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ABSTRACT
The presence of blood-brain barrier (BBB) at the level of endothelial cells (ECs) that
line the capillaries in the brain is a challenge while treating intracranial tumors or
many neurological disorders since BBB could block the passage of many solvents or
drugs entering from systemic circulation to brain parenchyma. Researchers are trying
to understand how BBB is induced during development and maintained in adult life
in order to develop new tools to enhance drug delivery across BBB. Many signaling
pathway that are active during BBB development are unraveled through mainly
reverse genetic approach and gene knock out studies. Wnt/β-catenin signaling well
known for its role in organ development, morphogenesis and in cancer causation is
also reported to be essential for BBB induction and maintenance in most vertebrates.
However many target molecules or effectors of this pathway remain to be identified.
Previously we have identified Sox17 a SoxF family transcription factor, as a
downstream molecule of Wnt/β-catenin signaling. It plays a key role in arterial
differentiation of the vasculature of different organs. We found that Sox17 is also
expressed at high levels in brain ECs throughout embryo development and in the
adult vasculature. EC-specific gain of function of β-catenin (GOF) increases Sox17
expression in BBB ECs and may induce ectopic expression of Sox17 also in the
choroid plexus vasculature that lacks the BBB.
We hypothesized therefore that Sox17 might be involved in BBB development and
maintenance downstream to the Wnt pathway. In Sox17 null mice we analyzed
different functional characteristics of BBB such as permeability control and specific
markers expression. The absence of this transcription factor leads to increase in BBB
permeability to high molecular weight molecules and marked increase in PLVAP, a
protein inversely related to maturation of BBB. We also observed significant
reduction in the β-catenin signaling itself by employing BAT-gal reporter in Sox17
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null background. In addition, many direct β-catenin targets like Axin2 and LEF1
were decreased upon Sox17 abrogation. These data suggested that Sox17 is not only
a target of β-catenin signaling but also could maintain steady state, detectable levels
of β-catenin signaling. We could rescue β-catenin signaling and correct BBB defects
by either inhibiting the β-catenin destruction complex or by employing GOF βcatenin in Sox17 null background. Our study shows that Sox17 is an important
regulator of BBB and it partially acts by sustaining β-catenin signaling. Sox17
expression and signaling may be important in pathological conditions like
intracranial tumors and modulation of its activity could have clinical implications
and therapeutic benefits.
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1. INTRODUCTION
1.1 Vascular endothelium and organ specific vasculature
During embryo development endothelial cells (ECs) that form blood vessels are
derived from mesodermal progenitors called angioblasts (Herbert and Stainier,
2011). Mature vasculature could be differentiated into mainly arteries, veins and
capillaries in most of the organs. Vasculature acts as the indigenous transport system
of the body that carries oxygen, nutrients, hormone and circulating cells to almost all
tissues. Interestingly it was discovered that ECs of various organs acquire different
characteristics based on the need of the associated organ (Dejana, 2010). ECs within
the same tissue but in different part might possess different properties in term of
morphology and function. For example, ECs in the kidney are fenestrated at
peritubular region, discontinuous in glomerular plexus but continuous in other
regions. Other examples are high endothelial venule (HEV) in lymphatic tissues,
capillaries of the bone marrow. These were thought to be induced by the influence
from local environment and association with other neighboring cell types (Garlanda
and Dejana, 1997). One of the most specialized and interesting endothelial cells are
of the blood-brain barrier (BBB) in the central nervous system that act as the barrier
between the neuronal tissue and circulating cells, chemicals, hormones in the
circulating blood. Since this is the topic of the thesis, it is discussed in detail in the
following sections.

1.2 Concept of BBB: History and milestones
For the discovery of BBB, the credit is given to Paul Ehrlich and Goldmann where
they show tryphan blue was excluded from the brain tissue when

administered

systemically, but it could enter by direct injection (Figure 1A and 1B)	
  (Ribatti et al.,
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2006; Saunders et al., 2014). Goldmann described choroid plexus as a primary
protective route of entry for substances into the brain based on his many dye
injection experiments where choroid plexus got strongly stained but not the brain.
But he never mentioned about protective role of blood vessels per se. Many authors
have attributed to Lewandowsky’s publication (Lewandowsky, 1900) for the concept
of barrier in the brain where neither the term “Blut-Hirnschranke” nor BBB were
actually used. Lewandowsky only described that cerebral capillaries might have
limited permeability to certain compounds like sodium ferrocyanide or strychnine.
Lina Stern and Gautier were the ones who first coined the term “barrière-hèmatoencèphalique” that stands for blood-brain barrier	
   (Stern, 1921). Subsequently, they
also described about the existence of two separate route of entry from blood to brain;
one directly across blood vessels–endothelial blood brain barrier and other across
choroid plexus–blood cerebrospinal fluid barrier. She also cautiously avoided terms
like absolute blockage of substance entry inside the brain parenchyma but rather
introduced terms like barrier selectivity and resistance. Stern clearly stated that
selective permeability across barrier may vary based the chemical properties of the
dye or any substances itself. But her work was less often cited than many others.
Until Reese and Karnovsky in 1967 it was not possible to zero in onto structural
details of barrier where they employed electron microscopy in combination with
HRP conjugated dye. They could demonstrate in the cerebral capillaries of mouse,
endothelium was continuous and adjacent cells were packed with tight junctions with
minimal vesicular transport (Fig.1C and D)	
  (Reese and Karnovsky, 1967). Structural
and functional components of BBB are discussed in detail in following sections.
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Figure 1. History of BBB. (A) Earliest trypan blue injection experiments by Wislocki and
Goldmann. Pig embryo was injected with trypan blue shows lack of staining in brain and spinal cord.
(B) Brain and spinal cord of rat embryo is stained with trypan blue following lumbar subarachnoid
injection. (Adopted from Saunders N.R., et al., Frontiers in Neuroscience 2014) (C) Electron
microscopy study of horseradish peroxidase injected intravenously was confined to blood vessels
inside mouse brain. Red blood cells (asterix) show intense staining due to endogenous peroxidase
activity. (D) Peroxidase has entered between cellular invagination of endothelial membrane but
confined by presence of tight junctions (arrows). (Adopted from Reese T.S., and Karnovsky M.J., The
Journal of Cell Biology 1967)
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1.3 Barriers of the brain
Central nervous system (CNS) which is constituted by brain and spinal cord is the
most important organ system that advocates every other organ system for its normal
function in living beings from skeletal movements to circulatory, digestive and renal
function and so on. CNS is composed of specialized cells, which are called neurons.
Neurons function almost exclusively through complex efflux and influx ion channels
across its membrane, which can generate electric potential in millivolts, which
travels along neurons and transmitted between neurons at the speed of many meters
in milliseconds that is termed as electro-chemical signal. For optimal functioning of
this environment of neurons bathed in the interstitial fluid needs to be insulated from
external environment i.e, the blood milieu where composition of ions, organic
compounds, cells, water content is continuously altered based on food intake,
exercises, drugs, immune challenge etc. On the other hand, this high throughput
function necessitates for constant and higher supply of energy in the form of oxygen
and nutrients such as glucose and amino acids, various neurotransmitters, etc. in the
interstitial fluid of CNS. This double task is naturally carried out by presence of
anatomical and physiological barrier systems. These barriers exist at three levels
(Fig.2) (i) between neurons in the interstitial fluid (ISF) of brain and endothelial cells
that form the cerebral capillaries (the proper BBB), (ii) between blood vessels and
epithelial cells of choroid plexus in the ventricles that secrete the cerebrospinal fluid
(CSF) (blood -CSF barrier; BCSFB), (iii) between arachnoid epithelial cells and CSF
in the sub arachnoid space (outer CSF-brain barrier)	
  (Saunders et al., 2013). Among
all these, barrier formed by the endothelial capillaries are of utmost importance
because of large area of interface created between endothelial cells and neurons.
Blood vessels in the brain contribute to major area. Micro capillaries in the brain
extend between neurons with shortest diffusion distance. They are the main suppliers
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of most of the energy and nutritional needs for the CNS. Unlike other organ
vasculature, endothelial cells in the brain are particularly engineered to form the
barrier with following properties. (i) They are packed with adjacent cells by high
frequency of tight junctions which form the physical barrier that prevents
paracellular diffusion of soluble compounds, lipophilic molecules >400 Da or
molecules having more than 8 hydrogen bonds (Zhao et al., 2015). Moreover they
create a high trans endothelial electrical resistance (TEER), which prevents entry of
charged ion particles. (ii) They express different family of efflux, influx or
bidirectional transporters that are majorly responsible for selective permeability of
endothelial cells and carry various ions, organic molecules or pharmacological
agents. (iii) ECs of the CNS have very minimal vesicular transport and completely
lack fenestrations. (iv) Low expression of leukocyte adhesion molecules (LAMs)
reduces the immune cell trafficking inside CNS (Siegenthaler et al., 2013).
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Figure 2. Barriers of the brain. There exist 3 levels of barrier in adult mammal brains. 1. Bloodbrain barrier formed by endothelial cells of brain capillaries which blocks paracellular diffusion by
tight junctions. 2. Blood-CSF barrier formed between choroid plexus epithelial cells which also
possess TJ that blocks free diffusion between blood vessels of the choroid plexus and CSF. 3. Outer
CSF-brain barrier formed by tight junction between arachnoid epithelial cells which prevent diffusion
of CSF into dural membrane. TJ: tight junction; EC: endothelial cell; AST: astrocytes; PC: pericytes;
CSF: cerebrospinal fluid; CPEC: choroid plexus epithelial cell. (Adopted from Saunders N.R., et al.,
Molecular aspects of Medicine, 2013)
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1.4 BBB-the Neurovascular Unit
1.4.1 Components of the Neurovascular Unit
Apart from specialized endothelium BBB is made of many other components that
are in close contact with each other. The whole endothelia of brain vasculature are
covered by high number of pericytes and astrocytic foot processes that are embedded
in basal lamina. Neurons, microglia and oligodendrocytes are also in close proximity
of this functional assembly, which is collectively called the Neurovascular Unit
(NVU) (Fig.3) (Obermeier et al., 2013). Constant communication between each of
these components is a basic necessity for the physiological functioning of the BBB.

Figure 3: Neurovascular Unit (at brain capillary level). Endothelial cells (pink) are closed with
tight junctions and covered by two layers of EC and parenchymal basement membrane, embedded in
basement membrane (grey) are astrocyte foot process (green) and pericytes (brown). Microglia and
neurons are also in contact with this unit. (Adopted from Obermier, B., et al., Nature Medicine review,
2013)

a) Adherens and tight junction: Endothelial cells of BBB have unique organization
of adjacent cell-to-cell junction. They possess high repertoire of molecules that are
responsible for eliminating the paracellular diffusion of molecules. Broadly they are
divided into adherens and tight junctions (AJ and TJ), apart from forming physical
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barrier they are also responsible for creating cell polarity by compartmentalizing
luminal and abluminal side of EC membrane (Fig.3 and Fig.4). They can also
transmit various intracellular signals through associated molecular complex. AJ in
ECs are mainly formed by VE-cadherin that can interact in both cis or trans mode to
form homotypic interactions. AJ are shown to promote cell-to-cell contact,
maturation and survival. They can also promote intracellular signaling and are
connected to cytoskeleton through β-catenin, α-catenin or plakoglobin (Fig.4).
Recently it has also been shown that AJ maturation is important for the TJ formation
(Taddei et al., 2008). N-cadherin, another member of the cadherin family is also
participating in AJ formation but more known to interact with pericyte counter parts
(Gerhardt et al., 2000). Function blocking antibodies against VE-cadherin in vivo
have shown increased EC permeability in heart and lung (Dejana et al., 2008; Dejana
et al., 2009; Giannotta et al., 2013). However direct role of VE-cadherin in
controlling BBB permeability is still a matter of debate partly because of relatively
high expression of TJ molecules seem to take over the function of AJ in BBB ECs.
Physiologically it seems to be more relevant because AJ are more dynamic than TJs
and subjected to continuous protein modification and recycling from the membrane.
It goes in favor with minimal vesicular transport in BBB ECs that results in reduction
of recycling of membrane components (Tietz and Engelhardt, 2015).
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Figure 4. EC junctions at BBB. Schematic representation of the AJ and TJ and its molecular
components. VE-cadherin forms homotypic interaction with adjacent EC and also linked to
cytoskeleton through interaction with β-catenin, α-catenin or γ-catenins. TJ proteins like Claudins,
occludin and JAMs also form homotypic interactions. They are linked to cytoskeleton through ZO
family, ZONAB and afadin that can also transmit intracellular signaling. (Adopted from Tietz S and
Engelhardt B., The Journal of Cell Biology, 2015)

TJ molecules are one of the most enriched in BBB ECs. It is mainly composed of
claudins, occludins and JAM family of proteins. There are 20 members in claudins,
out of which claudin-3, claudin-5, claudin-1 and claudin-12 are known to be
expressed by BBB ECs. Claudin-11 and claudin-3 are also expressed by epithelial
cells of choroid plexus that form BCSFB (Tietz and Engelhardt, 2015). Claudin-3
has been shown to be induced by canonical Wnt/β-catenin signaling in BBB ECs
both in vivo and in vitro. However direct role of claudin-3 in BBB integrity is not yet
fully understood (Tietz and Engelhardt, 2015). Knock out (KO) mice for Cld-5
(claudin-5) died within few hours after birth with defective BBB, where permeability
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was increased only for molecules of < 800Da. Surprisingly, electron microscopy did
not reveal any abnormal morphology in TJ which had typical kissing points along the
cell to cell junction (Nitta et al., 2003). Claudin-5 is also shown to be regulated by
canonical Wnt pathway explained in later sections.
Occludins are localized to TJs of BBB and also BCSFB (Furuse et al., 1993;
Wolburg et al., 2001). Tricellulin, a member related to occludin is associated with
tricellular TJs of BBB (Furuse et al., 2014) but their definitive role in BBB is yet to
be understood. JAMS, ESAMs are also localized to TJs of BBB ECs (Padden et al.,
2007; Vorbrodt and Dobrogowska, 2004). Zonula occludens proteins (TJ scaffolding
protein of the MAGUK family) that include ZO-1, ZO-2, ZO-3, ZO-1 nucleic acid
binding proteins (ZONAB), cingulin, and afadin are associated with TJs which link
them to cytoskeletal complex (fig.4) (Kratzer et al., 2012; Mark and Davis, 2002;
Nico et al., 1999).

Figure. 5 schematic of EC-pericyte interphase at BBB. Pericyte (green) in separated by EC (grey)
by basement membrane (pink). But they are connected to each other at peg-socket kind of joints and at
adhesion plaques where N-cadherin is thought to be enriched. (Adopted from Armulik A.,et al., Dev
Cell, 2011)
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Pericytes: Pericytes by definition are “cells embedded within the vascular basement
membrane” (Armulik et al., 2011). Pericytes are often confused with vascular
smooth muscle cells, fibroblasts and macrophages as these cells are also closely
associated with blood vessels. So far there has been no specific molecular marker
reported to differentiate them from other cell types. So investigators have employed
multiple markers with tissue and function related context. Pericytes are associated
with endothelial cells in all organ vasculatures. But their role in BBB development
and maintenance has recently drawn more attention. It became clear that endothelial
cells autonomously cannot develop into tight barriers in CNS but are induced by
signaling from surrounding neural tissues. The close proximity of astrocytes and
pericytes to ECs in NVU hints them as likely candidates for anticipating their role in
BBB induction. Role of astrocytes in BBB development has been controversial with
respect to timing of BBB development and astrocyte maturation around the BBB.
But pericytes were shown to be closely associated with ECs almost from the
beginning of vascularization of the neuronal tissue during embryo development
(Daneman et al., 2010b). CNS vasculature has the highest pericyte coverage with the
ratio of 1:1 to 1:3 from ECs to pericytes which adds another point in favor of
pericytes involvement with BBB (Sims, 1986). Anatomically pericytes are separated
by basement membrane from ECs (Fig.5), but they contact each other through
typical peg-socket joints and adhesion plaques. Adhesion plaques resemble AJ that
are actually constituted microfilaments on pericyte side and electron dense material
on EC side which contains mostly trans interacting N-cadherin molecules on ECs
and pericytes (Gerhardt et al., 2000) (Fig.5). ECs and pericytes are shown to be also
connected through gap junctions (Diaz-Flores et al., 2009). Many signaling pathway
are known to facilitate interaction between ECs and pericytes. Importantly (i) Platelet
Derived Growth Factor B (PDGF-B)/ Platelet Derived Growth Factor Receptor β
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(PDGRβ) (ii) Angiopoietin-1 (Ang-1)/ Tyrosine kinase with immunoglobulin-like
and EGF-1 Like domain 2 (Tie2) (iii) Transforming growth factor β (TGFβ).
i) PDGF-B/PDGRβ: PDGF-B secreted by ECs interacts with PDGRβ receptor
present on pericytes. This signaling is essential for pericyte recruitment and survival.
Both pdgf-b and pdgrβ null mice die during perinatal period due to vascular
abnormalities caused by defective mural cell coverage and they lack CNS pericytes	
  
(Lindahl et al., 1997). Pdgfrb-/- (KO) embryos exhibited increased permeability to
tracers of different molecular weight across the brain endothelium. They showed
increased expression of leucocyte adhesion molecules like ICAM1 and presence of
Gr1+ leukocytes in brain parenchyma. Ultra structural analysis of these mutant
brains revealed abnormal morphology of TJ and uptake of dye through vesicles.
However purified ECs from embryos showed normal expression of BBB genes like
Glut1 and PgP indicating that BBB signature may be induced by other neuronal cells
but pericytes may be necessary to block immune surveillance of the CNS (Daneman
et al., 2010b). Armulik et al. reported another hallmark discovery on Pdgfbret/ret
mutants, where mice were able to survive with 20 to 30% of pericytes. They
demonstrate increase in BBB permeability in these mutants is mainly through
vesicular transport by classical HRP uptake experiment coupled with transmission
electron microscopy (TEM). Another important observation was that many
astrocytes related markers were reduced in microvascular fragments derived from
brains of Pdgfbret/ret mutants which suggested possible role of pericytes in
establishing astrocyte end feet on at BBB. Aquaporin 4 (Aqp4), α-syntrophin that are
typically marking the polarized astrocyte end feet in mature BBB were re-localized
along the astrocyte cytoplasm in pericyte deficient mutants (Armulik et al., 2010).
ii) Ang-1/Tie-2 signaling: Ang-1 is secreted by pericytes and many other cells of
mesenchymal origin, where as Tie-2 is expressed particularly on ECs (Falcon et al.,
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2009; Furuse et al., 1993; Gaengel et al., 2009; Sundberg et al., 2002). Ang-1/Tie-2
signaling is believed to be important for vessel stabilization and maturation. Null
mice for both Ang1 and Tie2 die at midgestation due to cardiovascular defects and
they lack mural cells (Dumont et al., 1994; Patan, 1998; Suri et al., 1996). Tie-2
receptor antagonist Ang-2 overexpression also leads to loss of pericytes (Hammes et
al., 2004). However, Tie-2 null mice have normal recruitment of pericytes around the
endothelium (Jeansson et al., 2011), same is true with Ang-1 KO mice which
suggests that Ang-1/Tie2 signaling is not essential for pericyte recruitment but may
be in later stages for maturation of interaction between ECs and pericytes (Jones et
al., 2001).
iii) TGFβ signaling between pericytes (mural cells) and endothelial cells is
bidirectional since both receptors and ligands are expressed on both cells (Sato and
Rifkin, 1989). Activin receptor like kinase-1 (Alk-1) and Alk-5 are type I TGFβ
receptors expressed on ECs and pericytes. They seem to have opposite effects:
promoting the differentiation and maturation of mural cells (Alk-5) via Smad2/3
phosphorylation, and stimulating mural cell proliferation (Alk-1) via Smad1/5
phosphorylation (Goumans et al., 2003; Goumans et al., 2002; Ota et al., 2002). But
it might be also depending on local accumulation of different receptor-ligand
complexes at different concentrations. KO or null mice for many molecules of TGFβ
pathway were lethal at midgestation due to multiple vascular defects (Armulik et al.,
2011). Autosomal dominant mutations in ENDOGLIN, ALK1, and SMAD4 in
humans are known to cause hereditary hemorrhagic telangiectasia presented with
vascular malformations particularly in small caliber arterio-venous (A-V)
anastomoses (Berg et al., 1997; Gallione et al., 2004; McAllister et al., 1994). Recent
report has shown brain EC specific inactivation of Smad4 caused perinatal lethality
in mice with defective BBB and mural cell coverage (Li et al., 2011). N-cadherin
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expression on ECs was reduced in these mutants that is known for heterotypic
interaction with pericytes. It was also shown that N-cadherin expression was
regulated by the interaction of NOTCH and TGFβ pathways (Li et al., 2011).
There is recent a report about the contribution of vSMC to the integrity of BBB
(Henshall et al., 2015). VSMC are associated with high caliber arteries, small arteries
and arterioles unlike pericytes that are associated with capillaries. They are mostly
identified by high expression of α-smooth muscle actin (αSMA). Notch signaling
plays many regulatory roles in vascular development (Chappell and Bautch, 2010;
Sainson and Harris, 2008). Notch3 ligand expressed on vSMC is known to
communicate with its receptor Jagged1 on ECs (Liu et al., 2009). Mutations in
NOTCH3 gene in humans are known to cause cerebral autosomal dominant
arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL) an
autosomal dominant stroke syndrome (Joutel et al., 1996; Ruchoux et al., 1995). But
nothing much is known about the precise pathogenesis of CADASIL. Upregulation
of Notch3 activity in vSMC is linked to pulmonary artery hypertension (Li et al.,
2009). Notch3-/- (KO) mice are shown to develop progressive loss of vSMC
accompanied by sporadic BBB and Blood-retina barrier (BRB) disruption. Central
arteries of retina that are covered by high number of vSMC in normal conditions
showed absence of αSMA staining along the course of arteries in Notch3-/- mice.
Many pial arteries penetrating the cortical layer in the brains of Notch3-/- mice also
showed similar phenotype with focal areas of BBB disruption detected by Evans blue
dye leakage (Henshall et al., 2015).
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Astrocytes: Astrocytes are connected to NVU through their end foot processes
encircling the abluminal side of EC membrane embedded in ECM. Astrocyte end
feet are specialized structures with polarized distribution of aquaporin-4 (Aqp4)
water channels and Kir.4 (ATP dependent K+ channel) which are designed to be
arranged as orthogonal array particles (Obermeier et al., 2013). Astrocytes replenish
nutrition to neurons, clear neurotransmitters, balance water content and control
immune function in CNS. Once it was believed that factors secreted by astrocyte
were responsible for inducing BBB properties in ECs invading neural tissue. When
purified ECs from brain were cultured in vitro they lost their barrier properties,
however many of such properties like TJ and increased TEER were restored by either
co-culturing ECs with astrocytes or conditioned medium from astrocyte culture.
Interleukin-6 (IL-6), glial cell line derived neurotrophic factor, fibroblast growth
factor 2 were proposed to be secreted by astrocytes to influence BBB induction. But
more recent studies have indicated that astrocyte are mostly involved in the
maintenance of BBB because they appear later at NVU in postnatal period where
BBB is already functional (Daneman et al., 2010b). So far direct involvement of
astrocytes in BBB induction has been superficial. But reports suggest its role in many
inflammatory conditions. Shh ligand secreted by astrocytes, interact with its receptor
patched (Ptch) on brain ECs to promote TJ molecules like claudin-5 and occludin
and suppression of many leukocyte adhesion molecules (LAM) in adult stage. These
pathway components are particularly upregulated in CNS pathology like multiple
sclerosis (MS) which is associated with focal immune cell infiltration with disrupted
BBB (Alvarez et al., 2011). Others have reported Src-suppressed C-kinase substrates
(SSeCKs) of astrocyte regulate angiogenesis and TJ maturation influencing VEGF
and Ang-1 expression (Lee et al., 2003; Zhao et al., 2015).
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Basement membranes: All cellular components mentioned above interplay complex
network of signaling for optimal functioning of the BBB. Extracellular matrix
(ECM) in which all these cells are supported certainly plays a significant role in
maintaining vessel integrity in general and particularly BBB homeostasis (Daneman,
2012; Keller, 2013)	
   (Yurchenco, 2011). Basement membranes (BM) or ECM are
formed by components secreted by distinct cell types although it is not exclusive.
Main proteins are collagen IV, laminins and fibronectin; HSPGs (perlecans and
agrin) and nidogen are important glycoproteins which also have functional roles
(Yousif et al., 2013)	
   (Carvey et al., 2009). At post capillary venule structures with
extravascular space, there are distinct endothelial and parenchymal membranes that
have different composition with different functions (Hallmann et al., 2005).
Endothelial BM is mainly formed by collagen IV α1 and α2 chains, laminin α4 and
α5 chains, perlecan which are secreted by ECs. Parenchymal BM is formed by
astrocytic α3 chains of collagen IV, α2 chains of laminin and agrin. At capillary level
both the membranes get merged and have composite proteins (Obermeier et al.,
2013).
Apart from establishing a cytoskeleton, BM acts as an interface between ECs,
pericytes, astrocytes and the external environment. It facilitates many signaling
pathways by trapping the respective ligands, growth factors etc. Dextroglycans and
integrins are the main receptors on ECs that can bind to laminins, fibronectin,
collagen IV, glycosaminoglycans (GAG) (Obermeier et al., 2013). During BBB
development integrin α4β1 and integrin α5β1 interact with fibronectin to activate
MAPK signaling and induce cell proliferation, where as in mature BBB state binding
of laminin to integrin α1β1 and integrin α6β1 promotes vessel stability (Baeten and
Akassoglou, 2011). Deficiency of many integrin ligands resulted in lethal phenotype
due to abnormal vascular differentiation accompanied by cerebral hemorrhage
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(McCarty et al., 2002; Zhu et al., 2002). Astrocytes express α5β8 integrin that would
assist in activation of TGF-β and further signaling through ECs and promote EC
quiescence (Cambier et al., 2005). Collagen IV seems to be important component of
BM providing vessel stability. Mutations in human COL4A1 and COL4A2 genes
have been reported to cause intracranial hemorrhage (ICH)	
   (Gould et al., 2005;
Jeanne et al., 2012).
ECM is essential for entrapping and activation of Wnt ligands that play indispensable
role in CNS vascularization and BBB development (discussed in detail in later
sections)	
   (Smolich et al., 1993). Inactive Wnt ligands are regulated by competitive
inhibitors like Wnt inhibitory factor (WIF), secreted frizzled related protein (sFRP)
and Dickkopf related proteins (Liebner and Plate, 2010). Expression of these ligands
is inhibited by active TGF-β signaling which in turn depends on ECM (Akhmetshina
et al., 2012).

1.4.2 Transport across BBB
As mentioned BBB ECs express variety of transport molecules which were also
identified through transcriptome profiling of purified ECs from brain (Daneman et
al., 2010a). They are present on both luminal and abluminal membrane at a distance
of approximately 200nm of brain endothelium. They can be classified as following
(Fig.6) (Saunders et al., 2013; Zhao et al., 2015).
i) Active efflux transporters (AET): Efflux transporters are mainly localized to
luminal side of endothelial plasma membrane facing the blood. ATP-binding cassette
(ABC) proteins constitute main members of efflux transport, which are responsible
for restricting entry of various toxins, lipophilic molecules, xenobiotics and most of
the therapeutic drugs by actively pumping them back into blood (Zhao et al., 2015).
P-glycoprotein (PgP/Abcb1) expression is enriched in BBB ECs well known for
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causing multiple drug resistance in many tumors. Decreased expression of various
ABC transporters is reported in pathologies like Alzheimer’s (AD) and Parkinson’s
(PD) diseases with increased accumulation of Amyloid β (Aβ) peptide in neuronal
parenchyma in mouse models (Zhao et al., 2015; Zlokovic, 2011). Other members
from MRP1 to MRP5 are also expressed in BBB ECs that are responsible for active
efflux of drugs and xenobiotics. AET are also known to be coupled with other
abluminal transporters for effective clearance of many molecules or toxins generated
inside the neuronal parenchyma (Pardridge, 2007).
ii) Carrier mediated transport (CMT): Carrier proteins are encoded by solute carrier
(SLC) family of genes, huge numbers of SLC proteins members are expressed in
BBB. They are responsible for transport of various molecules that are generally
hydrophilic or polarized. These can be carbohydrates, amino acids, fatty acids,
nucleotides, hormones, vitamins, amines or organic and inorganic ions. Slc2a1
encodes for Glut1 is responsible for transport of glucose into the brain. Glut1 is
induced by canonical Wnt/β-catenin signaling during BBB development (Daneman
et al., 2009; Stenman et al., 2008). Decreased Glut1 expression increases the
susceptibility for loss of BBB integrity, neurovascular deficits and AD (Winkler et
al., 2015). Slco1c1 which codes for a thyroxine hormone transporter, specifically
expressed at BBB has been exploited to generate a brain endothelial specific
inducible Cre transgenic termed Slco1c1-CreERT2 (Ridder et al., 2011). CNS
discovery programs are screening for small molecules that can act as surrogate
ligands for these carriers that might have pharmacological benefits (Pardridge,
2015a, b).
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Figure 6: Transporters across BBB: Schematic representation of different routes of
transport. 1) Paracellular pathway is blocked for small hydrophilic molecules. 2) Active efflux
transporters like ABC family can get rid of toxins, drugs that are trying to enter CNS. 3) Carrier
mediated transporters of SLC family, like glut1 are expressed on both luminal and abluminal side and
are responsible for carrying glucose, amino acids and other small molecules. 4) Bidirectional
transporters consists examples of OAT family and SLC family that carry anions, cations and
thyroxine. 5) Protein transporters for particular members are expressed only on BCSFB. 6) Vesicular
transport, which is very minimal across BBB, is still reported to be present for specific receptors
(transthyretin receptor, TTR; insulin receptor, IR). (Adopted from Saunders N.R., et al., Molecular
aspects of Medicine, 2013)

iii) Receptor mediated transport (RMT): Many large peptides or proteins cannot be
carried by conventional CMT. Transporters of SLC family have adopted receptor
mediated transport. Aβ protein is known to be carried bidirectional across BBB by
LRP1. Other examples of RMT include RAGE, Insulin receptor (IR), Leptin receptor
and Transferrin receptor (TfR) which was recently exploited for pharmacological
delivery of antibodies against β-secretase to reduce Aβ production where latter is
known to cleave amyloid precursor protein into Aβ (Bray, 2015).
iv) Major facilitator superfamily: Nguyen et al. reported that decosahexaenoic acid
(DHA) an omega-3 fatty acid which is essential for normal brain growth is actively
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transported across BBB by major facilitator superfamily protein Mfsd2A (previously
identified as an orphan receptor). Mfsd2A is specifically expressed in brain
capillaries, Mfsd2A KO mice developed defective BBB with increase in permeability
due to increased vesicular transport and reduced DHA levels in brain leading loss of
neurons in hippocampus and cerebellum with neurological deficits (Ben-Zvi et al.,
2014; Nguyen et al., 2014).
v) Vesicular transport: As mentioned before vesicular transport is very minimal in
ECs of the brain. It is shown that reduced pericyte coverage around brain
endothelium could induce increased vesicular transport in pdgfrβ null mice models
(Armulik et al., 2011). Also Mfsd2A KO mice showed similar phenotype (Ben-Zvi et
al., 2014). But how Mfsd2a would suppress vesicular transport is still not known.
PLVAP (Plasmalemma vesicle associated protein) coded by for Pv-1, a membrane
bound protein was shown to be specifically associated ECs. This was identified and
characterized with a monoclonal antibody against mouse endothelial cell antigen
(MECA-32). Interestingly PLVAP is shown to be expressed in all organ vessels with
exception to brain, skeletal and cardiac muscle (Engelhardt, 2003; Hallmann et al.,
1995). Later it was demonstrated to be a component of endothelial fenestrae,
diaphragms and transendothelial channels (Stan et al., 1999)	
  (Ioannidou et al., 2006;
Stan et al., 2012) structures which are physiologically suppressed in mature BBB but
present only in circumventricular organs (CVO). It was shown to be upregulated in
tumor vessels of xenograft implants of glioblastoma multiformae (GBM) but not in
the vessels of normal brain parenchyma. PLVAP was upregulated in acute brain
ischemia models in a temporally regulated condition (Shue et al., 2008). PLVAP is
also shown to be regulated by canonical Wnt/β-catenin signaling (Liebner et al.,
2008).
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1.4.3 Phases of BBB differentiation and signaling pathways
BBB development and maturation could be divided as i) angiogenesis phase ii)
differentiation phase and iii) maturation phase. There is certainly overlap of many
events as shown in the figure. Many signaling pathways influence at different level
of differentiation. Each phase is discussed elaborately below (Fig.7 and 8) (Zhao et
al., 2015).

Figure 7: Time line of BBB development in mouse. Typically in mice corticogenesis and
angiogenesis go in parallel, importantly barrier properties also develop well before birth by cessation
of fenestrations and appearance of tight junctions, specialized transporters (discussed above) and
pericyte coverage. However astrocytes appear postnatal and maturation of basement membrane
continues after birth. (Adopted from Zhao. Z., et al., Cell, leading edge perspective, 2015)
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Figure 8: Phases of BBB development, maturation and maintenance. BBB development is divided
into induction, differentiation, maturation and maintenance for simplicity but they are not exclusive.
Different cell types interact through variety of receptors and ligands either expressed or secreted by
their counterparts inducing various signaling pathways responsible in each phase of BBB
differentiation. (Adopted from Zhao. Z., et al., Cell, leading edge perspective, 2015)

i) Angiogenesis phase; Brain vascularization works solely by process of
angiogenesis, i.e proliferation, sprouting and migration of pre-existing vessels
(unlike vasculogenesis i.e. de novo formation of blood vessels). Perineural or pial
vascular plexus (PNVP) around the head mesoderm start to grove radially into the
neuroectodermal tissue made of glial and neural precursor cells (NPC) around 9dpc
in mice. From long time idea was conceived that angiogenesis in CNS is passive
which would proceed under regulation of growing need from developing neurons.
But there was still a debate about why vessels of the brain were different from other
organ vessels	
   (Kurz, 2000; Risau, 1997). Stewart and Wiley in did an elegant
transplant experiment, where tissues from coelomic cavity of chick were ectopically
transplanted to quail brain and vessels that developed from brain into coelomic tissue
were leaky and like vessels of other organs. But when quail brain tissue was
transplanted into chick coelomic cavity, blood vessels that grew into the quail brain
showed BBB like structure and function. This suggested that special factors present
in the neural tissue were able to govern ECs to develop barrier properties (Stewart
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and Wiley, 1981). Based on the spacio-temporal relationship between growing ECs
and NPC, Werner Risau hypothesized about paracrine factors secreted by embryonic
brain would signal specific receptors on ECs. Basic and acidic fibroblast growth
factors (bFGF, aFGF) were the first paracrine factors to be hypothesized to play role
in CNS vascularization, but there expression pattern did not corroborate with timings
of BBB development as they were active even in adult life (Engelhardt, 2003; Risau
et al., 1988).
Vascular Endothelial Growth Factor (VEGF) and its isoforms were discovered as
most potent angiogenic factors and specifically targeted endothelial cells (Ferrara
and Henzel, 1989; Walchli et al., 2015). VEGF-R1 (Flt-1) and VEGF-R2 (Flk-1)
were tyrosine kinase receptors that primarily expressed on ECs. Null mice for vegf or
its receptors Flk-1 or Flt-1 were lethal with severely compromised vascularization of
the whole embryo including the brain. Both temporal and spatial relationship of
VEGF and its receptor expression were found to be responsible (Engelhardt, 2003;
Liebner et al., 2011). VEGF-R1 and R2 expressing ECs from PNVP were sprouting
into neuroectoderm along the concentration of VEGF-secreted by NPCs. ECs
expressing Flk-1 at sprouting end that response with filopodial extensions towards
VEGF gradient are called tip cells (Gerhardt et al., 2003). Stalk cells are behind the
tip cells that proliferate leading to vessel elongation and lumen formation which are
also VEGF dependent. Proper tip and stalk cell differentiation is also regulated by
Notch/Dll4 signaling	
  (Phng and Gerhardt, 2009; Walchli et al., 2015). Neuropilin-1
(Nrp1) a semaphorin/VEGF co-receptor that can bind specific heparin bound VEGF
isoforms is another protein essential for tip cell guidance (Gu et al., 2003; Walchli et
al., 2015).
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Other growth factors like Ang-1 and Ang-2 are shown to be secreted by motor
neurons and act through EC counterpart Tie2 receptor and promote sprouting and
also perivascular cell recruitment (see above).
Macrophages expressing receptor tyrosine kinase Tie2 and Nrp1 were shown to be
present in CNS independent of vessels but promoted anastomoses between different
vascular sprouts to form complex vessel circuits (Engelhardt and Liebner, 2014;
Fantin et al., 2010).
Parallel study has reported that ECs express cell autonomous set of transcription
factor (TF) repertoire in distinct regions of developing brain in a gradient manner
from dorsal to ventral side. Pial vessels invading dorsal telencephalon did not express
any specific factors, In contrast, separate group of vessels that arise from pharyngeal
arch arteries grow radially around periventricular region and ventral telencephalon
with a gradient expression of homeobox transcription factors (Vasudevan et al.,
2008).
All these factors were also responsible for angiogenesis in organs elsewhere in the
organism. One of the well studied and specific inducer of CNS angiogenesis and
barrier properties reported till date is canonical Wnt/β-catenin signaling which is
discussed later in detail.
ii) Differentiation phase: This phase is constituted by recruitment of pericytes and
astrocytes that further promote barrier properties of BBB ECs. Important events in
this phase are already discussed under individual cell types. Apart from that
expression of MECA-32 antigen (PLVAP) goes down	
   (Liebner et al., 2011). Shh,
Norrin and Ang-1 are produced by astrocytes. Tie-2 and Neuropillin enhance tip cell
anastomoses and formation of vascular networks. Gpr124 expression on ECs
enhances Wnt/β-catenin signaling for further maturation of BBB. Mfsd2A starts
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expressing on brain ECs responsible for fatty acid transport, pericyte recruitment and
inhibition of vesicular transport	
  (Zhao et al., 2015).
iii) Maturation and maintenance: Post natal maturation events continue with further
secretion of basement membrane and matrix proteins where pericye and endothelial
cell are tightly embedded and covered completely by astrocytic foot processes
(Fig.8). Events of differentiation phase continue into maturation phase. Molecules
responsible solely in maintenance phase remain to be discovered. Partly so far,
Norrin/Fz4 was shown to be necessary for maintenance of BBB in olfactory bulb and
cerebellum. Of note, worth to mention that most components of Wnt/β-catenin
signaling are also responsible also for maintenance of BBB signals although in
overlapping fashion (Zhou et al., 2014).
1.4.4 Blood –retina barrier and analogy to BBB
Retina is a neuronal structure and the retinal vasculature possesses similar barrier
properties like BBB	
  (Liebner and Plate, 2010). In mouse retinal angiogenesis start at
immediate postnatal period from the center of the retina on the vitreal surface. The
vessels expand radially to cover the whole retina and sprout into deeper neuronal
layers to form another two levels of capillary layers at the level of inner nuclear layer
(Fruttiger, 2002; Hofmann and Luisa Iruela-Arispe, 2007; Klaassen et al., 2013).
Retinal vasculature on the vitreal surface has stereotypical presence of alternate
artery, capillaries and veins that are well studied (Fig.9) (Rocha and Adams, 2009).
Timed and spacial expression pattern of VEGF and its receptors play essential role in
angiogenesis mechanism that are similar explained in CNS angiogenesis (Gerhardt et
al., 2003). Interestingly they are closely associated with pericytes and astrocytes
from the beginning stages of angiogenesis. As early as P4 ECs were shown to be
closely associated with astrocyte foot process and they expressed TJ molecules like
ZO-1 (Klaassen et al., 2013).
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Figure 9. Schematic of retinal angiogenesis and blood-retina barrier. (A) Retinal angiogenesis
start from P0 from the center of the retina and expands radially through steps- mainly plexus
formation, remodeling and maturation. P0, P3, P5, P7, P15 (respective post natal day). (B) Mature
retina has characteristic representation of arteries, vein and capillaries (Lower left panel with red
broken margin). Retinal vessels exhibit similar character as BBB. Endothelial cells (E) are fused with
tight junctions (tj), covered by pericytes (P) and Müller’s glia (G) and microglial cells (m). All the
cells are embedded in the extracellular matrix or basal lamina (BL) (Lower right panel with blue
broken margin) (Modified from Klaassen, I., et al, Progress in Retinal and Eye Research, 2013;
Susanna Rocha, SF and Adams, R., Angiogenesis Review, 2009; Hofmann, JJ and Iruela-Arispe, LM.,
Gene Expression Patterns, 2007)

Later many groups discovered that retinal angiogenesis and barriergenesis are also
regulated by similar signaling pathways that govern the BBB development (Liebner
and Plate, 2010). Notch-regulated ankyrin repeat protein (Nrarp), target of
Notch1/Dll4 signaling was interacting directly with Lef1 to promote Wnt signaling
and stalk cell differentiation (Phng and Gerhardt, 2009). Fz4 KO mice showed
retarded retinal vessel growth with abnormal leaky capillaries (Robitaille et al.,
2002). Inactivation of Lrp5 gene lead to delayed hyaloid vessel regression and
migration defects in retinal vasculature (Xia et al., 2008). Norrin, a cysteine knot
protein coded by Norrie Disease protein (NDP) gene, its loss is responsible for
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development of hypovascular retina in humans causing Norrie disease (Berger, 2001;
Ye et al., 2010) Loss of Fz4 and Lrp5 signaling are known to cause diseases like
familial exudative vitreoretinopathy (FEVR) and osteoporosis-pseudoglioma
syndrome (Xia et al., 2008). Norrin was found to specifically interact with unique
receptor complex of Fz4, Lrp5 and tetraspanin 12 (Tspn12) and activate canonical βcatenin signaling (Junge et al., 2009). The Fz4 KO mice developed disrupted BRB
with increased PLVAP and decrease in claudin-5 (Wang et al., 2012). Loss of Lrp6
along with Lrp5 or Loss Norrin and β-catenin leads to similar phenotype of BRB
loss. BRB loss could be rescued by stabilizing mutation of β-catenin in the complete
absence of Norrin (Zhou et al., 2014). All these findings show indispensable role of
Wnt/β-catenin signaling also during BRB development.

1.5 SoxF family in vascular development
Sox (SRY-related HMG) family is group of bona fide transcription factors consisting
20 proteins subdivided into groups from A to H. The division is based on sequence
similarity in their respective DNA binding HMG (high mobility group) domain and
other amino acids. All the proteins have property to bind DNA helix in the minor
grove and induce DNA bending. Sox proteins are evolutionarily conserved and
shown to be involved in regulating wide range of biological functions especially
during development, tissue differentiation and cell type specification (Wegner,
2010). Sox7, Sox17 and Sox18 belong to SoxF subgroup. Apart from HMG domain
SoxF group also has one or more transactivation domain sequence (Fig.10) always
towards c-terminal region after the HMG box (Francois et al., 2010; Lilly et al.,
2016). In Sox17 C-terminal TAD is reported to be more effective in activating
transcription, where as in Sox7 and Sox18 TAD in central region are more active
(Wegner, 2010).
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Figure 10. Schematic of SoxF family proteins in mouse. SoxF family is constituted by Sox7, Sox17
and Sox18 proteins. They share conserved amino acid sequence in HMG domain (dark green box).
Light green box represents transactivation domain (TAD). Numbers represents corresponding amino
acid in each domain. * Indicate common mutation site called Ragged (Ra) in TAD of Sox18. (Adapted
from Francois, M and Beltrame, M., The international journal of Biochemistry and cell biology, 2010)

SoxF subgroup proteins have regulatory role in differentiation of visceral and
definitive endoderm and hematopoiesis (Kim et al., 2007; Wegner, 2010). They are
also necessary for proper development of cardiovascular system. All the three
proteins are expressed in ECs during mouse embryonic development. Sox18
expression starts early at 8dpc in primitive endocardium. Later, Sox7 expression
along with Sox18 is detected in the heart tube by 8.5dpc (Francois et al., 2010).
Sox17 expression at first was detected in small branches and intersomitic vessels at
around 9.5dpc. At this period of development subset of Sox18 expressing vasculature
in the region of cardinal vein gets more differentiated towards lymphatic vasculature.
Further Sox18 induces expression of Prox1 in these groups of cells that is essential
for early lymphatic differentiation (Francois et al., 2008). Genetic interaction
between Sox18 and VEGFD was shown to regulate vascular development in
zebrafish (Duong et al., 2014). In humans, disease called hypotrichosis-lymphedematelangiectasia (HLT) syndrome manifested with edema and defective lymphatic
development is essentially linked to mutations in Sox18 (Irrthum et al., 2003).
Similar mutations in Sox18 causing HLT are reported be also associated with fatal
renal failure in human patients (Moalem et al., 2015). Mutations in HMG domain or
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TAD of mouse Sox18 called ragged alleles among that severe form called ragged
opposum (Raop) causes edema, chylous ascites and death in mouse	
   (Francois et al.,
2010). Other ragged (Ra) forms of mutants (Sox18Ra) are also reported that act in a
dominant negative manner by binding to promoter regions of SoxF targets but not
able bind co-factors or to activate downstream events	
   (James et al., 2003). Mutations
in human HLT disease and phenotypes are corroborative with ragged mutants in
mice. Raop isoform has also been used as a tool to dissect many functional roles of
SoxF proteins (Corada et al., 2013).
Earlier studies have revealed many redundant roles of each member in Sox family
proteins (Guth and Wegner, 2008). SoxF family proteins have overlapping functions
reflecting their overlapping expression. Complete null mice only for Sox18 were
viable and fertile. Sox17 null mice did not show any abnormality in the embryo
vessels development however died due to defective heart tube formation. Defective
cardiac development was attributed to non-cell autonomous role of Sox17 on cardiac
mesoderm due to defective signaling from endoderm through Hex that mediates
paracrine signaling during cardiac myogenesis (Liu et al., 2007). Complete null for
Sox18 and heterozygous null for Sox17 caused defective post natal angiogenesis in
liver and kidney that lead to lethality around postnatal day 21 (p21), where as double
null allele for Sox18 and Sox17 caused more severe phenotype with defects with
anterior dorsal aorta, heart tube and cranial vessels in the mouse embryo which
caused early embryonic lethality (Matsui et al., 2006; Sakamoto et al., 2007). But it
is worth noting that most of these redundant phenotypes were observed in mice bred
in mixed genetic background. In pure C57BL/6 background Sox18 KO died around
14.5dpc with severe subcutaneous edema (Francois et al., 2008). For Sox18, Sox7
and Sox17 acted as strain specific modifies which compensated for loss of function
of Sox18 only in mixed background of 129/CD1 strains (Hosking et al., 2009). More
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recently another report has explained about redundant role of Sox18, Sox7 and
Sox17 in C57/129/CD1 background in postnatal retinal angiogenesis model. Severe
vascular phenotype with loss of A-V identity manifested only upon deletion of all
alleles of all the three genes. Presence of even one allele of Sox17 was enough to
maintain normal A-V identity (Zhou et al., 2015).
Sox7 is also shown to have regulatory role in vascular development in zebrafish,
especially in A-V differentiation but again same functions are redundant with Sox18
(Cermenati et al., 2008; Herpers et al., 2008; Pendeville et al., 2008). In the same line
Sacilotto et al. demonstrated SoxF transcription factors in combination with
RBPJ/Notch intracellular domain could regulate Dll4 expression by binding to its
enhancer region and arterial differentiation in zebrafish (Sacilotto et al., 2013). But
Sox17 expression in zebrafish is reported as confined to only endoderm derived cells
with no vascular specific expression, which suggests functional diversification of this
ortholog (Cermenati et al., 2008).

1.5.1 Role of Sox17 in endoderm, hematopoiesis, oligodendrocytes and
cardiovascular biology
Sox17 well studied from the beginning in the context of endoderm formation and
differentiation. Xenopus XSox17α and XSox17β were reported to be necessary and
sufficient for endoderm formation (Hudson et al., 1997) and later in zebrafish
endoderm formation (Alexander and Stainier, 1999). Further more, mouse embryos
KO for Sox17 were lethal at 10.5dpc due to defective midgut and hindgut formation
that are known derivatives of endoderm. So the role of Sox17 in endoderm
differentiation is conserved among all vertebrates (Kanai-Azuma et al., 2002).
Subsequent studies identified that Sox17 could directly regulate target molecules
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Hnf1β, Foxa1, Foxa2 which are key players in endoderm differentiation (Sinner et
al., 2004).
Many studies are reported on role of Sox17 in oligodendrocyte progenitor cells
(OPC) and its differentiation. Sohn et al. detected mRNA and Sox17 protein in
myelin expressing OPC and showed Sox17 is important for differentiation of OPC to
mature oligodendrocytes	
   (Sohn et al., 2006). Further Chew et al. demonstrated
temporal upregulation of Sox17 coincided with OPC differentiation and this process
was facilitated by antagonizing Wnt/β-catenin pathway which otherwise induced
proliferation of OPCs. A study was also conducted on human oligodendroglioma
(HOG) tumor cells where overexpression of Sox17 increased HOG differentiation by
suppressing active β-catenin signaling (Chen et al., 2013; Chew et al., 2011).
Recently, the role of Sox17 in cardiovascular development has received more
attention (Lilly et al., 2016). As already discussed, during embryonic development
around 9.5dpc Sox17 was detected in vasculature but no longer in endoderm -derived
tissues	
   (Matsui et al., 2006; Sakamoto et al., 2007). Parallel study generated Sox17
deficient mice by replacing the entire coding sequence of Sox17 with enhanced green
florescent protein (eGFP) (knock-in) and a floxed allele for Sox17 (Kim et al., 2007).
They crossed Tie2-Cre with Sox17fl/GFP mice in which Sox17 is deleted only in
endothelial and hematopoietic cells. Of note, authors analyzed the Sox17 KO in pure
C57/BL6 background. Also Tie2-Cre Sox17fl/GFP or Sox17GFP/GFP mice lead to intra
embryonic lethality in by 13.5dpc with defective fetal and neonatal but not adult
hematopoiesis. In contrast study involving embryoid bodies (EBs) differentiation
into hematopoietic cells suggested Sox18 induced hematopoietic precursor cell
proliferation and Sox17 induced apoptosis (Serrano et al., 2010). More definitive role
of Sox17 in hemogenic endothelium and endothelial to hematopoietic transition
(EHT) was demonstrated with mouse embryonic stem cells (mESC) and EBs. EBs
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with VE-Cadherin, CD31 and Sox17 expression were able to give rise to CD45+
cells upon differentiation where as negative population failed to do so (Clarke et al.,
2013). However in these reports direct vascular involvement of Sox17 was not
studied.
Sox17-driven Cre showed arterial specific activity in dorsal aorta around 8.5dpc
when crossed with β-galactosidase reporter mice (Liao et al., 2009). By 10.5dpc
arterial expression was traced through out the embryo including the head vasculature.
Later same group also confirmed arterial and endoderm specific β-galactosidase
expression driven by alternative Sox17-2A-iCre (Engert et al., 2009).
Our group for the first time demonstrated arterial specific expression of Sox17 and
also its role in maintenance of arterial identity (Corada et al., 2013). We exploited
both constitutive and inducible endothelial specific KO for Sox17 using either Tie2Cre (Sox17ECKO) or Cdh5(PAC)-Cre-ERT2 (Sox17iECKO) under tamoxifen inducible
system. We observed Sox17ECKO embryos were lethal before 12.5dpc with defective
vessel patterning in most of the organs including head vasculature and intersomitic
vessels. Importantly embryonic vessels had lost arterial properties. Detailed analysis
of retina in Sox17iECKO showed hypersprouting of migratory front and loss of
perivascular cells mainly in radial arteries. Such phenotype was related to loss of
Notch signaling with decrease in expression of ligands like Dll4 and Jagged 1 in
arterial compartment. We also show that Sox17 is a target of Wnt/β-catenin signaling
using tamoxifen inducible endothelial specific loss of function (LOF) and gain of
function (GOF) β-catenin mice models (Corada et al., 2013). Study done by Lee at
al. using same model as ours reported angiogenic role of Sox17 in embryonic
vasculature and postnatal retinal angiogenesis. Here authors show Sox17 acts
downstream of Notch signaling where enhanced Notch signaling lead to decreased
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Sox17 levels due to posttranscriptional turn over and subsequently decreased
angiogenesis (Lee et al., 2014).
Parallel studies have characterized Sox17 as a pro-tumorigenic factor that facilitates
tumor angiogenesis. In Lewis lung carcinoma (LLC) mouse models Sox17 was
specifically expressed in ECs including in secondary metastatic nodules in the lung.
Endothelial ablation of Sox17 lead to tumor vessel normalization, enhanced drug
delivery and decrease in metastatic foci (Yang et al., 2013). Selective Sox17 deletion
in tumor vasculature resulted in enhanced recruitment αSMA+ perivascular cells
around the vessels, where as enhanced Sox17 expression lead to increase in tumor
size with abnormal vasculature with reduced αSMA+ perivascular cells.
Genome wide association studies (GWAS) and candidate gene association studies
(CGAS) comprising a huge population lead to identification of susceptible loci for
intracranial aneurysm (IA) development in human patients. SOX17 was found out to
be one of the most represented candidate gene in this list (Bilguvar et al., 2008;
Foroud et al., 2012; Yasuno et al., 2010). Since etiopathology behind IA are referred
to vessel wall (adventitia) rather then to endothelium (intima), it was intriguing to
probe how endothelial specific Sox17 could affect such pathology. Subsequently Lee
et al. demonstrated that endothelial specific loss of Sox17 lead to more IA formation
compared control counterparts in mouse model of chronic hypertension induced by
angiotensin II (ATII) (Lee et al., 2015). Histopathological and scanning electron
microscopy analysis showed luminal thinning, loss of vascular smooth muscle cells
and hemorrhages in IAs of Sox17 null mice.
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1.6 Wnt/β-catenin pathway in BBB development and maintenance

Figure 11. Canonical Wnt/β-catenin signaling. In the absence of Wnt ligands, β-catenin is
sequestered in the cytoplasm by the destruction complex, after serial phosphorylation on its serine
residue and channeled to proteosomal degradation. By Wnt ligand binding to frizzled receptor
complex that some how inhibit the destruction complex and β-catenin accumulates in the cytoplasm
and translocate into the nucleus. In the nucleus it binds to LEF/TCF complex by displacing groucho
and activating transcription of Wnt target genes. (Adapted from Clevers, H., Cell, leading edge review,
2006)

Wnt ligands are secreted glycoproteins from variety of tissues	
   (Logan and Nusse,
2004). 19 different members have been identified and characterized so far. Among
those Wnt1, Wnt3a, Wnt7a/7b and Wnt8 are well studied and known to activate
canonical Wnt/β-catenin signaling in tissue dependent contexts. Wnts bind to
extracellular N-terminal cysteine rich domain (CRD) of seven pass transmembrane
receptor Frizzled (Fz). This binding is co-operated with single pass transmembrane
family proteins LRP5 and -6 (Lipoprotein receptor related) in vertebrates. Norrin, an
atypical member from TGF-β superfamily can also bind to Fz/Lrp5/6 complex as
explained earlier related to BRB. Other ligands like human R-spondin-1 is also
shown to be Wnt agonist that promotes proliferation of intestinal crypt cells (Clevers,
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2006). There are also antagonists of Wnt pathway that could act either by directly
binding the ligand or by inactivating the receptors. Wnt inhibitory factor-1 (WIF-1)
could bind and antagonize the Wnt ligand, where as secreted Dickkopf (Dkk)
proteins could bind to LRP co-receptors and facilitate their internalization and hence
inactivation (Mao et al., 2002). Interestingly, Dkk1 itself is a target of Wnt signaling
and hence act in a negative feed back loop (Rao and Kuhl, 2010).
In absence of Wnt ligands, β-catenin -the chief mediator is associated with
multiprotein complex well known as destruction complex (Fig.11). The complex is
formed by scaffolding protein Axin, Adinomatous polyposis coli (APC), casein
kinase1 (CK1) and glycogen synthase kinase 3β (GSK-3β). In the complex, CK1
phosphorylates serine 45 (Ser45) residue on β-catenin followed by tandem
phosphorylation on Ser33, Ser37 and Ser41 by GSK-3β. Phosphorylated β-catenin is
ubiquitinated by E3 ubiquitin ligase called β-transducin repeat containing protein (βTrcp) and further degraded by proteosomal machinery (Clevers and Nusse, 2012).
Either mutations or deletions of phosphorylation sites could escape β-catenin from
destruction complex and hence activation of the pathway. Robust model of β-catenin
activated transgenic mice is constructed by conditionally deleting Exon3 that codes
for these phosphorylation sites but by retaining the functionality of the protein
(Harada et al., 1999).
In the presence of Wnt or by binding to Fz/Lrp complex, series of events that are not
well understood leads to recruitment of Dishevelled (Dvl) which inhibits the
destruction complex and hence accumulation of β-catenin in cytoplasm and
translocation into nucleus. Inside the nucleus β-catenin serves as transcriptional coactivator for transcription factors T-cell factor (TCF) and Lymphocyte enhancer
factor (LEF) after replacing them from Groucho, a transcriptional repressor that
would be bound with LEF/TCF in the absence of Wnt induction.
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From the past decade, many groups have described the essential role of canonical
Wnt/β-catenin signaling during BBB development. Liebner et al. exploited loss of
function (LOF) or gain of function (GOF) mice models for β-catenin in endothelial
specific inducible models. They discovered upon LOF of β-catenin in mice, there
was decreased expression of TJ proteins like claudin-3 and claudin-5 and increase in
PLVAP in brain vasculature at early postnatal stages. On the contrary GOF β-catenin
could prematurely suppress PLVAP expression and induce claudin-3 expression in
brain vessels of perinatal mice. Also by in vitro stabilization of β-catenin they could
show similar phenotype on brain microvasculature endothelial cells (Liebner et al.,
2008). Secondly, Daneman et al. showed canonical Wnt ligands Wnt7a and Wnt7b
were produced by neuro-epithelial cells that acted on ECs of PNVPs in a paracrine
manner. Double KO for Wnt7a and Wnt7b or LOF β-catenin embryos completely
lacked CNS angiogenesis with severe hemorrhages associated with brain and spinal
cord. There was reduction in transporter GLUT1 and increased expression of PLVAP
in brain vessels	
   (Daneman et al., 2009). In addition, Stenman et al. using β-catenin
activated transgene reporter (BAT-gal) showed endothelial specific activation of βcatenin signaling in cranial vessels but not in other organs	
   (Stenman et al., 2008).
Liebner et al. also showed that BAT-gal activity is highest during active CNS
angiogenesis but decreases to basal levels after birth in mice (Liebner et al., 2008).
Norrin, although not a canonical Wnt ligand but could activate β-catenin through Fz4
receptor (explained earlier in BRB development) was also found to regulate BBB
development especially in cerebellum. Fz4 or Ndp KO mice developed defective
angiogenesis in cerebellum apart from the eye (Luhmann et al., 2008; Xu et al.,
2004). Wang et al. investigated Fz4KO (Loss of function-Fz4) and discovered absence
of Fz4 lead to loss of BBB properties in a very restricted area of brain, mainly in
olfactory bulb and cerebellum with decrease in claudin-5 and increase in PLVAP
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(Wang et al., 2012). In the same paper authors also showed absence of Norrin lead to
similar phenotype as Fz4KO, hence Norrin acts through Fz4 receptor to regulate BBB
development. Furthermore essential role LRP5 and partial redundant role of LRP6
was also dissected using targeted mutation technique (Zhou et al., 2014). A recent
report has shown Retinoic Acid (RA) secreted in the developing neuronal tissue
regulates Wnt signaling in brain vasculature (Bonney et al., 2016). Global KO mice
for RA (Rdh 10 mutants) showed diminished Wnt activity especially in the neocortex but increased Wnt signaling in developing thalamus. This was explained by
existence of Wnt stimulatory function of RA through non-cell autonomous manner
and Wnt inhibitory function by EC autonomous manner (Bonney et al., 2016). All
the above reports in summary, undisputedly proved canonical Wnt/β-catenin
signaling is essential for CNS vascularization and BBB induction and every other
component from ligands to receptors in the pathway acts predominantly through βcatenin and its transcription regulation complex.
Since Wnt/β-catenin pathway associated with many other signaling, molecules acting
downstream or along with this pathway in the context of BBB development remain
to be identified. Molecules that are characterized are described briefly below.
1) Gpr124: G protein coupled receptor 124 (Gpr124) was first found out elevated in
tumor associated endothelium hence also called by another name –tumor endothelial
marker (TEM5)	
  (St Croix et al., 2000) (Carson-Walter et al., 2001). But KO mice for
Gpr124 presented with CNS vascular defects similar phenotype to that of Wnt7a and
Wnt7b double KO mice (Daneman et al., 2009; Stenman et al., 2008). Later many
groups probed direct role of Gpr124 in CNS angiogenesis and BBB formation. Zhou
et al. reported that Gpr124 could activate Wnt signaling specifically through Wnt7a
and Wnt7b using Wnt signaling reporter cell line (Super Top Flash). Importantly
they also found out that Gpr124 share functional redundancy with Norrin by
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analyzing Gpr124-/- NdpKO (double KO for Gpr124 and Ndp) where absence of both
proteins caused more severe and widespread BBB defects compared to one of them
alone (Zhou and Nathans, 2014). Posokhova et al. reported similar findings and also
showed that extracellular leucine rich repeat (LRR) and intracellular PDZ domains
are important for activity of Gpr124 and maximal Wnt7 co-operated signaling
(Posokhova et al., 2015).
2) Death receptor 6 (DR6) and TROY (belongs to TNF receptor family) -are initially
discovered to be important for CNS angiogenesis and barriergenesis in zebrafish and
also mouse. Global or EC specific deletion of DR6 or TROY lead to reduced vessel
density in mouse embryo and adult brains. Importantly these molecules were found
regulated by Wnt/β-catenin signaling (Tam et al., 2012).
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2. MATERIALS & METHODS
2.1 Mutant and inducible genetic mice experiments
All the animal procedures were carried out after approval by the Italian Ministry of
Health and in accordance with guidelines described in the directive 2010/63/EU on
the protection of animals used for scientific purposes.
Following strains of transgenic mice were used.
-Sox17flox/flox mice were gifted by Dr. S.J. Morrison (Howard Hughes Medical
Institute, University of Michigan, Michigan, USA (Kim et al., 2007).
-Tie2-Cre (Kisanuki et al., 2001).
-Cdh5(PAC)-CreERT2 was kindly donated by Dr. R.H. Adams (University of
Munster, Munster, Germany) (Wang et al., 2010).
-BAT-gal reporter mice were given by Dr. S. Piccolo (University of Padua, Italy)	
  
(Maretto et al., 2003)
-Slco1c1-CreERT2 mice were obtained from Dr. Markus Schwaninger (Institute of
Pharmacology, University of Heidelberg, Heidelberg, Germany)	
  (Ridder et al., 2011)
-Rosa26/EYFP reporter was kindly gifted by Dr. S. Casola, IFOM, Milan, Italy	
  
(Srinivas et al., 2001).
-β-cateninflox(ex3)/flox(ex3) was generously provided by Dr. M. Taketo (University of
Kyoto, Japan)	
  (Harada et al., 1999)
-β-cateninlox/lox mice (Brault et al., 2001).
To delete Sox17 in postnatal vasculature, we crossed Sox17flox/flox mice with
tamoxifen inducible endothelial specific Cre; Cdh5(PAC)-CreERT2. Sox17flox/+
Cdh5(PAC)-CreERT2 mice were then crossed with Sox17flox/flox mice to generate
Sox17flox/flox Cdh5(PAC)-CreERT2 (Sox17iECKO) and Sox17flox/flox controls.
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To generate Sox17iECKO/BAT, BAT-gal reporter mice were crossed with Cdh5(PAC)CreERT2 to obtain BAT-gal+ Cdh5(PAC)-CreERT2 mice which then were crossed
with Sox17flox/+ Cdh5(PAC)-CreERT2 to obtain BAT-gal+ Sox17flox/+ Cdh5(PAC)CreERT2 mice. These were crossed with Sox17flox/flox mice to obtain final cross of
BAT-gal+

Sox17flox/flox Cdh5(PAC)-CreERT2

(Sox17iECKO/BAT)

or

BAT-gal+

Sox17flox/+ Cdh5(PAC)-CreERT2 (negative) controls.
For brain endothelial specific inactivation of Sox17, Sox17flox/flox mice were crossed
with Slco1c1-CreERT2. Next Sox17flox/+ Slco1c1-CreERT2 mice were crossed to obtain
litter containing Sox17flox/flox Slco1c1-CreERT2 and Sox17flox/flox controls.
To generate Sox17iECKO with gain of function of β-catenin (Sox17iECKO/GOF), as a
first step Cdh5(PAC)-CreERT2 β-cateninflox(ex3) were crossed with Sox17flox/flox to
generate Cdh5(PAC)-CreERT2 β-cateninflox(ex3) Sox17flox/+. They were crossed with
Sox17flox/flox Cdh5(PAC)-CreERT2 to generate Cdh5(PAC)-CreERT2 Sox17flox/flox βcateninflox(ex3) (Sox17iECKO/GOF) mice.

2.2 Tamoxifen injection
Cre activity and gene deletion was induced by tamoxifen (T5648, Sigma-Aldrich)
10mg/ml dissolved in 10% ethanol and 90% sunflower oil and injecting to pups at P0
single dose -(100µg) by subcutaneous route. For recombination in adult mice 1mg
dose intraperitoneal (IP) injection were administered for three consecutive days at 4
weeks of age.

2.3 Mice genotyping
To determine the genotype of the mice, tail biopsies were collected and the genomic
DNA was extracted by lysing tail biopsies O/N at 56°C in a “tail buffer” made of 0.5
mg/ml Proteinase K (Sigma), 0.5% Triton X-100 in Gitschier Buffer 1X; then the
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Proteinase K was inactivated by keeping the sample at 95°C for 10 minutes. The
genomic PCR was performed with specific primer pairs (reported in following table)
to amplify the desired sequences and then amplified DNA samples were detected by
agarose (1%) gel electrophoresis.  
  
PCR

Description

Primers

Amplicon
size

Cre A (Forward)
Identification of
Cdh5(PAC)
VEC-CRE

CreERT2
transgenic allele

5' CCA AAA TTT GCC TGC ATT ACC GGT

1000bp

CGA TGC 3'
Cre B (Reverse)
5' ATC CAG GTT ACG GAT ATA GT 3'
oIMR7365 (Forward)

Sox17

Identification of

flox/flox

floxed Sox17
allele

5' TTG CCG AAC ACA CAA AAG GAG 3'

480bp
oIMR7366 (Reverse)
5' TGG AGG TGC TGC TCA CTG TAA C 3'

Identification of
deleted Sox17

Mutant LoxP
Wild type
350bp

oIMR7365 (Forward)
5' TTG CCG AAC ACA CAA AAG GAG 3'

1100bp

Sox17
delete

allele

Rev (B)
5’ CTGACATTTCCATGGAACCCTTCA 3'

LacZ fw (Forward)
LacZ

Identification of

(BAT)

BAT-gal

5' CGG TGA TGG TGC TGC GTT GGA 3'

transgene

5' ACC ACC GCA CGA TAG AGA TTC 3'

Exon3

Identification of

Exon3 fw (Forward)

flox/flox

floxed exon3

5' GAC ACC GCT GCG TGG ACA ATG 3’

allele of β-catenin

Exon3 rw (Reverse)
5' GTG GCT GAC AGC AGC TTT TCT 3'

	
  

370bp

LacZ rw (Reverse)
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Wildtype
690bp
Floxed
450bp

SlcoCREERT

2

Identification of
Slco-CreERT

Slc Fw (Forward)

2

5’ GCT ATT CAT GTC TTG GAA GCC 3’

transgene

521bp

Slc Rw (Reverse)
5’ CAG GTT CTT CCT GAC TTC ATC 3’
RM 41 (Forward)
5' AAG GTA GAG TGA TGA AAG TTG TT 3'

Identification of

RM 42 (Reverse)

β-catenin

floxed or deleted

flox/flox

allele of β-catenin

Deleted 500bp
Floxed 324bp

5' CAC CAT GTC CTC TGT CTA TCC 3'
RM 42 (Reverse)

Wild type
221bp

5' TAC ACT ATT GAA TCA CAG GGA CTT
3'

2.4 Immunofluorescence on brain tissue sections
For vibratome sectioning after fixing in 4% PFA O/N, brains were embedded in 4%
low melting agarose gels and 100µm thick sections were taken with Leica vibroslice
(Germany) and were O/N with 10% donkey serum and 0.5% Triton X-100 (T Sigma
Aldrich) with 1% BSA. Primary Antibodies were diluted in 10% donkey serum and
0.25% Triton X-100 O/N at 40 C. Secondary Antibodies were diluted in same
solution and incubated for 3 hours at RT. Sections were washed with 0.25% Triton
X-100 in PBS and mounted with vectashield with dapi (H-1200, Vector laboratories).
Brains were either fixed with 4% PFA at 40 C O/N and saturated with 30% sucrose or
directly

frozen

with

cryostat

embedding

medium

(Killik,

Bioptica)

for

cryosectioning. 15µm thick sections were taken and stored in -800 C. For
Immunofluorescence, sections were air dried for 15 min at RT and washed with PBS.
Fresh frozen sections were fixed with ice-cold methanol or 4% PFA. PFA fixed
sections were permeabilized with 0.5% Triton X-100 for 5-10 min and washed prior
to blocking. Blocking was done with 20% donkey serum and 0.1% Triton X-100 for
1-2 hours at RT. Primary antibodies were incubated O/N in 10% donkey serum with
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0.1% Triton X-100. Alexa Flour secondary antibodies were also diluted with same
solution for 1-to 2 hours at RT. Sections were mounted with vectashield containing
DAPI.

2.5 Whole mount retina Immunofluorescence
Eyes were fixed in 1% PFA for 5-6 hours at 40 C. After dissection retinas were
incubated in primary antibodies containing 10 % donkey serum in PBSTC (PBS,
0.5% Tritonex-100, 0.1mM calcium chloride) for overnight at 40 C. Retinas were
then washed in PBSTC for 4-6 hours in RT and later incubated with secondary
antibodies in PBSTC with 10% donkey serum overnight at 40 C. They were washed
in PBSTC and mounted with Prolong Gold (Invitrogen).

2.6 Hindbrain dissections and staining
Hindbrains from 10.5, 12.5 and 14dpc embryos were dissected and staining was
performed as previously reported (Fantin et al., 2013). Briefly, pregnant mice were
sacrificed in humane conditions. Embryos were dissected from the uterus, head of
the embryo was separated above the forelimbs. Roof plate on the hindbrain was
removed with gentle dissection. Visible midbrain and spinal cord were dissected out
to unfurl the hindbrain. Further hind brains were fixed with 4% PFA with gentle
agitation for 2hours on ice. For Sox17, β-gal and Isolectin B4 staining, primary
antibodies were incubated in blocking solution containing 10% donkey serum in PBS
with 0.1% Tritonex-100 (PBT) overnight at 40 C. After several washes with PBT,
corresponding secondary antibody were diluted in blocking solution same as
primary, incubated overnight at 40 C. After several washes with PBT hindbrains were
post-fixed with 4% PFA for 30min at RT and mounted flat with vectashield
containing DAPI.
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2.7 Oil red O staining
0.5% Oil red O (SC-203749, Santa Cruz Biotechnology) was dissolved in propylene
glycol (#P4347, Sigma) by gentle heating and filtered. Frozen sections of liver were
air dried, equilibrated in distilled water, placed in propylene glycol for 2-5 min to
avoid water into Oil red O. Then slides were immediately put in pre-warmed Oil red
O solution for 8 to 10 min at 60° C in oven, differentiated in 85% propylene glycol
for 2-5 minutes, rinsed in 2 changes of distilled water. Sections were counterstained
with hematoxylin for 30 seconds, wash thoroughly in running tap water for 3
minutes. Ultimately mounted in 35% glycerol.

2.8 Cadaverine permeability assay
Cadaverine alexa flour 555 (A-30677, Invitrogen) dye was injected intraperitoneal
(IP) (25ug/Kg body weight) 2 hours prior to sacrifice. Brains were dissected and
immersion fixed with 4% paraformaldehyde (PFA) at 40 C overnight and subjected to
vibratome sectioning. For Slco-Sox17iECKO pups of 2 weeks age after Cadaverine
injection and 2 hours circulation, pups were deeply anaesthetized with Avertin
20mg/ml (2-2-2 tribromoethanol, #T48402, Sigma) perfused with PBS followed by
4% PFA.

2.9 Lithium Chloride treatment in vivo
LiCl (#L9650, Sigma) or NaCl were dissolved in water at concentration of 40mg/Kg
body weight and 150mM respectively were injected into pups IP from P6 to P9
before sacrifice. Brains and eyes were collected and subjected to immunostaining
and microscopy.
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2.10 6-BIO treatment in vivo
6-BIO (#361551, Millipore) or control (#361556, Millipore) were dissolved in
DMSO at concentration of 5mg/ml. They were further diluted in oil for final
concentration of 5mg/Kg body weight before injecting into pups IP from P6 to P9
before sacrifice. Brains and eyes were collected and subjected to immunostaining
and microscopy

2.11 Cell culture
Embryonic ECs:
For the isolation of ECs from embryos and yolk sac at 9.5dpc and 10.5dpc, embryos
were dissected and dissociated with collagenase type I (Roche, 1,5mg/ml), DNase
(Roche, 25µg/ml) at 37°C for 1hour and passed through a 40µm cell strainer. Cells in
flow through were collected by centrifugation and washed with 0.1% BSA in PBS.

ECs from lungs of adult mice:
ECs are derived from lungs from Sox17flox/flox mice (4 weeks). Organs was dissected
under sterile conditions, washed twice with PBS and minced finely with scalpel.
Organs were further disaggregated with collagenase A (1.5mg/ml; Roche) and
DNase (25µg/ml; Roche) in DMEM at 37°C for 3hours. After filtering through cell
strainer, cells were collected, centrifuged at 1,200rpm for 10min and seeded on 0.1%
gelatin coated 24 well plate. After 48hours cell were immortalized through retroviral
expression of polyoma middle T gene (Balconi et al., 2000). Purity of the EC lines
was analyzed by extensive staining and western blotting for EC specific molecules.
All these cells were cultured in MCDB 131 medium (Lonza) with 20% North
American (NA) fetal bovine serum (FBS) (Hyclone), glutamine (2mM; Sigma),
Heparin (100µg/ml, from porcine intestinal mucosa; Sigma) and EC growth
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supplement (ECGS) (5µg/ml, made in our laboratory from calf brain). All cells were
cultured at 37°C in a humidified atmosphere with 5% CO2. Recombination of floxed
alleles were induced by treating selected ECs with TAT-Cre recombinase in vitro as
previously described (Cuttano et al., 2016).

Brain Microvascular Endothelial Cells (BMEC)
For Axin2 expression analysis, brain microvascular fragments were derived from 46 week old Sox17flox/flox mice published previously (Liebner et al., 2008). After
dissections brains were triturated and digested for 1hour 37°C with 0.75% type 2
collagenase (Worthington Biochemical Corp.) The pellet was resuspended in 25%
W/V bovine serum albumin (BSA) and centrifuged for 20min at 2,600rpm at 4°C
and slow brake to separate myelin in top layer and microvessels enriched pellet at
bottom. After carefully removing the myelin, the pellet was digested with
collagenase/dispase (10mg/ml; Roche) and DNase I (1µg/ml; Roche) at 37°C for
15min. Digestion was stopped with Buffer A and centrifuged 1,200rpm for 10min
with low brake. Microvascular capillary fragments were seeded in culture medium
and selected for puromycin resistance (4µg/ml) for 2 days. Cells were kept in culture
for not more than a week in DMEM with 10% North American (NA) fetal bovine
serum (FBS) (Hyclone), glutamine (2mM; Sigma), Penicillin/Streptomycin
(100units/litre; Sigma), Sodium pyruvate (1mM; Sigma), Heparin (100µg/ml, from
porcine intestinal mucosa; Sigma) and EC growth supplement (ECGS) (5µg/ml,
made in our laboratory from calf brain). All cells were cultured at 37°C in a
humidified atmosphere with 5% CO2. Recombination of floxed alleles were induced
by treating selected ECs with TAT-Cre recombinase in vitro as previously described
(Liebner et al., 2008).
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For BBB marker genes expression mouse BMEC were isolated from cortices of
postnatal day 2 (P2), P4 and adult wild type mice, EC pellets obtained for procedure
described above were resuspended in 0.1% BSA and 2mM EDTA in PBS pH7.4 and
incubated for 1hour at 4°C with Dynabeads (Invitrogen) previously coated rat mouse
PECAM antibody (553370, BD Biosciences). ECs were then separated using a
magnet and taken directly for RNA extraction and further qRT PCR.

2.12 Wnt3a treatment in vitro
Lung immortalized EC were treated with Wnt3a (100ng/ml, 315-20; Peprotech)
(Paolinelli et al., 2013) for 24 hours after 48hours of siRNA transfection. Wnt3a
(315-20; Peprotech) treatment was used at different concentrations for 8 hours for
Axin2 expression analysis on Lung immortalized Sox17 KO and control cells.

2.13 RNA interference
Stealth siRNA Duplexes (Life Technologies) and the correspondent medium GC
stealth RNAi Control Duplexes (Life Technologies) were used to knock down
Sox17. The sequences of the oligonucleotides used are as following:
Sox17MSS277195

5’-CGUGGAGCAGGACCCGGCUUUCUUU-3’,

Sox17MSS277195

5’-AAAGAAAGCCGGGUCCUGCUCCACG-3’

Sox17MSS277267

5’-GGACCGCACGGAAAUUCGAACAGUAU-3’,

Sox17MSS277267

5’-AUACUGUUCGAAUUCCGUGCGGUCC-3’

Transfection was performed using Lipofectamine 2000 (Invitrogen) according to
manufacturer’s instructions.
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2.14 Western blotting
Cells in culture were solubilized to obtain total protein lysates using sample buffer
containing 2% SDS, 5% glycerol, 0.05M Tris-HCL (pH 6.8), 0.004% bromophenol
blue, 5% β-mercaptoethanol. Cell lysates were incubated at 100°C for 10min for
denaturation and spinned for 10min at 13000 rpm to discard any cell debris. The
supernatant were collected and concentrations of the samples were estimated using
BCATM Protein Assay Kit (Pierce) according to manufacturer’s instructions. For
SDS-PAGE, equal amount of proteins were loaded on precast-gel (Bio-Rad),
transferred on Nitrocellulose Hybridization Transfer Membrane of 0.2µm pore size
(GE-Amarsham). Blocking was done for 1 hour in 5% V/W powdered milk in in 1X
Phosphate buffered saline with 0.05% Tween 20 (PBST). Membranes were
incubated in primary antibodies for overnight at 4°C diluted in 1X PBST with 5%
bovine serum albumin (BSA). Next membranes were washed thrice for 10 min each
with 1X PBST and incubated with HRP conjugated secondary antibodies (diluted in
1X PBST and 5% BSA) for 1 hour. After incubation membranes were washed thrice
for 10 min each with 1X PBST and specific protein were detected using ChemiDoc
gel imaging system (Bio-Rad). The molecular masses of proteins were estimated
relative to the pre-stained markers (Bio-Rad) loaded along with protein samples.
Quantification of the western blot bands were performed using Image Lab software
from Bio-Rad. Proteins of interest were normalized to tubulin or vinculin.

2.15 Quantitative RT-PCR analysis
Embryonic ECs, BMEC and Lung ECs were isolated as previously described. The
total RNA was isolated with RNeasy Mini Kit (Qiagen). 1µg of RNA was reverse
transcribed with random hexamers (High capacity cDNA archive kits; Applied
biosystems) following manufacturer protocol. cDNA samples were amplified with
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TaqMan gene expression assay (Applied biosystems) an ABI/Prism 7900 HT
thermocycler. 18S was kept as house keeping gene. The expression was normalized
to the control sample included. Probes (Applied biosystems) that have been validated
to recognize the following mouse transcript in qRT-PCR were used; Axin2, Sox17,
Glut1, PgP, Glutamate, MRP4, Slc1a4, Cat1 and Plvap.

2.16 Antibodies:
Primary antibodies: Sox17 goat (AF1924, R&D systems); PECAM rabbit (Ab28364,
Abcam); PECAM Rat (553370, BD Biosciences); VE-cadherin goat (SC-6458, Santa
Cruz); Podocalyxin goat (AF1556, R&D systems); PLVAP rat (553849, BD
Biosciences); Claudin-5 488 mouse (352588, Invitrogen); Glut1 rabbit (RB-9052,
Thermo Scientific); P-glycoprotein rabbit (AB170904, Abcam); GFP rabbit (A-6455,
Invitrogen); β-galactosidase chicken (Ab9361, Abcam); β-galactosidase rabbit
(559762, MP Biochemicals); Collagen IV rabbit (2150-1470 Biorad); Desmin rabbit
(Ab15200, Abcam); PDGFRβ goat (AF1042, R&D systems); (αSMA Cy3 mouse (C6198, Sigma); isolectin B4 (B1205, Vector labs); active β-catenin mouse monoclonal
(clone 8E7, 05665, Millipore); Total β-catenin mouse monoclonal (610514, BD
Biosciences); Vinculin mouse (V9131, Sigma); α-tubulin mouse (T9026, Sigma).
Secondary antibodies: Alexa Flour conjugated 488 donkey anti rat (Invitrogen);
Alexa Flour conjugated 488 donkey anti rabbit (Invitrogen); Alexa Flour conjugated
488 donkey anti goat (Invitrogen); Streptavidin alexa flour 647 (Invitrogen); FITC
conjugated donkey anti rat (Jackson laboratories); Cy3 conjugated donkey anti rat
(Jackson laboratories). Secondary antibodies for western blotting were HRP linked
anti-mouse (Cell signaling) and anti-goat (R&D systems).
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2.17 Microscopy and Image analysis
Images of brain sections and retina immunofluorescence were taken from Leica TCS
SP2. Whole brain or retina tilings were done on Leica TCS SP5 with hybrid scanner
with 10X objective and stitching was with either Leica or Fiji software. Whole brain
fluorescence images were captured with color camera from Nikon (DS-5MC)
attached to Olympus stereomicroscope (SZX12). H&E and Oil red O stained images
were captured through DS-5MC camera attached to upright microscope from
Olympus (BX51).
For vessel fraction PECAM positive pixel area was quantified with ImageJ (NIH).
Branch points were counted manually per field by marking vessels by PECAM and
considering uniform vessel area with ImageJ (NIH).
For fluorescence intensity, mean pixel intensity from respective staining was
considered after applying uniform threshold across the samples.
EC BAT-gal positive nuclei and vessel length were measured manually with ImageJ
(NIH)
Images were processed through ImageJ software (NIH) for representation and
quantification.
2.18 Statistical analysis
Student’s two-tailed non-paired t-test were used to determine the statistical
significance of fluorescence intensity quantification and BAT-nuclei count.
Significance level was set as <0.05
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RESULTS
3.1 Sox17 is upregulated during BBB development and remains high
throughout life.
Sox17 is reported to be a downstream molecule of Wnt/β-catenin signaling in brain
and retinal vasculature (Corada et al., 2013; Wang et al., 2012; Ye et al., 2009) but
its expression pattern during brain vascularization and BBB maturation is still poorly
studied. To this end, we performed Sox17 immunostaining in hindbrain of embryos
at different stages of development. To study β-catenin signaling in parallel we
utilized embryos that expressed nuclear β-galactosidase, under the control of a
promoter containing seven TCF consensus binding domains and therefore sensitive
to β-catenin signaling (BAT-gal) (Maretto et al., 2003) (see methods).
Immunostaining of Sox17 in hindbrain at embryonic day E10.5, E12.5, E14 showed
gradual increase of Sox17 expression in hindbrain vasculature (Fig.12A and B).
Interestingly, Sox17 was positive in ECs of brain that were also BAT-gal positive.
Co-expression of Sox17 with BAT-gal nuclei significantly increased from E10.5 to
E14 (Fig.12A and B).

Figure 12. Sox17 and BAT-gal nuclei are co-expressed during embryonic BBB development. (A)
Confocal scans of hindbrains from E10.5, E12.5 and E14 BAT-gal reporter stained for Sox17 (green),
β-gal (red) and Isolectin B4 (blue) (first column). Segmentation represents EC nuclei positive for
Sox17 alone (second column), β-gal alone (fourth column) and both Sox17 and β-gal (third column).
Note that EC nuclei positive for both Sox17 and β-gal increases during embryo development. Scale
bar, 100µm. (B) Quantification of EC from hindbrains positive for Sox17 and BAT-gal at E10, E12.5,
E14. Data represent ± SD from 3 independent biological replicates. *P<0.05
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To further study the Sox17 expression pattern at later stages Brain Microvasculature
Endothelial Cells (BMEC) (see methods) were isolated from 14.5dpc embryo, P2, P4
and adult mice. Sox17 expression was found further increased and remained high at
adult stage. Axin2, a known target of β-catenin was decreased after birth which goes
in parallel with previous study that reported significant decrease in BAT-gal activity
after E17.5 and remains low in adult life. As positive controls many other molecules
associated with BBB were tested. PLVAP whose expression is inversely co-related
with BBB maturation was suppressed in adults. Glut1, P-glycoprotein (PgP), Slc1a4
were highly expressed as reported (Fig.13).

Figure 13. Sox17 expression pattern is similar to BBB marker genes. qRT-PCR expression
profiling from BMEC at E14, P2, P7 and adult for Sox17 with other BBB marker genes like GLUT1,
PgP, Glutamate, MRP4, Slc1a4, Cat1 and Wnt target Axin2, PLVAP. Sox17 expression increases
during BBB development and remain high in adult like other markers. Data represent the means ± SD
from 4 samples at each time point.
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3.2 Gain of function β-catenin upregulates Sox17 expression in embryonic and
yolk vasculature.

Figure 14. Wnt/β-catenin signaling up-regulates Sox17 expression in embryonic and yolk sac
ECs (A) Whole mount confocal images of WT and GOF β-catenin embryo at E9.5 stained for Sox17
(light blue), VE-cadherin (VEC, red). White boxed areas are magnified below. In WT, nuclear Sox17
staining is confined only to arteries (yellow arrowhead) and not present in veins (white arrow). In
contrast GOF β-catenin embryo shows Sox17 staining is in all type of vessels (yellow arrowheads).
(B) Whole mount confocal images of WT and GOF β-catenin yolk sac at E9.5 stained for Sox17 (light
blue), VE-cadherin (VEC, red). In WT, nuclear Sox17 staining is confined only to bigger vessel,
where as in GOF β-catenin Sox17 staining is present in most vessels (yellow arrows). Vasculature is
severely altered in GOF β-catenin embryo and yolk sac as previously reported. Scale bar, 100µm. (C,
D) qRT-PCR analysis of Sox17 expression in ECs derived from WT and GOF β-catenin embryo at
E10.5 (C) and yolk sac vasculature at E9.5 and E10.5 (D). Data represent the means ± SD from four
independent experiments. *P<0.05; **P<0.01.

In a previously published work we demonstrated in GOF β-catenin models venous
differentiation was affected. In GOF β-catenin embryos venous cells acquired arterial
like identity (Corada et al., 2010). Since Sox17 is highly expressed in arteries
(Corada et al., 2013), we hypothesized Sox17 may play central regulatory function in
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canonical Wnt signaling during embryonic development. In order to investigate
Sox17 expression, we employed Sox17 immunostaining in GOF β-catenin embryo
and yolk sac. We observed aberrant head vasculature without any large vessels in the
GOF β-catenin embryo and in yolk sac that was accompanied by loss of arterial
specific expression of Sox17. On the other hand Sox17 was expressed everywhere in
GOF β-catenin vasculature compared to wild type embryo and yolk sac (Fig.14A
and B). Next we also observed drastic upregulation of Sox17 expression in freshly
derived ECs from embryo and yolk sac (E9.5 and E10.5) of GOF β-catenin (Fig.14C
and D).

3.3 Sox17 is regulated by Wnt/β-catenin pathway during postnatal BBB and
BRB development
Since Wnt/β-catenin pathway is essential during CNS vascularization and BBB
development (Daneman et al., 2009; Liebner et al., 2008; Stenman et al., 2008; Zhou
et al., 2014) we investigated whether Sox17 is influenced by Wnt/β-catenin signaling
during BBB development. To this end we employed both LOF and GOF β-catenin
mutation in postnatal mice (methods). In LOF β-catenin, at P5 Sox17 expression was
dramatically reduced in the brain microvasculature (Fig.15A). Conversely, in GOF
β-catenin mutant brain vasculature, Sox17 expression was further upregulated to the
saturation levels in the brain ECs (Fig.15B, LUT).
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Figure 15. Wnt/β-catenin signaling regulates Sox17 expression in brains. (A) Confocal images of
WT and LOF β-catenin brain vibratome sections stained with Sox17 (green) and PECAM (red). Right
most panels show intensity of Sox17 in grey scale value of 1 to 255. Sox17 is reduced in LOF βcatenin brain vasculature. Scale bar, 200µm. (B) Confocal images of WT and GOF β-catenin brain
vibratome sections stained for Sox17 (green) and PECAM (red). Right most panels show intensity of
Sox17 in grey scale value of 1 to 255. Sox17 expression is significantly increased in brain of GOF βcatenin brain vasculature. Scale bar, 200µm

In addition, an interesting observation came from choroid plexus vasculature. These
are specialized vasculature where ECs lack BBB properties that aid for cerebrospinal
fluid (CSF) secretion into the ventricles (Zhou et al., 2014). We observed that Sox17
expression is absent in the choroid plexus vasculature (Fig.16a, e and g) but in GOF
β-catenin, Sox17 was ectopically induced (Fig.16b, f, h and i). In addition we found
that LEF1, (a transcription factor and target of β-catenin) is also not expressed in
choroid plexus vasculature (Fig.16c, e and g) but is upregulated in GOF β-catenin
brains (Fig.16d, f and h). LEF1 expression in choroid plexus also served as an
internal control for β-catenin activation. Of note, Sox17 and LEF1 were frequently
co-expressed in the same cells in GOF β-catenin (Fig.14f and h), further supporting
the idea of Sox17 induction by this signaling pathway.
Retinal vasculature also expresses BBB-like properties called blood-retinal barrier
(BRB). Wnt/β-catenin was shown to be essential for a proper BRB differentiation
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(Wang et al., 2012; Ye et al., 2009; Zhou et al., 2014). We asked if Sox17 is
regulated by Wnt pathway also in the retina and we examined Sox17 expression in
the retinas in GOF and LOF β-catenin pups. We found that Sox17 expression had
decreased in LOF β-catenin retina where as its expression got augmented in GOF βcatenin retina (Fig.17). These results suggest that Sox17 expression is dynamically
controlled by β-catenin signaling in brain and retinal vasculature in postnatal mice.
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Figure 16. Sox17 and LEF1 expression are induced in choroid plexus by GOF β-catenin.
Vibratome sections and confocal images of WT and GOF β-catenin brain choroid plexus vasculature
stained for Sox17 (red) (a, b, e, f, g and h), PECAM (blue) (a to h) and LEF1 (green) (c to h). Lower
most panels show enlarged images of white box from e and f respectively below. Choroid plexus
vasculature is clearly negative for Sox17 (red) (except one vessel major vessel) and LEF1 (green),
both get expressed in GOF β-catenin brain samples. Scale bar, 200µm. (i) Quantification of Sox17
positive EC nuclei per choroid plexus imaged in WT and GOF β-catenin brains. Data represent ±
SEM from biological replicates. ***P<0.001.

Figure 17. Wnt/β-catenin signaling regulates Sox17 expression in retinas. Confocal images of
whole mount retina from WT, LOF β-catenin and GOF β-catenin at P6 stained for Sox17 (red) and
Isolectin B4 (IB4, green). White boxed parts of images are shown below along with Fire LUT
(intensity is represented in grey scale value of pixels from 0 to 255). Sox17 expression in arteries
(yellow arrowhead) is reduced in LOF β-catenin, but increased in GOF β-catenin retina compared to
wild type. Scale bar, 100µm.
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3.4 Sox17 abrogation in brain and retinal vasculature in Sox17iECKO
We hypothesized Sox17 might be directly involved in BBB development and
maintenance. We therefore planned to abrogate Sox17 expression specifically in ECs
and study if functional and molecular components of BBB are altered in the absence
of Sox17. Since constitutive endothelial knockout for Sox17 (Sox17ECKO) were lethal
as reported (Corada et al., 2013; Kim et al., 2007), to investigate the role of Sox17 in
BBB development we used previously described endothelial specific, tamoxifen
inducible Sox17 knock out mice (Sox17iECKO) (see methods). To check if Sox17
abrogation is complete we performed Sox17 immunostaining on brain vibratome
sections and whole mount retina (Fig.18A and B). We could obtain almost complete
abrogation of Sox17 in ECs both in brains and retinas.

Figure 18. Sox17 abrogation is complete in Sox17iECKO brain ECs and retina ECs. (A) Confocal
scan images of WT and Sox17iECKO brain vibratome sections from two different areas stained for
Sox17 (green) and PECAM (red). Sox17 staining is completely absent in Sox17iECKO brain ECs
compared WT. Scale bar, 200µm. (B) Confocal scan of whole mount retina stained for Isolectin B4
(IB4, green) and Sox17 (red) in WT and Sox17iECKO. Sox17 staining is completely absent in
Sox17iECKO retina compared to arterial specific expression in WT. Scale bar, 100µm.
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In the retinas of Sox17iECKO, we observed hypersprouting of the vasculature at the
migratory front at P9 (Corada et al., 2013). To check similarly if the vasculature in
the brain is altered upon Sox17 abrogation, we performed serial vibratome sections
of different parts of the brain and stained with PECAM, a well-known EC marker
and studied vascular morphology, vessel fraction per area and branching. Apparently
we did not see any significant difference in any of these parameters analyzed and
vessel morphology was comparable to wild type counterparts (Fig.19A, B and C).
This might be due to the fact that the brain vascularization is nearly complete before
birth although BBB maturation is still on going.

So in the post natal brain

vasculature Sox17 inactivation does not affect the vessel architecture.

Figure 19. Sox17 abrogation in postnatal Sox17iECKO brain does not alter the vasculature. (A)
Confocal scan images of different regions from WT and Sox17iECKO brains stained for PECAM
(green). Apparently vasculature looks normal in Sox17iECKO brains. Scale bar, 200µm (B, C)
Quantification of branch points and vessel area fraction per field are similar between WT and
Sox17iECKO brains. Data represent the means ± SD from three independent experiments.
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3.5 Absence of Sox17 leads to increase of brain permeability

Figure 20. Absence of Sox17 leads to increase in BBB permeability for Cadaverine 555.
(A) Whole brain fluorescence and vibratome sections of WT and Sox17iECKO brains injected with
Cadaverine 555 dye (shown in grey). Right side panel show confocal tiling images of coronal sections
of brains in corresponding plane (indicated with different color). Compared WT, Cadaverine dye
leakage is seen in different parts of the Sox17iECKO brain. (B) Confocal images of different parts of the
WT and Sox17iECKO brain injected with Cadaverine 555 (shown in green) and Podocalyxin (red). In
WT brains there is no leakage of Cadaverine in the parenchyma, where as in Sox17iECKO brain there is
huge leakage of the dye in cortex, striatum, thalamus and also in cerebellum but lesser compared to
other parts of the brain. Scale bar, 200µm. (C) Quantification of mean Cadaverine intensity in WT and
Sox17iECKO brains. Data represent the means ± SD from four independent experiments. * P<0.05.

Sox17iECKO were lethal by P10 due to development of fatty liver and ischemic
necrosis (see Fig.45) as reported previously (Matsui et al., 2006). We analyzed most
of the Sox17iECKO by P9 after recombination at P0. In these conditions many of the
BBB maturation steps are still undergoing (Fig.7, 8 and 9). Permeability across BBB
is restricted from 15.5dpc embryo stage (Ben-Zvi et al., 2014). To check
permeability across BBB, we injected Cadaverine 555 dye into wild type and
Sox17iECKO at P9. In wild type brains Cadaverine dye was mostly confined to blood
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vessels but in Sox17iECKO Cadaverine dye was found in parenchyma of the brain in
many parts, highest being in cortex and also in some parts of putamen, thalamus,
hippocampus and midbrain and minimal or almost nothing in cerebellum. (Fig.20A,
B and C). Cadaverine is a small molecule of size <1kDa (Armulik et al., 2010). To
check permeability of higher molecular weight compounds, brain sections from wild
type and Sox17iECKO were stained for endogenous IgGs. The measure of extravascular
IgGs is used to check BBB permeability (Reis et al., 2012; Wang et al., 2012).
Compared to controls there was a significant increase of extravascular IgGs in
parenchyma of Sox17iECKO brains in different regions like cortex, thalamus and
striatum similar to the Cadaverine (Fig.21A and B). We observed region-wise
variation in IgG leakage that was highest in cortex and thalamus, less in striatum but
minimal in cerebellum. Convincingly we observed increased IgG leakage
consistently across different samples and at different time points (see also Fig.44). In
summary, we could conclude that abrogation of Sox17 in the BBB increases
permeability in most parts of the brain.

Figure 21. Absence of Sox17 leads to increase in IgG leakage across BBB. (A) Confocal images of
brain vibratome sections stained for IgG (green) and Podocalyxin (red) in cortex, striatum, thalamus
and cerebellum. In Sox17iECKO brains IgG levels are increased in most areas of the brain with minimal
increase in cerebellum. Scale bar, 200µm. (B) Quantification of mean fluorescence intensity for IgG
in WT and Sox17iECKO brains. Data represent the means ± SD from four independent experiments. **
P<0.01.
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3.6 Sox17 null mice have increase in PLVAP in both brains and retinas.
Increase in BBB permeability Sox17iECKO brains might be due to alterations in
structural and cellular components (NVU) or deregulation of molecular components
that are essential for optimal functioning of BBB. We performed immunostaining for
Plasmalemma vesicle associated protein (PLVAP), whose expression is suppressed
in the course of maturation of the BBB. In control brain as expected PLVAP was
expressed only in choroid plexus vasculature but not in the capillaries of brain
parenchyma. But in Sox17iECKO brains, many vessels were PLVAP positive in most
regions of the brains although with different degree of severity (Fig.22, 24A, B and
25). This observation fits with increase in permeability. PLVAP was also upregulated
in Sox17iECKO retina, to highest levels in radial arteries compared to minimal or no
expression in control retinas (Fig.23A and B). This preferential increase of PLVAP
in radial arteries goes in favor of arterial specific expression of Sox17.
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Figure 22. PLVAP expression is upregulated in Sox17iECKO brains. Whole tissue tiling confocal
scan images of brain vibratome sections in coronal plane showing immunostaining for PLVAP (grey)
in WT and Sox17iECKO brains. Red and green lines in the cartoon for brain represent the plane of
sections taken for analysis. WT brain is completely negative for PLVAP staining except in choroid
plexus (ChP). Vessels are PLVAP positive (Red and Green arrows in corresponding planes) in
Sox17iECKO cortex, striatum (St), hippocampus and thalamus (Th). Scale bar, 1000µm.
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Figure 23. PLVAP expression is upregulated in Sox17iECKO retinas. (A) Whole mount
immunofluorescence of retina of WT and Sox17iECKO stained for PLVAP (green) and claudin-5 (Red).
PLVAP is highly expressed in Sox17iECKO retina, especially in central arteries where as claudin-5 is not
altered. Scale bar, 200µm. (B) Quantification of mean fluorescence intensity of PLVAP in retina. Data
represents ± SEM from four independent experiments. * P<0.01

Claudin-5, which is a component of the TJ specific to ECs was not altered in either
retinal vasculature or brain capillaries (Fig.23A), (Fig.24A and C). Further we also
checked for GLUT1, another highly expressed molecule by BBB ECs essential for
glucose transportation and P-glycoprotein (PgP) an efflux transporter from ABC
superfamily responsible for drug resistance (Zhao et al., 2015). Compared to WT in
Sox17iECKO brains, there was no alteration in expression levels of GLUT1 (Fig.24A
and D) and PgP (Fig.25). High level of PLVAP expression served as internal
control for severity of the phenotype (Fig.24A and 25). These results collectively
suggested various degrees of BBB and BRB disruption in Sox17iECKO with selective
increase in PLVAP.
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Figure 24. Claudin-5 and GLUT1 expressions are not altered compared to increase in PLVAP
upon Sox17 inactivation. (A) Confocal scan images of vibratome brain sections stained for PLVAP
(green), claudin-5 (red) and GLUT1 (blue). Upper two panels represent WT and lower two panels
represent Sox17iECKO from different regions of the brains. PLVAP is strongly positive in both regions
of Sox17iECKO compared to unchanged levels of claudin-5 and GLUT1. Scale bar, 200µm. (B, C, D)
Quantification of mean fluorescence intensity from PLVAP, claudin-5 and GLUT1 staining
respectively. (B) Data represent the means ± SD from four independent experiments. *P<0.01. (C, D)
Data are ± SD from three independent experiments. NS, not significant.
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Figure 25. PgP expression is unchanged in Sox17iECKO brains. Confocal Immunofluorescence
images of WT and Sox17iECKO brains stained for PLVAP (red) and PgP (green). Images represent
cortical area from different parts of the brain. White arrows show strongly PLVAP+ vessels in both
Sox17iECKO images, but PgP levels are unchanged compared to corresponding WT samples above.
Scale bar, 200µm.

3.7 Mural cells coverage is normal in Sox17iECKO brains.
After evaluating BBB molecular markers we wanted to examine if pericyte coverage
around the ECs is affected. Pericytes are important component of BBB and it has
been shown by many groups that absence of pericytes around brain ECs could lead to
increase in permeability (Armulik et al., 2010; Daneman et al., 2010b). In this line
we employed Immunostaining for pericyte markers like PDGFR-β and Desmin in
Sox17iECKO brains (Fig.26 and Fig.27). But we did not observe any alteration in
either expression of examined markers or apparent change in pericyte coverage in
Sox17iECKO brains vasculature compared to wild type.
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Figure 26. Pericyte marker-PDGFR-β remains unaltered in Sox17iECKO brains. Confocal
Immunofluorescence images of WT and Sox17iECKO brain vibratome sections stained for PDGFR-β
(green) and PECAM (red) in cortex and thalamus. PDGFR-β levels are similar in WT and Sox17iECKO
brains. Scale bar, 200µm.
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Figure 27. Desmin remains unaltered in Sox17iECKO brains. Confocal Immunofluorescence images
of WT and Sox17iECKO brain vibratome sections stained for Desmin (green) and PECAM (red) in
cortex and thalamus. Desmin levels are similar in WT and Sox17iECKO brains. Scale bar, 200µm.

3.8 Extracellular matrix protein- collagen IV is increased in Sox17iECKO brains
and retinas
Collagen IV is specifically secreted by ECs and changes in component of the
extracellular matrix are associated with loss of BBB integrity in several pathological
conditions (Gould et al., 2005; Jeanne et al., 2012). We therefore further analyzed
collagen IV expression and localization. Surprisingly, we found a dramatic increase
in collagen IV levels in both brains (Fig.28A and B) and retinas (Fig.29A and B) of
Sox17iECKO compared to controls. Ideally higher levels of ECM component should be
protective for the barrier function that does not fit with our observation. We
speculate the high production of collagen IV is due to unknown feedback signaling
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attempting to compensate for loss of other BBB components caused by abrogation of
Sox17.

Figure 28. Absence of Sox17 leads to excess deposition of ECM protein-Collagen IV in brains.
(A) Confocal immunofluorescence images showing collagen IV (red), vascular marker PECAM
(green) for WT and Sox17iECKO brain cryosections. Boxed area are magnified and showed with merge
of red and green in right most panels. Scale bar, 200µm. (B) There is excess deposition of collagen IV
around vessels in Sox17iECKO brain as shown by quantification of mean fluorescence intensity for
collagen IV. Data represent the means ± SEM from three independent biological replicates,
***P<0.001.
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Figure 29. Absence of Sox17 leads to excess deposition of ECM protein-Collagen IV in retinas.
(A) Whole mount retina immunofluorescence of WT and Sox17iECKO stained for collagen IV (Coll IV,
red) and Isolectin B4 (Iso B4, grey) as a vessel marker. Right most panel shows collagen IV intensity
in grey scale value from 1 to 255. Scale bar, 200µm. (B) Collagen IV around the vessels is increased
in Sox17iECKO retina shown with fluorescence intensity quantification. Data represent the means ±
SEM from four independent biological replicates, ** P<0.01

3.9 Active β-catenin signaling is reduced in Sox17 null mice
Since Wnt/β-catenin signaling is essential for BBB development and maintenance
and here we have characterized Sox17 as a target of Wnt/β-catenin pathway, we
checked the status of Wnt signaling in absence of Sox17. To this end we employed
BAT-gal reporter (see result no.3.1) in Sox17iECKO background (Sox17iECKO/BAT). By
confocal microscopy on vibratome sections of brains, in control BAT-gal reporter
mice (WT/BAT) we observed significant β-catenin activity specific of EC capillaries
by staining for β-gal in both brain and retina (Fig.30 and Fig.31, yellow and white
arrows). BAT-gal activity was consistently high in most of cortical vessels, vessels
from thalamus and striatum. EC specific BAT-gal was quite low in cerebellum as
previously reported (data not shown). Non-ECs were also BAT-gal positive which
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are most likely neuronal cells as Wnt signaling is high during neuronal
differentiation. BAT-gal activity in ECs was significantly reduced in Sox17iECKO/BAT
brains in most of the regions that showed increase in permeability, most commonly
in cortex and thalamus as also quantified (Fig.30A and B). Sox17iECKO/BAT retinas
also showed significantly decreased BAT-gal activity although it has been reported
to have high variation in the wild type itself (Fig.31A and B) and of note BAT-gal
activity was particularly noticed only in ECs of retinal capillaries but not in any other
cell types like in brain parenchyma.

Figure 30. Active β-catenin signaling is reduced in Sox17iECKO brains. (A) Confocal
immunofluorescence of vibratome sections of WT/BAT and Sox17iECKO/BAT brain stained for β-gal
(green) and podocalyxin (red). BAT-gal EC nuclei (yellow arrows) are decreased in Sox17iECKO/BAT
cortex, thalamus and striatum. Scale bar, 200µm. (B) Quantification of EC specific BAT-gal nuclei
per 100µm of vessel in WT/BAT and Sox17iECKO/BAT brains. Data represents ± SEM from five
independent biological replicates, * P<0.05.
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Figure 31: Active β-catenin signaling is reduced in Sox17iECKO retinas. (A) Whole mount
immunofluorescence of retina stained for β-gal (green) and Isolectin B4 (red) in two different
WT/BAT and Sox17iECKO/BAT samples. Boxed area is magnified and showed on right side of the
images and white arrows indicate EC specific BAT-gal nuclei. BAT-gal nuclei are dramatically
reduced in Sox17iECKO/BAT retinas. Scale bar, 200µm. (B) Quantification of EC BAT-gal nuclei per
retinas. Data represents ± SEM from three independent biological replicates, ** P<0.05.
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To further confirm the reduction in Wnt activity we analyzed another β-catenin target
molecule LEF1, which is widely used as a read out of Wnt activity (Phoenix et al.,
2016; Stenman et al., 2008) and as expected in wild type brains, ECs were highly
positive with saturated signals for LEF1. In Sox17iECKO brain cortex and thalamus,
LEF1 signals were significantly reduced much below saturation levels (Fig.32A,
LUT scale and B). Similar reduction of LEF1 signal was observed in Sox17iECKO
retinas (Fig.33A, LUT scale and B). Note that retinal angiogenesis is impaired to
different degree across samples. Although we observed significant reduction of LEF1
there were some variability in reduction for LEF1 across different knock out samples
in both brain and retinal ECs. Variability in phenotypes might be due under
appreciated EC heterogeneity.
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Figure 32. LEF1 expression is reduced in Sox17iECKO brains. (A) Confocal fluorescence images of
WT and Sox17iECKO vibratome sections of brain showing cortex and thalamus, stained for LEF1
(green) and PECAM (red). LEF1 (Fire-LUT) shows grey scale of 1 to 255 for LEF1 intensity. LEF1 is
reduced to various levels in Sox17iECKO cortex and thalamus. Scale bar, 200µm. (B) Mean fluorescence
intensity quantification of LEF1 from WT and Sox17iECKO brains, Data represent ± SEM from three
biological replicates. ***P<0.001.
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Figure 33. LEF1 expression is reduced in Sox17iECKO retinas. (A) Whole mount retina confocal
fluorescence images of WT and Sox17iECKO retina, stained for LEF1 (green) and Isolectin B4 (red).
Sox17iECKO images are from different biological samples. LEF1 (Fire-LUT) shows grey scale of 1 to
255 for LEF1 intensity. LEF1 is reduced to various levels in Sox17iECKO retinas depending on severity
of phenotype. Scale bar, 200µm. (B) Quantification of mean fluorescence intensity for LEF1 in WT
and Sox17iECKO retinas. Data represent ± SEM from four biological replicates. **P<0.01.

3.10 Stabilization of β-catenin could rescue active β-catenin signaling in absence
of Sox17 in vivo
In Sox17iECKO we did not see any change in levels of Wnt ligands or receptor
activation (data not shown). We hypothesized that one of the reason for decrease in
β-catenin signaling in absence of Sox17 might be due to an increase in turn over of
β-catenin protein. We attempted indirectly to inhibit the destruction complex by
known inhibitors- 6-BIO and Lithium Chloride (LiCl) and check if we could restore
active β-catenin levels (BAT-gal). 6-BIO is potent and selective inhibitor of GSK3β,
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which is part of the destruction complex and 6-BIO has been used to keep β-catenin
levels activated in cultured brain ECs and strengthen its barrier properties (Paolinelli
et al., 2013). Where as, LiCl is a more generic chemical known to inhibit GSK3β
also used in cancer therapy (Mueller and Chang, 2009; Schou, 1997; Zinke et al.,
2015). 6-BIO treatment (see methods) led to significant increase in BAT-gal activity
in Sox17iECKO/BAT brains as well as retinas compared to untreated samples (Fig.34A,
B, yellow arrows and Fig.36A).
We could observe increase of BAT-gal nuclei also in non-EC population. This is
reasonable since 6-BIO would act on all types of cells by systemic action. Of note, in
the control 6-BIO treated samples although there is an increase in BAT-gal activity it
was not significant. This might be due to presence high amount of activity in the wild
type itself.
We observed similar increase in BAT-gal signaling in Sox17iECKO/BAT brains and
retinas also upon LiCl treatment in vivo (Fig.35A, B, white arrows and Fig.36B).
Similar to 6-BIO, in wild type LiCl treated samples although there is an increasing
trend it was not significant. Convincingly in LiCl treated retinas we also saw
significant decrease in PLVAP expression in Sox17iECKO/BAT treated sample
compared to NaCl treated samples as stabilized β-catenin is known to suppress
PLVAP expression (Liebner et al., 2008) and more over retinal migration defect
were also partially corrected (Fig.37A and B).
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Figure 34. Active β-catenin signaling is rescued in Sox17iECKO brains by 6-BIO treatment. (A)
Vibratome sections of brain WT/BAT and Sox17iECKO/BAT stained with for β-gal (green), Podocalyxin
(red) treated with either control or 6-BIO. Boxed area are magnified and showed in lower panel.
Yellow arrows indicate EC specific BAT-gal nuclei. Scale bar, 200µm. (B) Quantification of BAT-gal
nuclei per 100µm of vessel in WT/BAT and Sox17iECKO/BAT treated with control or 6-BIO. BAT-gal
nuclei are significantly increased in Sox17iECKO treated with 6-BIO. Data represent ± SEM from three
independent biological replicates, ** P<0.05.
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Figure 35. Active β-catenin signaling could be rescued Sox17iECKO brains by LiCl. (A) Vibratome
sections of brain WT/BAT and Sox17iECKO/BAT stained with for β-gal (green), Podocalyxin (red)
treated with either NaCl or LiCl. Boxed area are magnified and showed in lower most panel. White
arrows indicate EC specific BAT-gal nuclei. Scale bar, 200µm. (B) Quantification of BAT-gal nuclei
per 100µm of vessel in WT/BAT and Sox17iECKO/BAT treated with NaCl or LiCl. BAT-gal nuclei are
significantly increased in both WT and Sox17iECKO treated with LiCl. Data represent ± SEM from four
independent biological replicates, ** P<0.05.
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Figure 36. Active β-catenin signaling is rescued in Sox17iECKO retinas by 6-BIO or LiCl
treatment. (A) Quantification of number of BAT-gal EC nuclei per retina in WT/BAT and
Sox17iECKO/BAT samples treated with control and 6-BIO. Data represent ± SEM from three
independent biological replicates, ** P<0.05. (B) Quantification of number of BAT-gal EC nuclei per
retina in WT/BAT and Sox17iECKO/BAT samples treated with NaCl or LiCl. Data represent ± SEM
from two independent biological replicates, ** P<0.05. The difference in scale is due to variation in
BAT-gal activity across biological samples, however reduction of BAT-gal activity in Sox17iECKO is
highly consistent (see also Fig.27).
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Figure 37. PLVAP could be suppressed in Sox17iECKO retinas by LiCl. (A) WT and Sox17iECKO
whole mount retina treated either with NaCl (control) and LiCl stained for PLVAP (green) and
Isolectin B4 (IB4, red). LiCl could suppress PLVAP in Sox17iECKO compared to NaCl treated
Sox17iECKO. Scale bar, 200µm. (B) Quantification of PLVAP intensity from WT retina treated with
NaCl (control) and Sox17iECKO treated with NaCl or LiCl. Data represent ± SEM from three
independent biological replicates, ** P<0.05.
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3.11 Gain of function of β-catenin could almost completely rescue the BBB
defects in Sox17 null mice.
Apart from stabilizing β-catenin by chemical method we planned to take more robust
approach using genetic tool. To this end, we planned to cross GOF β-catenin (see
result 3.1 and methods) in Sox17iECKO background. As a read out for efficient
recombination we checked for conversion PLVAP+ and claudin5- cells in choroid
plexus EC capillaries to become claudin5+ cells as reported previously in similar
models of GOF β-catenin mice (Zhou et al., 2014). We observed >10% choroid
plexus ECs became claudin-5+ with decrease in PLVAP expression as compared to
claudin-5- and PLVAP+ EC in control brain choroid plexus ECs (Fig.38A and B).
After confirming the efficiency, we crossed GOF β-catenin with Sox17 null
background and here onwards we call Sox17iECKO with one GOF β-catenin allele as
Sox17iECKO/GOF (see methods). The pups were recombined at P0 and analyzed
between P7 and P8. Overall vasculature was unaltered in Sox17iECKO/GOF compared
to control or Sox17iECKO alone. Systematically we analyzed molecular and functional
components of BBB in WT, Sox17iECKO and Sox17iECKO/GOF.

	
  

97	
  

Figure 38. GOF β-catenin causes suppression of PLVAP and induction of Claudin-5 in choroid
plexus. (A) Confocal scan images of immunofluorescence for PLVAP (red) and claudin-5 (green)
showing choroid plexus capillaries of WT and GOF β-catenin brains. White boxed area in the upper
panel are magnified and shown below. In both GOF β-catenin samples PLVAP is suppressed and
claudin-5 is increased in choroid plexus vasculature compared WT counterparts. Scale bar, 200µm for
upper panel, 100µm for magnified images. (B) Quantification of mean fluorescence intensity for
claudin-5 (cla-5) and PLVAP in WT and GOF β-catenin choroid plexus. Data represent ± SEM from
three biological replicates. *P<0.05.

We next checked for PLVAP expression in brain capillaries in control, Sox17iECKO
and Sox17iECKO/GOF mutant brains as earlier we have observed huge increase in
PLVAP expression in both retinas and brains at P9 upon loss of Sox17 (Fig. 22 and
23). Active β-catenin (GOF β-catenin) alone is known to be a strong suppressor of
PLVAP during BBB development (Liebner et al., 2008; Zhou and Nathans, 2014;
Zhou et al., 2014). Compared to many PLVAP+ vessels in Sox17iECKO brains there
was a drastic reduction in PLVAP+ vessels in Sox17iECKO/GOF brains (Fig.39A, B
and C). PLVAP expression was suppressed all throughout the brain. Similarly
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PLVAP expression in retinas of Sox17iECKO/GOF got suppressed compared to
Sox17iECKO alone samples (Fig.40A and B).

Figure 39. GOF β-catenin could suppress PLVAP in Sox17iECKO brains. (A) Confocal tiling of
vibratome sections of brains of WT, Sox17iECKO and Sox17iECKO/GOF stained for PLVAP (grey).
PLVAP expression is significantly down regulated in Sox17iECKO/GOF compared huge PLVAP
expression in Sox17iECKO. WT sample is completely negative for PLVAP. (B) Schematic of the brain,
red and green dotted lines represent levels of coronal sections represented in (A). Scale bar, 500µm.
(C) Quantification of PLVAP intensity ratio per vessel fraction per field normalized to 1 in WT,
Sox17iECKO and Sox17iECKO/GOF samples. Data represent ± SEM from four independent biological
replicates for each genotype. ***P<0.001.
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Figure 40. GOF β-catenin could suppress PLVAP in Sox17iECKO retinas. (A) Confocal scan images
of whole mount retina of WT, Sox17iECKO and Sox17iECKO/GOF stained for PLVAP (green) and
Isolectin B4 (Iso B4, red). PLVAP (Fire-LUT) shows grey scale of 1 to 255 for PLVAP intensity.
PLVAP expression is significantly down regulated in Sox17iECKO/GOF (right most column) compared
huge PLVAP expression in Sox17iECKO retinas (middle column). Scale bar, 200µm. (B) Quantification
mean fluorescence intensity of PLVAP in WT, Sox17iECKO and Sox17iECKO/GOF retinas. Data
represent ± SEM from three independent biological replicates. ***P<0.001.
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In both brains and retinas there were still PLVAP+ vessels. This might be due to
sporadic variation in activation β-catenin in some parts of the brain or retina.
Although GOF β-catenin could suppress PLVAP expression in retina of
Sox17iECKO/GOF compared to Sox17iECKO it could not correct the retinal angiogenesis
defects. We looked for A-V differentiation in retinas of Sox17iECKO and
Sox17iECKO/GOF. As reported earlier (Corada et al., 2013), we observed decreased
αSMA expression in Sox17iECKO retinas (Fig.41C, D) compared to control (Fig.41A,
B). But there were striking differences in angiogenesis pattern of Sox17iECKO/GOF
retina (Fig.41G, H) either compared to Sox17iECKO or GOF β-catenin alone (Fig.41E,
F). Of note, GOF β-catenin alone is known to induce arterialization of veins in
embryos as published earlier by our group (Corada et al., 2010) and we observed
similar phenotype in retina. But in Sox17iECKO/GOF there were only few well-defined
arteries and veins as marked by αSMA. Moreover angiogenic migratory front was
reduced and they looked very primitive with defective vascular remodeling.
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Figure 41. GOF β-catenin induction in Sox17iECKO worsens the A-V differentiation defect. Whole
mount retina confocal tiling images of WT (A, B), Sox17iECKO(C, D), GOF β-catenin (E, F) and
Sox17iECKO/GOF (G, H) stained for αSMA (green) and Isolectin B4 (red). a, artery; v, vein. aSMA is
decreased in Sox17iECKO retina, increased in GOF β-catenin alone but they are only few well defined
artery and veins in Sox17iECKO/GOF with poorly defined vascular network. Scale Bar, 500µm.

Furthermore with respect to BBB functionality we evaluated permeability across
BBB in Sox17iECKO and Sox17iECKO/GOF. In this line we injected Cadaverine 555 in
WT, Sox17iECKO and Sox17iECKO/GOF (see methods). As expected there was huge
Cadaverine leakage in Sox17iECKO brains. But in Sox17iECKO/GOF Cadaverine level
was almost that of wild type as observed by whole brain fluorescence (Fig.42).

Figure 42. GOF β-catenin could suppress Cadaverine leakage in Sox17iECKO brains. Whole brain
fluorescence by stereomicroscope injected with Cadaverine 555 dye in WT, Sox17iECKO and
Sox17iECKO/GOF. Without Cadaverine there is no signal (last panel). Notice that in Sox17iECKO/GOF
florescence signal is like that of WT but there is huge increase of signal in Sox17iECKO alone.

The brains were then processed and sectioned by vibratome to check for BBB
molecular markers or β-catenin target molecules to check if β-catenin activity was
restored. To this end we examined for LEF1 expression, which is previously used as
a molecular marker for read out of β-catenin signaling. Interestingly regions with
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increased Cadaverine leakage had diminished expression of LEF1 in Sox17iECKO
brains (Fig.43A, B and C). Hence as observed previously we could reproduce our
observation about decrease in LEF1 expression (also see Fig.32). But
Sox17iECKO/GOF brains had almost no leakage and LEF1 was expressed at high
levels in the brain ECs (Fig.43A and C).
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Figure 43. GOF β-catenin could suppress Cadaverine leakage and restore LEF1 expression in
Sox17iECKO brains. (A) Confocal scan images of WT, Sox17iECKO and Sox17iECKO/GOF brain
vibratome sections, injected with Cadaverine dye (red) and stained for LEF1 (green) and Podocalyxin
(blue). In Sox17iECKO/GOF brains Cadaverine leakage is suppressed and LEF1 expression is restored
to normal levels in contrast to huge Cadaverine leakage and low levels of LEF1 in Sox17iECKO brain
samples. Scale bar, 200µm. (B and C) Quantifications of mean fluorescence intensity of Cadaverine
(Cad) and LEF1 in WT, Sox17iECKO and Sox17iECKO/GOF brains respectively. Data represent ± SEM
from biological replicates. ***P<0.001.

Next we also evaluated if IgG levels are also restored to normal in Sox17iECKO/GOF
compared to Sox17iECKO alone samples as previously we observed increased IgG
leakage in Sox17iECKO brains. Indeed we observed decrease in IgG leakage in
Sox17iECKO/GOF compared to Sox17iECKO alone samples. We also performed PLVAP
staining along with IgG as an internal control to check for severity of the phenotype,
as PLVAP is seen very sensitive for Sox17 reduction. We could clearly see many
PLVAP+ vessels in Sox17 null brains compared to very few and low expression of
PLVAP in Sox17iECKO/GOF brain samples (Fig.44A and B). In summary we
concluded that we could rescue most of the defective BBB phenotype in Sox17iECKO
brains by inducing GOF β-catenin mutation in Sox17 null background. These
findings suggest again that Sox17 might be indirectly influencing the BBB by acting
as a co-effector for β-catenin mediated BBB development.
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Figure 44. GOF β-catenin could suppress IgG leakage in Sox17iECKO brains. (A) Confocal scan
images of WT, Sox17iECKO and Sox17iECKO/GOF brain samples from cortex and thalamus stained for
IgG (green), PLVAP (red) and Podocalyxin (blue). Yellow arrows show PLVAP+ vessels that go in
parallel with severity of IgG leakage that is severe in Sox17iECKO and in Sox17iECKO/GOF brain IgG
levels are almost same as WT and has less PLVAP+ vessels in both cortex and thalamus. Scale bar,
200µm. (B) Mean fluorescence quantification of IgG intensity from WT, Sox17iECKO and
Sox17iECKO/GOF brains. Data represent ± SEM from three independent biological replicates for each
genotype. *** P<0.001
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3.12 Inactivation of Sox17 in adult mice does not alter the BBB markers.
We have so far analyzed Sox17iECKO by inducing recombination immediately after
birth. Since Sox17 expression is maintained high also in adult life (see Fig.17) we
wanted to check if Sox17 is essential for maintenance of BBB in later stages after the
maturation of the BBB is complete. To this end, we induced Sox17 inactivation by
tamoxifen injection to 4 weeks old mice (see methods). Mice were analyzed between
7-8 weeks. First of all we checked if abrogation of Sox17 is complete by
immunostaining for Sox17 on brain cryosections (Fig.45).

Figure 45. Sox17 is abrogated efficiently after recombination in adults. Confocal images of brain
sections stained for Sox17 (green) and GLUT1 (red) in WT and Sox17iECKO after recombination in
adults. Boxed area are magnified and shown at right. Sox17 staining is absent in Sox17iECKO mice.
Also note that GLUT1 levels are similar. Scale bar, 200µm.

After confirming efficient recombination, we checked for molecular markers of the
BBB like claudin-5, PLVAP. But there was no increase in PLVAP in any regions of
the brain and claudin-5 levels were comparable to that of controls (Fig.46A).
Pericyte coverage was intact in adult Sox17iECKO as shown by desmin staining
(Fig.46B). Collagen IV expression and its association to the vessels were also
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unaltered (Fig.46C). In parallel we also isolated retinas from adult Sox17iECKO mice
and performed whole mount staining and looked for overall vasculature that was
already mature with defined A-V architecture (Fig.46D) and there was no increase in
PLVAP (not shown).

Figure 46. Sox17 abrogation in adult life does not induce any alterations in BBB/BRB. (A)
Confocal fluorescence images of adult WT and Sox17iECKO brains stained for PLVAP (red), claudin-5
(green) and DAPI (blue). There is no increase in PLVAP or alteration in claudin-5. (B) Desmin
(green) and VE-cadherin (VEC, red) stained adult WT and Sox17iECKO brain cryosections. Sox17iECKO
brains show similar levels of Desmin to WT. (C) Collagen IV (red) and Podocalyxin (green) in WT
and Sox17iECKO brain cryosections, collagen IV is similar in both samples. (D) Whole mount
fluorescence retina stained for Isolectin B4 (Iso B4, red) show comparable retinal architecture
between adult WT and Sox17iECKO. Scale bar, 200µm.
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3.13 brain endothelial specific inactivation of Sox17 leads to similar BBB defects
As described previously Sox17iECKO were lethal beyond P10. Upon doing
postmortem examination of various organs we found out pups developed pale liver
by P9 (Fig. 47a, b). For further analysis, we cryosectioned the liver along with
control samples and performed H&E (hematoxylin and eosin) staining. In Sox17iECKO
hepatocytes got irregular and pale H&E staining compared uniform staining in wild
type (Fig. 47c, d). Liver tissue was filled with empty vacuoles, which is typical of
presence of fatty tissue. To check for presence of fat accumulation we performed Oil
red O staining on liver sections. Indeed Sox17iECKO contained huge fat filled vacuoles
in the liver sections compared to presence of minimal fat in wild type liver section
(Fig. 47e, f). Previous study from by Matsui et al. have already reported Sox17 KO
died by 3 weeks of age because of ischemic necrosis in liver and kidneys (Matsui et
al., 2006). Although these studies were done in mixed genetic background with a
global KO model, our results are similar and comparable. Importantly as authors also
demonstrate that the pathology is closely associated with the vasculature in the liver,
which was abnormal in Sox17 KO. As clearly stated nevertheless in the present study
we focused on BBB analysis but presence of lethality was a limiting factor for
further evaluation. As explained in previous results there was no alteration in
BBB/BRB upon recombination in adults once the vasculature become quiescent. We
planned to generate a chronic mouse model of Sox17 KO to study long-term effect of
Sox17 abrogation particularly in BBB maintenance and also to answer if the
defective BBB persist later in adult life.
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Figure 47. Sox17iECKO die postnatal with fatty liver. (a, b) A whole tissue stereoscope image shows
Sox17iECKO liver is pale (b) compared to WT (a). (c, d) H&E staining of WT and Sox17iECKO frozen
liver sections, in Sox17iECKO hepatocytes are filled with empty sacs compared to WT. (e, f) Oil red O
staining shows large amount of fat accumulation in Sox17iECKO liver sections (f) compared to WT (e).

To this end we obtained transgenic model -Slco1c1-CreERT2 that has a brain EC
specific Cre activity, which can induce recombination only in brain ECs (Ridder et
al., 2011). To prove its recombination specificity and efficiency, we crossed Slco1c1CreERT2 with ROSA26/EYFP reporter mice (Srinivas et al., 2001)(see methods).
Since these Cre are tamoxifen inducible, we induced recombination in P0 by
tamoxifen injection as used in previous studies. Several tissues were analyzed and we
detected EYFP expression specifically in ECs of the brain (Fig.48A). There was no
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or very minimal EYFP expression in mainly following organs-heart, lung, liver and
kidney so far examined (Fig.48B).

Figure 48. Slco1c1-CreERT2 drives EYEP expression only in brain ECs. (A) Confocal scan images
of brain sections stained for EYFP (green) and PECAM (red) to check efficiency of recombination by
Slco1c1-CreERT2 activity. Most of the brain ECs show EYFP expression in different regions of the
brain. Scale bar, 200 µm. (B) Confocal immunofluorescence of sections of different organs- heart,
lung, liver and kidney; stained for EYFP (green) and PECAM in (grey). Compared to brain (A) EYFP
expression is minimal expression in other organs confirms specificity of Slco1c1-CreERT2 activity.
Scale bar, 200µm.

After confirming the brain EC specific Cre activity by Slco1c1-CreERT2, we crossed
them with Sox17flox/flox to abrogate Sox17 only in brain ECs (Slco-Sox17iECKO).
Surprisingly, all the pups survived to adults. Upon postmortem examination they did
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not develop any fatty liver phenotype (data not shown). However we restricted our
analysis till 2 weeks to compare with our previous Sox17iECKO model where we have
already characterized the BBB phenotype. First of all we checked for efficiency of
Sox17 abrogation and as shown (Fig.49) we found no staining for Sox17 in brain
ECs at 2 weeks after recombination.

Figure 49. Sox17 inactivation in brain ECs is almost complete in Slco-Sox17iECKO. Confocal scan
images of brain vibratome sections from WT and Slco-Sox17iECKO at two weeks stained for Sox17
(green) and PECAM (red). Boxed area are magnified and shown in respective right panels. As
compared high Sox17 expression in brain ECs in WT, it is almost completely absent in SlcoSox17iECKO samples. Scale bar, 200µm.

Next, the BBB integrity was evaluated and mice were injected with Cadaverine 555
dye (methods) to Slco-Sox17iECKO at 2weeks. We could clearly observe increase in
permeability for Cadaverine in absence of Sox17 in brain ECs (Fig.50A and B).
These pups were also perfused with PBS to remove circulating dye in the vessels and
later with PFA. Therefore there is very minimal Cadaverine present in the control
brains, where as huge Cadaverine leakage in parenchyma of the brain that was
obvious in Slco-Sox17iECKO.
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Figure 50. Slco-Sox17iECKO also develops increased permeability across BBB. (A) Whole brain
immunofluorescence of WT and Slco-Sox17iECKO injected with Cadaverine 555 (Cad 555, red) in left
most panel. Right panels are confocal scan images of the brain vibratome sections from WT and SlcoSox17iECKO injected with Cadaverine 555 (red) and stained with DAPI (blue) after perfusion. In WT
there is only residual presence of Cadaverine, where as there is huge Cadaverine leakage in different
cortical regions in Slco-Sox17iECKO. Scale bar, 200µm. (B) Mean fluorescence intensity quantification
of Cadaverine in WT and Slco-Sox17iECKO brains. Data represent ± SEM from three independent
biological replicates for each genotype. *** P<0.001.

Next we wanted to check if the molecular components are altered. So we performed
immunostaining for PLVAP and claudin-5 on Slco-Sox17iECKO brains at 2 weeks. We
found surprisingly high levels of PLVAP+ vessels in most of the brain regions,
especially in the cortex, as observed in Sox17iECKO (Fig.51). There were strongly
PLVAP+ vessels also in striatum, thalamus and hippocampus. We speculate within 2
weeks of Sox17 abrogation, KO pups develop severely compromised BBB. However
we have to characterize this model in later stages of life.
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Figure 51. Slco-Sox17iECKO has strongly positive PLVAP vessels all over the brain. (A) Whole
brain confocal tiling images of WT and Slco-Sox17iECKO stained for PLVAP (grey). Cartoon of the
brain with red and green line corresponds to the plane of sections shown with red and green margin.
Scale bar, 1000um (B) Confocal images of brains from WT and Slco-Sox17iECKO stained for PLVAP
(red) and claudin-5 (green). In Slco-Sox17iECKO there are many strongly positive PLVAP vessels, but
claudin-5 remains unchanged. Scale bar, 200um.
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3.14 In vitro knock down of Sox17 lead to decreased active β-catenin.
To further validate in vivo observations from Sox17iECKO we developed in vitro
model from lung immortalized EC line (see methods). We first wanted to evaluate if
downregulation of Sox17 leads to any changes in the status of active β-catenin
signaling in ECs. To this end we used two different types of siRNA against Sox17
(#195, #267). After 48 hours, we obtained up to 50% of knockdown in Sox17 protein
with siRNA #195 and 60% with siRNA#267 as shown by western blotting for Sox17
(Fig 52. A and B). Wnt3a is known to stimulate barrier like properties in cultured
ECs (Liebner et al., 2008; Paolinelli et al., 2013). So to recapitulate BBB like
situation, in parallel with knock down we also stimulated the cells with Wnt3a. We
could see increase in Sox17 protein levels in Wnt3a control cells and in cells treated
with siRNA #195 and Wnt3a, Sox17 levels were rescued to control levels. But in
siRNA #267 and Wnt3a treated samples Sox17 levels increased marginally which
goes in favor of higher level of knock down (Fig 52.A and B). Next we checked the
status of β-catenin signaling. We could observe up to 50% decrease in active βcatenin (ABC) levels both siRNA samples compared to control (Fig 52.A and C).
Wnt3a was able to restore ABC levels in both #195 and #267 siRNA treated cells but
did not increase ABC in control sample (Fig 52. A and C). Of note, we did not see
significant changes in the level of total β-catenin. Although these results are
preliminary they support our in vivo observation that Sox17 plays an important role
in maintaining active β-catenin signaling in BBB ECs.
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Figure 52. Acute downregulation of Sox17 causes decrease in active β-catenin levels. (A) Western
blotting for Sox17, active β-catenin and total β-catenin. Vinculin and Tubulin are used as loading
controls for Sox17 and β-catenin respectively. For total β-catenin same blot was stripped after active
β-catenin. (B) Western blot bands for Sox17 are quantified using Image Lab software and normalized
on Vinculin (housekeeper gene). (C) Western blot bands for active β-catenin are quantified using
Image Lab software and normalized on tubulin (housekeeper gene).
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3.15 ECs become less responsive to Wnt3a stimulation upon Sox17 inactivation.
Apart from short-term knock down experiment of Sox17 in parallel we attempted in
vitro recombination of ECs derived from lungs and brains Sox17flox/flox (see
methods). To this end we isolated ECs from lung and brains, cultured and
recombined with either purified TAT-Cre or adenoviral vector expressing Cre
recombinase (see methods). We obtained good efficiency of recombination which
lead to complete abrogation of Sox17 in lung EC and more than 75% in BMEC as
shown by qRT-PCR results (Fig.53A and B). Further we also observed reduced
levels of Axin2 in both lung EC and BMEC in by qRT-PCR analysis (Fig.53C and
D). Axin2 reduction was more severe in lung ECs that corroborate with Sox17
reduction. This observation further supports our in vivo observation as Axin2 is a
direct target of Wnt/β-catenin signaling and we observed reduction in β-catenin
signaling in brain and retina ECs. Further we wanted to check if Axin2 levels could
be restored in Sox17 KO lung cells by Wnt stimulation. In this line, we treated wild
type and Sox17 KO lung ECs for 8 hours with different doses of Wnt3a, which is
known to stimulate Axin2 levels	
  (Liebner et al., 2008; Paolinelli et al., 2013). In wild
type Wnt3a treated lung ECs, we could observe gradual increase in Axin2 levels as a
response to increasing Wnt3a concentration. But in Sox17 KO lung ECs there was
significant decrease in Axin2 levels for all doses of Wnt3a treatment (Fig.53E)
although they seem to respond in similar manner compared to wild type. These data
suggests that abrogation of Sox17 lead to reduced Axin2 levels due to decreased
response to Wnt stimulation.
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Figure 53. Inactivation of Sox17 leads to decreased EC response to Wnt stimulation. (A and B)
qRT-PCR analysis of Sox17 expression from Sox17flox/flox lung EC and BMEC after in vitro Cre
recombination. Sox17 is completely inactivated in lung ECs (A) and reduced to 75% in BMEC (B).
(C and D) qRT-PCR levels of Axin2 in wildtype and Sox17 KO lung ECs (C) and BMEC (D). Axin2
levels are decreased to various levels in both lung ECs and BMEC Sox17 KO. (E) Dose response
analysis of Axin2 by qRT-PCR for gradually increasing Wnt3a doses in wild type and Sox17 KO lung
ECs. Sox17 KO cell have reduced response to Wnt3a which is clear from 50ng of protein. Difference
in response increases relative to dosage. Data represent ± SEM from 3 experiments.
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DISCUSSION
4.1 SoxF family transcription factors have both redundant and diversified roles.
Sox17 belongs to SOX family transcription factors, like other family members
participate in several biological processes during development (Wegner, 2010).
Based on amino acid sequence similarity in their DNA binding HMG domain Sox17
is grouped with Sox18 and Sox7 under SoxF subgroup. Role of SoxF proteins in
cardiovascular biology is getting more attention at present (Francois et al., 2010)	
  
(Lilly et al., 2016). There is general agreement that members of same subgroup have
redundant functions compared to members of the other subgroups (Wegner, 2010).
However many of these studies were also conducted in mixed genetic background
and it is demonstrated that SoxF members could substitute for loss of other members
as strain specific modifies in mixed genetic background (Hosking et al., 2009;
Matsui et al., 2006; Sakamoto et al., 2007; Zhou et al., 2015). We did not observe
compensatory upregulation of either Sox7 or Sox18 RNA levels in our Sox17iECKO
models that are conducted on pure C57Bl/6J genetic background (Corada et al.,
2013). But a recent study has reported that heterozygous KO for Sox7 and Sox17
could phenocopy vascular defects in homozygous KO for Sox7 and Sox17 in a pure
C57BL/6 background suggesting genetic co-operation (Kim et al., 2016).
In present work, we saw strong regulation of Sox17 by Wnt signaling. Since Wnt
signaling is essential for BBB induction we demonstrate that Wnt signaling regulates
some of the BBB components through Sox17. This is also supported by Wang et al.
that reported loss of TJ component claudin-5 and upregulation of PLVAP are
accompanied by loss of Sox17 in both Ndp and Fz4 KO mice (Wang et al., 2012). In
this line we report strong increase of PLVAP expression in Sox17iECKO brains and
retinas but no alteration in claudin-5 expression. In silico analysis of claudin-5
promoter for Sox17 binding did not suggest any binding, where as there were
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multiple Sox17 binding sites on PLVAP promoter (not shown). A study shows
Sox18 regulates claudin-5 expression by directly binding to its promoter (Fontijn et
al., 2008). In the same line of research, Sox18 is reported to be induced in BBB ECs
by hedgehog pathway activation (Alvarez et al., 2011). Hedgehog (Shh) signals from
astrocytes through its receptor Smo on ECs are known to regulate EC junction
proteins claudin-5, Occludin and JAM-A (Alvarez et al., 2011). So far there are no
evidences about Sox17 regulation by Shh signaling. Here we could speculate that
both upstream regulators and downstream targets of Sox17 and Sox18 are
diversified. The diverse targets among members of the same family could be partially
explained by the difference in their transactivation domains (TAD) although they
share highly conserved HMG domain. Sox17 has TAD near carboxyterminal region,
where as Sox18 has active central TAD (Francois et al., 2010; Lilly et al., 2016)
(Fig. 10). This may facilitate interaction with different co-factors that in turn
influence confirmation changes in TAD as activators or suppressors (Wegner, 2010).
However it is not shown if Sox18 levels are perturbed in brain ECs upon loss of
either Shh or Smo signaling and till now there are no reports that show involvement
of Sox18 in BBB development. We need further studies to prove that PLVAP and
claudin-5 are regulated by different SoxF members influenced by Wnt/β-catenin
signaling or Shh signaling. There are growing evidences that suggest cross talk
between these two pathways at least in the context of tumor development (Phoenix et
al., 2016; Zinke et al., 2015).
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4.2 Sox17 as a regulator of Wnt/β-catenin mediated BBB/BRB development.
Sox17 expression starts in the vasculature early during development and is
maintained high through out development (Francois et al., 2010; Lilly et al., 2016)
and also later in adult life (Corada et al., 2013). We made similar observation in
brain ECs with time course analysis on hindbrains and freshly derived BMEC in
post-natal stages. Many reports have mentioned about expression of Sox17 in retinal
and brain ECs but they have not addressed the expression profile thoroughly (Wang
et al., 2012; Ye et al., 2009; Zhou et al., 2014; Zhou et al., 2015). Previously we have
reported arterial specific expression of Sox17 in retina and other organ vasculature
that was also confirmed by many other groups (Corada et al., 2013; Lee et al., 2015;
Zhou et al., 2015). But brain vasculature is highly stereotypic with poorly defined
artery and veins, enriched with capillaries where BBB is physiologically functional.
For development and maintenance of BBB, there is the need of constant signaling
inductive for different BBB characteristics. High levels of Sox17 in the brain
vasculature and being induced by Wnt/β-catenin signaling suggests crucial functional
role in BBB development. Time course study with BAT-gal reporter showed gradual
increase in Sox17 expression levels along with endothelial BAT-gal positive cells.
We observed a similar trend of increase of BAT-gal by 15dpc and drop in number of
EC BAT-gal in hindbrain after 17dpc as reported earlier (Liebner et al., 2008) but
Sox17 expression clearly remained high throughout. Based on BAT-gal
quantification Liebner et al. had speculated Wnt/β-catenin is necessary during BBB
development but maintained low once the BBB is mature	
   (Liebner et al., 2008).
However this was questioned later by many studies where authors indeed showed
that β-catenin signaling is active also in adult and is necessary also for maintenance
of BBB (Ferrer-Vaquer et al., 2010; Moro et al., 2012; Wang et al., 2012; Zhou et al.,
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2014). If we corroborate these observations with Sox17 expression data we could
speculate Sox17 is necessary for BBB development and also maintenance.
Sox17ECKO suffered in utero lethality by 12.5dpc with vascular defects in most organs
including head vasculature (Corada et al., 2013; Kim et al., 2007). During this period
of development angiogenesis and hematopoiesis are actively on going and Sox17 is
also shown to be important for hematopoiesis (Kim et al., 2007).

Tie2-Cre in

Sox17ECKO would abrogate Sox17 also in hematopoietic cells. With these possible
secondary effects it is difficult to study specific effect of Sox17 on BBB during
embryonic development. Hence we utilized tamoxifen inducible model (Sox17iECKO)
immediately after birth and it is known that BBB maturation is still on going till
many days of postnatal life and key signaling pathway are still active (Zhao et al.,
2015) (Fig.7 and 8). We took advantage by simultaneously studying BRB where
retinal angiogenesis and barriergenesis starts immediately after birth and continues in
postnatal life. In this report although we have strong evidences that Sox17 is an
effector of β-catenin signaling, when we analyzed Sox17iECKO with various aspects of
BBB we found only some defects, which are similar to loss of β-catenin signaling.
Many target molecules of β-catenin signaling were apparently spared. With respect
to functional analysis we observed increase in permeability for Cadaverine (low
molecular weight) and IgGs (high molecular weight) in Sox17iECKO brains. The
permeability was increased all over in Sox17iECKO brain however it was highest in
cortex and thalamus and minimal in cerebellum, where as Wang et al. reported huge
permeability increase in Cerebellar vessels of both Fz4 and Ndp KO accompanied by
loss of Sox17 (Wang et al., 2012). These variations in observations might be due to
basic difference in experimental model or time interval between induction of
recombination and analysis. In Fz4 KO cerebella were analyzed at P60 where as we
have analyzed Sox17iECKO before P10 due to subsequent lethality caused by fatty liver
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(Fig.45). Another major difference we observed is drastic increase in PLVAP in both
brains and retinas but no alteration in levels of either claudin-5 or GLUT1 which are
also shown to be target of Wnt pathway. Many authors including Liebner et al. have
shown PLVAP is a very sensitive marker for altered β-catenin signaling (Birdsey et
al., 2015; Liebner et al., 2008; Zhou et al., 2014). But change in claudin-5 expression
in response to change in various components of Wnt/β-catenin is reported to be
variable. Liebner et al. observed increase in PLVAP both in vivo and in vitro but
decrease in claudin-5 in LOF β-catenin only in vivo. Wang et al. reported more
dramatic decrease of claudin-5 in Fz4 KO retina compared to claudin-5 reduction
only in vessels of molecular layer of cerebellum and ganglion cell layer of olfactory
bulb in the brain. Here authors claim that Norrin signaling is essential only in
cerebellum and olfactory bulb but later in Zhou et al. authors explain that such
difference might be due to differential transcriptional activation or difference in halflife of these proteins (Wang et al., 2012; Zhou et al., 2014). Claudin-5 and GLUT1
being one of the highly expressed molecules as reported in transcriptome analysis of
purified brain ECs (Daneman et al., 2010a), it might be difficult detect changes in
their levels by immunofluorescence on thick brain sections. On the contrary since
PLVAP is almost not expressed by mature brain ECs (Liebner and Plate, 2010)
would be easier to detect upon its increase.
To support our case in proving the essential role Sox17 in BBB development we
have observed consistent decrease in BAT-gal signaling in both Sox17iECKO retinas
and brains in addition to reduction in LEF1. BAT-gal reporter is commonly used as a
sensitive marker for active β-catenin signaling in brain and retinal ECs. Many
molecules either directly affecting the β-catenin signaling or associated with this
pathway are identified using BAT-gal reporter. For example, different research
groups found Gpr124 as a co-factor for Wnt signaling during CNS angiogenesis and
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BBB formation by discovering decreased BAT-gal activity in Gpr124 KO embryos
(Posokhova et al., 2015; Zhou and Nathans, 2014). Also in Ndp KO decrease in βcatenin signaling was confirmed by decrease in BAT-gal activity specifically in
cerebellum	
   (Zhou et al., 2014). Considering BAT-gal as a bona fide reporter for βcatenin activity along with other findings on BBB permeability we have shown that
Sox17 essential for BBB and BRB maturation and it also regulate β-catenin
signaling. However at this point it is not clear if the defective BBB caused by the
absence of Sox17 is a direct outcome or an indirect effect due to reduction of βcatenin signaling.
Earlier we had reported Sox17iECKO retinas had defective mural cell coverage
especially in central retinal arteries (Corada et al., 2013) but we did not observe
similar defects in pericyte coverage in brain vasculature. Such discrepancy in the
phenotype could be explained by the following factors: i) In the retina Sox17
expression is mostly confined to central arteries and mural cell defect seems related
to the role of Sox17 in maintaining arterial vSMC coverage than EC-pericyte
interaction. We have to keep in mind although pericytes and vSMC share common
markers they have different origin and functional properties (Armulik et al., 2011).
ii) Since we induce recombination for Sox17 in postnatal pups and pericyte
recruitment to the vasculature occurs during embryonic development itself (Fig.5
and 6), pericytes might be refractory to deletion of Sox17 later at postnatal stages.
We need to inactivate Sox17 during gestation between 12.5dpc to 17.5dpc (period of
pericye recruitment) to rule out possible regulation of pericytes by Sox17 during
early development iii) BBB disruption in Sox17iECKO brains is more likely EC
autonomous phenomena since most of the molecular markers are affected in only in
ECs and rest of the cell components are unaffected.
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Although Sox17 expression is maintained high also in adult mice, we did not see any
alteration in the BBB integrity by Sox17 inactivation in adults. We cannot completely
rule out the role Sox17 in maintaining BBB integrity because in our models of adult
KO we recombined for Sox17 only in adult life when vasculature is already mature
and quiescent. Vasculature might be resistant to change in Sox17 in such state. But
Lee et al. have demonstrated absence of Sox17 could increase intracranial aneurysm
(IA) development upon chronic hypertensive stress in adult murine models and they
also report reduced Sox17 expression in human IA samples	
  (Lee et al., 2015). Now it
would be interesting to study other possible roles of Sox17 in many pathological
conditions like stroke that is often associated intracranial hemorrhage and loss of
BBB integrity (Zhao et al., 2015).

4.3 What is the connection between increased collagen IV and defective
BBB/BRB in Sox17iECKO?
ECM is an important component of the NVU. Loss of its component like collagen IV
is associated with diminished BBB integrity (Gould et al., 2005; Jeanne et al., 2012).
One of the surprising observation that does not fit in with our Sox17iECKO is excessive
production of ECM protein, collagen IV which otherwise should be protective to the
barrier. It is clear that excessive production of one of the component of ECM around
the blood vessels is not enough to compensate for the loss of permeability since we
still see clear permeability increase in Sox17iECKO brains and retinas. It is possible
that although secreted in high amounts, collagen IV is not properly folded (Poschl et
al., 2004). This might explain why the production of collagen IV is not sufficient
enough to protect the BBB.
ECM proteins play critical role in signal transduction for ligands like VEGF, FGF
and hence regulate angiogenic processes (Hynes, 2009). In Sox17iECKO brains and
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retinas we see increased collagen IV production, where brain vasculature is in much
advanced maturity compared to retina where angiogenesis is still ongoing. In spite of
such increase in collagen IV we did not observe any variation in vessel pattern in
Sox17iECKO brains. Previously we have shown at that Sox17 is neither upstream nor
downstream to VEGF signaling (Corada et al., 2013). But recent report by Kim et al.
shows that Sox17 along with Sox7 is induced by VEGF signaling through mTOR
pathway and absence of Sox7 and Sox17 lead to decreased expression of VEGFR2
that suggest a positive feed back role of Sox7 and Sox17 in VEGF signaling during
development (Kim et al., 2016). However in this model Kim et al. have not examined
collagen IV expression levels.
ECM matrixes are known to retain Wnt and related ligands that are to be modified
for proper receptor interaction and subsequent signal transduction (Hynes, 2009;
Smolich et al., 1993). It could be possible that excess production of collagen IV
might hinder signal transduction or it might retain excessive Wnt antagonist like
Dkk1 or Wif-1 in the matrix which in turn lead to inhibition of Wnt signaling in
brain ECs. Although this is an interesting hypothesis and we need experimental
evidences to prove our hypothesis. More over it is not known if and how Sox17
could regulate ECM protein like collagen IV. All these questions need to be
addressed in the future to understand the significance of excessive collagen IV
deposition in Sox17iECKO brains and retinas.
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4.4 Sox17 and β-catenin regulation: agonistic or antagonistic? -old wine in new
bottle or another mechanism?
The interaction between Sox17 and Wnt/β-catenin pathway is well known from
decades. Since many studies have reported various levels of interactions it is not
possible to clearly define one strict mechanism. It seems to vary depending on type
of tissue or stage of development (Kormish et al., 2010). We have provided strong
evidences that Wnt/β-catenin pathway regulates Sox17 expression through past
reports and present study. This goes in line with research by Ye et al. that reported
Sox17 is a target of Norrin/Fz4 pathway acting through β-catenin signaling (Ye et al.,
2009). In present study, we also show that Sox17 is ectopically induced by GOF βcatenin in specialized vasculature like choroid plexus where BBB signatures are
particularly absent. Zhou et al. previously showed stabilization of β-catenin (similar
to GOF β-catenin) in EC could convert PLVAP+ and claudin-5- (BBB negative)
choroid plexus vessels to PLVAP- and claudin-5+ (BBB positive) state. We could
not only reproduce this finding in our GOF β-catenin model (Fig. 36) but also
observed induction of Sox17 and LEF1 (known target of β-catenin signaling) which
are otherwise not expressed in choroid plexus vasculature (Fig.12). Putting together
it strongly support the association of Sox17 in Wnt/β-catenin mediated BBB
induction. It also supports the view of Zhou et al. that at EC population of choroid
plexus still possess plastic state for β-catenin stimulation (Zhou et al., 2014). It might
be used as a tool to identify unknown targets of β-catenin signaling.
Previously we have reported induction of ectopic expression of Sox17 by GOF βcatenin in cranial vasculature during embryonic development (Corada et al., 2013).
But we did not observe the ectopic expression of Sox17 in GOF β-catenin retinal
vasculature, although we reported further increase in its expression in radial arteries.
These discrepancies in Sox17 induction in different set of vasculature understate
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either the variegation in sensitivity of ECs for stabilized β-catenin or selective
refractoriness of retinal EC lineage for Sox17 expression.
When it comes to questioning the role of Sox17 as an effector of Wnt/β-catenin, it
could be debated as both agonistic and antagonistic based on previous studies. It
seems important to consider the context of tissue specificity and biological function
associated. Two decades ago Zorn et al. first reported antagonistic effect of XSox17β
on β-catenin/TCF transcriptional activity in xenopus embryos by mRNA injection
experiments and co-transfecting XSox17β and S37Aβ-catenin (stabilized, mutant
form that cannot be degraded) in TCF luciferase expressing Human 293T cells (Zorn
et al., 1999). Similar assays using TOP flash reporter was conducted by the same
authors using mouse construct for Sox17 and human S37Aβ-catenin to confirm that
co-transfection of Sox17 with β-catenin significantly inhibited its reporter activity
(Sinner et al., 2007). These studies were extrapolated to colon carcinoma cells. But in
little contrast, authors also report co-operative regulation of endodermal genes in
xenopus embryos by Sox17 and β-catenin signaling where β-catenin acts as a cofactor for Sox17 targets like Hnf1β, Edd1 and Foxa2 (Sinner et al., 2004). Here βcatenin depletion lead to reduced expression of Sox17 targets. Zhang et al. have also
described that overexpression of Sox17 leads to inhibition β-catenin/TCF mediated
transcription and HCT116 colorectal cancer cell (CRC) colony formation (Zhang et
al., 2008). We have to carefully underline that most of the assays were carried out
using different cell lines and overexpression constructs. In our study we observed
decrease in active β-catenin signaling in both retina and brain ECs of Sox17iECKO
through a sensitive reporter of active β-catenin signaling (BAT-gal). We also report
reduction in direct β-catenin targets like LEF1 in vivo and Axin2 in vitro lung and
brain derived ECs null for Sox17. So far many authors including us have identified
and characterized Sox17 as a downstream target of Wnt pathway in the context of
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vascular biology field (Bonney et al., 2016; Corada et al., 2013; Ye et al., 2009; Zhou
et al., 2014).
Our report with in vivo and in vitro observations strongly suggest existence of
positive feedback signaling from Sox17 on β-catenin signaling in the context of BBB
and BRB development. In our set up, when we stabilized β-catenin by inhibition of
the destruction complex either by 6-BIO or by LiCl treatment in vivo in Sox17iECKO
we could successfully rescue BAT-gal activity. In similar but more robust genetic
approach, by employing GOF β-catenin in the background of Sox17iECKO we could
completely rescue defective BBB phenotypes. Increase in PLVAP was completely
suppressed and Cadaverine and IgG leakage were significantly decreased upon
introduction of stabilizing mutations in β-catenin in Sox17 null mice.
One surprising phenotype we observed was severely retarded retinal angiogenesis in
Sox17iECKO/GOF compared to either Sox17iECKO or GOF β-catenin alone. A-V
differentiation was almost absent and angiogenic vessels were made only of
capillaries. We have shown that in the retina Sox17 plays crucial role in A-V
differentiation (Corada et al., 2013). Abrogation of Sox17 and excess β-catenin
levels simultaneously at the time of retinal angiogenesis initiation at P0 may lead to
precocious and aberrant proliferation of ECs. We need to induce recombination in
much later stages after A-V maturation to answer these questions. It might be
possible that right amount of Sox17 is necessary to tailor necessary and sufficient
levels of β-catenin signaling during retinal angiogenesis.
Another indirect evidence for agonistic role of Sox17 in Wnt/β-catenin comes from
in vitro Cre recombination of lung ECs and BMEC from Sox17flox/flox mice. Upon in
vitro Sox17 abrogation we observed decreased levels of Axin2, which is a wellknown Wnt target	
  (Birdsey et al., 2015; Bravi et al., 2015). More interestingly Wnt3a
stimulation of Sox17 KO lung ECs with increasing doses only partially increased
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Axin2 levels. This observation is highly consistent and again directs towards cooperation between Sox17 and Wnt pathway. If role of Sox17 was to be antagonistic,
Wnt3a would be able to increase Axin2 levels much higher in Sox17 KO cells
compared to wild type. In addition another observation to be underlined is the
difference between in vivo GOF β-catenin experiments and in vitro Wnt3a
stimulation. GOF β-catenin could completely restore the loss of BBB phenotype in
Sox17 KO but Wnt3a stimulation of Sox17 KO cells only partially restores the Axin2
levels. It is tempting to speculate that Wnt3a is not able to fully rescue the β-catenin
signaling because in the absence of Sox17, there is still increased turn over of βcatenin or decreased levels of active β-catenin (ABC). But GOF β-catenin carries
stabilizing mutations that cannot be degraded anymore (Corada et al., 2010) and
hence is sufficient to restore normal β-catenin signaling in absence of Sox17.
Checking ABC levels in Sox17 KO cells with different doses Wnt3a would help us in
understanding direct relationship between Sox17 and ABC levels.
In vitro studies by acute downregulation of Sox17 in ECs also showed decrease in
ABC levels. Although this experiment is preliminary, similar results obtained by
different siRNA by downregulating Sox17 would be enough to support our in vivo
observations. Of note, we did not observe changes in total β-catenin levels at this
point. This might be due to contribution also from β-catenin associated with
junctions (Dejana et al., 2009). We need to perform nucleo-cytoplasmic-membrane
fractionation to separate nuclear β-catenin from cytoplasm and membrane. We could
also check for ABC levels by Immunofluorescence to directly visualize nuclear βcatenin levels after downregulation of Sox17.
All these results suggest that Sox17 would promote stabilization of β-catenin through
inhibition of destruction complex in brain and retinal ECs and hence contribute to
BBB and BRB development (Fig.54). However we need more direct studies to prove
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this mechanism and we cannot rule out other possible ways for reduction of β-catenin
signaling in absence of Sox17.

Figure 54. Sox17 has a positive feedback role in Wnt/β-catenin signaling during BBB
development. Schematic representation of role of Sox17 in Wnt/β-catenin mediated BBB
development. Apart from acting as downstream target molecule, Sox17 exerts positive feedback role
on active β-catenin signaling during BBB development (broken red arrow).

Also the molecular mechanisms of cross talk between Sox17 and Wnt/β-catenin
pathway remain open since many studies suggest different possible mechanisms.
Sox17 and β-catenin are shown to be interacting directly in one report in human
colorectal cancer cells with endogenous levels of proteins (Sinner et al., 2007). Most
other studies are done on Sox17 or other Sox proteins that have relied on in vitro or
co-immunoprecipitation of overexpressed proteins (Akiyama et al., 2004; Iguchi et
al., 2007; Kan et al., 2004; Mansukhani et al., 2005; Zorn et al., 1999). Armadillo
repeat regions of β-catenin was shown be interacting with c-terminal region of Sox17
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by in vitro studies (Zorn et al., 1999). Direct interaction between Sox and TCF
proteins along with β-catenin are also reported by in vitro protein binding
experiments (Sinner et al., 2007). However these studies indirectly suggest that
Sox17 might be able retain TCF/β-catenin in the nucleus by direct interaction. This
might be another type of mechanism through which Sox17 might assist is sustaining
β-catenin signaling.

4.6 Could Sox17 be targeted in intracranial tumor therapeutics?
Because of the presence of BBB, delivery of chemotherapeutics targeting intracranial
tumors has still remained as a bottleneck in spite of lot of advance in several aspects
of tumor biology research. Sox17 is described to act as both pro-tumorigenic and
tumor suppressor. Its role seems to vary depending on the tumor type, tissue origin or
cell types expressing the molecule. In colorectal cancer (CRC) or CRC derived cells,
Sox17 is reported to have tumor suppressor role because of its potential to suppress
Wnt/β-catenin signaling (Kormish et al., 2010; Sinner et al., 2007; Zhang et al.,
2008) where aberrant β-catenin signaling activation is known to be associated with
CRC and gastric cancers (Clevers and Nusse, 2012). Du et al. reported suppression
of Sox17 expression by promoter methylation was associated with gastric tumor
progression, where as high levels of Sox17 was associated with benign tumors (Du et
al., 2009). However none of the above mentioned authors studied the aspect of tumor
vasculature or status of Sox17 or Wnt/β-catenin in tumor vasculature context.
Aberrant vasculature is associated with many tumors. Blocking the blood supply to
tumor or inhibiting the tumor angiogenesis and normalizing the tumor vasculature
has become a major area in anti cancer research as many solid tumor progression is
closely associated to nutrition supply and new blood vessel formation (Carmeliet and
Jain, 2011; Hanahan and Weinberg, 2011). VEGF/VEGFR family proteins have been
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prime targets being strong neo–angiogenesis inducers around tumor tissue. With little
success in blocking tumor growth, the field faced tumor resistance and tumor evasion
as a major challenge (Bergers and Hanahan, 2008; Ebos et al., 2009; Saharinen et al.,
2011). Since then many molecules are being investigated with an intention to halt the
tumor progression by intervening its blood supply. Many intracranial tumors like
WHO grade IV astrocytoma and glioblastoma (GBM) being highly vascularized
(Machein and de Miguel, 2009) were targeted by anti-angiogenesis therapy
(Brastianos and Batchelor, 2009). Therapy faced complications associated with BBB
on one hand and aberrant BBB disruption in tumor tissue were often associated with
edema on the other hand. Tumor vessel normalization was proposed with intentions
to reduce edema and enhance chemotherapy (Carmeliet and Jain, 2011). Wnt/βcatenin signaling being well known for its association with BBB induction and
development, Reis et al. studied development of tumor from GL261 mouse glioma
cell line with inducible Wnt1 and Dkk1 expression on xenografts. They have
reported drastic reduction in tumor growth by Wnt1 overexpression in tumors with
increase in αSMA+ cells coverage of blood vessels and opposite to this an increase in
tumor size with loss of αSMA+ cell interaction in Dkk1 expressing tumors. Authors
also show similar effect of Wnt by intracranial tumor experiment. Interestingly
authors also show that inhibition of tumor growth with vessel stabilization is due to
EC autonomous function of β-catenin. Using GOF β-catenin (similar model used in
the thesis) alone they could significantly reduce glioma tumor growth with decreased
vascular density and increased desmin+ cells around the vasculature	
   (Reis et al.,
2012).
Sox17 being a target of β-catenin signaling could be acting as one of the molecular
players in tumor vessel normalization. In collaboration with Liebner S. we have
checked the expression levels of Sox17 in these tumors vasculature and observed that
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Sox17 is significantly higher in Wnt1 expressing tumor vessels compared to wild
type and Dkk1 expressing tumor (Data not shown). Moreover Reis et al. also
demonstrate that vessel normalization in Wnt1+ tumor is through downstream
activation of Notch/Dll4 pathway. These observations are based on the report from
Corada et al. that demonstrate direct regulation of Notch/Dll4 by β-catenin pathway
during embryonic angiogenesis	
  (Corada et al., 2010). Earlier we have shown Notch
pathway is downstream of Sox17 and Sox17 binds to promoters of Notch pathway
molecules like Notch1, Dll4 and Jagged1. Expression of these molecules is
significantly reduced in Sox17iECKO retinas (Corada et al., 2013). All these
observations suggest possible role of Sox17 in tumor vasculature mainly as a link
between Wnt/β-catenin and Notch pathway.
Yang et al. have reported pro-angiogenic and pro-tumorigenic role of Sox17 in Lewis
lung carcinoma (LLC) models and in B16F10 melanoma cells	
   (Yang et al., 2013).
Authors have claimed tumorigenic potential of Sox17 is due to increase in VEGFR2
induction. In our hands we have not observed any direct relation between Sox17 and
VEGF signaling	
   (Corada et al., 2013). On the other hand Yang et al. have not
investigated status of Wnt/β-catenin signaling activation in their tumor models. Yang
et al. report high expression of Sox17 only in grade IV and V glioblastoma but not in
normal vasculature. This goes against our observation where we have shown Sox17
expression is maintained high also in normal vasculature. So far we have studied
Sox17 at physiological levels with its association with Wnt pathway. In this context
it is worth underscoring that Sox17 is expressed through out the brain vasculature
and its inactivation leads to widespread BBB leakage and hence it could be general
target in many intracranial tumors or other CNS pathologies where increase in
permeability could be an advantage for enhanced drug delivery across the BBB.
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Many other Wnt/β-catenin pathway related molecules that are characterized so far
seem to affect only specific regions in the brain	
  (Engelhardt and Liebner, 2014).
Recent study on intracranial tumor medulloblastoma (MB) has characterized
genetically diverse types of MBs which dictated the BBB integrity and subsequently
effectiveness of chemotherapy and survival of patients (Phoenix et al., 2016). Earlier
studies have reported Wnt-driven MB were accompanied by better prognosis with
higher response to therapy where as Shh-driven MB had worse prognosis (Guerit and
Liebner, 2016; Ramaswamy et al., 2016). This was paradoxical because it is well
known that Wnt/β-catenin activation in many proliferating cells leads to neoplastic
transformation. But Timothy et al. discovered that in Wnt-driven MBs there was
increased production of Dkk1 and Wif1 (Wnt pathway inhibitors) that inhibited
Wnt/β-catenin signaling in tumor vessels, which led to leaky/fenestrated BBB and
hence better penetration of chemotherapeutics. On the contrary Shh-driven MB had
low levels of Dkk1 and Wif1 and intact BBB (Phoenix et al., 2016). Corroborating
with the observations it would be interesting to investigate expression of Sox17
levels in different types of MB. Based on our findings we propose Sox17 to be a
designated molecule and a read out of Wnt/β-catenin signaling and a BBB marker.
We could hypothesize that expression of Sox17 would vary between Wnt-driven MB
and Shh-driven MB. Since inactivation of Sox17 in BBB ECs is accompanied by
strong increase in permeability in most parts of the brain it is tempting to speculate
intracranial tumors in absence of Sox17 would develop aberrant vessels with
defective BBB that might aid in increasing the penetration of drugs to tumor site.
Increase in permeability to IgGs in Sox17iECKO may also open the scope for targeting
specific molecules through monoclonal antibodies that is becoming a latest
pharmacological tool. Since IgGs are not able to cross the BBB, new approaches are
taken by conjugating specific IgG or portion of IgG to molecular trojan horse (MTH)
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that is taken up through RMT (receptor mediated transport) or CMT (carrier
mediated transport) and carried across BBB (Pardridge, 2012). Sox17iECKO model
with an increase in IgG leakage may enhance such MTH transport. Before that it
would be necessary to study in detail if RMT or CMT are affected in Sox17iECKO
models. So far at least we have not seen any change in levels of PgP (P-glycoprotein)
an efflux transporter at BBB responsible for failure of chemotherapy.
But on the contrary to possible increase in permeability and enhanced chemodelivery
to tumor tissue, we have to keep in mind that it is also possible, that without Sox17 it
could reduce β-catenin signaling and hamper the tumor vessel normalization as it
happens in Dkk1 driven GL261 tumor due to inhibition of Wnt signaling (Reis et al.,
2012). All these questions needs to be kept in mind while testing role of Sox17 in
various intracranial tumor models.

4.4 Brain EC specific Sox17 KO -could it be a disease model in the future?
Another strong evidence in favor for role of Sox17 in BBB came from brain EC
specific inactivation of Sox17 (Slco-Sox17iECKO). In this study using ROSA26/EYFP
reporter, we demonstrated that Slco-CreERT2 efficiently induce recombination in
brain EC specific manner also at immediate postnatal period. So far the studies are
conducted only adult mice (Ridder et al., 2011; Storck et al., 2016). Importantly
using this mouse model we could rule out secondary effects on BBB due to possible
defects in other organs. We could successfully rescue lethality caused by fatty liver
in Sox17iECKO models.
Within 2 weeks of recombination Slco-Sox17iECKO brains presented high PLVAP+
vessels all over the brain but no change in claudin-5 expression. With this strikingly
similar defective BBB phenotypes observed in two different EC specific Sox17 KO
models (Sox17iECKO and Slco-Sox17iECKO) we can claim that Sox17 certainly plays
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critical role in BBB development in EC autonomous manner. However we have not
yet fully characterized Slco-Sox17iECKO. We have not evaluated the status of the βcatenin signaling in this model.
Since mice are surviving to adult stage we can check if BBB defects persist also in
adult stages. In this way Slco-Sox17iECKO could be used also to investigate if Sox17 is
needed for maintenance of BBB integrity in adults. Further Slco-Sox17iECKO could be
used to develop disease models associated with CNS pathologies. For example, using
the same Slco-CreERT2 Storck et al. were able to demonstrate that brain EC specific
LRP1 receptor is involved in clearance of Aβ, a neurotoxic whose accumulation in
the brain is central cause for Alzheimer’s disease (AD) pathology (Storck et al.,
2016).
An interesting hypothesis could be made based on comparison between Sox17iECKO
and recently reported Notch3-/- (Notch3 KO). Mutations in NOTCH3 in humans is
associated with intracranial pathology CADASIL and Notch3 abrogation in mice
lead to loss BBB and BRB integrity with progressive diminution of vSMC in cranial
and retinal arteries (Henshall et al., 2015). Previously we reported Sox17iECKO retinas
developed deficiency of mural cells especially on central radial arteries (Fig.39)
(Corada et al., 2013). Intriguingly this phenotype has similar characters to that of
Notch3-/- mice. It is noteworthy to mention phenotypes of loss of Notch and Sox17
genes during embryonic development are strikingly similar and we also showed
Sox17 acts upstream to Notch signaling and regulate expression of its ligands like
Dll4 and Jagged1on ECs	
   (Corada et al., 2013). We could extrapolate that these
ligands might be responsible for Notch3 driven signals that is expressed by vSMC
and hence responsible for EC and vSMC interaction. Sox17 expressed on EC could
physiologically enhance such interaction. It is tempting to speculate that loss of
function mutations of Sox17 might also be associated with etiopathogenesis of
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CADASIL like syndrome, where so far only loss of NOTCH3 gene is characterized.
In this line, Slco-Sox17iECKO model could be used study if Sox17 abrogation in brain
ECs would lead to progressive loss of vSMC at advanced age.

4.8 Concluding remarks
In conclusion, in present study we have characterized Sox17 as a target of Wnt/βcatenin signaling during CNS vascularization and BBB development. In addition
using EC specific Sox17 loss of function and β-catenin gain of function, we have
demonstrated that Sox17 is essential for BBB integrity and possibly acts by positive
feedback regulation on active β-catenin signaling. In this way we have identified and
characterized Sox17 as a co-effector of Wnt/β-catenin signaling during BBB
development and it could be a novel target in pathologies associated with aberrant
BBB function like intracranial tumors and other neurological disorders.
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