorylation should recruit unique binding partners, so too should each site regulate a unique set of
downstream signaling and cellular responses.
We used a mouse model, Vegfr2Y1212F/Y1212F to explore the in vivo consequences of abrogated signaling via pY1212. The tyrosine to phenylalanine
mutation was bred onto two different background strains of mice where we
noted with interest a strain-dependent mutation phenotype. The lack of
pY1212 signaling on the C57Bl/6 background led to defects in developmental
angiogenesis resulting in embryonic lethality for approximately half of the
embryos homozygous for the mutation. To investigate developmental vascular
events, we analyzed embryonic hindbrain tissue from these mice and noted a
decrease in vascular density and a decrease in endothelial cell proliferation. In
contrast, postnatal vascular development in the surviving knockout pups appeared to be unaffected, as assessed in the retina. Still, the surviving pups
failed to gain weight at the normal rate, indicating postnatal consequences associated with the mutation that are, as yet, undetermined.
A distinct phenotype was observed with Vegfr2Y1212F/Y1212F mice on the FVB
background. In this case there was no partial embryonic lethality and embryonic hindbrain vessel development was normal. However, postnatal vascular
development in the retina was impacted, as mutant mice displayed delayed
outgrowth and decreased vascular density in the growing front of the retinal
vascular plexus. Concomitant with these changes, we noted an increased vessel regression as assessed by immunostaining for basement membrane “empty
sleeves,” i.e. remnants of regressed vessels, and a decrease in endothelial cell
proliferation at the sprouting front.
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To complement the in vivo studies, we used lysates of cultured endothelial
cells to identify SH2 domain-containing proteins that selectively bound to a
peptide sequence corresponding to pY1212. Using a proximity ligation assay,
we confirmed that VEGF stimulation of endothelial cells isolated from
wildtype mice, but not Vegfr2Y1212F/Y1212F mutants, increased the complex formation between VEGFR2 and the SH2 domain proteins GRB2 and PI3Kp85.
Identifying these two proteins as binding partners suggested the involvement
of signaling pathways regulating ERK1/2 and Akt signaling. Indeed, isolated
endothelial cells from mutant mice stimulated with VEGF had reduced nuclear
accumulation of pERK1/2 and pAkt than comparable control cells.
We also investigated these pathways by western blot analysis of mouse
lung lysates. VEGF stimulated Vegfr2Y1212F/Y1212F mutant mice did not have
any detectable pY1212 but did have normal levels of pY949 and pY1173, validating that mutating this single phosphosite did not disrupt other VEGFR2
activity. Strikingly, protein levels of VEGFR2 and the transcription factor
Myc were greater in mice on the FVB background than on the C57Bl/6 background. Furthermore, Myc protein levels increased after VEGF stimulation of
wildtype but not mutant FVB mice. These two findings, together, suggested
an explanation for the strain-dependent consequences of Y1212 mutation,
namely that greater baseline levels of Myc were able to, at least partially, compensate for the loss of VEGF-stimulated Myc induction. Myc is known to regulate genes in anabolic and catabolic pathways important for cell growth and
proliferation and mutant mice on the FVB background had enhanced gene expression for a panel of such Myc-regulated genes, providing further evidence
of a compensatory mechanism at play. Persuasively, endothelial cell specific
overexpression of Myc was sufficient to rescue the sprouting defect seen in
cultured embryo explants of Vegfr2Y1212F/Y1212F mutant C57Bl/6 mice. In summary, we identified SH2 domain-containing proteins, GRB2 and PI3Kp85,
that bind to VEGFR2 pY1212 upon VEGF stimulation. Signal transduction
proceeds via ERK1/2 and Akt pathways and results in gene regulatory changes
that are directed by Myc expression levels in the cell. Loss of pY1212 signaling in vivo resulted in defective vascular development, either at embryonic
stages or postnatally, in a mouse-strain dependent manner. We postulate that
strain-specific Myc protein levels, in particular, dictate the in vivo response to
loss of pY1212 signaling. Further work into VEGF-induced Myc-dependent
gene regulation could clarify how this signaling pathway contributes to endothelial function in health and disease.

Paper II
The major aim of the study was to discover the role of the scaffold protein
palmdelphin in endothelial cell biology. Previous work suggested that
palmdelphin is expressed at high levels specifically in endothelial cells, which
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we confirmed with immunostaining in the mouse retina and by assessing RNA
transcripts in endothelial cells from mouse brain and lung. We hypothesized
that palmdelphin had an endothelial cell specific function, and we used in vitro
and in vivo methods to investigate this role.
Early experiments indicated that palmdelphin was important in the regulation of endothelial cell shape. We used small interfering RNA (siRNA) targeting Palmd in cell culture experiments to show that endothelial cells were
larger and elongated when lacking palmdelphin. These shape changes could
be partially rescued by restoring palmdelphin expression using a viral vector.
The status of the cytoskeleton and of cell adhesion were two areas associated
with the control of cell shape that we explored further. A greater percentage
of palmdelphin knockdown cells had abundant actin stress fibers, cytoskeletal
structures which act to create tension within the cell and may contribute to
mechanotransduction pathways. Furthermore, markers of cell adhesion and
signaling, pY397 FAK and activated β1 integrin, were reduced in the knockdown cells and in particular in the area of cell-cell junctions.
The effect of palmdelphin loss in vivo was also investigated. Although
Palmd knockout mice appeared overall to be healthy with normal vascular
development, we did observe changes to endothelial cell morphology that recapitulated the in vitro findings. For these experiments we focused on aortic
endothelium, as an en face preparation of the aorta provided a monolayer of
endothelial cells suitable for immunostaining and microscopy. Similar to the
in vitro results, Palmd knockout mice had aortas with larger and elongated
endothelial cells. Likewise, endothelial cells from knockout mouse aortas had
a reduction in the amount of activated β1 integrin staining.
The nucleus of a cell tends to be situated with its long axis aligned with the
long axis of the entire cell and this alignment is enhanced in elongated cells.
However, in the Palmd siRNA treated cultured endothelial cells, we observed
that nuclei in knockout cells were frequently misaligned in relation to the
cell’s long axis. The alignment of nuclei is present also in vivo, where laminar
blood flow acts to orient endothelial cells parallel to the flow of blood. We
observed that in endothelial cells from wildtype aortas, nuclei alignment decreased as mice aged from 14 weeks to 30 weeks. In the aortas from knockout
mice, nuclei were more frequently misaligned than their wildtype littermates
and the misalignment was enhanced in the aging mice.
In summary, our work demonstrates a role for palmdelphin in the regulation
of cell morphology and nucleus orientation. Endothelial cells are exposed to
fluid shear stress and respond to this force through mechanotransduction pathways. Loss of palmdelphin leads to changes in the cytoskeleton and to adhesion pathways and results in a greater degree of nuclear misalignment. It remains to be seen how palmdelphin functions to coordinate these cellular
events, and identification of signaling partners that bind to palmdelphin would
provide greater insight into the mechanism. Furthermore, as palmdelphin ap33

pears to be dispensable for normal growth and development, it would be instructive to apply disease models and observe palmdelphin knockout mice under stressed conditions.

Paper III
The major aim of this study was to extend our knowledge of how endothelial
signaling via VEGFR2 pY949 contributes to the control of vessel function,
particularly in the setting of retinopathies. In mouse experiments, pY949 was
shown to regulate VEGF-induced vessel permeability both in healthy flank
skin, in the trachea vasculature and also in the brains of glioma-bearing individuals (Li et al., 2016). VEGF-mediated vessel permeability is a hallmark of
proliferative retinopathies, making this a clinically relevant pathway to investigate in the retina. Drugs that block VEGF signaling, widely used to treat
these diseases, are associated with occasional but serious side effects and are
not universally successful at reducing tissue edema. The effects of blocking
Y949 signal transduction should be considered for the design of improved
therapies.
Experimentally inducing retinopathies in Vegfr2Y949F/Y949F mutant mice allowed us to study disease progression in the absence of pY949 signaling. OIR
driven vaso-obliteration occurred in both mutant and wildtype mice, resulting
in large central avascular areas at P12 of equivalent size. However, at P17, the
remaining avascular area was larger in the mutant mice, indicating delayed
angiogenesis. Strikingly, pathological neovascular tuft formation in mutant
mice was reduced. Additionally, Tsad iECKO mice subjected to OIR displayed a similar decrease in tuft formation, demonstrating that signal transduction via this adaptor protein contributed to pathological neoangiogenesis.
The adherens junction protein VE-cadherin can be regulated downstream
of pY949 - TSAd signaling and thus we analyzed VE-cadherin phosphorylation in tufts. We addressed two sites on the cytoplasmic tail of VE-cadherin,
pY658 and pY685, and noted increased immunostaining in tufts as compared
to other retinal vessels; however, pY658 immunostaining was enhanced
equally in both wildtype and Vegfr2Y949F/Y949F mutant tufts while the proportion
of pY685-positive VE-cadherin was much greater in wildtype tufts. With an
antibody targeting the Src activating phosphorylation at Src Y418, we addressed Src family kinase activity during tuft formation. Src pY418 immunostaining was present at tuft endothelial junctions in both wildtype and
mutant retinas and there was no striking change in the mutant setting that
could easily explain the remarkable decrease in VE-cadherin pY685. Still, enhanced recruitment and activation of Src family kinases at the cell membrane
could account for the increased VE-cadherin pY658 immunostaining we observed. It is prudent to recognize that the pY418 Src antibody also likely binds
Yes and Fyn, as all three kinases share a conserved amino-acid sequence in
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the region, and thus the full picture of how these distinct kinases participate in
neovascular tuft biology remains somewhat opaque. In VEC-Y685F mice,
which lack VE-cadherin Y685 phosphorylation, we noted a decrease in OIR
induced tuft formation comparable to Vegfr2Y949F/Y949F and Tsad iECKO mutants.
Reversing the tissue edema which arises from excessive vessel leakage is
the main therapeutic goal in the treatment of proliferative retinopathies. We
noted that intravenously injected microspheres leaked out of vessel in regions
of retinal tufts following OIR and this leakage was diminished from tufts in
Vegfr2Y949F/Y949F mutant mice compared to wildtype littermates. Retina edema
also stems from lesions located on the choroid vasculature. Y949 mutant mice
and wildtype littermates subjected to CNV induction developed subretinal neovascular lesions in the days after laser injury (abbreviated D). The size of
lesions at D8 was smaller in the mutant mice but at D14 lesion area was equivalent in the two groups and similar to that of D8 wildtype lesions, indicating
an early delay in angiogenesis, in possible agreement with the increased avascular area seen in mutant mice exposed to OIR. The lesions of mutant mice
had a reduction in VE-cadherin Y685 staining intensity, which was in keeping
with the results seen in the OIR tufts. Lastly, microsphere leakage from mutant
lesions was less extensive than from wildtype lesions at D18.
In summary, this work has shown that VEGFR2 pY949 dependent signal
transduction contributes to the regulation of neovascular tuft formation and
choroidal vascular lesion development during the progression of proliferative
retinopathies. Additionally, lesions in mice lacking pY949 signaling are less
leaky. We propose a signaling axis downstream of VEGFR2, involving TSAd
and VE-cadherin Y685, based on our OIR experiments and immunostaining
for VE-cadherin pY685. The exact role of Src family kinases need to be further explored. The engagement of this axis in disease progression justifies further investigation. Targeting VEGFR2pY949-TSAd and VE-cadherin Y685
therapeutically may provide an effective means of limiting vessel leak and
angiogenesis without affecting other VEGF-dependent retina biology.
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Concluding remarks and future perspectives

Blood and lymphatic vessels perform functions vital to our survival and, for
this, endothelial cells must properly sense environmental cues and respond
accordingly. Endothelial cells maintain vessel integrity, dynamically respond
to the changing metabolic needs of tissues, and participate in many tissue specific functions. The extent of endothelial cell heterogeneity is a result of complex signaling events that, despite great advances, remain murky in the details.
Every new piece of the puzzle sets the stage for new experiments, increased
understanding and, ultimately, a greater ability to diagnose and treat disease.
This is why we must continue to address the open questions that remain in the
field of vascular biology and continue to apply what we discover to disease
models.
VEGFR2 remains a fascinating and relevant protein to study; it is essential
for embryonic development and survival (Shalaby et al., 1995) and required
for postnatal angiogenesis of blood vessels (Zarkada et al., 2015). The phosphorylation of VEGFR2 which occurs at Y949, Y1173, and Y1212 represents
three signaling arms downstream of receptor activation. In Paper I and Paper
III, we took an approach of selectively blocking only one signaling arm in
transgenic mice; we observed that some aspects of vascular biology were unaffected in these mice but we could infer that the biology that was affected
was essentially controlled by the blocked arm. A potential criticism of these
mouse models is that VEGFR2 is expressed also in some hematopoietic cells
and certain populations of non-endothelial cells (Shibuya and ClaessonWelsh, 2006), thus the global mutation of the receptor will also likely have
non-endothelial effects and care should be taken in the interpretation of results.
In Paper I, this line of experimentation led us to discover that pY1212 is
responsible for regulating the transcription factor Myc. The step-by-step pathway that leads to sustained levels of Myc protein after VEGF stimulation in
wildtype mice promises to be quite complex. Notably, the transcription factor
FoxO1 in endothelial cells has been shown to regulate Myc with loss of FoxO1
in the nucleus resulting in endothelial proliferation. Akt signaling drives
FoxO1 phosphorylation at S256 and one would expect enhanced FoxO1
pS256 to result in enhanced Myc protein levels in the cell. Conversely, the
VEGF stimulated mutant Y1212F mice have high levels of pS256 but low
levels of Myc, leading us to question whether this increased phosphorylation
represents an attempt by the mutant endothelial cells to compensate for the
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Figure 9. FoxO1 has an established role in the regulation of Myc and endothelial
proliferation. In quiescent cells, FoxO1 is in the nucleus where it acts to repress
Myc. Akt driven phosphorylation at S256 promotes translocation out of the nucleus,
allowing enhanced transcription supporting growth and metabolism. (Image adapted
from (Betsholtz, 2016))

low Myc levels. Along those lines, we show that overexpression of Myc rescues a VEGF-induced sprouting defect in embryo explants from Y1212F mutants.
Myc regulates proliferation and survival by enhancing transcription of
genes involved in important metabolic pathways. In Paper I we show mRNA
levels for a handful of selected Myc targets, but these represent a tip of the
proverbial iceberg. We believe that a more thorough understanding of which
genes are affected by the loss of VEGF-induced pY1212 signaling will suggest what events occur downstream of Myc, relevant to the control of proliferation and vessel patterning.
The noted strain dependency seen in Paper I is a related finding worthy of
continued study. The use of two congenic strains provided evidence that genetic factors modulate the effect of lost VEGFR2 pY1212 signaling. The baseline levels of Myc and VEGFR2, as determined by background strain, could
very well influence how an endothelial cell behaves. To address whether the
background stain influences transcriptional regulation of these two proteins,
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we propose to more thoroughly analyze potential regulatory elements in the
regions adjacent to both Myc and VEGFR2, looking for SNPs and other differences that would affect transcription factor binding to enhancer regions.
Moreover, knowledge about strain dependent Myc signaling ties into understanding how and why Myc targeted genes are upregulated in Y1212 mutant
mice on the FVB background at baseline.
Lastly, we could consider therapeutic strategies that target the Y1212 signaling arm of VEGFR2 activation. Modulating endothelial cell proliferative
rate might help to promote revascularization or prevent unwanted vessel
growth.
Paper III is a continuation of studies linking the Y949 signaling arm of
VEGFR2 to VEGF induced vessel leak. The blood retina barriers, both inner
and outer, are evidence for how this tissue has evolved to be protected from
vascular leakage. Importantly, our studies implicate pY949 signaling not only
in the regulation of vessel integrity but also in the regulation of angiogenesis.
Y949 mutant mice exhibited relatively larger avascular regions at P17 which
would imply a delayed angiogenesis during the second phase of OIR. However, no delayed angiogenesis is discerned during normal retinal vessel growth
postnatally (Li et al., 2016). Intriguingly, the angiogenesis of tuft formation
appears to be regulated differently than the angiogenesis within the superficial
plexus, as VEC-Y685F mutant mice have less tuft area but no increase in avascular area at P17. Further investigation is needed to map out how pY949 signaling regulates the regrowth of the superficial plexus.
The existence of a pY949-TSAd-Src-VE-cadherin signaling axis has been
demonstrated, and we have begun to investigate if Src or, more broadly, Src
family kinases are involved in the pathogenesis of retinopathy. Immunostaining of tufts showed junctional Src pY418, both in Y949 mutant and wildtype
mice - a finding that is perhaps predicted by the elevated levels of VE-cadherin
pY658 seen in all tufts. It remains unclear whether a particular member of the
Src family kinases, perhaps not c-Src, plays a role in the reduction of VEcadherin pY685 seen in Y949 mutant tufts or if the action of an independent
kinase or phosphatase is required.
Our data from Paper III indicate that a signaling pathway connecting
pY949, TSAd, and VE-cadherin pY685 is relevant to the progression of retinopathy, raising the possibility of targeting this axis therapeutically. Accordingly, drug design with the aim to find a small molecule to block the interaction between pY949 and TSAd is ongoing. Animal studies using OIR and
CNV models would be needed to confirm that such a drug is able to achieve
the beneficial outcomes seen with the genetic knockouts.
With Papers I and III, we attempted to dissect VEGFR2 signaling, but
with Paper II, the aim was different. Relatively little has been published about
palmdelphin, and much effort went into establishing a phenotype for loss of
palmdelphin in vitro and in vivo. The protein is predominantly found in endo38

thelial and neuronal cells, which prompts the question of what is its endothelial purpose. The global knockout mouse is healthy in the unchallenged condition, indicating that palmdelphin is dispensable for normal development.
Perhaps, instead, palmdelphin has a role in challenged vessels. We do observe
accentuated dysregulation of nuclear alignment in aged mice, and applying
further disease models and experimental stresses could reveal other such
palmdelphin-dependent phenotypes.
The cytoskeleton has a role in mechanotransduction and is a clear factor
underlying cell morphology. The cell elongation we see upon loss of palmdelphin, in vitro and in vivo, is potentially driving the formation of stress fibers
in cells, or vice versa. How the cytoskeletal components - microtubules, actin
filaments and intermediate filaments – drive or respond to changes in cell
shape in a palmdelphin dependent manner is therefore an interesting question.
Furthermore, the cytoskeleton represents a direct connection for mechanotransduction to reach the nucleus, where we have observed changes.
Lastly, ongoing studies are aimed at discovering proteins that bind
palmdelphin, as this information would open new avenues to identify the protein’s sub-cellular localization and other members of the signal transduction
axis. There is a perinuclear accumulation of palmdelphin and evidence of
palmdelphin in vesicular structures, as seen by immunostaining, but the biological relevance of these observations is as yet unknown.
In conclusion, it could be said that the health of an individual depends on
the proper functioning of the body’s highly specialized endothelial cells,
which are in turn dependent upon properly functioning signaling pathways. It
is my hope that the research contained in this thesis, building upon what is
known, provides important insights that lay a foundation for future scientific
inquiry and, potentially, clinical applications.
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