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ABSTRACT OF THE THESIS

Pharmacological inhibition of the HEG1-KRIT1 protein complex upregulate KLF2 and KLF4

expression in endothelial cells

by

Chelsea Hyun Ju Choi

Master of Science in Biology

University of California San Diego, 2020
Miguel A. Lopez-Ramirez, Chair
Randolph Hampton, Co-Chair

HEGI (Heart of glass1), a transmembrane protein, directly binds to and recruits KRIT1
(Krev interaction trapped protein 1) to endothelial junctions to form the HEG1-KRIT1 protein
complex that establishes and maintains junctional integrity. Genetic inactivation or knockdown
of endothelial HEG1 or KRIT1 leads to the upregulation of transcription factors Kriippel-like
Factors 4 and 2 (KLF4 and KLF2), which are factors implicated in endothelial vascular
homeostasis. However, the effect of acute inhibition of the HEG1-KRIT1 interaction remains

incompletely understood. Through structure-based design, we have established the feasibility
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of pharmacologically disrupting the KRIT1-HEG1 interaction to uncover acute changes in
signaling pathways downstream of the HEG1-KRIT1 protein complex disruption. Previous work
in the lab shows that the HEG1-KRIT1 inhibitor 3 (HKi3) is a bona fide interaction inhibitor by
competing orthosterically with HEGI for binding to the KRIT1 band 4.1, ezrin, radixin, and
moesin (FERM) domain. In this study, we observed that acute inhibition of the HEG1-KRIT1
interaction by HKi3 triggers PI3K/Akt signaling in endothelial cells. We also observed that
inhibition of KRIT1-HEGI interaction using HKi3 also increase KLF4 and KLF2 mRNA
expression levels. In addition, we developed an inducible shRNA expression system to the time-
controlled knockdown of genes associated with the HEGI-KRIT1 protein complex that we
denominated TRMPV-PDCDI10 (tetracycline-responsive element (TRE)-dsRed-miR30-against-
PDCD10-PGK-Venus). Using this RNAi system, we generated stable hCMEC/D3 cell lines,
each expressing the TRMPV-PDCD 0 construct. We observed that TRMPVIR-PDCD10
doxycycline-treated cells show marked disruption of VE-cadherin staining and upregulation in
KLF2 and KLF4 mRNA gene expression. Thus, our results demonstrate that acute inhibition of
the HEG1-KRIT]1 interaction activates PI3K/Akt activity and elevates KLF4 and KLF2 gene
expression. Thus, HKi3 provides a new pharmacologic tool to study acute inhibition of the
HEGI-KRIT1 protein complex. We also adopted an inducible shRNA expression system to

regulate genes in endothelial cells in a time-controlled manner.
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1. Introduction

1.1. Cardiovascular system

The cardiovascular system, along with the lymphatic system, is part of the body's circulation.
The heart through the right ventricle pumps deoxygenated blood towards the lungs for
oxygenation, and when the oxygenated blood comes back to the heart, then the left ventricle
pumps the oxygenated blood to all organs through the circulatory system. The circulatory system
is made of blood vessels that transport blood through the body and facilitate the exchange of
oxygen, water, nutrients, and at the same time, remove waste products away from tissues
(Thomas & Sumam, 2016). The blood vessels are comprised of five different segments of
endothelial cells that differ in their anatomical, morphological, biochemical, and functional

organization are described below in Figure 1.
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Figure 1. Different blood vessel types. From heart, blood gets transported through aorta, artery,
arteriole, capillaries, venule, vein, vena cava and goes back to heart. Different types of vessels
have different functions illustrated above (Klabunde, 2017)



1.1.1. Blood vessels

Arteries (4000-25000 um diameter) carry oxygenated blood from the heart with high
pressures to tissues (Miiller et al., 2008). Arterioles (30 pm diameter) penetrate the tissue and
play an important role in regulating flow and intravascular pressure (Miiller et al., 2008).
Capillaries (8 um diameter) constitute the largest surface area for exchange between blood and
tissues and facilitate the exchange of nutrients and removal of waste products (Miiller et al.,
2008). Venules (20 pm diameter) and veins (5000 um diameter) carry capillary deoxygenated
blood from the tissue back to the heart with low pressures (Miiller et al., 2008 & Thomas &
Sumam, 2016). Except for capillaries made of one layer of endothelial cells, the rest of the blood
vessels have three layers. The outer layer, adventitia, provides support to vessel shape and
structure. The middle layer, tunica media, is elastic and made of smooth muscular tissue to
control the vessel diameter. The inner layer, tunica intima, is made of endothelial cells that

directly contact with blood (Tucker & Muhjan, 2019).

1.1.2. Endothelial cells
A layer of endothelial cells (EC) in blood vessels is called the endothelium. Basal lamina,
connective tissues, and smooth muscle surround endothelium. The basal lamina or endothelial
basement membrane separates the endothelium from the connective tissues and smooth muscle
cells (Alberts et al., 2002). In capillaries, blood vessels consist of endothelial cells and pericytes,
which are surrounded by a basal lamina. Importantly, endothelial cells sense the shear stress
from blood flow and regulate blood vessel diameter and thickness (Alberts et al., 2002). Brain

endothelial cells compose the main parts of the blood-brain barrier (BBB). BBB ECs regulate ion



homeostasis in CNS by their selective permeability and protect CNS from toxin and pathogen

entry (Daneman & Prat, 2015).

1.1.3. Pericytes

Pericytes are mural cells that wrap the surface of the abluminal side of the endothelium in
capillaries to give structural support. It is known to be abundant in blood vessels at torso and
legs, the site where more blood pressure is needed (Bergers & Song, 2005). Pericytes interact
with EC through paracrine signaling and through physical contact via gap junctions (Bergers &
Song, 2005). Gap junction between pericyte and EC allows the exchange of small molecules
such as amino acids, secondary messengers and ions (Okamoto et al., 2017 & Bergers & Song,
2005).

Pericyte density and coverage location are often specific to organ or tissue functions. For
instance, the brain vasculature is highly populated by pericytes, where they interact with brain
endothelial cells to induce and regulate the BBB (Bergers & Song, 2005). Pericytes have also
being recognized to regulate capillary blood flow by virtue of their contractile properties and to
have macrophage-like phagocytic function. The loss of brain pericytes leads to BBB dysfunction
and contributes to brain diseases (Bergers & Song, 2005). Similarly, the loss of cardiac pericyte
leads to the accumulation of myocardial interstitial fluid and contributes to heart dysfunction

(Murray et al., 2017).

1.1.4. Smooth muscle cells
In contrast to small blood vessels, large vessels tend to have many layers of smooth

muscle cells. For example, smooth muscle cells sporadically cover veins, but many layers of



smooth muscle cells support arteries for high blood pressure. Moreover, smooth-muscle cells
play an important role in regulating blood flow through contractile functions and maintaining
structural support (Bergers & Song, 2005). These cells are present in the middle layer of a vessel,
tunica media. Although smooth muscle cells are quiescent normally, they can remodel their

phenotype, gene expression, and function during injury and disease (Mazurek et al., 2017).

1.1.5. Basal lamina
The basal lamina separates connective tissues and endothelium in blood vessels. The
basal lamina is a type of extracellular matrix (ECM) composed of elastic lamellae, collagen
fibers, microfibrils, fibronectin, proteoglycans, and glycoproteins (Mazurek et al., 2017). The
major components are elastic lamellae and collagen fibers that provide elastic and tensile
strength to vessels (Mazurek et al., 2017). ECM provides support to endothelial cells from the
maintenance of cell organization to blood vessels. Endothelial cells need to adhere to ECM for

cell proliferation, survival, migration, morphogenesis, and stabilization (Davis & Senger, 2005).

1.2. The function of the endothelial cells

The functions of endothelial cells, in addition to transport blood, nutrients and oxygen
include the maintenance of vascular tone and also exhibit anticoagulant and anti-inflammatory
properties that limit thrombosis to maintain vascular homeostasis (Michiels, 200). These anti-
inflammatory and thrombo-resistant properties of endothelial cells are enhanced by laminar
blood flow that regulates multiple molecular processes including the synthesis of vasoactive,
anti-inflammatory, and anti-thrombotic molecules (Chiu & Chien, 2011). The loss of these

endothelial functions is associated with increased cardiovascular morbidity (Versari et al., 2009



& Chiu & Chien, 2011). In addition, endothelial cells provide barrier properties to regulate the

exchange of protein, fluid, and electrolyte between tissue and blood (Shen et al., 2009).

1.2.1. Coagulation

ECs initiate and regulate coagulation cascade (Wang et al., 2018). EC secretes substances
that regulate coagulation and platelet adhesion to endothelium, including thrombomodulin (TM)
and Von Willebrand factor (VWF) (Wang et al., 2018). For instance, during hemostasis, which is
the physiological process to prevent and stop bleeding (Arrieta-Blanco et al., 2014), platelets get
activated by interaction with endothelial cells after being exposed to the extracellular matrix
(ECM) from disrupted endothelium (Wang et al., 2018). After platelet activation, coagulation
factor VII binds to tissue factor or factor XII, and the rest of the coagulation cascade continues to
prevent bleeding (Wang et al., 2018). Fibrin is another important component in clot formation.
As a matrix in a blood clot, fibrin stabilizes platelet aggregation at the site of injury for the long-
term (Michiels, 2003 & Palta et al., 2014). Fibrin is activated by Thrombin protease, which is
activated by Factor Xa (Michiels, 2003). Importantly, the endothelium expresses natural
anticoagulant proteins, including thrombomodulin (TM) and endothelial protein C receptor
(EPCR) (Michiels, 2003). TM binds thrombin, while bound, thrombin fails to convert fibrinogen
into insoluble fibrin, and instead, it activates protein C. Activated Protein C, which is enhanced
by the presence of EPCR, inactivates factor Va and VIlla to prevent blood coagulation.
(Michiels, 2003). Therefore, EC exhibits anti-coagulation activity through activated protein C to
maintain blood flow and vascular homeostasis. However, during cardiovascular disease and
chronic inflammation, EC can shift toward a pro-coagulation state by reducing the expression of

anti-coagulant proteins that can result in thrombosis (a pathological occlusion of blood vessels)



(Michiels, 2003). Moreover, during blood vessel injury vWF in endothelial cells induce

thrombosis formation by promoting platelet adhesion and inflammation (Wang et al., 2008).

1.2.2. Inflammation

Many cardiovascular diseases, such as atherosclerosis and thrombosis contain an
important inflammatory component that contributes to endothelial dysfunction (Szmitko et al.,
2003). Immune cells produce pro-inflammatory cytokines that lead to increased endothelial
permeability, which is associated with changes in EC phenotype and function (Pober & Sessa,
2007). For instance, during inflammation, EC increases the expression of [CAM-1 (Intercellular
Adhesion Molecule 1), VCAM-1 (Vascular Cell Adhesion Molecule 1), and selectins to attract
and adhere leukocytes to the endothelium that subsequently contribute to increasing paracellular
permeability (Parnell et al., 2012). The molecular mechanism identified to increase permeability
are associated with actomyosin contraction which leads to transient paracellular opening (Shen et
al., 2009), apoptosis that leads to gross changes in permeability (Gill et al., 2015), and
dissociation of junctional complex molecules from cell-to-cell contacts (Reglero-Real et al.,

2016).



1.3. Barrier properties
EC serves as semipermeable barriers in the body. The primary function of the barrier is to
facilitate nutrient and waste exchange and to limit the entry of pathogens or any toxins (Yuan &
Rigor, 2010). Endothelial barriers have different permeability due to the complexity of

endothelial junctions.

1.3.1. Endothelial junctional molecules

The junctional complex in EC is comprised of adherens junctions, tight junctions, and
gap junctions (Komarova et al., 2017). In Adherens junctions, vascular endothelial (VE)-
cadherin, a transmembrane protein, mediates cell-to-cell contact between endothelial cells. VE-
cadherin also supports barrier properties by regulating tight junction expression in EC
(Komarova et al., 2017). Tight junctions form the border between the apical and the basolateral
cell surface domains that seal the intercellular space (Forster, 2008). Tight junctions are located
at the border between the apical and the basolateral cell surface domains and seal the
intercellular space (Komarova et al., 2017). Gap junctions have channels consisted of connexin
molecules that connect between endothelial cells for the conduction of ions (Komarova et al.,

2017).

1.3.2. Adherens junctions

VE-cadherin stabilizes endothelial cell interaction by forming zipper-like structures.
Endothelial junctions have unique features that differentiate from other cell junctions. VE-
cadherin (CDH5/CD144) is only expressed in endothelial cells and is a major cadherin type at

adherens junctions (Bazzoni & Dejana, 2004). VE-cadherin is anchored to actin through binding



with intracellular B-catenin through cytoplasmic tails. This actin-adherens junction is critical for
adherens junction maintenance and assembly (Dejana & Orsenigo, 2013). B-catenin and VE-
cadherin complex may also affect transcription by translocation into the nucleus (Bazzoni &
Dejana, 2004). Another type of Cadherin, N-cadherin, facilitates the communication between EC

and surrounding pericyte/smooth muscle cells to stabilize blood vessels (Komarova et al., 2017).

1.3.3. Tight junctions

Tight junctions consist of three different types of transmembrane proteins, such as
claudin family (1 to 12), occludin, and junctional adhesion molecules (JAM). Endothelial tight
junctions indirectly interact with the actin cytoskeleton through adaptor and scaffolding proteins,
such as members of the zonula occludes (1 to 3). (Komarova et al., 2017). ZO-1 helps tight
junction molecules to interact with other ones and interact with Adherens Junction to control the
barrier permeability (Sukriti et al., 2014). Transmembrane protein, Claudin 5 is important in
controlling permeability of tight junction, especially in the BBB. Occludin, integral membrane
protein, acts to stabilize the barrier functions by promoting cell to cell adhesion (Bazzoni &
Dejana, 2004). Tight junctions are more abundant in the arterial side of circulation than the
venular side. JAM-A, B, and C are involved in leukocyte migration in between endothelial cells.
JAM-A may play a critical role in transmigration of neutrophils in between EC. Adherens
junctions can also regulate tight junctions. For example, VE-cadherin leads to the upregulation of
claudin 5 that only appears at tight junctions (Taddei et al., 2008). Brain endothelial cells have
complex tight junctions that prevent paracellular transport (transport across endothelial cells

through intercellular space) (Katt et al., 2016). Disruption of adherence and tight junctions have



been associated with loss of barrier integrity that contributes to CNS disease during

neuroinflammation (Komarova et al., 2017).

1.4. Mechanism that establish and maintain junctional integrity

As mentioned above, endothelial junctional integrity is maintained by VE-cadherin. In
endothelial cells, high levels of cAMP (cyclic adenosine monophosphate) activate Rap1 (Ras-
related proteinl) to maintain mature endothelial junctions. Rap1 plays an important role in the
maintenance of both adherens junctions and tight junctions. Rap 1 is necessary for VE-cadherin
mediated cell adhesion. Although the exact mechanism is unknown, Rap1 decreases cell
permeability by enhancing VE-cadherin mediated cell-adhesion (Fukuhara et al., 2005). Rapl
mediates the cell-adhesion property of VE-cadherin with B-catenin. In tight junctions, the
absence of Rapl activity is immediately followed by the loss of ZO-1 proteins, which controls
tight junction permeability (Kooistra et al., 2006 & Sukriti et al., 2014). The loss of Rap1 activity

eventually leads to the loss of tight junctions (Kooistra et al., 2006).

1.4.1. Heart of glass 1 (HEGI)

HEG]1(Heart of glass 1) is a transmembrane protein with 400 kDa. HEG1 plays an
important role in cardiovascular system development and regulation of heart growth in mouse
and zebrafish (Kleaveland et al., 2009) (Tsuji et al., 2017). HEGI is expressed in endothelial
cells at the embryonic developmental stage (Kleaveland et al., 2009), where it interacts with
KRIT1 (Krev interaction trapped protein 1) (Gingras et al., 2013) to regulate endothelial

junctions (De Kreuk et al., 2015).



1.4.2. Krev interaction trapped protein 1 (KRITI)

KRITT1 can be divided in several domains including; C-terminus FERM domain (4.1,
ezrin, radixin, moesin), N-terminus NPX(Y/F) motifs and ankyrin repeats (Gingras et al., 2013).
KRIT1 is located at autosomal dominant loci, 7921 (Gunel et al., 2002). NPX(Y/F) motifs
interact with CCM2 (Fisher et al., 2014). Ankyrin repeats, made of 4 repeats, interact with C-
terminal FERM domain and form a globular Ankyrin repeat-FERM domain (Zhang et al., 2015).
KRIT1 size is about 62 kDa (Gunel et al., 2002).

KRIT1 stabilizes Rap1 at endothelial junctions and maintains junctional integrity.
Moreover, KRIT1 interacts with B-catenin to link the actin cytoskeleton to VE-cadherin that
strengthens adherens junctions. KRIT1 is part of the cerebral cavernous malformation (CCM)
protein complex which, consists of four proteins: CCM1 (KRIT 1), CCM 2, CCM 3 (PDCD 10,
Programmed Cell Death 10), and HEGI. Disruption of any CCM proteins leads to an increase in

vascular permeability by disassembling of endothelial junctions (Dejana & Orsenigo, 2013).

1.4.3. HEGI-KRIT1I interaction

The transmembrane protein HEG1 binds directly to and recruits KRIT1 to EC cell
junctions to regulate and maintain the organization of junctional molecules, which are critical for
vertebrate cardiovascular development (Kleaveland et al., 2009, & Gingras et al., 2012 &
Gingras et al., 2013 & Glading & Ginsberg, 2010). Our group has solved the crystal structure of
the HEG1-KRIT1 protein complex (Gingras et al., 2013 & Gingras et al., 2012) and found that
the KRIT1 FERM domain binds to the HEG1 cytoplasmic tail C-terminus. These experiments
revealed a new mode of FERM domain-membrane protein interaction. The KRIT1 FERM

domain consists of three subdomains (F1, F2, and F3) forming a cloverleaf shape in which the F1

10



and F3 subdomain interface creates a hydrophobic groove that binds the Tyr!-*8-Phe!-3¥! of the
most C-terminal portion of the HEG1 cytoplasmic tail (Gingras et al., 2012). Moreover, the
KRIT1 FERM domain also simultaneously binds to another protein named Rap1, a small
GTPase, on the surface of the F1 and F2 subdomains to stabilize endothelial junctions by
forming the HEG1-KRIT1-Rap1 ternary complex (Gingras et al., 2013 & Glading & Ginsberg,
2010 & Lietal., 2012). These studies suggest that part of the biological effects of KRIT]1,
related to endothelial junctional integrity, relies on the KRIT1 FERM domain being recruited to
cell-cell junctions to interact with both HEG1 and Rapl.

HEGI and KRITT1 are also genetically linked in mice (Kleaveland et al., 2009) and
zebrafish during cardiovascular development (Kleaveland et al., 2009 & Donat et al., 2018 &
Mably et al., 2003). Krit/”- mice show gross defects in multiple vascular beds and early
embryonic lethality (Whitehead et al., 2004). Similarly, Heg /" mice result in lethal hemorrhage
due to cardiovascular defects (Kleaveland et al., 2009). Studies in zebrafish embryos show that
loss-of-function of kritl or hegl leads to vascular dilation and severe heart defects (Kleaveland et
al., 2009 & Hogan et al., 2008 & Mably et al., 2006). It has been demonstrated that increases in
endothelial KLF4 and KLF2 may constitute a major mechanism by which loss of HEG1 or
KRITT1 alters cardiovascular development (Cuttano et al., 2015 & Bharadwaj et al., 2010 &

Zhou et al., 2016 & Lopez-Ramirez et al., 2017 & Nowak et al., 2010)

1.5. Mechanism that maintain endothelial integrity

Vascular endothelial cells respond to hemodynamic forces from blood flow to exhibit
vasodilatory, anticoagulant, fibrinolytic, and anti-inflammatory properties that confer
vasoprotective effects that play a critical role in maintaining healthy vasculature (Baeyens et al.,

2016). Many of the vasoprotective effects of laminar blood flow are due to upregulation of

11



transcription factors Kruppel-like factors 2 and 4 (KLF2 and KLF4), which in turn can increase
expression of genes that encode anticoagulants (e.g., TM), vasodilators (e.g., endothelial nitric
oxide, eNOS), and suppress the expression of genes that antagonize angiogenesis (e.g.,
thrombospondinl, TSP1) and NF-kB-driven proinflammatory genes (e.g., VCAM1 and ICAM1)
(Abe & Berk, 2014 & Kim et al., 2017 & Peghaire et al., 2019). Thus, laminar flow can
upregulate KLF2 and KLF4 in endothelium to antagonize inflammation, and thrombosis (Nayak
etal., 2011). However, subtle deficiencies in endothelial cell function or response to blood flow

greatly affect vascular physiology and contribute to onset and progression of cardiovascular

diseases (Biswas & A. Khan, 2019).

Figure 2. Shear stress exerted to a blood vessel following laminar and non-laminar flow. At
the site of bifurcation of arteries (red), non-laminar flow pattern and disturbed shear stress are
observed. These regions have lower flow and have inflammatory gene upregulated (Hahn &
Schwartz, 2009).

12



1.5.1. Laminar blood flow

Laminar blood flow (laminar shear) has a flow direction parallel to blood vessels
(Chatterjee & Fisher, 2014). In a blood vessel, fluid shear stress (the frictional force that blood
flow exerts on endothelial cells) is exerted in the same direction as laminar blood flow (Hahn &
Schwartz, 2009), so that both adherens and tight cell junction assembly is promoted and increase
intercellular force (Ting, 2012). Different fluid velocity in laminar flow leads to fluid shear stress
sensed on the vascular wall. Friction between fluid and vascular wall decreases blood velocity
nearest to the vessel. Poiseuille’s law, Q (flow) = P /R states that blood flow is inversely
proportional to vessel resistance and directly proportional to pressure (Pollock et al., 2020). If
vascular resistance is high, blood flow is low and vice versa. If more force is generated by the
heart to pump blood, blood flow is high (Pollock et al., 2020). Importantly, non-laminar flow
(disturbed shear) is present at branch points and curves of vessels where the blood flow is
irregular in Figure 2. (Hahn & Schwartz, 2009). Disturbed shear can lead to pathological
vascular remodeling, especially atherosclerosis and thrombosis (Thomas & Sumam, 2016 &
Baeyens et al., 2016). Moreover, it has been reported that disturbed shear contributes to
inflammation by increase in expression of VCAM and ICAM (Chiu & Chien, 2013) and
disassembly of tight and adherns junctions in endothelial cells contributing to endothelial barrier

breakdown (Ting, 2012 & Hahn & Schwartz, 2009).

1.5.2. Mechanotransduction complex
Endothelial cells have many mechanosensors to sense shear stress (Alberts et al., 2002).
Mechanosensors include integrins, cytoskeletal proteins, endothelial cell adhesion molecule 1,

and ion channels. Shear stress triggers a cascade of intracellular cell signaling and regulates

13



shape, vessel tone, inflammation, and apoptosis by altering gene expression of KLF and eNOS
(Figure 3) (Noguchi & Jo, 2011). Previous studies have shown that mechanotransduction via
fluid shear stress mediates MEKS /ERKS (Mitogen-activated protein kinase kinase 5-
extracellular regulated kinase 5) and PI3K/Akt (phosphatidylinositol 3-kinase-Protein Kinase B)
activation (CLARK et al., 2011 & Coon et al., 2015 & Jin et al., 2003 & Jin et al., 2005). Shear
stress from laminar blood flow initially activates MAP kinase kinase, MEKS5, MEKS then
phosphorylates ERKS and leads to upregulation of transcription factor MEF2A, C and D. These
transcription factors upregulate KLF2 and KLF4 (CLARK et al., 2011).

Mechanistically, fluid shear stress increases tension on PECAM1 and subsequent
activation of Src family kinases-induced ligand-independent VEGFR2/3 activation that, in turn,
activates PI3K (Coon et al., 2015 & Jin et al., 2003 & Baeyens et al., 2016). In addition, Rap1
has been proposed to be activated by laminar shear stress to promote the endothelial
mechanosensing protein complex by increasing the association between PECAM1-VEGFR2/3-
VE-cadherin and subsequent PI3K/Akt signaling (Lakshmikanthan et al., 2015). Increase in Akt
signaling mediates phosphorylation of eNOS (endothelial nitric oxide synthase) and leads to the
release of nitric oxide for vasodilation (Lee, 2014 & Lakshmikanthan et al., 2015) and mitogen-
activated protein kinases (MAPK) signaling pathways involved in many other cellular processes
such as cell survival (Ruan & Kazlauskas, 2012), anti-inflammatory pathways and anti-apoptosis

pathways (Noguchi & Jo, 2011).
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Figure 3. Laminar flow induced mechanotransduction in endothelial cells. Stable laminar
flow activates cell surface mechanosensors and triggers cell signaling cascade that alternates
gene expression. Mechanotransduction leads to antiatherogenic process (Noguchi & Jo, 2011).

1.5.3. Expression of Kriippel-like factor 2 (KLF2) and Kriippel-like factor 4 (KLF4) in
endothelial cells

MAPKSs are conserved serine/threonine kinases involved in flow-induced
mechanotransduction through upregulation of Kriippel-like factor 2 and 4 (KLF2 and KLF4)
expression.

As mentioned in 1.5.2, MEKS is a MAP kinase that is upstream of ERKS5, which is also a
MAP kinase. ERKS translocates into the nucleus and activates transcription factor MEF2 family
(MEF2A, c, d) (Gomez et al., 2016). MEKS5-ERK5-MEF2 mechanotransduction module
regulates KLF4 and KLF2 expression during laminar blood flow (Chistiakov et al., 2016 & Gore
et al., 2012) to confer vascular integrity (Huddleson et al., 2005) and vasoprotection (Parmar et
al., 2005).

Recently our group and others demonstrated that genetic inactivation or knockdown of

endothelial HEG1 or KRIT1 leads to the increase of transcription factors KLF2 and KLF4
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(Nowak et al., 2010 & Lopez-Ramirez et al., 2017 & Bharadwaj et al., 2010 & Cuttano et al.,
2015 & Zhou et al., 2016). Using RNA-sequencing analysis of murine endothelial cells
following time-controlled inactivation of the Krit/ gene revealed increased levels of several
vasoprotective genes regulated by KLF2 and KLF4, including eNOS and TSP1 (Lopez-Ramirez
et al., 2017) and anticoagulant protein TM (Lopez-Ramirez et al., 2019). These findings lead us
to propose that pharmacological inhibition of the KRIT1-HEGI protein complex can be used to
upregulate KLF2 and KLF4 and may, therefore, be able to mimic laminar blood flow to attenuate

inflammation, thrombosis and atherosclerosis.

1.6. Hki3 as an effective inhibitor of HEG1-KRIT interaction in endothelial cells
My co-supervisor Dr. Alex Gingras performed a high-throughput screening assay and
molecular design of a small molecule HEG1-KRIT]1 inhibitor to study acute changes in signaling
downstream of the HEG1-KRIT1 protein complex disruption not previously studied (Lopez-
Ramirez et al., 2019). Using crystal structure analysis, Dr. Gingras demonstrated that the HEG1-
KRITT1 inhibitor 3 (HKi 3) binds to the KRIT1 FERM domain in the same site as it will normally
interact with HEG1 cytoplasmic tail (Figure 4). His studies reveal that HKi3 is a bona fide

inhibitor by competing orthosterically with HEG1 for binding to the KRIT1 FERM domain.
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Figure 4. Structure of KRIT1 with inhibitor HKi3. (A) Ribbon diagram of the KRIT1 FERM
domain in complex with the HEG1 cytoplasmic tail. The KRIT1 FERM domain consists of three
subdomains. (B) Surface representation of KRIT1 FERM domain in complex with the HEG1
cytoplasmic tail. The HEG1 peptide is shown in yellow with the C-terminal Tyr-Phe sitting in
the binding pocket. (C) Crystal structure of the KRIT1 FERM domain in complex with HKi3 (2-
hydroxy-1-naphthaldehyde). The small naphthalene is sitting in the same pocket as the Phe of
HEGT1 and (D) good electron density is observed.
1.7. Objectives of the present study

Cardiovascular diseases are currently the main cause of death in the world and morbidity
is usually due to thrombosis and inflammation. We have discovered that genetic inactivation of
endothelial Krit/ (Krev1 interaction trapped genel, also known as CCM1) or Heg! (Heart of
glas1) mimic changes in gene expression to be induced by flow-mediated vasoprotection such as
upregulation of KLF4 and KLF2. Given the discovery of a small-molecule HKi3 a
pharmacological inhibitor of the HEG1-KRIT1 protein complex, we aimed to assess the potential
use of this small molecule as a potential vasoprotective strategy and as a new tool to identify the
downstream signaling pathways of the HEG1-KRIT1 protein complex.

Hence, the aims of the present work are:

1.- To evaluate the effects of HKi3 on acute changes in signaling downstream of the

HEGI1-KRIT]1 protein complex disruption.

2.-To evaluate the effects of HKi3 on endothelial mRNA KLF2 and KLF4 expression

levels.
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3.-To establish a human brain endothelial cell-line, \CMEC/D3, that contain a time-

controlled inactivation of KRITI or HEGI gene expression.
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2. Materials and Methods
2.1.  Growth surface preparation for endothelial cells
For HUVEC, the surface was coated with 1 % gelatin in Phosphate-buffered saline (PBS).
For hCMEC/D3 cells, the surface was coated with collagen type I (C8919, 0.1 % (w/v) in 0.1 M
acetic acid) stock diluted 1 in 20 in Hank’s balanced salts solution with calcium (142502, Sigma-
Aldrich) and incubated at 37 °C for 1 hour.
2.2. Cell media preparation
For HUVEC and hCMEC/D3 cells, 0.025% recombinant human EGF, 0.1% insulin-like
growth factor, 0.1% gentamycin, 0.04% ascorbic acid, 0.04% hydrocortisone, and 20% FBS
(Fetal Bovine Serum) were defrosted in 37 °C water bath then added to EGM™-2 Endothelial
Cell Growth Medium-2 (LONZA). For 293 cell media, FBS, Penicillin, streptomycin and non-
essential amino acids were added to DMEM media.
2.3. Cell culture
The cells frozen in 10% DMSO were defrosted in 37 °C water bath and then washed with
13 mL of 293 media and centrifuged at 5000 rpm for 5 minutes. The cells were resuspended in
EGM-2 media (Methods 2.2). After reaching confluence, cells were washed with HBSS without
calcium (142502, Sigma-aldrich) twice. Trypsin 0.05% (HUVEC, 293 cells) or 0.25 % (D3 cells)
were added and incubated for 3-5 minutes. Trypsinzed cells were washed with 293 media and
centrifuged at 5000 rpm for 5 minutes. The cell pellets were resuspended in EGM-2 media
(Method 2.2) and grown to confluence at 37 °C in 95% air and 5% CO..
2.4. RNA isolation
The cells were lysed with 1000 pl of Trizole (Thermofischer Sceintific) and stored in —

80 °C. The cell lysate in Trizol and glycoblue were defrosted on ice. The cell lysate was
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transferred to a yellow phase-separation tube (2302830; VWR) and 200 pl of isopropanol
(ICN19400290; Thermo Fischer Scientific) was added to cell lysate. The cell lysates were
centrifuged at 4 °C at 12000 g for 10 minutes. The clear top phase was transferred to the new
RNase free tube. The blue precipitate was left to dry until the precipitate became a gel-like state.
The blue precipitate was resuspended in 13 pl of RNase free water. The RNA sample was
quantified with NanoDrop1000 Spectrophotometer. Based on the concentration determined at
2.4.

2.5. RT-qPCR

For cDNA synthesis, 1pul of RNA (10ng/ul) was mixed with a master mix with 2 pl of
random primers at 10 uM. The mixture was placed in a thermal cycler at 25°C for 10 minutes
(C1000 Touch, Bio-Rad). The second master mix was added after 10 minutes and the reaction
was carried out for 1 hour at 50°C (48190011; 18080093; Thermo Fischer Scientific). Then the
reaction was placed at 70°C for 15 minutes. 10 pul of DNAse/RNAse free water was added to
cDNA. For RT-qPCR, 1 pl of cDNA was added to 2 pl of human primers: -actin, KLF2, KLF4,
CCM3/PDCD10, HEG1, eNOS. The samples were all run in duplicates. Kapa SybrFast gPCR
mix was added to primers and cDNA (Kapa Biosystems). RT-qPCR was carried out with a
thermal cycler21 (C1000 Touch, Bio-Rad). The cycle steps were listed: 95°C for 15 minutes, 40
cycles with 30 seconds at 95°C, 30 seconds at 55°C, and 30 seconds at 72°C. Based on the
quantification data, Threshold cycle values were calculated.
dCT = mean values of sample — mean value of Actin
ddCT = mean value of with tetracycline — mean value of without tetracycline
mRNA expression level =2 power — ddCT (fold-difference)

2.6. Western Blot
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The cells were first washed with cold HBSS with Calcium buffer (142502, Sigma-
aldrich) twice and lysed with 300 ul of cold RAPI buffer (4 mL RAPI buffer and 1 tablet of
protease inhibitor). The samples were frozen at -80 °C. The frozen sample were defrosted on a
rotator for 1 hour at 4 °C. A BCA assay was performed to quantify the cell lysate (500-0116,
Thermo Scientific). 2X Laemmli sample buffer were added to each lysate with 30 pg of protein
and heated at 90 °C for five minutes. The samples were loaded into 4% to 20% sodium dodecyl
sulfate-polyacrylamide gel (XP04200, Thermo Fischer Scientific) and 0.4 % SDS-PAGE gel
well. The voltage was 40 V for 1 hour. Nitrocellulose membrane (Amersham) and the gel were
stacked in a cassette and placed in a chamber filled with 4 °C transfer buffer. The transfer was
done at 4 °C for 16 hours at 30 V. The membrane was stained with ponceau solution for five
minutes, washed with PBS for three times and blocked at 10 % milk at PBS. The membrane was
placed in a wet chamber in suspension of 1:100 primary antibody dilution in 1xTris-buffered
saline (TBS) at 4 °C overnight. The membrane was washed with PBS three times. Then 1:1000
secondary antibody dilution in PBS was added to the membrane for 1 hour at room temperature
on a shaker. After secondary antibody, the membrane was washed with PBS three times.

Lysis solution: radioimmunoprecipitation assay (RIPA) buffer [25mM Tris/HCI pH 7.6,

1% NP-40, 150mM NaCl, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate

(SDS)], ImM sodium orthovanadate, protease inhibitor (11836170001, Roche)

Laemmli’s sample buffer (4x):, 40% glycerol, 8% SDS, 15mg/ml D,L-dithiothreitol,
p gly

0.01% bromophenol blue in 250mM Tris/HCI (pH 6.8)

Running buffer: 1M glycine, 125mM Trizma base and 0.01% (v/v) SDS in ddH2O.
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Transfer buffer: 50mM Trizma base, 40mM, 20% (v/v) methanol in ddH20

Blocking buffer: 0.1% tween-20, 10% fat-free dried milk dissolved in TBS at pH 7.4.

Washing buffer: 0.1% tween-20 dissolved in TBS at pH 7.4.

Molecular weight marker: Precision Plus Protein dual color standard (1610374, BioRad).

2.7. Immunohistochemistry

The cells placed on coverslip (Method 2.14) were washed with warm Hank’s balanced
salts solution with calcium (142502, Sigma-Aldrich) two times and fixed in 4% PFA for 10
minutes. The coverslips were blocked for 10 minutes and permeabilized for an hour (0.5% Triton
X-100, in PBS). The cells were washed three times in PBS shaking at room temperature. The
primary rabbit antibodies against VE-cadherin (1:300, Cell signaling) were incubated at room
temperature with overnight. The cells were washed three times in PBS and incubated with Goat
anti-rabbit secondary antibodies conjugated to Alexa Fluor 488 (1:300, Life Sciences) at room
temperature for 1 hour.

2.8. Tetracycline-inducible vector construct synthesis

The TRMPV (TRE-dsRed-miR30-against-PGK-Venus) vector was obtained from

Addgene and directed to specific genes following previous report (Zuber et al., 2019).
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Constitutive expression

rtTA3
» W+ fiE PGK - Venus - IRES - rtTA3

Induced by doxycycline

rtTA3
W TRE PGK — Venus - IRES - rtTA3

Figure 5. TRMPIVR vector construct. The top shows constitutive expression of vector when
tetracycline is not present. PGK promoter is active and transcribes Venus. The bottom shows the
vector when doxycycline is present. Doxycycline drives the TRE promoter expression and
transcribes dsSRED and downstream miR with shRNA insert.

2.9. Vector Insert preparation

shRNA oligomer sequences specific for CCM3(PDCD10), HEG1, CCM1(KRIT1) target
were designed and amplified via PCR. The amplified oligomers were confirmed with gel
electrophoresis and purified following the manufacturer’s protocol (Qiagen Endotoxin-free
Maxiprep). The oligomers were inoculated at 2-5 mL of LB broth with penicillin. The broth was
incubated for 12 hours at 37°C with shaking at 300 rpm. The starting culture was diluted in 100
mL of medium. The diluted culture was grown at 37°C for 16 hours with shaking at 300 rpm.
The cells were collected by centrifuging at 4 °C for 15 minutes at 6000 g. The pellet was
resuspended with 4 mL of buffer P1 with RNase A addition. The pellet was thoroughly
resuspended with vortex. Buffer P2 10 ml was added and inverted 4 to 6 times. The mixture was
incubated at room temperature for 5 minutes for the viscous lysate. 10 mL of Buffer P3 kept at 4
C was added and inverted 4 to 6 times and incubated on ice for 20 minutes and centrifuged at
4°C at 20,000 g for 30 minutes. The supernatant with DNA was separated and centrifuged again
at 20,000 g at 4 °C for 15 minutes. QTAGEN-tip 500 was equilibrated with 10 mL of QBT by

gravity. The supernatant was entered to equilibrated QIAGEN-tip 500. The tip was washed two
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times with 30 mL Buffer QC after the supernatant. The warm elution buffer was added and
collected in 15 mL tube with 10 ul of DNAse free water in 1mL DNase free tube (Qiagen
endotoxin-free MAXI PREP) and frozen in — 80 °C. Oligomers were inserted into miR30 in the

vector construct.
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Table 1. Oligomer sequences and target genes. The left row shows the name of each oligomer
and the middle row gives the target genes and the right row gives the sequence of each oligomer.
oligomer Target gene Oligomer sequence

GTAATGAGCTAGAACGAGTAAA
TTTACTCGTTCTAGCTCATTAA

TRCN0000247096 ‘SUTR | CCM3/PDCD10

TCAGGATGTTGAATGGGATTAT
ATAATCCCATTCAACATCCTGG

TRCN0000144228 ‘3UTR | CCM3/PDCDI10

CCGTAAGTGCCAACCGACTAAT
ATTAGTCGGTTGGCACTTACGA

TRCNO0000140317_CDS CCM3/PDCD10

AGATCTCAGAGGCGGATCTTTA
TAAAGATCCGCCTCTGAGATCC

TRCN0000253692 HEGI1

CACCTTCGTGACAGAGTTTAAA
TTTAAACTCTGTCACGAAGGTT

TRCNO0000253693 HEGI1

ATTCCGTATGGAGTGGATTAAG
CTTAATCCACTCCATACGGAAG

SIGMA_TRCN0000253690 | HEG1

CCGGGTAGATAAAGTGGTAATA

TRCN0000072879 KRITI TATTACCACTTTATCTACCCGA
TCCAGTICTCAATTCTCGGGAAT
TRCN0000072880 KRITI ATTCCCGAGAATTGAGACTGGC
TRCN0000105937 KRIT1 TCCTGTGTATGTAGGAGTGAAT
ATTCACTCCTACATACACAGGG
SIGMA_
KRIT1 CGCCTTGGATAAGTGGTTAGAT
TRCN0000291592 ATCTAACCACTTATCCAAGGCT

2.10. Viral delivery of CCM3 microRNA to hCMEC/D3 endothelial cells

hCMEC/D3 cells were prepared on collage-coat 6 well plate and infected with miRNA-
TRCN0000247096 ‘SUTR , TRCN0000144228 3UTR , TRCN0000140317_CDS (Table 1),
control with random miRNA produced at 2.3 and 2.4. To activate promoter for dSRED of the

construct, tetracycline was added to the cells for 7 days.
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2.11. Flow Cytometry to select RNAi positive cells with RFP

The cells were trypsinized and washed (Method 2.2). The pellet was resuspended in
0.2 % BSA in PBS solution. The resuspension was filtered with 10-micron cell strainer. DsRed
and Venus double positive D3 miR CCM3 were selected with BD FACSAria II SORP (High
speed, 13-color, 4-laser cell Sorter) by Dennis Young (UCSD Moore Cancer center). The
selected population were resuspended in 500 pl of fetal bovine serum with 1:100 anti-mycotic
(CORE).

2.12. dsRed positive cell co-culture with HUVEC

The dsRed positive cells in serum were added to pre-seeded HUVEC population with
anti-mycotic in 1 in 100 with HUVEC media (Method 2.2). After 24 hours, the fresh media with
anti-mycotic was added (Method 2.2). After 72 hours, 0.5 pg/mL puromycin was added to
induce drug efflux pump in D3 cells. After 96 hours, 1.0 pg/mL puromycin was added. The
media was changed every 24 hours after adding puromycin. After 240 hours, the cells were taken
off from puromycin treatment and doxycycline was added to activate the dsSRED construct. The
purified population using puromycin was re-selected using BD FACSAria I SORP (Method
2.12).

2.13. Coverslip placement and morphology characterization of RNAI cell line.

Sterile autoclaved coverslips were placed in 24 well plate. The resuspended cells
(Method 2.3) were placed on the coverslips. As 2.8, the cells were fixed and immunostained.

2.14. HKi3 preparation and treatment of Wild type D3 cells

KRIT1 FERM domain-Rap 1b complex were purified and crystallized at room

temperature with the reservoir solution (20-25% PEG 3,350, 100 mM Tris, pH 8.5, 100 mM
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KCI) for a week. KRIT1-FERM domain-Rap 1b complex was diluted in DMSO to 10 mM
(HKi3). HKi3 solution was diluted to 50 uM in D3 media. The cells were treated with 50 uM of
HKi3, 50 uM of DMSO, PI3K inhibitor and VEGF. The cells were treated when they were 90 %
confluent. The treatment was for 30 minutes. Then, the cells were lysed in 300 pl of cold lysis
buffer (4 mL lysis buffer and 1 tablet of protease inhibitor and 1 tablet of phosphatase inhibitor)
and stored in — 80 °C. For western blot, the 2.7. was repeated. Instead of 10 % milk in PBS, the
membrane was blocked with 10 % BSA in PBS.

2.15. Immunoprecipitation.

Lysis buffer (20 mMTris, 150 mM NaCl, pH 7.4 containing 0.01% NP-40, and ImM
EDTA) was used to wash SPHERO Neutravidin Polystyrene Particles (Spherotech). The beads
mixed with lysis buffer was incubated with reaction buffer at room temperature for 30 minutes
(20 mM
Tris, 150 mM NaCl, pH 7.4 0.01% NP-40, ImM EDTA, ImM DTT, and 0.1% BSA). The beads
were centrifuged and washed three times with cold reaction buffer. The samples were left on a
rotator at 4 °C for 1 hour. The defrosted samples were centrifuged at max speed for 15 minutes.
30 ul of beads were added to the tube and washed three times with 300 pl of lysis buffer by
spinning at 4000 g for 2 minutes at 4 C. The beads were incubated with 4 pg of p-PI3K antibody
at 4 C on the rotator (mouse monoclonal p85 Millipore 05-212). The same process was repeated
for PI3K and p-AKT and AKT antibody. The cell lysate was added to beads and incubated at 4 C
on rotator for 1 hour. The samples were centrifuged at 4000 g for 2 minutes at 4 C and the
supernatant was collected. They were washed 3 times with 300 pl of lysis buffer and inhibitors
(25 mM Tris, pH 7.5, 200 mM NacCl, 1% Triton X-100, 0.5% Sodium

Inhibitor) and aspirated to 100 pl.
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2.17 Western Blot of phosphorylated proteins.
The cells treated with HKi 003 at 2.15 were lysed with lysis buffer (25 mM Tris, pH 7.5, 200
mM NacCl, 1% Triton X-100, 0.5% Sodium Deoxycholate, 2.5X protease inhibitor, 2.5x
PhosSTOP). The proteins collected from 2.16 and the supernatant from 2.16 were analyzed with
Western Blot as 2. 7. The membrane was stained twice with phospho-antibodies and non-
phospho antibodies. Antibodies used were listed: phospho-Akt-Ser473 (clone: 193H12; rabbit
mADb; #4058; 1:250; Cell Signaling), Akt (clone: 40D4; mouse mAb; #2920; 1:500; Cell
Signaling), phospho-PI3 Kinase p85 Tyr458 (rabbit polyclonal; #4228; 1:500; Cell Signaling).
Antibody to PI3 Kinase, p85 (clone AB6; mouse mAb; #05-212; 1:250; EMD Millipore).
Immunoprecipitated phosphoproteins was normalized to the total proteins for band intensity
analysis. The activity of PI3K was measured as ration between the levels of total PI3K and levels
of phospho-PI3KTyr***. The activity of AKT was measured similarly by comparing with

phosphor-AktSer*”
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3. Results
3.1. Disruption of the HEG1-KRIT]1 interaction by HKi3 triggers elevation of PI3K/AKT
signaling in endothelial cells.

To investigate the effects of acute inhibition of the endothelial HEG1-KRIT1 interaction,
we used the human cerebral microvascular endothelial cell-line, \CMEC/D3. Loss of endothelial
Kritl or Hegl increases the expression of KLF2 and KLF4 transcription factors (Nowak et al.,
2010 & Lopez-Ramirez et al., 2017 & Bharadwaj et al., 2010 & Cuttano et al., 2015 & Zhou et
al., 2016). Therefore, we first assessed the level of the phosphoinositide 3-kinase (PI3K)/Akt
signaling pathway previously implicated in the regulation of endothelial KLFs expression (Sako
et al., 2008 & Huddleson et al., 2005 & Nayak et al., 2011). To this end, we first performed
immunoprecipitation of PI3K using mouse monoclonal antibodies (methods 2.15), and activity
was measure as the ratio between the levels of total PI3K and levels of phospho-PI3K-Tyr*8
(methods 2.17). Total protein lysate obtained from hCMEC/D3 cells treated either with 50 uM
small molecule HKi3 or vehicle for 1 h were analyzed. We observed that treatment with HKi3
induced a 2-fold increase in PI3K activity (Figure 6a). Furthermore, when hCMEC/D3 cells were
treated with HKi3 we also observed a 2.2-fold increase in Akt activation, as assessed by Western
blot analysis of phosphor-Akt-S*73 (Figure 6b). These results suggest that disruption of the
endothelial HEG1-KRIT1 protein complex using HKi3 increased PI3K activity that triggers

AKT activation.
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Figure 6. HKi3 treatment increases PI3K/AKT signaling pathway in hCMEC/D3 cell-line.
hCMEC/D3 treated with Hki3 or DMSO. A) shows comparison of both phosphorylated PI3K
and overall PI3K protein levels. B) shows comparison of both phosphorylated AKT and overall
AKT protein level. Two-tailed t-test was performed. *** indicates that p < 0.001. The graph
represents the protein level relative to the vehicle control.

3.2. HKi3 increases KLF2 and KLF4 mRNA levels in hCMEC/D3 cells

As mentioned in 3.1, genetic inactivation or knockdown of endothelial HEG1 or KRIT1
leads to the upregulation of KLF2 and KLF4 mRNA levels. However, it is unknown if the
pharmacological inhibition of HEG1-KRIT1 protein interaction is sufficient to regulate the
expression of KLF2 and KLF4 in endothelial cells. In order to evaluate the effect of HKi3 on
KLF2 and KLF4 expression in hCMEC/D3 cells, we performed RT-qPCR analysis of KLF2 and
KLF4 mRNA expression levels using total RNA (methods 2.5). We observed that KLF4 mRNA
levels were slightly reduced following treatment with 10 uM HKi3 for 12h. However, increasing
the concentration of HKi3 increases KLF4 mRNA levels further when compared to control-
treated cells (Figure 7a). Upregulation of KLF4 mRNA levels at 50 uM was found to be ~6.5
fold increase while using 25 uM was observed to be ~2.5 fold-increase (Figure 7a). Similar
results were observed when determining the mRNA expression levels of KLF2 with the

exception that lower concentrations of HKi3 did not affect KLF2 mRNA levels (Figure 7b). The
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upregulation of KLF2 mRNA levels at 50 uM, was ~2.5 fold increase. At 25 uM, it showed only
~1.5 fold increase (Figure 7b). These results indicate that HKi3 induces changes in mRNA
expression levels in transcription factors KLF4 and KLF2 in a dose-dependent manner, and with

the maximal effect being observed using 50 uM of Hki3.
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Figure 7. Dosage dependent KLF2/KLLF4 mRNA increase with Hki3 treatment in
hCMEC/D3. In A) B) cells were treated with Hki3 and DMSO with varying concentrations.
KLF2/4 mRNA increased with higher Hki3 concentrations. Relative mRNA levels of
experiments were shown as bars. 2-tailed t test was performed on the data. * represent p < 0.05.
** represents p < 0.01. *** represents p < 0.001.

From the data in Figure 3, we observed that a minimum 50 uM of HKi3 is effective in the
upregulation of KLF2 and KLF4 in endothelial cells. To determine the effective treatment time
for KLF2 and KLF4, we performed RT-qPCR analysis of KLF2 and KLF4 mRNA of expression

levels using total RNA (methods 2.5). hCMEC/D3 cells were treated with 50 uM of HKi3 for 4

hs, 8 h, and 24 h (Fig 8a).
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We observed that KLF4 mRNA levels were increased following treatment with 4 hours
of HKi3 to ~4 fold. Increasing the treatment time of HKi3 increases KLF4 mRNA levels further
when compared to control-treated cells (Figure 8a). The upregulation of KLF4 mRNA levels at 8
hours was observed to be ~2.5 fold increase, and an increase for 24 hours was observed to be ~6
fold-increase (Figure 8a). Similar results were observed when determining the mRNA expression
levels of KLF2 (Figure 8b). Increasing the treatment time of HKi3 also increases KLF2 mRNA
compared to the controls. The upregulation of KLF2 mRNA levels at 4 hours and 8 hours was
similar to be ~1.5 and ~1.7 fold-increase (Figure 8b). Upregulation of KLF2 mRNA levels at 24
hours was observed to be ~2 fold increase. These results indicate that HKi3 induces changes in
mRNA expression levels in transcription factors KLF4 and KLF2 in a time-dependent manner,

and with the maximal effect being observed with 24 h of HKi3.
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Figure 8. Time dependent KLF2/KLF4 mRNA increase with Hki3 treatment in
hCMEC/D3.

E) shows KLF4 mRNA level changes with increasing time of Hki3 treatment. F) shows KLF2
mRNA level increase with increasing time of drug treatment. Relative mRNA levels of
experiments were shown as bars. 2-tailed t test was performed on the data. * represent p < 0.05.
** represents p < 0.01. *** represents p < 0.001.

3.3. HKi3 increases KLF2 and KLF4 mRNA levels in HUVEC.
In an attempt to study the broad effect of HKi3 on endothelial cells, we repeated

experiments using primary human umbilical vein endothelial cells (HUVECs). We observed that
similar to hCMEC/D3 cells (microvascular cells), HUVEC-treated (large vein endothelial cells)
with HKi3 for 24 hours showed upregulation of both KLF2 and KLF4 mRNA levels (Figure 9a,
7b).

To evaluate the effect of HKi3 on KLF2, and KLF4 expression in HUVEC cells, RT-
gPCR analysis of KLF2 and KLF4 mRNA expression levels were performed using total RNA
(methods 2.5). Similar patterns were observed in KLF4 mRNA level in both hCMEC/D3 cells

and HUVEC in a dose-dependent manner. We observed that KLF4 mRNA levels were slightly
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increased with treatment with 25 uM HKi3 for 24 hours to ~1.5 fold. Increasing the
concentration of HKi3 increases KLF4 mRNA levels further when compared to control-treated
cells (Figure 9a). The upregulation of KLF4 mRNA levels at 50 uM was observed to be ~6 fold
increase while using 75 uM was observed to be ~8 fold-increase (Figure 9a). Similar results
were observed when determining the mRNA expression levels of KLF2 except that 25 uM of
HKi3 did not affect KLF2 mRNA levels (Figure 9b). Upregulation of KLF2 mRNA levels at 50
uM, was ~6 fold increase and at 75 uM, was ~8 fold. At 25 uM, KLF2 mRNA level did not
change compared to the control (Figure 9b). These results indicate that HKi3 induces changes in
HUVEC mRNA expression levels in transcription factors KLF4 and KLF2 in a dose-dependent

manner, and with the maximal effect being observed using 75 uM of HKi3.
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Figure 9. Dosage dependent KLF2/4 mRNA increases in HUVEC cells with HKi3
treatment.

A) shows KLF4 mRNA level change with increasing concentrations of HKi3. B) shows KLF2
mRNA level change with same concentrations of HKi3 as A). For 24 hours, HUVECs were
incubated with doses indicated. Two tailed t-test was performed. * indicates p < 0.05. **
indicates p < 0.01. *** indicates p < 0.001. Bars show relative mRNA level compared to control.
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3.5. Retrovirus transduction of tetracycline-regulated RNAi against PDCD10 mRNA in
hCMEC/D3 cell line

Loss of function of HEG1 or KRIT1 or PDCD10 (CCM genes) has been studied using
RNA interference (RNA1) such as small interfering RNAs (siRNAs) and short hairpin RNAs
(shRNA) directed against HEGI or KRIT1 or PDCD10 mRNA, respectively, in different
vascular beds (hCMEC/D3 cells, HUVEC, bovine aortic endothelial cells, pulmonary artery
endothelial cells among others) (DiStefano et al., 2014 & Lopez-Ramirez et al., 2019 &
Chernaya et al., 2018). However, using these approaches are limited to short experimental
duration (e.g., 3 to 4 days using siRNA) and the efficiency of transduction (e.g., transduction
efficiency in hCMEC/D3 cells is 60%). Therefore, we adopted an inducible shRNA expression
system (to knockdown CCM genes) that allow us to identify retroviral transduced cells and
shRNA induction through the expression of two fluorescent reporters as previously reported
(Zuber et al., 2019) (methods 2.8). This approach uses an inducible tetracycline-responsive
element (TRE) promoter that control expression of a dsRed fluorescent protein and a microRNA-
embedded shRNA directed against PDCD10 (or other CCM genes) and a second promoter the
phosphoglycerate kinase (PGK) that control the constitutive expression of the yellow-green
fluorescent protein Venus (Zuber et al., 2019) that we denominated TRMPV-PDCD10 (TRE-
dsRed-miR30-against-PDCD10-PGK-Venus). Using this RNAi system, we generated stable
hCMEC/D3 cells lines each expressing one of three different TRMPV-PDCD1() constructs
(methods 2.10). We observed that \(CMEC/D3 cells transduced with retroviral particles of
TRMPV-PDCDI0 in the presence of 2 ug/mL doxycycline for 7 days produce four populations
of cell when analyzed by flow cytometry (Figure 10). We observed a large number of cells that

were not transduced (~90% of the cells) and a small population of cell positive only to dsRed”
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(~0.2 % of cells) or only positive to Venus® (0.5% of cells, lack of shRNA induction) (Figure
10). We also observed a small population of cells positive to both dsRed” and Venus™ (0.7 % of
cells, relevant shRNA-expressing cell) (Figure 10). Using fluorescence-activated cell sorting
(FACS) we sorted dsRed"Venus®* hCMEC/D3 and co-cultured them with HUVEC feeder cells to
increase viability following FACS isolation. After one week in co-culture, hCMEC/D3 cells
were selected by using 1.0 pg/mL puromycin.

Transduced hCMEC/D3 cells from the first sorting were subject to a second sorting were
the population of dsRed"Venus™ hCMEC/D3 increased to ~16.5% (Figure 11). dsRed"Venus®
hCMEC/D3 cells from the second sorting were subject to co-cultured with HUVEC feeder cells
and the processes repeated until we obtained ~ 60% dsRed"Venus® hCMEC/D3 cells (data not
shown) which are shRNA-expressing cell. These results show the feasibility to produce a human

brain endothelial cell-line with stable expression of a tetracycline-regulated RNAi-directed

against CCM genes.
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Figure 10. First sorting of TRMPV-PDCD10-hCMEC/D3.

hCMEC/D3 cells infected with miR was sorted via flow cytometry. Left graph shows the overall
distribution of population by colors. The table on the right shows percentage distribution of each
population. dSRED and VENUS double positive was represented as Red Sort population. dSSRED
and VENUS double positive population was 0.7 % total of 100,000 cells.
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Figure 11. Second sorting of TRMPV-PDCD10-hCMEC/D3
hCMEC/D3 dsRED positive from Figure 12 was resorted via flow cytometry. The graph on the
left shows the overall distribution of population by colors. The table on the right shows the
percentage distribution of each population. dsSRED and VENUS positive population was 16.5 %
of total 100,000 cells.
3.7. Time-controlled knockdown of PDCD10 in hCMEC/D3 cells

We next investigated the phenotype and gene expression of hCMEC/D3 cells with stable
expression of TRMPV-PDCDI0. Since PDCD10 is known to regulate endothelial junctional
integrity (Stamatovic et al., 2015), we examine the organization of intercellular junctions
following the time-controlled knockdown of PDCD10 in TRMPV-PDCD10-hCMEC/D3 stable
cells. We observed that TRMPV-PDCD10-hCMEC/D3 stable cells non-treated with doxycycline
do not express dsRed protein and, therefore, lack of shRNA induction (Figure 12). In contrast,
we observed that TRMPV-PDCD10-hCMEC/D3 doxycycline-treated cells showed robust
expression of dsRed protein and therefore are sShARNA-expressing cells (Figure 12). We next
assessed junctional integrity by immunocytochemistry using antibodies against VE-cadherin.

VE-cadherin staining in TRMPV-PDCD10-hCMEC/D3 vehicle-treated cells form a continuous

peripheral belt at the cell-cell junctions (Figure 12). In contrast, TRMPV-PDCD10-hCMEC/D3
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doxycycline-treated cells show marked disruption of VE-cadherin staining in the junctional belt
(Fig 12). These results show that loss of PDCD10 in EC by time-controlled expression of

ShRNA against PDCDI0 mRNA leads to changes in the continuity of junctional protein VE-

cadherin.
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Figure 12. Morphology characteristics of TRMPV-PDCD10-hCMEC/D3. The left two
columns are CCM3-miR-B1 with doxycycline. The right column is CCM3-miR-B1 without
doxycycline. VE-cadherin at top was stained with green. dSRED and DAPI (blue) staining were
overlapped in CCM3-miR-B1 with doxycycline. There was no dsRED observed in CCM3-miR-

B1 without doxycycline.



3.8. CCM3-miRNA-B1 upregulated vasoprotective molecules: KLF2, KI.LF4, eNOS

We used RT-qPCR to validate that TRMPV-PDCD10-hCMEC/D3 decreased the expression
of PDCD10 and increased expression of PDCD10 (KLF2, KLF4, eNOS) (Method 2.5).
Transduced hCMEC/D3 cells that were sorted twice through FAC (Fig 11) were used. We
previously reported that KLF2, KLF4, and eNOS increased after the loss of PDCD10 (Soliman,
2019). We observed that TRMPV-PDCD10-hCMEC/D3 increases KLF2, KLF4, and eNOS
mRNA level but decreases the Pdcd10 mRNA level (Fig 13). This shows that PDCD10
knockdown was effective in TRMPV-PDCD10-hCMEC/D3 because PDCD10 inactivation led to

an increase in KLF2, KLF4, eNOS, consistent with previous result (Soliman, 2019).
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Figure 13. RT-qPCR results of TRMPV-PDCD10-hCMEC/D3. The gene levels in CCM3-
miR-B1 cell lines sorted through flow cytometry were analyzed. CCM3 level dropped about
50 %. KLF2, KLF4 and eNOS showed increase in mRNA level.

The part of Chapter 3 and 4 of this thesis is currently submitted for publication.
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4. Discussion

Loss of HEG1 or KRIT1 in endothelial cells leads to upregulation in KLF2 and KLF4
expression. However, it is still unclear if inhibition of HEG1-KRIT1 protein complex could also
lead to similar effects in endothelial cells. In this research, I study the effects of HKi3, an small
molecule, that disrupt HEG1-KRIT1 interaction to investigate downstream effects in endothelial
cells.

We found that pharmacological inhibition of the HEG1-KRIT1 protein interaction can be
used to study the signaling events regulated by this protein complex. Indeed, acute inhibition of
the endothelial HEG1-KRIT1 interaction with HKi3 rapidly increases PI3K/Akt activity.
Previous studies have shown that mechanotransduction via fluid shear stress mediates PI3K/Akt
activation. PI3K/AKT signaling contributes to vasodilation through an increase in eNOS gene
expression and activity (Huddleson et al., 2005 & Lee, 2014). Moreover, a recent study in
zebrafish suggested that hegl and kritl expression confer cardiovascular development accuracy
by fine-tuning endothelial cell response to blood flow (Donat et al., 2018). However, further
research will be needed to investigate whether HEG1-KRIT1 protein complex is interconnected
to mechanosensing proteins that regulate PI3K/Akt activation. In this context, Previous studies
have shown that fluid shear stress increases tension on PECAMI1 and subsequent activation of
Src family kinases-induced ligand-independent VEGFR2/3 activation that, in turn, activates
PI3K that precedes AKT phosphorylation (Coon et al., 2015 & Jin et al., 2005 & Baeyens et al.,
2016). In addition, Rap1 protein has been proposed to be activated by laminar shear stress to
promote the endothelial mechanosensing protein complex by increasing the association between
PECAM1-VEGFR2-VE-cadherin and subsequent PI3K/Akt signaling (Lakshmikanthan et al.,

2015). Importantly, Rap1 activity regulates the junctional localization of KRIT1 (Glading &
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Ginsberg, 2010), and previous crystal structure analysis revealed that HEG1-KRIT1- Rapl can
form a ternary complex (Gingras et al., 2013). Therefore, future research should be focused on
investigated whether HEG1-KRIT1 protein complex regulates PI3K/Akt signaling by interaction
with mechanosensing proteins or by direct regulation in PI3K activity.

Our results demonstrate that pharmacological inhibition of the endothelial HEG1-KRIT1
interaction is sufficient to increase KLF4 and KLF2 expression in a dose- and time-dependent
manner in endothelial cells. It is well documented that genetic inactivation or knockdown of
endothelial HEG1 or KRIT1 results in the upregulation of KLF4 and KLF2, which are genes
normally induced by laminar blood flow (Cuttano et al., 2015 & Bharadwaj et al., 2010
& Zhou et al., 2016 & Lopez-Ramirez et al., 2017 & Nowak et al., 2010 & Chistiakov et al.,
2016 & Gore et al., 2012). Importantly, the gain of endothelial MEKK3 activity has been
associated with the upregulation of KLF4 and KLF2 in the CCM disease (Cuttano et al., 2015 &
Bharadwaj et al., 2010 & Zhou et al., 2016 ). MEKK3 interacts with the CCM protein complex
by binding directly to CCM2 (17, 46), and loss of CCM proteins results in an increase in MEKS5-
ERKS5-MEF2 mechanotransduction pathway (Cuttano et al., 2015 & Bharadwaj et al., 2010 &
Chistiakov et al., 2016 & Zhou et al., 2016 & Gore et al., 2012 & Cullere et al., 2015) that has
also been shown to contribute to the responsiveness of endothelial cells to laminar blood flow
(Donat et al., 2018). Therefore, this study suggests that part of the effect of laminar shear stress
can be mimic by small molecules such as HKi3 that disrupt the HEG1-KRIT1 interaction. Future
studies should be designed to investigate whether the increase in KLF2 and KLF4 expression is
directly regulated by PI3K/Akt signaling or by MEKK3 activity following acute inhibition of the

endothelial HEG1-KRIT1 protein complex.
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In this work, TRMPV-Pdcd10 cell line was developed as an approach to time-controlled
gene expression of PDCD10/CCM3 in human endothelial cells. Initially, these experiments were
designed to validate the specificity of HKi3 on human endothelial. These experiments consisted
of evaluating the effects of HKi3 on KLF2/KLF4 expression and PI3K/Akt signaling following
knockdown of genes part of the HEG1-KRIT1 protein complex. However, due to the timing, we
were only able to characterize PDCD 10 knockdown in hCMEC/D3 cells. In the future, we will
use the same strategy to time-controlled the HEG1 and KRIT1 gene expression using siRNA
technology in hCMEC/D3 cells. Our results show that inhibition of Pdcd10 in TRMPV-Pdcd10
cells led to the disruption of endothelial cell-to-cell contacts and an increase in KLF2 and KLF4
gene expression. These results are consistent with previous work by time-controlled genetic
inactivation of Pdcd10 in brain microvascular endothelial cells (Chernaya et al., 2018& Lopez-
ramirez et al., 2019). Therefore, this study suggests that the HEG1-KRIT1 protein complex may
be interconnected to mechanosensing proteins (e.g, PECAM1, VE-cadherin, and VEGFR2/3)
that respond to flow-induced mechanotransduction (Coon et al., 2015 & DiStefano et al., 2014).
Thus, novel HKi will provide new tools for analysis of the signaling events that follow the

disruption of HEG1-KRIT1 interaction with previously inaccessible temporal precision.

The part of Chapter 3 and 4 of this thesis is currently submitted for publication.
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