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Abstract

Rationale and Hypothesis: Cardiovascular disease is the top cause of death worldwide.
Atherosclerosis is a chronic cardiovascular disease, caused by the accumulation of lipids in
large and medium arteries. Plaques develop preferentially at arterial branches and bends. This
asymmetric distribution of plaque is controlled by shear stress, a force exerted throughout the
vascular beds, at different magnitudes, by flowing blood. High-magnitude uniform shear stress
promotes vascular integrity and is thus atheroprotective. Protective high shear stress (HSS)
promotes a number of well-known cytoprotective genes, including endothelial nitric oxide
synthase (eNOS), prostacyclin synthase (PTGIS) and kruppel-like factors 2 (KLF2) while
suppressing inflammation. On the contrary low shear stress (LSS) promotes the development
of inflammation and plaque growth. Our laboratory has recently revealed that ankyrin repeats
and single KH domain 1 (ANKHDI), which is highly expressed in endothelial cells, is an
RNA-binding protein. Yet the role of ANKHDI in controlling vascular function remains

largely unknown. [ hypothesize that ANKHD1 may have a major vascular role, via controlling

a number of cytoprotective molecules.

Methodology: To identify ANKHD1 functions, loss-of-function of ANKHD1 was performed
using ANKHD I-specific siRNA via lipotransfection in HSS-stimulated human coronary artery
endothelial cells (HCAECs) followed by RNA-sequencing. The effect of different shear stress
conditions on ANKHD1 expression was examined both in vivo, in the mouse aortic arch, and
in vitro in primary human endothelial cells. Primary human umbilical vein endothelial cells
(HUVECs) and HCAECs were exposed to either protective (~13 dyne/cm?) or athero-
promoting (~4 dyne/cm?) shear stress using an orbital shaker for 72 hours. ANKHDI levels
were quantified by RT-qPCR, immunoblotting and immunofluorescence staining. The
molecular mechanism of ANKHDI in regulating the cytoprotective molecules was studied

using RNA immunoprecipitation (RIP) assays. Effects on message stability were examined by



RNA stability assay and by in vitro synthesis of biotinylated RNA followed by RNA pulldown.
To examine the potential role of ANKHDI1 in the control of vascular integrity in vivo,
ANKHD1-deficient and wild-type aortas were subjected to macroscopic and microscopic (en-
face staining) inspection to study size and vessel morphology and any alteration in the
expression of cytoprotective genes. To examine the potential systemic factors influencing
atherosclerosis development in Ankhdl mouse models, blood glucose and cholesterol levels,
blood pressure, heart rate and body weight were measured. The influence of ANKHDI on
atherosclerosis was assessed in PSCK9 mice with Ankhd1"*, Ankhdl*", or Ankhdl”".

Findings: RNA-sequencing of human endothelial cells coupled with gene ontology analysis
showed that lowering the expression of ANKHD 1 changes the expression of a number of genes
that are involved in shear stress responses and atherosclerosis. With a series of in vivo and in
vitro experiments, I demonstrated that ANKHD1 is under the control of atheroprotective shear
stress, assessed by increased levels of ANKHDI1 mRNA in HCAECs and HUVECs (HCAECs
p=0.0475, N=5; HUVECs: p= 0.0043, N=4) and ANKHD1 protein in HCAECs (p= 0.0137,
N=5) stimulated with shear stress by the orbital shaker. In mouse aortas, ANKHD1 protein
was increased in areas of the mouse aorta exposed to HSS (p= 0.0266, N= 6). To further
delineate the function of ANKHDI, I focused on three atheroprotective molecules that are
regulated by shear stress, namely eNOS, PTGIS and KLF2. ANKHD1 silencing in HSS-induced
HCAECs (N= 6) led to a significant reduction in eNOS mRNA (ANKHD 1siRNA-1: adjusted
p= 0.0247; ANKHDIsiRNA-2: adjusted p= 0.0209), PTGIS mRNA (ANKHDIsiRNA-1:
adjusted p= 0.0227; ANKHDIsiRNA-2: adjusted p= 0.0271) and KLF2 mRNA
(ANKHDIsiRNA-1: adjusted p= 0.0133; ANKHDIsiRNA-2: adjusted p= 0.0130).
Mechanistically, ANKHDI1 binds to eNOS, PTGIS and KLF2 mRNAs. It enhances eNOS
mRNA stability and binds directly to the 3’UTR of eNOS, near a region of natural instability,

known as the AU-rich Element (AUR). Comparison of AnkhdI"* and Ankhdl”- mice revealed



that ANKHDI positively regulated eNOS (N= 8-11, p= 0.0425) and PTGIS (N= 6-13, p=
0.0045) as well as vessel diameter (0.8343 mm in AnkhdI”~ vs 0.9318 mm in Ankhdl** (20-
weeks of age). Ankhdl genetic deletion does not affect glucose levels, cholesterol levels, body
weight or heart rate. However, Ankhdl”- mice exhibited increased inflammation as observed
by expression of E-selectin (CD62E), increased thrombosis and accelerated atherosclerosis.
Conclusions: This study has discovered ANKHD1 as a novel cytoprotective molecule that
maintains vascular health and attenuates atherogenesis by controlling critical processes in

inflammation, vasorelaxation and thrombosis.
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Chapter 1: Introduction: Endothelial-dependent vasoprotection

Endothelial cells occupy the innermost blood vessel layer facing the flowing blood.
Throughout the vasculature, endothelial cells do not always show homogenous behaviour.
Endothelial phenotype can be affected by its location within the arterial pattern (straight vessels
versus bends and branches). The arterial pattern has a large impact on determining the
haemodynamic force of the blood flow, which is exerted on endothelial cells (Friedman et al.,
1983; Suo et al., 2007). Endothelial cells lining straight vessels are exposed to unidirectional
and protective blood flow with high shear stress (HSS), also called laminar shear stress. Cells
residing in arterial curvatures and branches experience disturbed blood flow and low shear

stress (LSS) (Suo et al., 2007; Winter et al., 2019).

1.1. Shear stress is a localised modifier of atherosclerosis progression via regulating
endothelial cell functions

Atherosclerosis is a multifactorial cardiovascular disease, a known cause of myocardial
and cerebral infarction and a leading cause of mortality worldwide (WHO, 2019). Its
development has been linked with (i) systemic factors, which are hypercholesterolemia,
diabetes mellitus and hypertension (ArmstrongWarner and Connor, 1970; Sowers et al., 1993).
(i1) localised factors, which are arterial geometry, shear stress, mass transport and focal
endothelial injury (CaroFitz-Gerald and Schroter, 1969; Moore, 1979; Friedman et al., 1983;
Tarbell, 2003; Suo et al., 2007) and (iii) other factors, which include the effects of aging,
genetic causes and lifestyle choices, poor diet, lack of exercise, obesity and smoking (Howard
et al., 1998; McGill et al., 2002; Mahe et al., 2011; Khera et al., 2016). Looking at the localised
factors, atherosclerosis initially develops as a progressive inflammatory process in the sub-
endothelium of arterial branch points and bends, eventually leading to established plaque

development that can result in plaque rupture and subsequent thrombosis causing myocardial
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infarction and stroke (Figure 1.1). A mechanism as to why wall shear stress affects plaque
development is that these different conditions (i.e., HSS and LSS) directly affect the function
of the endothelium layer via controlling the release of either vasoprotective molecules, such as
nitric oxide (NO) (CaroFitz-Gerald and Schroter, 1969; Pedersen et al., 1999; Virmani et al.,
2000; Dekker et al., 2005; Parmar et al., 2006; Suo et al., 2007) or disease-causing molecules

such as E-selectin/CD62E (Collins et al., 2000; Bertani et al., 2021).
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Figure 1.1. Atherosclerotic plaque progression and classification according to American

Heart Association (AHA). Atherosclerosis develops as chronic inflammatory lesions. They

pass through several progressive stages of inflammatory cell accumulation, macromolecule

infiltration (e.g., LDL), foam cell formation (lipid-laden macrophages), necrotic core

(apoptotic debris) and fibrous cap generation, stenosis and finally plaque rupture and

thrombosis. Abbreviations: Macrophage (MQ); Smooth muscle cells (SMCs).
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Shear stress is the tangential force applied by the flowing blood on the inner layers of
vascular beds, which are lined by endothelial cells, multi-functional cells with specialised roles
within the vasculature. In 1969, Caro et al. observed the link between the shear stress
magnitude and plaque distribution throughout the arterial tree, and as such, he is considered
one of the fathers of the field. Low arterial wall shear stress is associated with early and
accelerated atherosclerotic plaque development. In contrast, high arterial wall shear stress is
associated with atheroprotection.

In straight blood vessels, the shear stress magnitude is estimated by this Poiseuille's equation:

4% [u (blood viscosity) x Q (blood flow)]
1 (circle circumference to inner diameter) X r3(radius of the circle)

7 (Shear stress level) =

This equation highlights the importance of the blood viscosity (p), which can be
determined by the composition of blood (e.g., red blood cell numbers), blood flow rate (Q),
which is dependent on the vessel architecture, as well as the vessel diameter, together
determining the force experienced by endothelial cells. Altering any of these parameters will
result in altered shear stress (t) with possibly adverse or positive consequences in cell
physiology (MalekAlper and Izumo, 1999).

Studies using hyperlipidaemic mouse models, such as ApoE”~ and PCSK9 mice,
enhanced our knowledge of atherosclerotic plaque development. Apolipoprotein E (ApoE) is
a lipoprotein receptor ligand that enhances lipoprotein clearance. Therefore, deletion of the
ApoE gene (ApoE”") coupled with a high-fat diet also leads to hypercholesterolemia and plaque
development (Zhang et al., 1992). Proprotein convertase subtilisin/kexin type 9 (PCSK9) is a
ubiquitously expressed protein that binds and enhances lysosomal degradation of low-density
lipoprotein receptor (LDLR). The LDLR is responsible for lipid clearance, including

cholesterol. Lower LDLR levels lead to a decrease in low-density lipoprotein (LDL)
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metabolism and hypercholesterolemia. PCSK9 viral delivery into mice, induces an increase of
PCSKO9 levels and activity, in turn leading to hypercholesterolemia when animals are fed a
high-fat diet. The combination of those events leads to the development of plaques and
atherosclerosis (Bjerklund et al., 2014). Both of these models (4poE~~ and PCSK9) are used to
model human disease, as the inner curvature of the primary aortic arch is exposed to LSS, and
thus, is more prone to atherosclerosis development whereas the outer curvature exposed to HSS
is usually protected from atherosclerosis (Suo et al., 2007; Hanna et al., 2012; Bjerklund et al.,

2014; Winter et al., 2019), (Figure 1.2).
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Figure 1.2. Atherosclerosis plaque distribution in the LSS areas of murine aortas. (A and
B) Aortas of mice with atherosclerosis were stained with oil red O, which is used to stain
lipids. Plaques are mainly localised in the inner curvature of the primary (ascending) aortic
arch. (C) Wall shear stress measurement of mouse aortic arch showing the wall shear stress
magnitudes. LSS of the flowing blood acts on the inner curvature while HSS acts on the

outer curvature.
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Applying partial carotid ligation or perivascular cast on the mouse carotid artery
modifies the shear stress pattern and allows the study of the subsequent vascular wall changes
(Cheng et al., 2006; Nam et al., 2009), (Figure 1.3). Cheng et al. (2006) findings confirm that
the high wall shear stress prevented plaque development whereas LSS and oscillatory shear
stress (OSS) accelerated atherosclerotic plaque development in ApoE” mice with a high-fat
diet. In carotid artery partial ligation, LSS activated endothelial cells leading to proatherogenic
gene upregulation and accelerated atherosclerosis development (Nam et al., 2009). These two
models together highlight the importance of shear stress in mediating atherogenesis.

To overcome issues of accumulation of molecules and lipids in constricted areas,
specific and controlled shear stress can also be applied on cultured primary endothelial cells
with various assays. The 6-well orbital plate method is one of the most commonly used to study
endothelial cell responses in a physiological microenvironment (Warboys et al., 2014). The
computational quantification of the shear stress generated by the orbital shaker system showed
that the rotational frequency achieved at 200-220 rpm in the periphery of a 6-well plate is
similar to shear stress forces in straight portions of arteries. Endothelial cells in the periphery
of each well show an atheroprotective phenotype. However, the endothelial cells in the centre
of the plate are exposed to LSS and show a pro-atherogenic phenotype (Dardik et al., 2005;
Warboys et al., 2014; Meng, 2022). This simple in vitro model confirms the validity of using
the orbital shaker system to assess whether a gene or a cluster of genes is
atheroprotective/atheroprone. This in vitro system also provides evidence for the direct link of
shear stress in controlling endothelial cell behaviour and atherogenesis. The disadvantage of
this system is that endothelial cells grown on plastic plates do not come into contact with
physiological extracellular matrix or blood components and cells, which limits the conclusions

that can be drawn by using the in vitro system in isolation. Combining in vitro reductionist
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experiments (plate system) with in vivo experiments and human studies offers a more

comprehensive means to study the role of genes in atherosclerosis.
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Figure 1.3. In vivo shear stress models. Shear stress was modified in hyperlipidaemic
(ApoE”") mice via either a perivascular cast or aortic ligation of carotid arteries. Perivascular
cast (left diagram) generates unidirectional flow with LSS upstream, HSS in the stenosis area
and low oscillatory shear stress (LOSS) downstream. Left carotid ligation (right diagram)

generates LSS in hyperlipidaemic mice.
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Studies have been conducted to determine the importance of endothelial function in
different vascular beds. Endothelial cells are able to sense and respond to a number of cues
including mechanics. They have mechanosensors, such as the glycocalyx, junctional
complexes including the platelet and endothelial cell adhesion molecule 1 (PECAM-1 [CD31)),
vascular endothelial cadherin (VE-cadherin [CD144]) and vascular endothelial growth factor
receptor 2 (VEGFR2), ion channels (e.g., Piezo), G protein-coupled receptors, caveola, primary
cilia and integrins (Figure 1.4). These mechanosensors translate the different shear stress
stimuli into intra-cellular signals that affect endothelial cell behaviour (Tzima et al., 2005;

Ranade et al., 2014; Wang et al., 2015; Iring et al., 2019; Bartosch et al., 2021; Li et al., 2022).
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Figure 1.4. Endothelial cell mechanosensors. Mechanosensors are distributed on the apical
surface of the endothelial cell facing the flowing blood (ion channel, caveola, primary cilia,
G protein-coupled receptors (GPCR) and glycocalyx), inter-endothelial cell junctions
(PECAM-1, VE-cadherin and VEGFR2) and basal surface of the endothelium (integrins)

which interacts with ECM components.
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Endothelial cells under HSS are elongated and aligned unidirectionally with the blood
flow (Reidy and Langille, 1980). They are selectively permeable to circulating
macromolecules, such as LDL (HerrmannMalinauskas and Truskey, 1994; Weber et al., 2014;
de Bruin et al., 2016). They are anti-adhesive and anti-inflammatory (SenBanerjee et al., 2004;
Suo et al., 2007; Lu et al., 2019). They also maintain whole-vessel tone (Ignarro et al., 1987;
Russell-Puleri et al., 2017; Iring et al., 2019), control levels of oxidative stress (SiuGao and
Cai, 2016; Psefteli et al., 2021), and prevent thrombus formation (Parmar et al., 2006; Zhou et
al., 2012). As a result, endothelial cells are anti-atherogenic, anti-inflammatory and anti-
thrombogenic when their function is not compromised. Areas of arteries with this healthy
endothelium are generally protected from the development of early atherosclerosis.

On the other hand, endothelial cells under LSS are shorter, more rounded, and
misaligned (Reidy and Langille, 1980). Phenotypically, they are more permeable to
macromolecules including LDL (HerrmannMalinauskas and Truskey, 1994; Weber et al.,
2014), have higher levels of oxidative stress (SiuGao and Cai, 2016; Psefteli et al., 2021),
become adhesive, proinflammatory (SenBanerjee et al., 2004; Suo et al., 2007; Harry et al.,
2008), and prothrombotic (Parmar et al., 2006; Zhou et al., 2012). As a result, the focal nature
of LSS generates micro-conditioning in turn leading to an area of endothelial dysfunction,

‘marking’ this area for accelerated atherosclerosis.
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1.1.1. Shear stress regulates endothelial cell permeability

The inter-endothelial gap (space between two endothelial cells) of the branches and
bends is normally 30450 nm whereas the gap of the unbranched regions is normally 10-25
nm (Kao et al., 1995). The differences in the vessel wall permeability have been attributed to
mass transport mechanisms and haemodynamic shear stress (CaroFitz-Gerald and Schroter,
1969; Tarbell, 2003). According to the mass transport theory, additional mechanisms promote
atherosclerosis, for example, insufficient oxygen transport (hypoxia) through the endothelial
cells and enhancing the transportation of circulating inflammatory cells and macromolecules,
such as LDL, into leaky endothelial junctions in the inner curvature and branches (Tarbell,
2003). It has been shown that LSS promotes endothelial cell apoptosis via increasing reactive
oxygen species (ROS) levels and mitosis which in turn generate leaky junctions (Dardik et al.,
2005; Zhang et al., 2013). These results indicate that shear stress can also influence the mass
transport mechanism.

The haemodynamic effect of the unidirectional flow maintains the inter-endothelial
barrier by controlling endothelial contractile and junctional forces (ConklinVito and Chen,
2007; Weber et al., 2014; de Bruin et al., 2016). Myosin light-chain kinase (MYLK) and RhoA
positively regulate myosin light-chain phosphorylation, which results in F-actin stress fibre
formation, leading to endothelial contraction and elongation, and thus, controlling inter-
endothelial permeability (van Nieuw Amerongen et al., 2000). Regions under unidirectional
flow exposed to HSS inhibit both MYLK and RhoA, resulting in a more resistant endothelium.
LSS regions, on the other hand, have increased MYLK and RhoA expression leading to LSS-
induced endothelium permeability (Weber et al., 2014). MYLK pathway has been also
activated in inflammation when tumour necrosis factor alpha (TNF-a) activates CD62E,

generating intercellular gaps and inflammatory cell infiltration (Kiely et al., 2003).
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Apart from endothelial contractility, the inter-junctional forces of endothelial cells are
facilitated by tight junction proteins (e.g., occludin) and adherins (e.g., catenin beta 1 [beta-
catenin] and VE-cadherin) (ConklinVito and Chen, 2007; de Bruin et al., 2016; Yang, F. et al.,
2020). Conklin et al. (2007) and Yang et al. (2020) identified that LSS and OSS lead to the
dysfunction of cell-cell junctions. LSS and OSS downregulate occludin mRNA and protein
expression in the endothelium of mouse and porcine vessels and primary human endothelial
cells, resulting in high inter-endothelial permeability (Conklin et al., 2007; Yang et al., 2020).
On the other hand, healthy endothelium exposed to HSS maintains its tight junction protein
(occludin) and adherins (VE-cadherin and beta-catenin) expression and function, resulting in a
more resistant endothelium. It has been shown that HSS induces the RNA-binding protein
Quaking (QKI), which enhances VE-cadherin and beta-catenin expression and activity,
resulting in highly resistant endothelium (ConklinVito and Chen, 2007; de Bruin et al., 2016;
Yang, F. et al., 2020).

Arterial bifurcations and bends show high levels of permeability to macromolecules,
such as LDL, compared with unbranched arteries (Kao et al., 1995; ConklinVito and Chen,
2007; van den BergSpaan and Vink, 2009). Increased permeability to lipids is a pathogenic
process. Mice and rats that were administered high-fat diet had increased accumulation of LDL
in bends and bifurcations of the arterial tree (Kao et al., 1995; van den BergSpaan and Vink,
2009). Taken together, this demonstrates that cell-cell contacts are important for intact
endothelial function and shear stress is a significant modulator of how endothelial cell interacts

with their neighbours and regulates permeability.
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1.1.2. Shear stress regulates endothelial-dependent vasoactivity

Functional endothelial cells promote efficient vasorelaxation. However, endothelial
denudation impairs vascular relaxation in mice, rats, and humans (Malmsj0Edvinsson and
Erlinge, 1998; Wihlborg et al., 2003; Guns et al., 2005; ChengVanhoutte and Leung, 2018).
Under HSS, endothelial cells upregulate vasorelaxant mediators, such as NO and prostacyclin
(PGL), and downregulate vasoconstrictive mediators, such as endothelin 1 (ET-1)
(McCormick et al., 2001; Yamamoto et al., 2003; Yamamoto et al., 2006; Russell-Puleri et al.,
2017). When functional endothelial cells are exposed to HSS, they produce high levels of
vasorelaxant agonists, such as adenosine triphosphate (ATP), uridine-5'-triphosphate (UTP),
acetylcholine (Ach) and substance P (Milner et al., 1990; Saiag et al., 2009). These
vasorelaxant agonists can interact with P2X and P2Y receptors on endothelial cells to activate
Ca'? influx; in turn enhancing NO generation from endothelial eNOS and PGI, from PTGIS
(Wihlborg et al., 2003; Yamamoto et al., 2003; Yamamoto et al., 2006; Wang et al., 2015;
ChengVanhoutte and Leung, 2018; PiaoHong and Son, 2018).

Endothelial NO, subsequently, diffuses into the smooth muscle cell (SMC) layers to
activate guanylyl cyclase (GCs), which elevates cyclic guanosine 5'-monophosphate (cGMP).
cGMP then activates protein kinase G (PKG), which in turn activates SMC relaxation (Coletta
et al., 2012; ChengVanhoutte and Leung, 2018). Apart from NO, PGI is a vasodilator also
produced by endothelial cells (ChengVanhoutte and Leung, 2018). PGl released from
endothelial cells that have been exposed to HSS (Russell-Puleri et al., 2017) binds to
prostacyclin receptors (IPs) and G-protein-coupled receptors decorating the surface of SMCs.
This causes adenylyl cyclase (AC) to generate high levels of cyclic adenosine monophosphate
(cAMP), which in turn activates protein kinase alpha (PKA) and results in SMC relaxation

(Russell-Puleri et al., 2017; ChengVanhoutte and Leung, 2018).
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1.1.3. Shear stress regulates the thrombotic phenotype of endothelial cells

Endothelial cells maintain blood in a normal fluid state by preventing unnecessary
clotting. During injury, however, endothelial cells protect the region of the blood vessel
affected by promoting clot formation at the site of an injury. Hence endothelial cells can play
either an anti-thrombotic or pro-thrombotic role depending on the specific tissue needs. In
normal healthy vessels, endothelial cells prevent platelet adhesion and aggregation (primary
haemostasis) as well as the coagulation cascade (secondary haemostasis), and promote
fibrinolysis, which is the process of thrombus degradation (Kisiel et al., 1977; TatesonMoncada
and Vane, 1977; Vehar and Davie, 1980; Mellion et al., 1981; Owen and Esmon, 1981;
IchinoseKisiel and Fujikawa, 1984; RadomskiPalmer and Moncada, 1987; Stearns-Kurosawa
et al., 1996; Maroney et al., 2013). See Figure 1.5.

To prevent primary haemostasis, healthy endothelial cells produce NO and PGI; to
prevent platelet adhesion and aggregation which can lead to the formation of a platelet plug
(TatesonMoncada and Vane, 1977; Mellion et al., 1981; RadomskiPalmer and Moncada,
1987). NO and PGI; enhance the expression of c¢cGMP to inhibit platelet adhesion
(RadomskiPalmer and Moncada, 1987). Both PGI, and NO not only inhibit platelet adhesion
but also prevent platelet aggregation by increasing platelet cAMP and cGMP levels,
respectively (TatesonMoncada and Vane, 1977; Mellion et al., 1981). As mentioned, HSS
enhances the production of NO and PGI; (Yamamoto et al., 2006; Russell-Puleri et al., 2017),
and as such, maintains the anti-thrombotic phenotype of the endothelium.

To promote primary haemostasis, endothelial cells secrete von Willebrand factor
(VWF) via exocytosis, which promotes platelet adhesion, platelet aggregation, and factor-VIII
stabilisation in plasma (Weiss et al., 1974; WeissSussman and Hoyer, 1977; Galbusera et al.,
1997). In endothelial injury, platelet tethering to the subendothelial collagens is facilitated by

the platelet glycoprotein Iba on the platelet surface that binds to soluble VWF. VWF binds to

34



collagen via its domain A3 binding (Nieuwenhuis et al., 1985; SavageSixma and Ruggeri,
2002). In mice with atherosclerosis, endothelial VWF showed to enhance platelet and
leukocyte adhesion and accelerate atherosclerosis in LSS regions (Doddapattar et al., 2018).

To prevent secondary haemostasis, healthy endothelial cells express thrombomodulin
(TM), endothelial protein C receptors (EPCRs), and tissue factor pathway inhibitor b (TFPI-b)
to maintain the endothelial cells’ anticoagulant properties. TM inhibits fibrin formation and
also platelet accumulation (Cadroy et al., 1997). EPCRs bind to and prime protein C to be
activated by the thrombomodulin-thrombin complex, and the activated protein C inhibits factor
Va and factor VIlla (Kisiel et al., 1977; Vehar and Davie, 1980; Owen and Esmon, 1981;
Stearns-Kurosawa et al., 1996). TFPI-b is the most potent TFPI isoform that attenuates
Vlla/Tissue factor (VIIa/F3) and factor Xa activities, as opposed to the platelet isoform (TFPI-
a) (Maroney et al., 2013). All of these endothelial anticoagulant modulators eventually inhibit
excessive thrombin generation.

To promote fibrinolysis, functional endothelial cells express tissue plasminogen
activators (t-PAs) in response to thrombin, factor Xa, and tissue kallikrein (IchinoseKisiel and
Fujikawa, 1984). The binding of t-PAs and plasminogen to clot fibrin mesh enhances t-PA
activity in converting plasminogen to plasmin, which in turn degrades fibrin (ZamarronLijnen
and Collen, 1984). Endothelial cells also release plasminogen activator inhibitor 1 (PAI-1) to
inhibit excessive t-PA activity (Thorsen and Philips, 1984). HSS enhances the antithrombotic
transcription factor KLF2 (Dekker et al., 2006). KLF2 regulates primary and secondary
homeostasis and fibrinolysis to maintain blood in a fluid state and prevent bleeding. KLF2
promotes the production of NO, PG, TM and VWF and inhibits PAI-1 and F3 from

endothelial cells (Lin et al., 2005; Dekker et al., 2005; Dekker et al., 2006).
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Figure 1.5. Endothelial cells maintain a balanced antithrombotic/prothrombotic system.
They release inhibitors that attenuate platelet adhesion and aggregation (primary
homeostasis), subsequent coagulation cascade (secondary homeostasis) initiation on the
surface of activated platelets and fibrinolysis. These result in localising the clot at the site of
injury and prevent excessive clot formation. In addition, endothelial cells produce
vasoconstrictors (e.g., ET-1) to prevent excessive bleeding during injury. Abbreviations:

activated coagulation factors: Ia, Ila, Va, VII/TF (VII/F3), Vllla, [Xa, Xa, XIa, XIla.
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1.1.4. Shear stress regulates inflammation

HSS helps endothelial cells remain anti-adhesive and non-chemotactic toward immune
cells, such as monocytes and lymphocytes. This is because, endothelial cells have low levels
of adhesive glycoprotein molecules, such as intercellular adhesion molecule 1 (ICAM-1) and
vascular cell adhesion molecule 1 (VCAM-1), and of the chemokines, such as monocyte
chemoattractant protein 1 (MCP1) that induce monocyte recruitment to the sub-endothelium
to promote atherogenesis (McCormick et al., 2001; Yu et al., 2002; Suo et al., 2007; Harry et
al., 2008; Lu et al, 2019). In contrast, disturbed blood flow having LSS enhances
proinflammatory endothelial cell phenotype via the activation of proinflammatory pathways,
which are JNK pathway and nuclear factor kappa B (NFxB) pathway (MohanMohan and
Sprague, 1997; Nagel et al., 1999; Gareus et al., 2008). Jun pathway activation in LSS regions
results in the transcription factor AP-1 activation and AP-1 translocation into the nucleus,
which subsequently promotes inflammatory gene expression, such as MCP1 (Martin et al.,
1997; Nagel et al., 1999). NFxB activation occurs when inflammatory cytokines (e.g., IL1-£)
in athero-indusive conditions enhance NFkB activation which results in the expression of
different adhesion molecules and cytokines by endothelial cells, which actively contribute to
inflammation, such as ICAM-1, VCAM-1, CD62E, P-selectin and IL1-f (Hiscott et al., 1993;
MohanMohan and Sprague, 1997; Nagel et al., 1999; Ghosh and Hayden, 2008; Libby, 2017),
(Figure 1.6).

In atherosclerosis, [CAM-1 and VCAM-1 are highly expressed in atheroprone arterial
regions (Nakashima et al., 1998). Oxidised LDL (oxLDL) enhances the endothelial expression
of ICAM-1, VCAM-1, and P-selectin but not CD62E (Gebuhrer et al., 1995; Khan et al., 1995;
Patel et al., 2019). Mice lacking ICAM-1, CD62E, P-selectin or activated NFxB developed

smaller atherosclerosis lesions compared with the control group (Collins et al., 2000; Gareus
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et al., 2008). Based on these in vivo findings, increased and persistent expression of adhesion

molecules in areas of endothelial dysfunction promotes atherogenesis.
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Figure 1.6. Atheroprone areas have activated pro-inflammatory NFxB signalling. 1L1[

can activates IkappaB kinase complex (IKKa/f/y) which in turn induce ubiquitination and
degradation of the inhibitor of NFxB (I kappa B, IxB). This results in NFkB activation,
NFkB nuclear translocation and transcription of pro-inflammatory target genes, such as

ICAM-1.
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1.1.5. Shear stress regulates the endothelial redox system

In atheroprotective areas of mouse aortas, which are exposed to HSS, endothelial cells
produce lower levels of the oxidant ROS, particularly superoxide, and high levels of the
antioxidant nuclear factor erythroid 2-related factor 2 (NRF2); thus, maintaining balanced
redox system (Zakkar et al., 2009; Luo et al., 2022). ROS inhibition occurs when HSS promotes
the regulatory p47phox protein to make a complex with NADPH oxidase 2 (NOX2) to produce
high levels of NO and low levels of superoxide; thus, minimising the levels of oxidative stress
(SiuGao and Cai, 2016). Furthermore, unidirectional HSS upregulates and activates NRF2 via
phosphorylation at serine40 and nuclear translocation. This results in the upregulation of the
expression of antioxidant genes, such as heme oxygenase-1 (HO-1) (Psefteli et al., 2021). On
the contrary, in atheroprone areas of mouse aortas, which are exposed to low and oscillatory
shear stress, endothelial cells produce high levels of the oxidant ROS and low levels of the
antioxidant NRF2, resulting in elevated oxidative stress (Zakkar et al., 2009; Luo et al., 2022).
LSS-exposed human endothelial cells elevate oxidative stress by inhibiting NRF2 activity and
NO production and enhancing ROS formation (SiuGao and Cai, 2016; Psefteli et al., 2021).
NADPH oxidase organizer 1 associated with NADPH oxidase 1 (NOXO1-NOX1 complex) in
endothelial cells generates high superoxide levels under LSS conditions (SiuGao and Cai,
2016). LSS via superoxide also elevates the oxidation modification of LDL (Hwang et al.,
2003). Elevated oxidative stress affects endothelial permeability, endothelial-induced
vasorelaxation, endothelial antithrombotic status, and anti-inflammatory status (Drake et al.,
1991; Gebuhrer et al., 1995; Khan et al., 1995; Yan et al., 2005; DeMaio et al., 2006;
ChengVanhoutte and Leung, 2018; Patel et al., 2019). Modified LDL attenuates tight
endothelial cell junctions, increases intercellular permeability, and decreases the expression of
tight junction proteins, such as occludin (Yan et al., 2005; DeMaio et al., 2006). In

atherosclerosis, high superoxide levels resulted in reduced vasorelaxation (ChengVanhoutte
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and Leung, 2018). Dysfunctional endothelial cells exposed to oxidative stress upregulate the
prothrombotic tissue factor (F3) (Drake et al., 1991), thus enhancing thrombin synthesis,
leading to thrombosis. As has been mentioned, oxLDL promotes inflammation by upregulating
endothelial ICAM-1, VCAM-1, and P-selectin but not CD62E (Gebuhrer et al., 1995; Khan et
al., 1995; Patel et al., 2019). These results highlight the effect of LSS on oxidative stress that
affects the macromolecule transportation system and promotes vasoconstriction, thrombosis

and inflammation, and as such, results in dysfunctional endothelium and atherogenesis.

1.2. Key regulatory molecules contributing to vasoprotection
1.2.1. Kruppel-like factors: KLF2 and KLF4

In response to HSS, the transcription factors KLF2 and KLF4 are upregulated in
endothelial cells (SenBanerjee et al., 2004; Parmar et al., 2006; Clark et al., 2011; Lu et al.,
2019). HSS enhances KLF?2 via the successive phosphorylation of mitogen-activated protein
kinase 5 (MEKS), extracellular-signal-regulated kinase 5 (ERKS), and myocyte enhancer
factor-2 (MEF2), resulting in KLF?2 expression (Parmar et al., 2006). KLF4 expression is also
enhanced by HSS-induced MEKS and ERKS5 (Clark et al., 2011).

Stabilised KLF2 and KLF4 expression is promoted by AF131217.1, a shear-sensitive
long noncoding RNA (IncRNA), in response to flow. This occurs when AF131217.1 inhibits
miR-128-3p, the miRNA that inhibits KLF2 and KLF4 expression (Lu et al., 2019).

Functionally, KLF2 and KLF4 via upregulating vasoprotective molecules can inhibit
thrombosis and inflammation and enhance vascular relaxation (SenBanerjee et al., 2004; Lin
et al., 2005; Parmar et al., 2006; Kumar et al., 2011; Zhou et al., 2012; Lu et al., 2019). Their
involvement in eNOS induction (SenBanerjee et al., 2004; Clark et al., 2011) highlights their

role in platelet inactivation, anti-inflammation, and vascular relaxation.
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KLF2, in particular, is produced in large amounts in atheroprotective regions (Parmar
et al., 2006) and plays a major role in helping endothelial cells maintain antithrombotic and
anticoagulant phenotypes. KLF2 in healthy endothelial cells upregulates anti-thrombotic
molecules eNOS, TM and t-PA and downregulates pro-thrombotic molecules F3, VWF and
PAI-1 (Lin et al., 2005; Parmar et al., 2006; Kumar et al., 2013). Overexpression of KLF2 in
human endothelial cells resulted in prolonged whole blood clotting time (Lin et al., 2005;
Kumar et al., 2013). Human endothelial cells with low levels of KLF2 were shown to be
capable of promoting shorter clotting times. The possible causes of the shorter clotting times
are attributed to diminished major antithrombotic elements and upregulated pro-thrombotic
elements in human cells with low KLF2 levels (Lin et al., 2005).

LDL downregulates KLF2 expression by attenuating KLF2 promoter activity via
enhancing DNA-methyltransferase 1 (DNMTI1)-mediated DNA methylation in human
endothelial cells and affects the expression of KLF2 downstream components (Kumar et al.,
2013). KLF2 and KLF4 exert their anti-inflammatory function by inhibiting VCAM-1 and
ICAM-1 (SenBanerjee et al., 2004; Lu et al., 2019). Additionally, KLF2 inhibits adhesion
molecules (e.g., CD62E), chemokines (e.g., MCPI), and growth factors (e.g., Granulocyte-
macrophage colony-stimulating factor [GM-CSF]) (SenBanerjee et al., 2004; Lin et al., 2005;
Parmar et al., 2006). K/f2"- Mice (with one copy deletion of KIf2) with atherosclerosis have
larger plaque sizes and higher levels of lipid accumulation when compared to the control group
(KIf2"* ApoE” mice) (Atkins et al., 2008). These data show the vasoprotective roles of
endothelial KLF2 and KLF4 by controlling several key genes, suggesting their involvement in

HSS-mediated vasoprotection.
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1.2.2. Endothelial nitric oxide synthase

Nitric oxide synthase (NOS) has three isoforms: inducible NOS (iNOS), endothelial
NOS (eNOS) and neuronal NOS (nNOS). KLF2 and KLF4 induce the transcription activity of
NOS3—the gene that produces eNOS mRNA. eNOS mRNA is stable, under high shear
conditions, but the mechanism underlying its stabilisation has not yet been explored. The
activation of eNOS protein requires phosphorylation of serine-1177 and serine-632 (Dimmeler
et al., 1999; SenBanerjee et al., 2004; Dixit et al., 2005; Dekker et al., 2005; Dekker et al.,
2006; Parmar et al., 2006; Villarreal et al., 2010; Clark et al., 2011; Wang et al., 2015; SiuGao
and Cai, 2016; Iring et al., 2019; Lu et al., 2019); see Figure 1.7. eNOS activity also requires
high levels of the cofactors tetrahydrobiopterin (BH4) and L-arginine. Activated eNOS exists
as a dimer (known as coupled eNOS) and coupled eNOS is atheroprotective as it increases NO
bioavailability and decreases superoxide. This occurs when coupled eNOS synthesises NO and
L-citrulline from oxygen and L-arginine. Low levels of cofactors result in oxygen reduction,
and thus, generating superoxide (Ozaki et al., 2002; Kuzkaya et al., 2003; SiuGao and Cai,
2016; Chao et al., 2018; Douglas et al., 2018).

In terms of NOS3 transcription, previous studies showed that it is under the
transcriptional control of KLF2 and KLF4, which themselves are upregulated by protective
laminar flow. HSS enhances the successive phosphorylation of MEKS, ERKS and MEF2,
resulting in KLF2 and KLF4 mRNA transcription. KLF2 and KLF4 induce a transcription
induction of NOS3 mRNA (SenBanerjee et al., 2004; Parmar et al., 2006; Villarreal et al., 2010;
Clark et al., 2011; Lu et al., 2019).

The mRNA of eNOS is relatively stable with a reported half-life of more than 18 hours
under laminar shear stress (Davis et al., 2001; Weber et al., 2005). mRNA stability is regulated
by specific nucleotide sequences typically located in the 3’ untranslated region (3°UTR). These

‘cis-acting’ sequences form the scaffold for the binding of ‘trans-acting’ factors, typically
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proteins with RNA-binding domains that bind the stem-loop RNA structures to facilitate
regulation. Evidence that eNOS mRNA may be under the control of RNA-binding proteins
came from original observations that eNOS mRNA stability is increased drastically (by 4-fold)
in growing cells when compared to nongrowing cells and this requires a 3’UTR sequence
(Searles et al., 1999). Moreover, treatment of cells with the pro-inflammatory cytokine TNF-a
causes a reduction in eNOS mRNA stability, due to an increase of the translation elongation
factor 1-alpha 1, which binds the 3’UTR of eNOS to reduce eNOS mRNA half-life (Yan, G. et
al., 2008). Laminar shear stress has been shown to increase the polyadenylation of the 3’UTR
of eNOS; thus, promoting its mRNA stability (Weber et al., 2005), but the trans-acting factors
responsible for this effect are currently unknown. Ho et al. (2013) found that the 3’ UTR of
eNOS plays a critical role in eNOS mRNA fate. Specifically, the 3’UTR of eNOS has highly
conserved CU-rich elements, which are sequences rich in cytosine (C) and uracil (U)
nucleotides (e.g., UUUCCC). CU-rich elements are targets for several RNA and DNA binding
proteins and are critical sites for mRNA stability regulation. In the case of eNOS,
heterogeneous nuclear ribonucleoprotein E1 (hnRNP E1) was shown to bind to eNOS CU-rich
element and enhance eNOS mRNA stability (Ho et al., 2013) in static conditions. Whether this
binding is altered under differing conditions of shear stress is currently unknown. Taken
together, laminar shear stress causes an increase in eNOS transcription maintained by a
prolonged increase in eNOS mRNA stability, which is under the control of a number of
processes and proteins many of which are currently unknown.

The eNOS protein that is subsequently produced can be activated in a Ca*"-dependent
manner, which promotes short-term eNOS activation, or via serl177 and ser632
phosphorylation, which promotes long-term eNOS activation. In terms of short-term eNOS
activation, HSS-induced acetylcholine can increase intracellular calcium, thus enhancing NO

release (Coletta et al., 2012). For long-term eNOS activation, HSS-induced ATP release can
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induce ser1177 and ser632 phosphorylation (Figure 1.7). To phosphorylate eNOS serl1177,
ATP interacts with an endothelial P2Y receptor, resulting in activating PECAM-1(CD31)/VE-
cadherin/VEGFR2 complex, which subsequently enhances proto-oncogene tyrosine-protein
kinase (c-Src), phosphoinositide 3-kinase (PI3K) and Grb2-associated binder 1 (Gab1)/protein
kinase B (Akt). The Gab1/Akt pathway enhances eNOS-ser1177 phosphorylation via activated
Akt (Dimmeler et al., 1999; Jin et al., 2005; Tzima et al., 2005; Wang et al., 2015; SiuGao and
Cai, 2016; Chao et al., 2018; Iring et al., 2019). c-Src not only activated eNOS protein but also
enhanced eNOS mRNA expression under the HSS condition (Davis et al., 2001).

Glypican 1 is a core proteoglycan component of the mechanosensor glycocalyx, which
has also been shown to activate PECAM-1 via phosphorylation at tyr686; thus, activating the
c-Src pathway (Tzima et al., 2005; Bartosch et al., 2021). Glypican 1 inhibition attenuates
eNOS phosphorylation and NO production (Ebong et al., 2014; Zeng and Liu, 2016; Bartosch
etal.,2021). Mice lacking glypican 1 have been shown to have impaired eNOS protein function
(Bartosch et al., 2021; Mahmoud et al., 2021).

eNOS ser632 phosphorylation occurs by AKT and requires HSS-induced ATP, which
is facilitated by the mechanosensitive cation channel PIEZO1. In HSS, activated c-Src
enhances not only eNOS ser1177 but also eNOS ser632 phosphorylation. This occurs when c-
Src activates PI3K, enhancing the Gab1/Src homology 2 (SH2) pathway, and the Gab1/SH2
pathway via activated PKA and resulting in phosphorylating eNOS at ser632. PIEZO1 can also
facilitate the phosphorylation of eNOS at ser632 by enhancing endothelial cells to generate and
release adrenomedullin (ADM). Autocrine and paracrine binding of ADM to the endothelial
CALCRL/PAMP2 receptor can activate G protein (Gs); this induces adenylyl cyclase (ACs) to
convert AMP to cAMP, which activates PKA, resulting in eNOS ser632 phosphorylation
(Dimmeler et al., 1999; Dixit et al., 2005; Wang et al., 2015; SiuGao and Cai, 2016; Chao et

al., 2018; Iring et al., 2019). As a consequence of eNOS ser1177 and ser632 phosphorylation,
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eNOS becomes activated and dimerised, which increases NO bioavailability and decreases

superoxide generation (Wang et al., 2015; SiuGao and Cai, 2016; Iring et al., 2019).
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summarises HSS-induced eNOS protein activity and NO release.
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eNOS in atherosclerosis

In a report by Knowles et al. (2000), mice with atherosclerosis yet lacking enos (ApoE
-/ enos ") had more plaques than the control group. Ponnuswamy et al. (2012) observed high
levels of mononuclear—endothelial cell interaction and subsequent leukocyte infiltration into
the subendothelium in ApoE “/ enos *~. Despite high levels of leukocyte recruitment,
superoxide was significantly decreased in this mouse group. In a study by Ozaki et al. (2002),
overexpression of enos in ApoE *~ mice increased plaque size and superoxide production, which
then were diminished after endothelial denudation. These studies indicate that eNOS
contributes to oxidative stress by generating elevated superoxide levels in atherosclerosis.
Interestingly, Douglas et al. (2018) showed that reduced enos levels in mice with
atherosclerosis did not significantly change the plaque sizes. They also studied the effect of the
presence of sufficient BH4, an essential cofactor for NO production and activity, by studying
the inhibition of GTP cyclohydrolase I (GTPCH) in endothelial cells of mice. GTPCH catalyses
BH4 production. Mice that lacked endothelial GTPCH had reduced NO bioavailability,
accelerated atherogenesis, induced vasoconstriction, and elevated superoxide levels and
VCAM-1 (Ozaki et al., 2002; Douglas et al., 2018). Therefore, eNOS requires BH4 to provide
atheroprotection, vasorelaxation and anti-oxidative stress and anti-inflammatory
microenvironment.

Apart from cofactor bioavailability, LSS attenuates the levels of eNOS expression and
activity (Hwang et al., 2003; SiuGao and Cai, 2016; Chao et al., 2018). In terms of eNOS
expression, it is unknown whether LSS prevents de novo eNOS synthesis or reduces eNOS
mRNA stability. In terms of eNOS activity, LSS enhances eNOS uncoupling via the
NOXOI/NOXI1 complex and angiotensin II type 1 receptor (AT1R), resulting in elevated
superoxide levels, decreased NO bioavailability, and, therefore, high oxidative stress levels

(SiuGao and Cai, 2016; Chao et al., 2018). High levels of oxidative stress generate more
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oxLDL. OxLDL reduces eNOS expression and activity, NO production, and consequently,
endothelial-dependent vasorelaxation (da Silva et al., 2022). On the ground of these studies,
high levels of oxidative stress generated by athero-inducive shear stress impair eNOS function

which accelerates atherogenesis.

1.2.3. Prostacyclin

PGI: is a member of the prostaglandin lipid family; it is produced by endothelial cells
(Moncada et al., 1976) and enhances endothelial-dependent vasorelaxation (ChengVanhoutte
and Leung, 2018). Mice that lack PGI, develop hypertension (Yokoyama et al., 2002). It is
thus important to maintain the levels of prostacyclin for vasoprotection. HSS is essential for
PGI; production by endothelial cells (Russell-Puleri et al., 2017). HSS-induced ATP release
also enhances PGI» production, and this occurs when ATP binds to an endothelial P2Y receptor
(Wihlborg et al., 2003). Russell-Puleri et al. (2017) found that HSS induces glypicanl which
results in activating PECAM-1 (CD31)—an endothelial adhesion molecule that successively
activates PI3K, integrin-aSb1l and p38 phosphorylation—which results in both transcription
and translation induction of cyclooxygenase-2 (COX-2), which in turn can oxidise arachidonic
acid to form prostaglandin H2 (PGH2). Then, prostacyclin synthase (PTGIS) can convert
PGH2 to PGI,, generating prostacyclin to keep the vasculature healthy (Moncada et al., 1976;
Russell-Puleri et al., 2017; Bartosch et al., 2021); see figure 1.8.

There is little known about PTGIS production. While a study has revealed a shear
stress—responsive sequence (GAGACC) in the promoter of PTGIS (Yokoyama et al., 1996),
whether PTGIS expression is shear responsive has not yet been examined. Dekker et al. (2006)
found that KLF2 can control vasorelaxation not only via eNOS expression but also via
transcriptionally upregulating P7GIS, in turn leading to elevated prostacyclin production,

suggesting that PTGIS is shear responsive as it is regulated by KLF2.
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PGI in atherosclerosis

PGl is a vasorelaxant, antithrombotic, anti-inflammatory, and antiatherogenic molecule
(Moncada et al., 1976; TatesonMoncada and Vane, 1977; Murata et al., 1997; Kobayashi et al.,
2004). In rabbits and mice with atherosclerosis, PGI; levels decreased after four months of
administering a high-fat diet (Gryglewski et al., 1978; CyrusDing and Pratico, 2010). Mice
with atherosclerosis yet lacking PGl receptors (ApoE”, IP”") developed more plaque, higher
platelet reactivity, elevated ICAM-1 expression, and massive leukocyte infiltration compared
to control groups (ApoE", IP*'*) (Kobayashi et al., 2004). Mice lacking PGI, receptors (IP)
also developed occlusive thrombi (Murata et al., 1997). In addition, mice with genetic deletion
of Ptgis, which encodes the enzyme PTGIS that produces PG, had accelerated atherosclerosis
progression (Yokoyama et al., 2002). A study of 138 human individuals who developed stroke
showed a massive reduction in PGIz and NO and elevated oxLDL levels when compared with
34 healthy individuals (Tao et al., 2022). Taken together these results support that PGI; and

NO can provide atheroprotection/vasoprotection in animal models and humans.
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1.2.4. Ankyrin repeat single KH domain 1

Ankyrin repeats and single KH domain 1 (ANKHDI1) is an RNA-binding protein that
is highly conserved between humans and mice (93% similarity). Structurally, ANKHDI is
composed of two distinct ankyrin repeats that are known to mediate protein-protein interactions
and a single and highly conserved KH RNA-binding domain (Figure 1.9). ANKHDI is a large
protein (2542 amino acids) with a predicted size of 269kDa. ANKHD1 also contains a number
of low complexity sequences and three coiled-coils domains, its predicted alpha fold structure
can be seen in figure 1.9: B. ANKHDI1 is made up of 21 transcripts. miRTarBase analysis
suggests that ANKHD1 may be under the control of a number of microRNAs, namely miR-

17-5p, miR-26a-5p, miR-424-5p, miR-320a and miR-185-5p (Huang et al., 2022).
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Figure 1.9. Diagrams showing ANKHDI1 conserved domains. ANKHDI1 protein domains
(A) are multiple ankyrin repeats, which regulate protein-protein binding, KH domain, which
binds to a single-stranded nucleic acid sequence, and nuclear localisation signal (NLS) and
nuclear export sequence (NES), which transports molecules between the nucleus and

cytoplasm. Alpha fold predicted model of ANKHDI1 full-length (ANKHD1-203) (B).
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ANKHDI1 was first identified as a JAK/STAT positive regulator in a genome-wide
RNA intereference study in Drosophila Melanogaster (Miiller et al., 2005). It was
subsequently shown to also regulate the Hippo pathway, which means it regulates cellular
growth and survival (SidorBrain and Thompson, 2013). The molecular mechanisms in
promoting JAK/STAT pathway activity were not studied. Therefore, Fisher et al. (2018)
identified ANKHDI1 as a positive regulator of the JAK/STAT pathway via regulating cytokine
receptor stability and dimerization (Dome-receptors in Drosophila and Erythropoietin
receptors in human cells). ANKHDI via its ankyrin repeats can physically form a protein-
protein interaction with Dome-receptor to enhance Dome-receptor stability, which results in
direct activation of the JAK/STAT pathway.

It was also unknown how ANKHDI regulates the Hippo pathway mechanistically.
Therefore, Sidor et al. (2019) showed that the second ankyrin repeat of ANKHD]1 has a non-
canonical NLS which has been found to be critical for translocating the transcription
coactivator YAPI into the nucleus via protein-protein interaction. In ANKHD1 silenced cells,
YAPI failed to move into the nucleus, and as such, the hippo pathway was aberrantly regulated.

Both the Hippo and JAK/STAT signalling pathways are essential for tissue growth.
Therefore, ANKHD1 was studied in cancer where it has been shown to be upregulated in
several cancers, such as renal cell carcinoma, glioma and colorectal carcinoma. Fragiadaki and
Zeidler (2018) identified for the first time that ANKHDI1, which contains an evolutionarily
conserved RNA-binding KH domain, can bind RNA and exert its function through RNA
binding. Specifically, it was shown that ANKHDI binds to miRNA29a-3p and this interaction
positively regulates clear cell renal cell carcinoma cell proliferation. Yang et al. (2020) also
provided further evidence that ANKHDI is an RNA-binding protein. They found that
ANKHDI1 can bind and stabilise the IncRNA LINC00346 in glioma endothelial cells,

eventually enhancing glioma angiogenesis via upregulation of the critical angiogenic
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regulators epidermal growth factor—like domain 7 (EGFL7) and Roundabout 4 (ROBO4).
Whether ANKHD1 can bind to these microRNAs and IncRNAs in endothelial cells of people
without cancer remains unknown.

Additional evidence for the RNA binding ability of ANKHD1 was demonstrated more
recently. ANKHDI1 together with the IncRNA MALATI can enhance YAP]1 transcription and
activity leading to PI3K/AKT pathway activation in colorectal cancer (CRC) cells. This results
in protection from apoptosis and DNA damage by reducing ROS formation and promoting
proliferation and survival; thus, enhancing radio-resistance in CRC cells (Yao et al., 2022).
Additionally, MALATI enhances angiogenesis and epithelial-to-mesenchymal transition in
CRC cells via YAP1 (Sun et al., 2019). Whether ANKHDI1 promotes angiogenesis via
MALATI-YAPI1 has not yet been studied. It would be of interest to examine if these
interactions of ANKHD1 with IncRNAs are cancer-specific.

As mentioned above, activated PI3K/AKT in the healthy endothelium can enhance NO
bioavailability (Dimmeler et al., 1999; Dixit et al., 2005; Jin et al., 2005). Yet the role of
ANKHDI1 in healthy vasculature and the context of atherosclerosis is completely unexplored.
Single-cell RNA sequencing of the heart muscle shows the highest levels of ANKHD1 were in
endothelial cells compared to all other cells (Cell type atlas - ANKHDI1 - The Genotype-Tissue
Expression (Gtexportal, 2021); Figure 1.10). Whether ANKHDI1 regulates key molecules
involved in major endothelial cell functions is currently unknown—Ilittle is known about

ANKHDI1, and its role in vasculature has not yet been studied.
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1.3. Conclusion and knowledge gap

Studies on functional endothelial activity have illustrated effective vasoactive modulators
that provide optimal functions in regulating vasorelaxation, inflammation, thrombosis,
oxidative stress and atheroprotection. The molecular mechanisms that control endothelial cells,
especially at the mRNA level, have not yet been explored; for example, it is unclear how
NO/PGIL bioavailability is sustained under HSS. It is also unclear whether ANKHDI is
involved in regulating ROS by potentially controlling the expression and activity of the major

genes, such as eNOS/PTGIS at the mRNA and/or protein levels.
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1.4. Hypothesis and aims
I hypothesise that ANKHD1, which is highly expressed in arteries, drives cytoprotective

pathways, the disruption of which is expected to promote atherosclerosis.

Aims:

1. Determine ANKHDI1 functions in primary human endothelial cells.

2. Establish whether ANKHDI is controlled by shear stress using both human cells and mouse
aortas.

3. Determine the role of ANKHDI1 in the vasculature by characterising the first Ankhdl
knockout animals.

4. Investigate the potential role of ANKHDI in protecting against the development of

atherosclerosis in the PCSK-9 mouse model and cellular models.
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Chapter 2: Materials and Methods

2.1. Materials
2.1.1. Mouse models
Mouse models were used to quantify aortic diameters, assess systemic risk factors and
apply en-face staining:
We used 17 Ankhdl wild-type (Ankhd1'"), 4 Ankhdl heterozygous (Ankhd1"") and 14 Ankhdl

knockout (Ankhdl”-) mouse models. They are listed below in Table 2.1.

Animal Number Genotype Gender Age
230551 Ankhdl”- Female 5 weeks
230552 Ankhd 1" Female 5 weeks
235148 Ankhdl*" Male 4 weeks
235152 Ankhdl*" Female 4 weeks
238493 Ankhdl*" Male 4 weeks
238498 AnkhdI1"™* Male 4 weeks
238500 AnkhdI1"™* Female 4 weeks
240462 Ankhdl*"™* Female 5.5 weeks
240877 Ankhdl*"™* Male 5 weeks
240878 Ankhdl*"™* Male 5 weeks
240881 Ankhdl*"™* Female 5 weeks
242161 Ankhdl™* Male 4 weeks
242163 AnkhdI” Female 4 weeks
242166 AnkhdI” Female 4 weeks
264593 Ankhd1"™* Male 5 months
264594 AnkhdI” Male 5 months
264595 Ankhd1"™* Male 5 months
264596 AnkhdI” Male 5 months
264597 AnkhdI1"™* Male 5 months
264598 AnkhdI” Female 5 months
264599 AnkhdI1"™* Female 5 months
270988 AnkhdI1"™* Male 5 months
270989 Ankhd1"™* Male 5 months
270991 AnkhdI1"™* Male 5 months
270993 AnkhdI” Male 5 months
270994 AnkhdI” Male 5 months
271939 AnkhdI” Male 5 months
271942 AnkhdI” Female 5 months
272687 AnkhdI” Male 5 months
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272688 AnkhdI” Female 5 months
272691 AnkhdI1"™* Female 5 months
310596 AnkhdI” Male 5 months
310598 AnkhdI” Male 5 months
310601 AnkhdI1"™* Female 5 months
310602 Ankhd1"™* Female 5 months

Table 2.1. List of mouse models.
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2.1.2. Atherosclerosis mouse models

Ankhd1™*(N= 6), AnkhdI”* (N= 7) and AnkhdI”~ (N= 7) mouse models were virally
transduced with a single tail-vain injection of 50 pl of PCSK9-AAYV followed by changing into
a high fat diet for 12 weeks to induce atherosclerosis. All mice that developed atherosclerosis

are listed in table 2.2.

Mouse ID Genotype Gender Age
247839 Ankhd ] Male 5 months
247840 Ankhd ] Male 5 months
247842 Ankhd ™" Male 5 months
247844 Ankhd ™" Male 5 months
247845 Ankhd ] Male 5 months
217281 Ankhdl” Male 6.5 months
217283 Ankhd ] Female 6.5 months
217284 Ankhdl” Female 6.5 months
217285 Ankhd 1" Female 6.5 months
214931 Ankhdl” Male 7.5 months
214932 Ankhdl” Male 7.5 months
283111 Ankhd 1" Female 5 months
283113 Ankhd 1" Female 5 months
287421 Ankhdl” Male 5 months
287422 Ankhd ™" Male 5 months
287425 Ankhd 1" Female 5 months
287426 Ankhd 1" Female 5 months
287427 Ankhdl” Female 5 months
287879 Ankhdl” Female 5 months

Table 2.2. PSCK9 mouse models used for atherosclerotic plaque size quantification.
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2.1.3. Primary cells

The primary cells used for culture, shear stress treatment, ANKHDI1 silencing,
immunofluorescence staining, RNA immunoprecipitation (RIP) and RNA stability were
human coronary artery endothelial cells (HCAECs) and/or human umbilical vein endothelial

cells (HUVECS). See Table 2.3.

HCAECs Passage

Donor K

Donor L

Donor C

Donor D

Donor H

W[ W[ W|W|W|Ww

Donor E

HUVECs Passage

Donor 6

Donor 4

Donor 7

W W W| W

Donor 5

Donor C 3

Table 2.3. List of donors of primary endothelial cells.
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2.1.4. Antibodies

The antibodies used for en-face staining, immunofluorescence staining, western

blotting and RIP are listed in Table 2.4.

Antibodies Lot number Source Stock Experiments
(catalogue concentration
number) (dilution)
488 anti-mouse CD31 B211217 BioLegend | 0.5 mg/mL Endothelial cell-
(102514) (diluted 1:50 in | specific marker
3% BSA with | used for en-face
1% TBST) staining
568 gout anti-rabbit IgG 2045347 Thermo 2 mg/mL Secondary
(A11036) Fisher (diluted 1:150 | antibody used for
in 3% BSA en-face staining
with 1%
TBST)
Rabbit anti-ANKHD1 A40193 Atlas 0.2 mg/mL Primary antibody
(HPAOO8718) | Antibodies | (diluted 1:100 | used for en-face
in 3% BSA staining, western
with 1% blotting and RIP
TBST) assay
Rabbit (DA1E) mAb IgG | 3900S Cell 0.25 mg/mL Negative control
XP (R) isotype control signalling (diluted 1:1000 | used for en-face
39008 in 3% BSA staining
with 1%
TBST)
Polyclonal gout anti-rabbit | 41372205 Dako 0.30 g/L (5 uL | Secondary
immunoglobulins/HRP (P0448) diluted in 5% | antibody used for
milk in western blotting
1%TBST)
Polyclonal gout anti- 20078279 Dako 1 g/L(5uL Secondary
mouse (P0447) diluted in 5% | antibody used for
immunoglobulins/HRP milk in western blotting
1%TBST)
Rb pAb to PTGIS/PGIS GR298379-8 Abcam 0.100 mg/mL | Primary antibody
(AB23668) (diluted 1:200 | used for en-face
in 3% BSA staining and
with 1% western blotting
TBST)
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Polyclonal rabbit anti- 25707 BD 0.250 mg/mL | Primary antibody
eNOS/NOS type 111 (610229) Biosciences | (diluted 1:100 | used for en-face
in 3% BSA staining and
with 1% western blotting
TBST)
Purified Mouse Anti- (555661) BD 0.5 mg/ml Primary antibody
Human CD144 Pharmingen | (Diluted 1:100 | used for
(VE-cadherin) in 3% BSA immunofluoresce
with 1% nce staining
TBST)
Anti-mouse IgG Alexa (4408S) Cell 0.25 mg/mL Secondary
Fluor 488 Signalling (Diluted 1:100 | antibody used for
in 3% BSA immunofluoresce
with 1% nce staining
TBST)
Rabbit polyclonal CD62E | GR3244531-8 | Abcam 0.5 mg/mL Primary antibody
(E-selectin) (AB18981) (Diluted 1:100 | used for en-face
in 3% BSA staining
with 1%
TBST)
Rabbit polyclonal CD62E | (NBP1-45545) | Novus 0.5 mg/mL Primary antibody
(E-selectin) (Diluted 1:100 | used for en-face
in 3% BSA staining
with 1%
TBST)
Mouse Monoclonal B- GR3398637-1 | Abcam 1 mg/mL Primary antibody
actin (AB8224) (Diluted used for western
1:1000 in 3% | blotting
BSA with 1%
TBST)
Rabbit polyclonal HPRT GR3327070-2 | Abcam 1 mg/mL Primary antibody
(AB10479) (Diluted used for western
1:1000 in 3% | blotting
BSA with 1%
TBST)
B-tubulin (2146S) Cell (Diluted Primary antibody
Signalling 1:1000 in 3% | used for western

BSA with 1%
TBST)

blotting

Table 2.4. List of antibodies used for staining, western blotting and immunoprecipitation.

Abbreviations: bovine serum albumin (BSA); tris-buffered saline and tween 20 (TBST);




hypoxanthine phosphoribosyltransferase (HPRT); horseradish peroxidase (HRP); nitric oxide

synthase III (NOS III).
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2.1.5. Primers

The primers used for quantitative polymerase chain reaction (QPCR) are listed in Table

2.5.
Primers Sequence Application
(Transcript length)
Hs HPRT Forward (20 bp) Internal loading control
5’ TTGGTCAGGCAGTATAATCC3’ (housekeeping gene,
Reverse (20 bp) 133 bp)
5’GGGCATATCCTACAACAAACS’
Hs B-actin Forward (20 bp) Internal loading control
5’ ATCATTGCTCCTCCTGAGCG3’ (housckeeping gene, 65
Reverse (18 bp) bp)
5’GACAGCGAGGCCAGGATGY
Hs ANKHD1 Forward (20 bp) Target gene
(transcript 5’ ATGTCAACTCCCAGTCTGCA3’ (168 bp)
variants: Reverse (20 bp)
ANKHDI-203 5S’CTTCCACATGACCTGCACTGY’
ANKHDI1-204
ANKHD1-205)
Hs ANKHD1-203 | Forward (20 bp) Target gene
(Full length) 5’CAGTGCTTGGACACTTGGAA3’ [159 bp]
Reverse (20 bp)
S’AAAAACTTGCCAGAGGAGCAY’
Hs KLF? Forward (19 bp) Target gene
5’GCATCTGAAGGCGCATCTGS’
Reverse (18 bp)
5S’TTCGGTAGTGGCGCGTGAY’
Hs KLF4 Forward (23 bp) High-shear regulated
5’GCAAAACCTACACAAAGAGTTCC3’ gene (Zhou et al., 2012)
Reverse (18 bp) used for quality control.
5’GGTGCCCCGTGTGTTTACS3’ [103 bp]
Hs eNOS Forward (20 bp) High-shear regulated
5’ AGAACTCTTCCTTCTGCCCC3’ gene (Zhang et al.,
Reverse (18 bp) 2016) used for quality
5’ ATGTTGGACACTGCCGGG3’ control in assessing
ANKHDI1 expression in
non-transfected cells.
In cells lipotransfected
with siRNAs, eNOS is
the target gene.
[117 bp]
Hs MCP1 Forward (20 bp) Low-shear regulated

5S’GCAGAAGTGGGTTCAGGATT?’

gene (McCormick et
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Reverse (20 bp) al., 2001) used for
5’TGGGTTGTGGAGTGAGTGTT3’ quality control.
[83 bp]

Hs F3 Forward (20 bp) Target gene
5’GAGTACAGACAGCCCGGTAG3’ [150 bp]
Reverse (20 bp)
5’CCCACTCCTGCCTTTCTACA3’

Hs GPCI Forward (20 bp) Target gene
5’GCTGGTCTACTGTGCTCACT3’ [171 bp]
Reverse (20 bp)
5’CCCGATGTACCCCAGAACTT?’

Hs ILIB Forward (20 bp) Target gene
5’GGAGAATGACCTGAGCACCT3’ [106 bp]
Reverse (20 bp)
5’TGATCGTACAGGTGCATCGT3’

Hs ICAM-1 Forward (20 bp) Target gene
5’CCGGCCAGCTTATACACAAG3’ [123 bp]
Reverse (20 bp)
5’ACATTGGAGTCTGCTGGGAA3’

Hs GSTP-1 Forward (20 bp) Target gene
5’CCGCTGCAAATACATCTCCC3’ [170 bp]
Reverse (20 bp)
5 GCAGGTTGTAGTCAGCGAAG3’

Hs GSTO-1 Forward (20 bp) Target gene
5’CCCCTATGAGAAAGCTTGCC3’ [154 bp]
Reverse (21 bp)
5’CAGAACCTCCTCTAGCTTGGT3’

Hs PTGIS Forward (20 bp) Target gene
S"TTCCACATTACAGCCCCAGT3’ [110 bp]
Reverse (19 bp)
5’CAGCACTGCATGGAGGTTG3’

Table 2.5. Primer pairs used for gPCR. Abbreviations: glutathione S-transferase pi 1
(GSTP-1); glutathione S-transferase omega 1 (GSTO-1); glypican 1 (GPC1I); Interleukin

1 beta (IL1p).
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2.1.6. The small interfering RNAs (siRNAs)
The three aliquots of siRNAs used in this study are non-target siRNA,

ANKHDIsiRNA-1 and ANKHD1siRNA-2. See table 2.6.

siRNA Catalogue number Supplier

Non-target siRNA (NT- D-001206-13-20 Dharmacon

siRNA; control siRNA)

ANKHDI1siRNA-1 M-014405-00-0010, Dharmacon

ANKHD IsiRNA-2 D-014405-01 Dharmacon

Table 2.6. siRNAs used for ANKHD silencing in primary human endothelial cells.
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2.1.7. Reagents, solutes, gels and kits

The reagents, solutes, gels and kits used are listed in Table 2.7.

Reagent/solutes/kits Lot number Source Experiments
(catalogue/
reference number)
0.05% Trypsin, 0.53 mM 27121013 Corning Primary cell culture
EDTA, 1x sodium (25-052-CV)
bicarbonate
2-Propanol (isopropanol) BCBV7093 SIGMA RNA extraction
5x iScript Reaction Mix (1708890) BIO-RAD | RT-PCR
iScript Reverse Transcriptase | (1708891)
100% Ethanol 16K024017 VWR RNA extraction
Chemicals
Amersham™ ECL Select™ | (RPN2235) Cytiva Western blotting
Western Blotting Detection
Reagent
Actinomycin D 0457563-4 Cayman RNA stability
(11421) Chemical
Benzonase (E1014) Sigma Biotinylated 3’UTR
pulldown
Biotin RNA Labeling Mix (11685597910) Roche Biotinylated 3°’UTR
transcription
Distilled water DNase/RNase | 1762915 Gibco qPCR
Free (10977035)
Dynabeads M-280 (11205D) Invitrogen | Biotinylated 3°’UTR
Streptavidin pulldown
Lipofectamine =~ RNAIMAX | 2067471 Thermo RNA silencing
Reagent (13778-075) Fisher
Magna RIP Kit (17-700) Millipore | RIP assay
Methanol 1910599 Fisher Cell fixation for
(M/4000/17) Chemical | immunofluorescence
staining
Mini-Protean TGX Gels (4561025) BIO-RAD | Western blotting
miRNeasy Micro Kit (217084) Qiagen RNA extraction
Nuclease-Free Water 0000257361 Promega | RNA extraction and RT-
(P119A) PCR
OPTI-MEM I (1X) 1616013 Gibco RNA silencing
Reduced Serum Medium (31985062)
Precision Plus Protein™ (161-0373) BIO-RAD | Western blotting
ProLong™ Diamond 2086315 Thermo Mounting media for en-
Antifade Mountant (P36970) Fisher face and
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immunofluorescence
staining

Protease inhibitor cocktail (11836153001) Roche Protein extraction

tablets

Skim milk BCBT8091 Sigma Western blotting
(70166500G)

Sodium Acetate (3 M), pH (AM9740) Invitrogen | Biotinylated 3°’UTR

5.5, RNase-free pulldown

SP6/T7 Transcription Kit (10999644001) Roche Biotinylated 3’UTR

transcription

SsoAdvanced™ Universal (L001894 A) Bio-Rad | qPCR

SYBR Green Supermix

SUPERaseln (RNase (AM2694) Invitrogen | Biotinylated 3’UTR

inhibitor) pulldown

TO-PRO™ -3 iodide 1976612 Thermo en-face staining

(642/661) (T3605) Fisher

Trans-Blot Turbo transfer 64446217 BIO-RAD | Western blotting

pack (1704158) (Transfer system)

Table 2.7. List of reagents, solutes, gels and kits. Abbreviations: ethylenediaminetetraacetic

acid (EDTA);

ribonuclease (RNase).

reverse-transcriptase PCR (RT-PCR);

deoxyribonuclease (DNase);
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2.1.8. Buffers, media and stains

The buffers, media and stains used in this study are listed in Table 2.8.

distilled water + 99 mL of Isopropanol
[1:100] saturated in oil red O)

Buffer/media/stains | Content Supplier | Application
1% Gelatine 1 g gelatine In-house | Cell culture

100 mL distilled water
1% TBS with 25 mL of 20x TBS pH 7.4 (distilled In-house | Western
Tween 20 water, NaCl, KCI, Tris Base) blotting and
(1% TBST) 500 mL distilled water en-face

500 pL Tween 20 staining
1% Tris-buffered | 25 mL of 20x TBS pH 7.4 (distilled In-house | Cell
saline water, NaCl, KCI, Tris Base) extraction
(1% TBS) 500 mL distilled water
3% Blocking 0.6 g bovine serum albumin In-house | en-face
buffer BSA 20 mL of 1% TBST staining
5% milk buffer 2.5 g skim milk In-house | Western

50 mL 1% TBST blotting
10x Running 30.3 g Tris-base In-house | Western
buffer 10 g SDS (50 mL 20% SDS) blotting

144.2 g Glycine

up to 1000 mL distilled water
DMEM media 100 mL of DMEM media In-house | HUVECs

10 mL of foetal bovine serum culture

10 mL of newborn calf serum

200 pL of endothelial cell-specific

growth factor

100 pL of heparin
Endothelial cell | 0.05 mL/mL Fetal calf serum PromoCell | HCAECs
growth  medium | 0.004 mL/mL Endothelial cell growth culture
MV supplement

10 ng/mL Epidermal growth factor

90 pg/mL Heparin

1 pg/mL Hydrocortisone
Lysis buffer 5 mL of 1M Tris-HCL (pH 7.4) In-house | Western

5 mL of 5M NaCl blotting

I mL of 0.5 EDTA

300 pL (0.3%) triton x-100

100 mL distilled water

1 tablet of protease inhibitor cocktail
Oil red O stain 50 mL of distilled water In-house | Plaque

30 mL of oil red O solution (1 mL of staining
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Sample buffer 2.5 mL of 0.5 M Tris-HCL PH 6.8 In-house | Western
4 mL of 10% SDS blotting
0.5 mL of 0.1% bromophenol blue
3 mL of glycerol
2.5-5% B-mercaptoethanol
TO-PRO™ -3 | Nucleic acid stain Thermo en-face
iodide (642/661) Fisher staining

Table 2.8. List of buffers, media and stains. Abbreviations: tris-buffered saline (TBS); tris-

buffered saline and tween 20 (TBST); sodium chloride (NaCl); potassium chloride (KCl);

hydrochloric acid (HCI); sodium dodecyl sulphate (SDS); ethylenediaminetetraacetic acid

(EDTA).
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2.1.9. Equipment

The equipment used in this study are listed in Table 2.9.

Equipment (supplier)

10 pl, 20 pl, 100 pl, 200 pl and 1,000 pL. volumetric pipettes

20 pL, 200 pL and 1,000 pL plastic tips

12-well plate

6-well plate

6-well glass coverslips

96-well plate

15 cm Petri dish

Bijoux tubes

Cell culture flasks (CELLSTAR): 75 cm?, 250 mL, sterile

Cell scraper (Greiner Bio-One)

Coverslips, 22 x 22 mm (Scientific Laboratory Supplies)

Disposable serological pipets (Fisherbrand): 5 mL, 10 mL and 25 mL

Eppendorf 0.5 mL

Eppendorf 1.5 mL

Foil

Forceps

Glass slides

Magnetic separator

Pipetboy (ErgoOne FAST)

Scissors

Table 2.9. List of equipment.
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2.1.10. Instruments

The instruments used in this study are listed in Table 2.10.

Instrument Supplier Application

37° C, 5% CO; incubator Panasonic Cell culture

Trans-Blot Turbo BIO-RAD Western blotting
(Transfer system)

Canon A650 IS Canon Aorta images

CFX384™ Real-Time System BIO-RAD qPCR

Heat block Techne Western blotting and 3’UTR
pulldown

Light microscopy Nikon Microdissection

Leica Thunder imager Leica Microscopy

LSM 510 META confocal ZEISS en-face staining

microscope

Orbital shaker Grant-bio Shear stress application

T100™ Thermal Cycler Bio-Rad RT-PCR

Table 2.10. List of instruments.
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2.2. Methods
2.2.1. General systemic factor assessment in Ankhdl mouse models

Ankhdl mouse models had their weight and terminal blood glucose and cholesterol
measured. Glucose and cholesterol measurements were performed by introducing a needle
directly into the heart and blood was drawn. To measure blood glucose, a small spot of blood
was ejected from the syringe onto a glucose reader strip, and the strip was then placed in a
glucometer (freestyle optium). To measure cholesterol levels, 20 pl of blood from the draw
was placed on a PTS cholesterol panel (BHR pharma) and inserted into a cardiocheck reader
(BHR pharma). Systolic blood pressure was measured in conscious mice by placing the mouse
tail in the cuff (CODA non-invasive system), increasing pressure around the tail (250 mm Hg)
to stop blood flow then releasing it and recording reflow of the vessels. Heart rate was measured
in mice under 2% isoflurane anaesthesia using echocardiography via the Vevo 3100 micro-

ultrasound imaging system (VisualSonics, Toronto, Canada).

2.2.2. Aorta microdissection

Chest cavities of all mice were surgically opened to dissect aortas under a dissecting
light microscope. This procedure starts by extracting vital organs, such as the liver and lungs,
using micro-forceps. Aortas were held from its descending part and peeled up to remove them;
keeping them attached to the heart. After that, Excess connective tissues were cleaned up and
aortas were extracted from the hearts. Extracted aortas were then placed in clean Eppendorf
tubes labelled with mouse numbers and filled with 1% TBS. Finally, all dissected aortas were
kept at 4° C.

Dissected aortas were used for en-face staining and/or oil red O application. In en-face
staining, as we are aiming to test the effect of shear stress on endothelial Ankhdl, we used

primary aortic arches, also known as ascending aortas (Figure 2.1). This is because the inner
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curvatures of primary arches experience LSS, whereas the outer ones experience a high
magnitude of shear stress (Suo et al., 2007). Therefore, extracting the primary arches helps in
studying the influence of different shear magnitudes on endothelial cell responses. It was also
aimed to test the effect of ANKHDI on some target molecules, such as eNOS and PTGIS, in
HSS regions of aortas. To achieve that, about 1 mm of descending thoracic aortas of Ankhdl*

and Ankhdl”- were dissected (Figure 2.1).
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Branchiocephalic artery

HSS area
LSSarea | )

HSS area

Ascending aorta
(Primary arch)

»
L

HSS area

Thoracic aorta

Mouse aorta

Figure 2.1. Aorta microdissection of Ankhdl mouse models for en-face staining. The outer
curvature of the ascending aorta and thoracic aorta expose to HSS, and the inner curvature

of the ascending aorta exposes to LSS.
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2.2.3. En-face staining

The protocol of en-face staining is the same for all aortic parts (descending aorta or
aortic arch). Prelabelled 96-well plates with the relevant mouse number, corresponding aortic
part (e.g., primary arch), and the primary antibody applied (e.g., anti-ANKHD1) were used to
stain mouse tissues. Each dissected primary arch or thoracic aorta took one row in a 96-well
plate. In the first column, 100 pL of the blocking buffer (3% BSA) was placed in which each
tissue can be incubated for two hours at room temperature on the shaker. 100 uL of a diluted
primary antibody in 3% BSA was then placed in the second column. After blocking with 3%
BSA, tissues were transferred into the next wells containing primary antibodies. Primary
antibodies’ degrees of dilutions were 1:100 for ANKHDI1, eNOS and CD62E and 1:200 for
PTGIS. 96-well plate was then covered with foil and left overnight at 4°C. After that, tissues
were washed three times in the next three wells containing 1% TBST. Tissues were then
incubated in the secondary fluorescent antibody (568 gout anti-rabbit [gG: 1:150), covered with
foil and left on the shaker for five hours at room temperature. Tissues were washed three times
in the previous three columns containing 1% TBST and then transferred into 100 pL of (1:50)
CD31. This 96-well plate was then covered with foil and left at 4°C for 4-5 days. After staining
with CD31, all parts of the aortas were washed twice in 1% TBST, placed in To-opro (1:250)
for 5 minutes and washed once in 1% TBST. To visualise the innermost layers containing
endothelial cells, the tube was opened on a slide covered with 3 pL. of mounting media making
the innermost layer face the coverslip. Each slide was prelabelled with staining date, mouse
number (ID), primary antibody and aortic part. Finally, the confocal microscope (LSM 510
META confocal microscope) was used to visualise the fluorescently stained endothelium.
Quantification. A minimum of three images were taken per each aortic part (inner primary
arch, outer primary arch and descending aorta). I then used ImagelJ software to quantify the

mean fluorescence intensity from each image/tissue. The mean fluorescence intensity was
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measured by subtracting the background florescence generated by the negative control, which
is the isotype-matched IgG. The Image] Macro tool was used to calculate the nuclear-to-
cytoplasmic ratio of ANKHD1 in endothelial cells of mouse descending aortas (Grune et al.,
2018). Then, I used the software Prism 8§ to plot the results from multiple animals as well as

perform statistical analysis.

2.2.4. Oil Red O staining and haematoxylin and eosin staining
Aortic root preparation for haematoxylin and eosin staining. Aortic roots embedded in
paraffin were deparaffinised and then rehydrated in a sequence of incubations. I started by
placing the aortic root two times in xylene for 2 minutes each, followed by two times in 99%
ethanol for 2 minutes each, one time in 95% ethanol for 2 minutes, one time in 70% ethanol
for 2 minutes and finally in running water for 2 minutes.
haematoxylin and eosin staining for aortic roots. Tissue was stained with haematoxylin for
3 minutes, washed with running water for 5 minutes, immersed in 1% acetic acid for 30
seconds, washed with running water for 5 minutes, immersed in 95% ethanol for 30 seconds,
counterstained with eosin staining for 30 seconds, washed with running water for 5 minutes
and dehydrated in a sequence of incubations. It starts with 70% ethanol for 2 minutes, 95%
ethanol two times for 2 minutes each, 99% ethanol for 2 minutes and in xylene two times for
2 minutes each.

To measure plaque sizes in aortic roots, aortic roots were mounted with DPX Mountant
media under glass coverslips and then tailed images of stained aortic roots were taken via a
10x lens of Leica thunder microscope. Plaque measurements were performed to provide the
relative lesion areas, which are in the aortic sinuses, to the total root area using ImageJ (Centa

etal., 2019).
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Oil red O staining for aortas of mice. Aortas of Ankhdl™*, Ankhdl”’* and Ankhdl”~ mice
with atherosclerosis, PCSK9-AAV transduced mice, were used to quantify plaque burden.
Staining has been performed by placing the aorta in 5 mL of 60% isopropanol for 2 minutes,
followed by oil red O for 15 minutes, 60% of isopropanol for 2 minutes and in double distilled
water.

To measure plaque sizes in aortas, stained aortas were cut through the inner curvature
to open the vessel. The ascending primary arch was also cut from the outer curvature to make
a 2D shape of the aorta (Figure 2.2). Images of the open aortas were taken via Canon A650 IS
microscope and lesion sizes were measured via Nis-elements BR, which indicates the plaque

areas per the total aortic area.
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Left subclavian artery

Left common carotid artery
Branchiocephalic artery
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Mouse aorta

Figure 2.2. Aorta microdissection of Ankhdl mouse models for Oil red O staining.
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2.2.5. Primary cell culture

Primary HUVECs and HCAECs were received in frozen vials that were kept in liquid
nitrogen. To culture HUVECs, a 75 mL flask was coated with 8 mL of 1% gelatine and left in
the incubator (37° C, 5% CO.) for half an hour. Excess gelatine was then discarded, and the
flask was filled with 15 mL of DMEM growth media and incubated at 37° C, 5% CO,. After
that, cells were thawed in the water bath (37° C) for one minute. They were then transferred
into the gelatine pre-coated flask containing warm growth media. HUVECs were kept in the
incubator for 2-3 days to become highly confluent (95%-100%).

To grow HCAECs, 15 mL of MV growth media (C-22010) was pre-incubated in a 75
mL flask at 37° C 5% CO; for an hour. HCAEC:s in a frozen vial were defrosted in the water
bath (37° C) for one minute. This is to transfer them in a 75 mL flask containing warm growth
media. HUVEC and HCAEC growth was observed daily, and their media was replaced
regularly.

When cells grow and become highly confluent (95%-100%), they can be sub-cultured
to increase their numbers and to use them in subsequent experiments, such as shear stress
application and/or ANKHD silencing.

To use cells for experiments, media was discarded, and the cells were washed twice
with 10 mL of 1% TBS. Cells were then detached from 75 mL flasks by adding 3 mL of trypsin
and incubating them for 2 minutes at 37° C, 5% CO.. They were subsequently resuspended in
growth media. The amount of the media depends on the number of new flasks and/or 6-well
plates/12-well plates. Each flask needs 10 ml of the media whereas 12 mL was for a 6-well
plate/12-well plate. Cells in flasks were kept in the incubator to grow and be used for further
experiments. On the other hand, those cultured on a 6-well plate/12-well plate were stimulated

with shear stress, ANKHD 1siRNAs and/or actinomycin D.

82



2.2.6. Shear stress application

Orbital shaker system. To apply shear stress to endothelial cells, they were seeded on a 6-well
plate and the plate was placed on the orbital shaker for 72 hours, set at 210 rotations per minute
(rpm). Cells grown in the periphery of each well were exposed to HSS (13 dyne/cm?); while
cells in the centre were exposed to LSS (4 dyne/cm?) (Warboys et al., 2014). After 72 hours, a
template for the 6-well plate was used to extract cells from the periphery and centre via a cell
scraper, while the middle portion was discarded (Figure 2.3). As a result, the expressions of
different mRNAs and proteins in different levels of shear stress were quantified by qPCR and

western blotting, respectively.

2.2.7. Endothelial cell extraction

Media was discarded and replaced by 1 mL/well of cold 1% TBS after 72 hours of shear
stress stimulation. I used the template (Figure 2.3) to extract cells from centres or peripheries.
Cells in centres were detached via a cell scraper to keep peripheral cells for RNA/protein
extraction and vice versa. 1% TBS was discarded, and cells were washed one more with 1
mL/well cold 1% TBS. Then the RNA/protein was extracted, and gene expression was
quantified via qPCR/western blotting (described in more detail below, in section 2.2.13 and
section 2.2.14). To identify the responsiveness of a particular gene (e.g., ANKHD1) to shear
stress, cells that were not stimulated with shear stress, in static conditions, were extracted from
the whole well of the 6-well plate. This is to compare the levels of ANKHDI1 protein between

static, HSS (in the periphery) and LSS (in the centres) conditions.
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Periphery (HSS)
Middle
Centre (LSS)

Figure 2.3. 6-well plate template used to extract cells stimulated with shear stress using
the orbital shaker system. HSS-stimulated cells are in the periphery (blue) whereas LSS-

stimulated cells are in the centre (white). Cells in the middle area (red) are discarded.
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2.2.8. ANKHDI silencing via siRNA-lipotransfection

For ANKHDI] silencing experiments, one control siRNA (non-target siRNA [NT-
siRNA]), two different ANKHD1siRNAs, Optemim and RNAiMax (Lipo) were used. One of
the ANKHD IsiRNAs is ANKHD 1siRNA-1, which is a pool of four ANKHD IsiRNA sequences.
The other one is ANKHD IsiRNA-2, which contains one siRNA sequence.

siRNA-lipotransfection was applied directly after splitting primary cells into 6-well
plates. For each well containing 2 ml of media, a mixture of 150 pL of optemim, 7 puL of
RNAiMax (Lipo) and 20 pL of 2 puM of either control siRNA, ANKHDIsiRNA-1 or
ANKHDIsiRNA-2 were prepared. After five minutes of incubating the mixture, it was added
to the primary cell suspension in a growth media. Cells were left to attach into wells in an

incubator for 5 hours at 37° C, 5% CO». The 6-well plate was then placed on the orbital shaker

for 72 hours at 37° C, 5% COax.

2.2.9. RNA sequencing via NovoGene

Two HCAECs donors transfected with NT-siRNA or ANKHD 1siRNA-2 were sent for
sequencing and analysis to NovoGene. Figure 2.4. shows the workflow of the RNA sequencing
approach used. The raw sequenced reads provided via Illumina platforms were having quality
control assessment by determining error rates for each base, which equal 2-3% in all of my
samples, and being filtered to remove any reads that contain adaptors, match with more than
one gene, have uncertain nucleotides. Reads were then aligned and mapped with the hg38
human genome via HISAT?2 to identify the expressed genes in each sample. This is followed
by gene expression quantification via counting the sequenced reads of each mapped gene. The
read count of each gene, which correlates with read depth, gene length and gene expression, is
estimated by FPKM (Fragments Per Kilobase of transcript sequence per Million base pairs

sequenced) (Mortazavi et al., 2008). This is followed by statistical analysis of the differentially
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expressed genes via DESeq2 software, which is used for samples with biological replicates, to
identify the p-value and adjusted p-value accounting for the multiple comparisons (Negative
Binomial Distribution). The threshold for the differential gene analysis was log2 (FoldChange)
= 0 and the p-value and adjusted p-value were < 0.05. Finally, the differentially expressed
genes, upregulated or downregulated, can undergo functional analysis (e.g., Kyoto

Encyclopedia of Genes and Genomes [KEGG]) to identify the enriched pathways and diseases.
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Figure 2.4. NovoGene RNA sequencing workflow. Abbreviation: Next generation

sequencing (NGS).
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2.2.10. RIP Assay

Magnetic beads preparation. Two 1.5 mL Eppendorf tubes were pre-labelled with either
ANKHDI1 antibody or rabbit IgG (negative control). 50 pL of magnetic beads were placed in
each of the Eppendorf. To wash the beads, 500 pL of RIP washing buffer was also added to
the Eppendorf containing the beads and the Eppendorf was then placed into the magnetic
separator rack to discard the supernatant after bead aggregation. This washing step was
repeated one more, and then, 5 pg of ANKHDI antibody or IgG were added into their
Eppendorfs. The beads-antibody mixture was incubated on the roller for 30 minutes at room
temperature. After 30 minutes of incubation, tubes containing beads-antibody complex were
spun down, placed on the magnetic rack, and washed with 500 puL of RIP washing buffer. This
washing step was repeated twice.

Sample preparation. HUVECs were grown to confluency on a 15 cm petri dish. Proteins were
extracted from HUVECs by adding 124 pL of RIP lysis buffer. A volume of 100 pL of protein
lysates was used for each RIP (ANKHDI or IgG). A volume of 24 pL of protein lysates was
used for the 10% initial input of western blotting and qPCR.

RIP immunoprecipitation buffer preparation. For each RIP, a volume of 900 pL RIP
immunoprecipitation buffer was prepared from 860 pL RIP wash buffer, 35 uL. 0.5 M EDTA
and 5 pL. RNase inhibitor.

ANKHDI1-RNA complex immunoprecipitation. A volume of 100 pL protein lysates was
added into each of the beads-ANKHD1 antibody complex and the beads-IgG complex. 900 pL
of RIP immunoprecipitation buffer was added to each sample. These were then incubated for
4 hours at 4° C on the roller. After that, all tubes were placed on the magnetic rack to discard
the supernatant and wash the RIP complexes (beads-antibody-protein complex) four times with
500 pL RIP washing buffer. 500 uL. RIP washing buffer was mixed with the RIP complex.

Subsequently, 50 uL from the RIP complex was kept for western blotting to perform quality
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control assurance. The tubes were then placed on the magnetic rack to discard the supernatant
and extract the RNA via the Qiagen miRNeasy Micro kit. The 2.2.13 and 2.2.14 sections are

going to explain the methods of RNA extraction and quantification and western blotting.

2.2.11. RNA stability assay

HUVECs in 12-well plates were transfected with either control siRNA or
ANKHDIsiRNA-1 (Figure 2.5). For each well, a mixture of 75 pL of optemim, 3.5 pL of
RNAiMax (Lipo) and 10 pL of 2 uM of either control non-targeting siRNA or
ANKHDIsiRNA-1 was prepared. Then, the cells were placed in the incubator at 37° C, 5%
CO; overnight. On the next day, the cells were treated with (1 uM) actinomycin D at different
time points to inhibit RNA transcription over 0, 2, 4 and 16 hours. This would allow me to
assess the stability of the pre-transcribed mRNA following transcription inhibition with and
without ANKHD silencing (Ratnadiwakara and Ankd, 2018). After completing the incubation
hours with actinomycin D, HUVECs were washed twice with ice-cold 1% TBS and treated
with Qiazol to extract RNA (miRNeasy Micro kit) at the same time. RNA was quantified by
qPCR. The steps of RNA extraction and quantification are going to be explained later in this

chapter (2.2.13 section).
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Figure 2.5. RNA stability assay applied on HUVECs in 12-well plate. Abbreviation:

actinomycin D (ActD).
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2.2.12. Biotinylated 3 UTR precipitation

Plasmid linearisation. 5 ng of each plasmid (WT eNOS 3’UTR or eNOS 3’UTR lacking AU-
rich element [eNOS 3’ UTRAAUR]; Figure 2.6) was linearised via the restriction enzyme Xbal
in two prelabelled Eppendorfs with the plasmid name. This was performed by mixing 5 pug of
each plasmid with 2 pL of 1:10 BSA, 2 pL of restriction enzyme 10x buffer and 1 pL of the
restriction enzyme Xbal. Then, the volume was made up to 20 uL. with nuclease-free water.
This mixture was then incubated at 37° C for two hours.

Ethanol precipitation. In the two DNA tubes, the volume was made up to 200 puL with
nuclease-free water and 20 pL of 3 M sodium acetate and 500 pL of 100% ethanol were added
to ethanol precipitate the DNA overnight at -80° C. On the next day, the two tubes of
precipitated DNA (WT eNOS 3’UTR and eNOS 3°’UTRAAUR) were spun down at 16,000 g
for 10 minutes. Then, the supernatant was discarded, and the pellet was left to dry. The dry
pellet was resuspended with 20 pL of nuclease-free water and the DNA quality and quantity
were measured via the nanodrop.

In vitro transcription. The RNA labelling mix was prepared by mixing 10 pL of each ATP,
CTP and GTP, 6.5 pL of UTP and 3.5 pL of Biotin-16-UTP. For each linearised plasmid, a
transcription reaction tube was prepared by mixing 8 uL of the RNA labelling mix and 2 pL of
10x transcription buffer, 1 pug of the DNA (either WT eNOS 3’UTR or eNOS 3’UTRAAUR),
1uL of RNase inhibitor and 2 pL of Sp6 polymerase were added. The reaction tubes were
mixed, briefly centrifuged, and placed in the heat block at 37° C for two hours. Then, to digest
the DNA and have a pure biotinylated 3°’UTR, 2 puL of DNase/tube was added into the
transcription reaction tube, mixed and incubated at 37° C for 15 minutes. After that, 0.8 uL of
5M EDTA was added into each tube and mixed and the tube was then heated to 65° C for 10

minutes. The biotinylated 3’UTR was then ethanol precipitated overnight.
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RNA pulldown. After ethanol precipitation, the biotinylated RNA of WT eNOS 3’UTR and
eNOS 3’UTRAAUR was measured via nanodrop. 2 pg of each 3’UTR (WT eNOS 3°’UTR and
eNOS 3’UTRAAUR) was added into 200 pg of protein lysates (extracted from HUVECs). The
negative control sample has 200 pg protein lysates with no 3’UTR (no RNA) while 20 pg of
protein was kept as a positive control (10% input). The three samples, WT eNOS 3°’UTR, eNOS
3’UTRAAUR and no RNA samples, were incubated for 1 hour with the 200 pg of protein
lysates at 4° C on the rotator and will be then used for the RNA pulldown.

20 pL of beads/sample were washed twice with 500 pL of lysis buffer, resuspended
with 20 puL of lysis buffer, added into each of the three samples (WT eNOS 3’UTR, eNOS
3’UTRAAUR and no RNA) and incubated for 1 hour in the rotator at 4° C. Then, beads of each
sample were washed five times with 200 pL of lysis buffer, resuspended in 45 pL sample
buffer, mixed with 1 pL benzonase and incubated in the rotator at 4° C for 30 minutes. The
initial input sample was mixed with 45 pL of sample buffer. Finally, all four samples were
boiled at 95° C for 5 minutes to perform western blotting to assess ANKHD1 binding to eNOS

3’UTR (Igbal et al., 2014).
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Figure 2.6. Plasmid maps used for in vitro 3’UTR transcription. WT eNOS 3°’UTR (A) and

eNOS 3’UTRAAUR (B) are shown.
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2.2.13. Quantifying RNA levels via gqRT-PCR

Total RNA extraction (miRNeasy Micro Kit). Primary cells extracted from HSS areas
(peripheries) or LSS areas (centres) were dissolved in 280 puL of QIAzol lysis reagent in
Eppendorfs for 5 minutes at room temperature. Then, these cell extracts were mixed with 56
uL of chloroform, vortexed vigorously for 15 seconds and incubated at room temperature for
2-3 minutes. These Eppendorfs containing cell extracts were then centrifuged at 12,000 g at 4°
C for 15 minutes. After that, the upper aqueous phase, which contains the total RNA, was
transferred into a new Eppendorf. Then, 165 pL of 100% ethanol was added and mixed
thoroughly. This was transferred into an RNeasy MinElute spin column in a 2 mL collection
tube, centrifuged at 8000 g for 15 seconds at room temperature and discarded its flow-through.
700 puL of RWT buffer was added to the column and centrifuged at 8000 g for 15 seconds at
room temperature. The flow-through was discarded. 500 uL of RPE buffer was then added to
the column and centrifuged at 8000 g for 15 seconds at room temperature. The flow-through
was discarded. Next, 500 pL of 80% ethanol was added to the column and centrifuged at 8000
g for 2 minutes at room temperature and the flow-through and the collection tube were
discarded. The RNeasy MinElute spin column with the lid open was then placed in a 2 mL
collection tube and centrifuged at full speed for 5 minutes to dry the membrane. The 2 mL
collection tube was replaced with a 1.5 mL collection tube. 14 pL of RNase-free water was
added into the column and centrifuged at full speed for 1 minute to elute the RNA. The
extracted RNA was stored in an ice box, and its concentration and purity were measured using
the nanodrop.

RNA quantity and quality assessment. A NanoDrop 2000 spectrophotometer (Thermo
Fisher) was used to measure the RNA concentration and purity in each sample. The RNA
extract is considered highly pure when the ratio of absorbance (260/280) is 2, accepted values

were a ratio equal to or greater than 1.8.
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cDNA synthesis via RT-PCR. The RNA yield was normalised to 100 ng\uL, so the volume
of RNA used to prepare the reverse transcription (RT) reaction mix is variable. The total
volume of the RT mix is 20 pL; this includes 4 pL of 5x iScript RT Reaction Mix and variable
amounts of RNA and nuclease-free water. This preparation was mixed in micro-Eppendorfs
and incubated in a thermal cycler called TI00™ Thermal Cycler. The thermal cycler protocol
for the iScript reaction is priming at 25° C for 5 minutes, RT at 46° C for 20 minutes and,
finally, reverse transcriptase inactivation at 95° C for 1 minute. The synthesized cDNA was
then measured by qPCR, which determined the RNA expression levels.

cDNA quantification via qPCR. I used primers targeting ANKHD]I full length, ANKHD1
transcript variants, KLF2, KLF4, eNOS, PTGIS, F3, ILIB, GPCI, GSTP-1, GSTO-1 and
MCPI. 1 also used primers for the housekeeping genes which are HPRT and B-actin. To
quantify all of these transcripts, 8§ uL PCR master mix was prepared from 5 pL/well of

SsoAdvanced™

Universal SYBR Green Supermix, 2 pL/well of 1 uM primers, forward and
reverse, for the targeted gene and 1 pL/well of nuclease-free water. Then, a 96-well plate was
pre-labelled with the target gene name(s) on each row. 2 pL of a cDNA sample (diluted at
1:100) generated from the extracted RNA was mixed with the 8 pL. PCR master mix in each
well. Each cDNA sample was tested twice, two technical replicates. For each target gene, there
were two negative controls which are 8 pL of the PCR master mix/well. In the qPCR machine
(CFX384™ Real-Time System), the 96-well plate was placed to quantify the target transcripts.
Each of the 40 cycles of qPCR started with denaturation for 0.25 minutes at 95°C, annealing
for 0.45 minutes at 58°C and elongation for 0.05 minutes at 65°C.

Quantification of gene expression. each technical replicate (N= 2) has a Ct value, and these
values were averaged. The housekeeping gene HPRT, expressed in the periphery or the NT-

siRNA transfected cells, was used to normalise all target genes’ expressions. To calculate the

fold change of these genes, the normalised Ct values were quantified as 2"AACt (Schmittgen
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and Livak, 2008). Finally, they were presented on graphs using Prism 8.1.2 software and the

statistics were applied on ACt (paired analysis).

2.2.14. Western blotting

Protein extraction. Proteins were extracted by adding a hundred microliters of lysis buffer
containing protease inhibitor cocktail onto the HUVECs or HCAECs attached to four centres
or one periphery, parts of the well that were not needed were previously scraped and removed.
The extracted proteins were then kept in -20° C in a pre-labelled Eppendorf tube.

Gel electrophoresis. For each 10 puL of protein lysates, 10 puL of the sample buffer was placed
in a prelabelled clean Eppendorf. This mixture was placed in the heat block at 95° C for
5 minutes. Mini-Protean TGX Gels were placed vertically in the apparatus inside the tank, and
then, the 1% running buffer was added into the tank. The comb for 12 wells was pulled out
carefully from the gel to add 20 pL of the samples into each well. 3 pL of the Precision Plus
Protein™ ladder was loaded. The loaded samples and ladders were then run at 200V for 30
minutes.

Protein transfer. The comb part that forms the wells of the gel and the bottom of the gel were
cut and removed first. Next, the transfer membrane on the bottom ion reservoir stack was
placed on the bottom anode (+) cassette. The gel was then placed on top of the transfer
membrane. The roller was used to remove air bubbles between the gel and the transfer
membrane. The top ion reservoir stack was placed on the gel. Finally, these were then locked
by the top cathode (-) cassette and inserted into the transfer system (Trans-Blot Turbo). The

proteins were transferred at 2.5 A constant, up to 25 V for 7 minutes.

Protein immunoblotting. The transfer membranes were then incubated in the 5% milk
(blocking solution) for 30 minutes on the shaker at room temperature. In a 50 mL falcon tube,

3 pL of a primary antibody (e.g., anti-ANKHD1 antibody) were added to 3 mL of 3% BSA to
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make a 1:1000 dilution. After blocking the transfer membrane, it was incubated in the falcon
containing the primary antibody overnight on the roller at 4° C. On the next day, the transfer

membranes were washed three times with 1% TBST for 5 minutes each.

To prepare the secondary antibody, 5 puL of the secondary antibody (e.g., polyclonal
gout anti-rabbit immunoglobulins/HRP) was added to 50 mL of 5% milk buffer in a 50 mL
Falcon tube. The transfer membrane was then incubated with the secondary antibody for 30
minutes on the shaker at room temperature. This was followed by washing the transfer
membrane with 1%TBST five times each for 2 minutes on the shaker at room temperature.
After that, a 1:1 ratio of A and B ECL western blotting detection reagents was prepared and
added to the transfer membrane. ChemiDoc XRS+ System was used to detect the protein bands
on the transfer membrane. Finally, protein levels of the target and the housekeeper genes were

quantified using ImageJ.

2.2.15. Immunofluorescence staining

HUVEC:s with or without ANKHD IsiRNA lipotransfection were grown on 1% gelatine
pre-coated glass coverslip in a 6-well plate and stimulated with shear stress using the orbital
shaker system. To stain these HUVECs with immunofluorescence staining, they were fixed
first with ice-cold methanol, then blocked with 3% BSA for 2 hours and stained with ANKHD1
(1:100 in 3%BSA) or PTGIS primary antibody (1:200 in 3%BSA) overnight at 4° C. On the
next day, HUVECs were washed twice with 1% TBST, stained with secondary antibody (568
gout anti-rabbit IgG: 1:150 in 3% BSA) for 3 hours, washed twice in 1% TBST, stained with
VE-cadherin primary antibody (Mouse anti-human CD144: 1:100 in 3%BSA) for 1 hour and

incubated with secondary antibody (Anti-mouse IgG Alexa Fluor 488: 1:100 in 3% BSA) for
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1 hour. For nuclear staining, To-pro (1:250 3% BSA) was added for 5 minutes and washed
once with 1% TBST. Cells on glass coverslips were then mounted on a glass slide via Diamond
mounting media. Images of cells in the peripheries/centres and with/without ANKHDI
silencing were taken via Leica microscope. The mean fluorescence intensity was quantified via

Imagel.

2.2.16. Quantification and Statistical analysis

The images and data from in vivo work were collected in a blinded fashion depending
on mouse number/ID only. After quantification, the data were matched with mouse genotype
to apply statistics. Both in vivo and in vitro findings are presented on graphs as mean + standard
error of the mean. The statistical analysis test used depends on the normality of the data, which
was assessed using Graphpad. When the data were normally distributed, a parametric paired,
unpaired t-test or multiple comparisons were conducted (paired for paired observations). If data
were not normally distributed, non-parametric Wilcoxon Mann Whitney test or multiple
comparison tests were performed. p-values smaller than 0.05 were considered statistically

significant (Significance limit = 0.05).
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Chapter 3: The effect of shear stress on ANKHDI1 expression and
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3.1. Outlines

Since, single-cell RNA sequencing data showed ANKHDI concentration was high in
the endothelial cells compared to other cells derived from heart muscles (Gtexportal, 2021) and
ANKHDI1 function is currently unexplored in human endothelial cells, the major aim of my
PhD studies is to study ANKHDI functions in endothelial cells. Studying expression and loss-
of-functions of ANKHDI in endothelial cells accompanied by RNA sequencing approach and
studying ANKHD1 under different shear stress conditions would allow me to infer a possible
function/s of ANKHDI in endothelial cells and its contribution to endothelial dysfunction and
atherosclerosis.

Hypothesis: ANKHDI is expressed in human and mouse endothelial cells and contributes to
important endothelial cell functions.

To understand the functions of ANKHDI, I have decided to take a reductionist
approach and I have used siRNA to lower ANKHDI expression. Endothelial cells from
different donors were used to silence ANKHD1; and thus, to discover the genes that are under
its control.

The specific aims of this chapter are:

1. To confirm the expression of ANKHDI in human and mouse endothelial cells

2. To perform RNA sequencing to identify, in an unbiased way, the functions of ANKHD1 in
human coronary artery endothelial cells.

3. To experimentally validate some of the top functions/genes associated with ANKHD1 in
endothelial cells.

To find the answers, I combined the use of human cell models (in vitro models) and
mouse models (in vivo models), I statistically analysed the data and discussed the potential

importance of these findings in this chapter.
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3.2. ANKHD1 is highly expressed in endothelial cells

To verify the expression of the ANKHDI protein in endothelial cells, I experimentally
tested its expression in cultured endothelial cells and mouse aortas. I extracted proteins from
primary human endothelial cells (Human Umbilical Vein Endothelial Cells [HUVECs] and
Human Coronary Artery Endothelial cells [HCAECs]). ANKHDI1 was expressed in static (no
flow) HUVECs and HCAECs (Figure 3.1: A and B). ANKHDI1 appears as multiple bands,
which may be the outcome of the different transcript variants that it is well-known to produce.
All of these ANKHD1 bands had a very low intensity when ANKHDI was silenced using a
specific ANKHD1siRNA compared to cells transfected with a non-targeting siRNA (negative
control). This indicates the specificity of the ANKHD]1 antibody (Figure 3.1: B), as all the
bands appear to be reduced by silencing of ANKHDI.

I then assessed whether ANKHDI is also expressed in mouse aortic endothelial cells
by staining them with ANKHD1 antibody and the endothelial cell marker CD31, which allows
me to identify the endothelial layer with the use of confocal microscopy. ANKHD1 was highly
expressed in the mouse endothelium of the descending aorta. ANKHD1 does not appear to
localise in a single organelle but instead, it is found in both the nucleus and the cytoplasm
(Figure 3.1: C). Compared with Ankhdl*" mice, ANKHDI fluorescence intensity was
markedly reduced in AnkhdI”~ mice (Figure 3.1: D). This also confirms the specificity of the

ANKHDI1 antibody with this staining technique.
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Figure 3.1. Primary human endothelial cells express ANKHDI. Immunoblotting of
ANKHDI1 protein from HUVECs (A) and HCAECs (B) are shown. The loading controls are
b-tubulin and b-actin, respectively. ANKHDI1 expression is shown in control HCAECs:,
transfected with non-targeting siRNA (NT-siRNA), and ANKHD]1-deficient HCAECs:,
transfected with ANKHDIsiRNA (B). en-face staining of ANKHDI1 (in red) and CD31 (in
green) was performed on the descending aortas (C and D). ANKHDI1 expression is shown in

Ankhdl*"" mice (C) and Ankhdl”- mice (D).
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3.3. ANKHDI1 regulates pathways involved in fluid shear stress and atherosclerosis

I transfected two different HCAEC donors with either control siRNA (non-targeting
siRNA [NT-siRNA]) or ANKHDI-targeting siRNA (ANKHDIsiRNA-2). The cells were
subsequently stimulated with HSS for 72 hours and RNA sequencing was performed by
NovoGene. The purpose of this experiment was to identify, in an unbiased way, the roles of
ANKHDI1 in primary human endothelial cells under HSS conditions.

The results showed that, out of the 19614 co-expressed genes in NT-siRNA and
ANKHD IsiRNA-2 transfected cells, 949 genes were significantly upregulated, and 1058 genes
were downregulated significantly (p <0.05) when ANKHD1 was silenced. The distribution of
these genes is shown in a volcano plot (Figure 3.2: A). Methionine adenosyltransferase 2A
(MAT24) mRNA was the most significantly upregulated mRNA (p= 2.32E-10) while
ribosomal protein L13a pseudogene 25 (RPLI34AP25) mRNA is the most significantly
downregulated mRNA (p=1.71E-09) in ANKHD1- deficient HCAECs. The level of ANKHDI1
reduction in these cells was -1.2938806 log2 fold. The heat map provides a visual of how the
differentially expressed genes (rows) that have a similar pattern of expression were clustered
in the control cells (NT-siRNA) and ANKHD1-deficient cells (ANKHD1siRNA-2) (columns)
(Figure 3.2: B). Gene ontology and pathway analysis revealed some of the functions of
ANKHDI1 in endothelial cells. KEGG pathway analysis showed the top 20 pathways that are
under the control of ANKHDI1 (Figure 3.2: C). The regulations of apoptosis, mitophagy,
lysosome and microRNAs in cancer are known and published functions of ANKHD1 (Zhu, Li,
Tian and Wu, 2015; Zhu, Zhang, Tian and Wu, 2017; Fragiadaki and Zeidler, 2018); thus,
validating this RNA-sequencing approach. It is worthwhile also to note that functions
previously not associated with ANKHDI1 have also been identified, for example, IL17

signalling and adherens junctions (Figure 3.2: C).
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Figure 3.2. Differentially expressed genes and pathway analysis in ANKHDI-deficient

HCAECs. The volcano plot shows the significantly upregulated (red dots) and
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downregulated (green dots) genes in HSS-stimulated HCAECs transfected with
ANKHDI1siRNA-2 compared with control cells (N=2 different donors). The x-axis shows
the fold change of each gene comparing with the threshold of log2 (FoldChange) = 0 while
the y-axis shows the statistical significance (p<0.05) (A). The heatmap shows the
differentially expressed genes with and without ANKHD silencing. Column represents each
treatment group (NT-siRNA and ANKHD IsiRNA-2) including the two biological replicates
while the rows represent the genes (B). KEGG pathway analysis showed the fluid shear stress

and atherosclerosis as one of the top enriched pathways (C).
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Interestingly, fluid shear stress and atherosclerosis were one of the top enriched
pathways, suggesting the possible involvement of ANKHD1 in atherosclerosis downstream of
shear stress sensation. The fact that ANKHDI is linked to atherosclerosis and fluid shear stress
has encouraged me to study this further, as shear stress has been shown to be a major
contributor to the focal nature of plaque development. Table 3.1 displays the upregulated and
downregulated genes in the pathways regulated under shear stress and atherosclerosis
conditions via ANKHD1. ANKHDI controls 7 genes that are involved in inflammation in the
context of shear stress, including the pro-inflammatory and pro-atherogenic interleukin 1 S
(IL1p) and its receptor ILIR1. Silencing of ANKHD1 causes a 2.261 of IL1f and a 1.136 log2
fold increase of its receptor. Additionally, ANKHDI negatively regulates IKBKB (IKK[).
IKKp is a gene that phosphorylates the inhibitor of the pro-inflammatory NF-kB complex, I
kappa B (IkB), thus causing activation of NF-xkB (Karin and Ben-Neriah, 2000). Moreover,
ANKHDI1 also negatively regulates /CAM-1, which is an NF-xB target gene with a role in the
recruitment of inflammatory cells into the intima. In addition to its potential role in
inflammation suppression, ANKHD1 appears to also be responsible for regulating a number of
mechanosensors, including glypican 1, VE-cadherin and VEGFR2.

Taken together, based on the strong expression of ANKHDI in human and mouse
endothelial cells and its identified roles in the suppression of inflammation and sensing of
mechanical forces, I hypothesised that ANKHD1 has major roles in endothelial cells, which

are going to be investigated in the next chapters.
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ID

ENSG00000177606

ENSG00000120129

ENSG00000161011

ENSG00000104365

ENSG00000090339

ENSG00000125538
ENSG00000115594

ENSG00000128340

ENSG00000117020

ENSG00000128052

ENSG00000168036

ENSG00000169750

ENSG00000185386

ENSG00000188130

ENSG00000179776

Gene Name

Jun proto-oncogene, AP-1
transcription factor subunit
(JUN)

dual specificity phosphatase
1 (DUSPI)

sequestosome 1 (SOSTM1)
inhibitor of nuclear factor
kappa B kinase subunit beta
(IKBKB)

intercellular adhesion
molecule 1 (ICAM-1)
interleukin 1 beta (IL1[)
interleukin 1 receptor type 1
(ILIRI)

Rac family small GTPase 2
(RAC2)

AKT serine/threonine
kinase 3 (4KT3)

kinase insert domain
receptor (KDR or VEGFR?2)
catenin beta 1

(CTNNBI, beta-cateinin)
Rac family small GTPase 3
(RAC3)

mitogen-activated protein
kinase 11 (MAPKI1)
mitogen-activated protein
kinase 12 (MAPK12)
cadherin 5

(CDH5, VE-cadherin)
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Log2 Fold

change

0.727328871

0.687318794

1.100343423

0.658823191

1.690778348

2.261884581
1.136089697

0.831520028

0.852559613

0.843280787

0.986079613

-1.412512086

-0.813476956

-0.756087905

0.822632867

Function

Inflammation

Proliferation

and migration

Cell adhesion



ENSG00000116044

ENSG00000148834

ENSG00000084207

ENSG00000166484

ENSG00000117020

ENSG00000063660

ENSG00000179776

ENSG00000063660

ENSG00000128052

ENSG00000178726

NFE2 like bZIP
transcription factor 2
(NRF2)

glutathione S-transferase
omega 1 (GSTO-1)
glutathione S-transferase pi
1 (GSTP-1)
mitogen-activated protein
kinase 7 (MAPK7, ERKY)
AKT serine/threonine
kinase 3 (4KT3)

glypican 1 (GPCI)
cadherin 5 (CDHY)
glypican 1 (GPCI)

kinase insert domain
receptor (KDR or VEGFR?2)
Thrombomodulin

(THBD, TM)

3.79594256

-0.689968279

-0.819984755

1.107514205

0.852559613

-0.503566349

0.822632867

-0.503566349

0.843280787

0.798533437

Oxidative stress

Vascular tone

Mechanosensor

Thrombosis

Table 3.1. Differentially regulated genes in the shear stress and atherosclerosis pathway

in HSS-stimulated HCAECs (NTsiRNA [control] vs ANKHDI1siRNA-2). The log2 fold

change represents the level of each gene in ANKHDI deficient cells when compared to

control cells. The functional annotation of these genes was identified in the bioinformatic

tool (KEGG).
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3.4. Assessing the effect of ANKHDI1 on shear stress-responsive genes in endothelial cells

To further validate the RNA sequencing approach, I assessed using qPCR the effect of
ANKHDI inhibition on the expression of the major mechanosensor GPC/ mRNA, which
promotes vasorelaxation and vasoprotection, and mechanosensing genes including pro-
inflammatory molecules, /L1 and ICAM-1 mRNAs, and antioxidant enzymes, GSTP-I and
GSTO-1 mRNAs, in HSS-stimulated HCAECs via the orbital shaker. All primer pairs used for
qPCR in this study show single peaks in their melting curves; thus, indicating target specificity
(Appendix 7.1). ANKHDI inhibition via ANKHDIsiRNA-2 showed a significant increase in
IL1[ and ICAM-1 whereas a significant reduction was seen in glypican 1 and GSTP-1 (Figure
3.3: A-D). ANKHDI inhibition did not reduce GSTO-1 significantly, however, there is a trend
toward reduction in ANKHDI1-deficient cells (Figure 3.3: E). This might be overcome by
increasing the biological replicates. Taken together these results validate the RNA sequencing
data and indicate that ANKHDI is important to mediate atheroprotective shear stress responses

in endothelial cells, particularly, vasorelaxation, inflammation and oxidative stress.
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Figure 3.3. IL1f, ICAM-1, GPC1, GSTP-1 and GSTO-1 mRNA expression in HSS-
stimulated HCAECs with and without ANKHD I-deficiency. Quantification of /L1 mRNA
(A), ICAM-1 mRNA (B), GPCI mRNA (C), GSTP-1 mRNA (D) and GSTO-1 mRNA (E)
in non-targeting siRNA (control) and ANKHDIsiRNA-2 transfected cells showed that
ANKHDI silencing significantly increased /L1f and ICAM-1 (Two-tailed paired t-test: IL1p:
p=0.0399; ICAM-1: p=0.0175), while significantly reduced GPC1 and GSTP-1 (Two-tailed
paired t-test: GPC1: p= 0.0156; GSTP-1: p= 0.0352). All mRNAs were normalised to the
housekeeping gene HPRT, and all dots represent different biological donors and error bars

show the standard error of the mean.
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3.5. ANKHDI1 responses to shear stress in human-derived endothelial cells

The data from the unbiased RNA-sequencing approach shows that ANKHD]1 controls
shear-responsive pathways. Therefore, it is important to identify whether ANKHD1 may also
be regulated by shear stress conditions at mRNA or protein levels. HCAECs and HUVECs
were stimulated with shear stress using the orbital shaker system. Then, mRNA and protein
expression of ANKHD1 were quantified by qPCR and western blotting/immunofluorescence
staining, respectively. In agreement with previous work in the lab, HPRT was not changed in
response to flow compared to static conditions (Figure 3.4). Therefore, I used HPRT as a
housekeeping gene to normalise the expression of ANKHDI from high and low shear stress

stimulated HCAECs and HUVECs.
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Figure 3.4. HPRT mRNA expression in HCAECs and HUVECs with and without flow
stimulation. There were no changes in HPRT mRNA levels in both endothelial cells after

exposure to flow (One-way ANOVA, Dunnett's multiple comparisons test: p>0.05), paired

samples are indicated.
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Next, I wished to verify whether the cells have indeed experienced HSS and LSS generated
via the orbital shaker system. To achieve this, I used a number of genes that are shear
responsive as quality control transcripts. KLF4 and eNOS are well-known HSS markers
whereas MCP] is a proinflammatory gene induced by LSS conditions (McCormick et al., 2001;
Zhou et al., 2012; Zhang et al., 2016). In addition to positive and negative controls, I also
investigated the expression of the target transcript ANKHD1. My qPCR results showed single
melting curve peaks for all genes used in my study including ANKHD1, KLF4, eNOS, MCP1
and HPRT, thereby showing target-specificity (Appendix 7.1).

When cells are exposed to shear stress, there are morphological changes that take place,
including alignment of the cells with the flow in the area of uniform flow, and misalignment
and gaps in areas exposed to low and oscillatory shear stress. As expected, when using
materials from different human donors, I observed heterogeneity in the response from the
different HCAEC and HUVEC donors in terms of alignment with the flow and activation of
shear-responsive genes. Hence, to overcome this inherent problem, only cells that passed
quality assurance, defined as expressing high levels of KLF4 and eNOS mRNAs in HSS-
stimulated cells and high levels of MCPI mRNA in LSS-stimulated cells, were used for
subsequent experiments and the study of target genes (Figure 3.5). KLF4 and eNOS mRNAs
were significantly upregulated in HSS-stimulated HCAECs and HUVECs whereas MCPI
mRNA was elevated in LSS-stimulated cells, achieving statistical significance in HCAECs
(N=5). The full-length ANKHD1 transcript exhibited significantly elevated expression in HSS
in HCAECs and HUVECs compared to LSS conditions at mRNA levels (Figure 3.6: A and C).

Because ANKHDI has different transcript variants, the expression of these transcript
variants under different shear stress conditions was also assessed via qPCR using primer pairs
that pick three transcript variants of ANKHDI, ANKHDI-203 (full-length ANKHDI),

ANKHD1-204 and ANKHD1-205. There was a clear trend toward an increase of ANKHD1

113



transcripts in HSS-stimulated HCAECs and HUVECs (Figure 3.6: B and D). This increase was
statistically significant in HUVECs.

The effect of shear stress generated via the orbital shaker system on ANKHD1 was also
assessed at protein levels in HCAECs and HUVECs using western blotting and
immunofluorescence staining, respectively (Figure 3.6: E-H). ANKHDI protein was
upregulated in HSS-stimulated HCAECs and HUVECs. These data together suggest that
ANKHDI1 may be a HSS-regulated gene in human endothelial cells and validate the RNA
sequencing approach showing that ANKHDI is involved in shear stress-mediated endothelial

cell responses.
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Figure 3.5. HCAECs and HUVEC:S respond to flow generated via the orbital shaker. The
expression of quality control genes (KLF4, eNOS and MCP1) was quantified in HSS and
LSS stimulated HCAECs (A-C) and in HSS and LSS stimulated HUVECs (D-F). These
experiments passed the quality control assessment as the expression of KLF4 and eNOS
mRNAs were significantly high in HSS conditions (Two-tailed paired t-test: KLF4:
HCAECs: p=0.0353; HUVECs: p= 0.0324); (Two-tailed paired t-test: eNOS: HCAECs: p=
0.0312; HUVECs: p= 0.0138) while the expression of MCPI mRNA was very low;
however, that was statistically significant in HCAECs (Two-tailed paired t-test: p=0.0082).
All mRNAs were normalised to the housekeeper gene HPRT and all dots represent different

biological donors and error bars show the standard error of the mean.
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Figure 3.6. ANKHDI responses to shear stress generated via the orbital shaker in
HCAECs and HUVECs. ANKHD1-203 mRNA quantification in HSS and LSS stimulated
HCAECs (A) and HUVECs (C) showed that it was significantly high in HSS conditions
(Two-tailed paired t-test: HCAECs: p= 0.0475; HUVECs: p= 0.0043). ANKHD] transcript

variants’ mRNA quantification showed an increase in ANKHD I isoforms in HSS-stimulated
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HCAECs (B) and HUVECs (D) when compared to LSS-stimulated endothelial cells. This
increase was statistically significant in HUVECs (Two-tailed paired t-test: p= 0.0447) (D).
ANKHDI1 protein quantification, using western blotting, showed that it was significantly
elevated in HCAECs in response to HSS compared to LSS (p=0.0137) (E and F). Images of
the immunoblotting were taken from five biological replicates (F). ANKHD1 expression was
also estimated via immunofluorescence staining in HUVECs in HSS and LSS conditions (G
and H). Images of the immunofluorescence staining were taken from four biological
replicates (G). ANKHDI1 levels, in qPCR and immunoblotting, were normalised to the
housekeeper gene HPRT. All dots represent different biological donors and error bars in

mRNA graphs show the standard error of the mean.
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3.6. ANKHDI levels in atheroprotective/atheroprone areas in murine aortas

Next, ANKHDI1 protein levels were assessed in mouse endothelial cells exposed to
different shear stress conditions. Inner curvatures of primary aortic arches experience LSS
conditions, which are atheroprone, while outer curvatures experience HSS conditions, which
are atheroprotective (Suo et al., 2007; Winter et al., 2019), (Figure 3.7: A). Using this, I was
able to compare ANKHDI levels in these two areas in mice with Ankhd1"*. The endothelial
cell layer in the aorta was identified by staining with a specific endothelial cell marker (namely
PECAM-1 or CD31). ANKHDI expression was significantly higher in endothelial cells in
atheroprotective areas of the aorta, (outer curvature) when compared with atheroprone areas
(inner curvature) (N= 6; Figure 3.7: B and C).

In these mice, ANKHDI1 appears to localise differently in different areas of primary
arches. In the inner curvature, its localisation is more pronounced in the nucleus when
compared to the outer curvature (Figure 3.7: B). Therefore, I assessed the ANKHD1 intensity
and distribution in the inner and outer curvature of AnkhdI™* mice by measuring the nuclear-
to-cytoplasmic ratio using Imagel. In both inner and outer curvature, Ankhdl significantly
colocalises with the nucleus when compared to the cytoplasm (N= 6: Figure 3.7: D).
Interestingly, looking at the overall distribution of ANKHD1, ANKHDI1 was preferentially
located in the nucleus in the inner curvature compared to the outer curvature. In the outer
curvature, it was more in the cytoplasm when compared to the inner curvature (Appendix 7.2).
Although there were no significant differences, increasing the biological replicates is needed
for statistical support of these findings.

The current findings raised the question of whether there is a link between different
haemodynamic forces and ANKHDI1 functions which in turn controls endothelial cell

behaviours.
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Figure 3.7. ANKHDI responses to shear stress in vivo. A Schematic diagram of the arch
indicates the HSS areas and the LSS areas in the outer and the inner curvature, respectively
(A). Endothelial cells were stained with ANKHD1 (yellow) and CD31 (cyan) in the outer
curvature (HSS regions) of Ankhdl*" primary arches and the inner curvature (LSS regions)
of AnkhdI*"* primary arches (B). Images of the en-face staining were taken from six
biological replicates (B). The mean fluorescence intensity of ANKHD1 in different shear

regions in the aortas of mice with Ankhd1** showed that ANKHD1 was significantly higher
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in the outer curvature when compared to the inner curvature of Ankhdl** mice (Two-tailed
paired t-test: p=0.0266) (C). The nuclear-to-cytoplasmic ratio of ANKHDI in the Ankhd """
primary arch showed that ANKHDI1 was significantly more in the nucleus when compared
to the cytoplasm in the inner and the outer curvature of the primary arch (Two-tailed two-
way ANOVA, Sidak's multiple comparisons test: Outer curvature: adjusted p= 0.0002; inner
curvature: adjusted p=0.0001). ANKHD1 was more in the nucleus and less in the cytoplasm
in the inner curvature compared to the outer curvature, however, this did not result in any
statistical significance (Two-tailed two-way ANOVA, Sidak's multiple comparisons test:

£>0.05) (D).
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3.7. Haemodynamic force upregulates ANKHD1 expression

Previous results (section 3.5) highlighted that the message and protein of ANKHDI1 are
elevated in endothelial cells exposed to HSS. However, it is not clear whether it is the HSS that
upregulates ANKHD1 or whether it is LSS that suppresses it. To address this, I compared the
levels of ANKHDI in cells exposed to flow (orbital system) or cells that were cultured in static
conditions and had no consistent flow with (static cells). I hypothesised that this comparison
would allow me to find the effect of flow on ANKHDI1 expression and which shear stress
condition/s controls ANKHD1 expression. ANKHDI protein was elevated in HCAECs and
HUVECs in response to HSS when compared to static cells (HCAECs: Figure 3.8: A;
HUVECs: Figure 3.8: B). This increase of ANKHDI1 protein in HSS was statistically
significant in HUVECs. The fact that HSS induces ANKHD1 suggests that ANKHD1 may be
transcriptionally activated by HSS or alternatively, its message and/or protein becomes
stabilised during HSS conditions. Taking these data together, it is the HSS that upregulates
ANKHDI1 expression, the mechanism employed by HSS to stabilise ANKHDI is currently

unknown.
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Figure 3.8. HSS generated by the orbital shaker upregulates ANKHDI1 in HCAECs and
HUVECs. ANKHDI protein quantification, using western blotting, in HCAECs (A) and
HUVECs (B) is shown. Although there was no statistical significance (Two-tailed one-way
ANOVA, Dunnett's multiple comparisons test: adjusted p>0.05), there was a trend toward
an increase in ANKHDI1 protein expression in HSS-stimulated HCAECs. In HUVEC:,
ANKHDI1 protein was significantly elevated in response to HSS compared to static cells
(Two-tailed one-way ANOVA, Dunnett's multiple comparisons test: adjusted p= 0.0278).
Images of the immunoblotting were taken from three biological replicates from HCAECs
and HUVECs. All proteins were normalised to the housekeeper gene b-actin/b-tubulin and

all lines represent different biological donors.
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3.8. Discussion
In summary, this part of the work has provided orthogonal evidence that ANKHD1

protein and mRNA are expressed highly in both human endothelial cells (HUVECs and
HCAECsS) in vitro and in mouse endothelial cells in vivo. Given the fact that ANKHD1 has not
been studied in normal endothelial cells previously, RNA-sequencing was employed to begin
to understand some of its new functions in HCAECs. ANKHDI showed to control important
mechanosensors, such as glypican 1, and mechanoresponsive pathways, such as NFkB
signalling. Then, I decided to focus my efforts on examining whether ANKHD1 was shear
responsive. The fact that HSS significantly induces the expression of ANKHDI1 in human
cellular models was also verified in vivo, using en-face staining of mouse aortas, these
combined approaches provided strong evidence that: (1) ANKHDI1 is highly expressed in

endothelial cells and (2) ANKHDI1 responds to shear stress in vitro and in vivo.

3.8.1. RNA-sequencing approach illustrated previously identified ANKHD functions

It is already known in the literature that ANKHDI interacts with PINK1 and PARKIN,
proteins responsible for the control of dysfunctional mitochondrial degradation, by regulating
mitophagy in drosophila (Zhu et al,, 2015). ANKHDI1 also promotes dysfunctional
macromolecule degradation in the autophagy/lysosomal pathway (Zhu et al., 2017). It also acts
as an RNA-binding protein and regulates microRNAs in renal cancer (Fragiadaki and Zeidler,
2018). These functions (microRNAs in cancer/mitophagy and macromolecule degradation) of
ANKHDI1 were also identified in this study, using the endothelial cell RNA-sequencing
approach. The fact that RNA-sequencing has identified previously observed functions of
ANKHDI1 validates the RNA-sequencing approach. More widely, it further provides evidence
of the potential involvement of ANKHDI1 in controlling these functions in additional tissues
(arteries). In future work, it would be interesting to validate the role of ANKHDI1 in

mitochondria and lysosome control and try to understand how ANKHDI exerts these
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functions, potentially via altering the microRNA subset to control atherothrombosis.
Mitochondria are the energy powerhouse of cells, and therefore, important for all processes,
especially in atherogenesis where mitochondria dysfunction has been reported to be an

important contributor to pathogenesis (Ballinger et al., 2000).

3.8.2. The novel ANKHDI roles in regulating shear-responsive genes in healthy endothelium
Results from the RNA-sequencing approach have also unveiled that ANKHD1 controls
shear stress and atherosclerosis pathways, which have not been identified before. The precise
mechanism utilised by ANKHDI to regulate major mechanosensors and cellular behaviours is
currently unknown, however, a large body of evidence suggests that ANKHDI is required for
cells to be able to sense and respond to shear stress. It is well-documented that endothelial cells
respond to flow via mechanosensors. These usually are membrane-bound proteins decorating
the surface of cells. Their role is to recognise and transduce the physical and mechanical forces
into chemical signals to drive an appropriate cellular response (e.g., inflammation, migration).
Some of these mechanosensors have been extensively studied (Li et al., 2022). The endothelial
glycocalyx is a prime example. It is a sugar coat made up of polysaccharides and proteins which
line the vascular endothelium. Glypican 1 is a major protein component of the glycocalyx that
is under the control of ANKHDI1. Mechanosensing also takes place at junctional complexes.
These are protein complexes between endothelial cells. VEGF2R, VE-cadherin and PECAM-
1 (CD31), which form a protein heterotrimeric complex, are well-known to sense and respond
to mechanical stimuli (Tzima et al., 2005). My study identified ANKHDI as a protein capable
of regulating two out of the three mechanosensors (specifically, VE-cadherin and VEGF2R).
It is interesting to note that lowering ANKHD1 results in an upregulation of these two receptors
under atheroprotective shear stress. Further evidence that ANKHDI may be capable of

controlling endothelial mechanosensing comes from analysing all the genes known to
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participate or respond to shear stress (N= 21 regulated by ANKHDI1). These include core genes
involved in NFkB signalling (/IKKf and ICAM-1), AP-1/Jun signalling (JUN, DUSPI,
SOSTM1) and interleukin 1 (/L-1f and ILIR1). In addition to inflammatory genes, ANKHD1
also regulates oxidative stress genes (RAC2, NRF2, GSTO-1 and GSTP-1). Taken together this
unbiased study into the potential functions of ANKHDI1 in endothelial cells revealed a
previously unknown major role for this RNA-binding protein in controlling key pathways

integral in mechanical response.

ANKHDI roles in mechenosensors affecting NO and PGI; production

Most of the shear stress and atherosclerosis pathway genes that are under the control of
ANKHDI1 are involved in either NO/PGI. production and/or inflammation (Figures 3.9 and
3.10). The intercellular adhesion complex, VE-cadherin, VEGF2R and PECAM-1 sense the
haemodynamic HSS flow and activates PI3K- AKT3 pathway and c-Src pathway which in turn
enhances eNOS mRNA and protein expression/activation and NO production (Davis et al.,
2001; Tzima et al., 2005; Iring et al., 2019; Bartosch et al., 2021); thus, enhancing vasoactivity
and vasoprotection. HSS upregulates VEGFR2, VE-cadherin and AKT3 expression (Dimmeler
et al., 1999; Chen et al., 2001; de Bruin et al., 2016). RNA-sequencing data showed that
ANKHDI1 in HSS promotes the reduction of VE-cadherin and VEGF2R as well as the
mechanoresponsive AK73 expression, without affecting the expression of PECAM-1. Beta-
catenin, ERK5, TM and NRF2 were also found to be highly upregulated by HSS (Dekker et al.,
2002; Parmar et al., 2006; de Bruin et al., 2016; Psefteli et al., 2021). Interestingly, ANKHDI1
reduced their expression in HSS conditions. It is unknown the mechanism by which ANKHD1
controls the expression of these mechanoresponsive genes, but it is hypothesized that the
intracellular signalling genes are affected as a result of altering the expression of

mechanoreceptors. It is also unknown whether limiting the inducible nature of these genes
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under protective shear stress will result in any changes in the activity of the downstream
pathway.

On the other hand, glypican 1 promotes functional endothelial cells by upregulating
NO and PGL release via PECAM-1 phosphorylation ultimately leading to vasodilation and
inhibition of inflammation (Russell-Puleri et al., 2017; Ebong et al., 2014; Bartosch et al.,
2021). My study showed that ANKHDI1 upregulates glypican I. Given the link between
ANKHD1/Glypican 1/NO/PGI, it would be of interest to study whether ANKHDI also
controls the production of NO/PGI,. eNOS is a major intracellular producer of NO, while
PTGIS produces PGL. At this stage of the project, a number of questions remain unanswered:
(1) Does ANKHD1 control eNOS/PTGIS expression as well as NO/PGI, release? 2) Does
ANKHDI1 enhances glypican 1/eNOS/PTGIS mRNA by promoting their expression and/or
stability? And finally (3) would Ankhdl deletion lead to aging-related stiffness-induced
endothelial dysfunction and vasoconstriction via glypican 1? Interestingly, the most
significantly reduced mRNA in ANKHDI1-deficient HCAECs, RPLI3AP25, is significantly
reduced in the serum of older individuals (80—85-years) when compared with younger
individuals (30-32-year-old) (Dluzen et al., 2018). These data together suggest that ANKHDI1

deficiency might contribute to age-related endothelial cell changes and vascular diseases.
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Figure 3.9. Potential roles of ANKHDI in NO production in HSS-stimulated HCAECs.
This diagram shows the contributions of the upregulated genes (green) and the
downregulated genes (red), which have been shown to be under the control of ANKHDI. In
HSS conditions, ANKHD1 regulates the expressions of mechanosensors (glypican 1, VE-
cadherin and VEGFR2). ANKHD1 might induce NO production via the glypican 1/PECAM-

1/c-Src pathway but not via VEGFR2/VE-cadherin/PI3K-AKT3 pathway.
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ANKHDI roles in inflammation and oxidative stress

Endothelial dysfunction has been linked with high levels of inflammation and oxidative
stress. ANKHDI1 inhibited the major proinflammatory pathways, NF«xB signalling, AP-1
signalling and IL1[, that promote endothelial dysfunction, leukocyte infiltration and
atherogenesis. Mice lacking endothelial NFxB were shown to develop smaller atherosclerotic
plaques and exhibited reduced inflammation when compared to the control group (Gareus et
al., 2008). Elevated levels of the Jun subunit of the AP-1 transcription factor family can also
result in activated NFkB signalling (Wang et al., 2011), providing two distinct mechanisms by
which ANKHDI1 can employ to suppress the inflammatory profile of endothelial cells. The
contribution of ANKHDI in these major pathways (Figure 3.10) has generated the question of
whether ANKHD1 protects from atherosclerosis and inflammation by acting as an anti-
inflammatory gene.

It is known in the literature that HSS or ROS upregulates the transcription factor NRF2
levels (Hosoya et al., 2005; TakabeWarabi and Noguchi, 2011; Psefteli et al., 2021), here we
report that HSS induces ANKHD1 which negatively controls NRF2 levels. This is interesting
because it implicates that ANKHDI1 controls cellular redox independently of the NRF2-
mediated antioxidant effects. On the other hand, Glutathione S-transferases are regulated by
shear stress (Chen et al., 2001) and are cytoprotective and antioxidant enzymes that attenuate
elevated ROS formation (Yan, F. et al., 2008), ANKHD1 was shown to positively regulate
GSTP-1, hence shedding light into the potential mechanism of the antioxidant actions of
ANKHDI1. Likewise, it has been reported that RAC2 can produce high levels of ROS
(Ambruso et al., 2000; Nieborowska-Skorska et al., 2012) and this study identifies ANKHDI
as a negative regulator of RAC2. Taken together, ANKHDI appears to have a novel role in
controlling the levels of oxidants in endothelial cells. It is unknown whether the increase of

NRF?2 in ANKHD/1-deficient cells exposed to HSS is a result of increased ROS levels via other

128



pathways regulated by ANKHDI1 (e.g., glutathione-s-transferase) (Figure 3.10). Moreover,
elevated ROS, as expected in cells lacking ANKHDI, can also attenuate the vasorelaxant NO
levels (Beckman et al., 1990) and upregulates inflammatory pathways, AP-1/Jun pathway and
NFxB pathway (Jozsef and Filep, 2003; TakabeWarabi and Noguchi, 2011). It is unknown
whether ANKHDI1 controls these pathways directly and/or indirectly via elevated ROS.

In HUVECs, GSTP-1 was shown to inhibit endothelial cell permeability by attenuating
tumour necrosis factor alpha (TNF-a)-mediated cytoskeletal remodelling via myosin light
chain kinase (MLCK) independent pathway. In this pathway, TNF-a induces the
phosphorylation of p38, MK2 and heat shock protein 27. This results in conformational
changes of F-actin, which result in enhanced endothelial permeability (Yang et al., 2018).
Hence, ANKHDI1 enhances GSTP-I mRNA in healthy HCAECs suggesting it may also

contribute to maintaining endothelial cell barrier via controlling endothelial contractile forces.
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Figure 3.10. Potential roles of ANKHDI1 in regulating inflammation and oxidative stress
in HSS-stimulated HCAECs. This diagram shows the contribution of the upregulated genes
(green) and downregulated genes (red), which are under the control of ANKHDI1. ANKHDI1
via IL14, IL1R1 and IKKp inhibition can reduce NF«kB activation and inflammatory gene
expression, particularly /CAM-1. ANKHD1 inhibits the proinflammatory transcription factor
AP-1, which can further activate NFxB. The inhibition of the pro-oxidant RAC2
accompanied by the increase of the antioxidant GSTP-1 suggest the involvement of

ANKHDI in regulating ROS-mediated NFxB, AP-1 and NRF2 activation.
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Does ANKHD1 control angiogenesis?

Proliferation and migration of endothelial cells are the initial processes of vascular
angiogenesis that are activated via the vascular endothelial growth factor (VEGF) pathway
signalling (Rousseau et al., 1997). EGFL7 is an endothelial-cell specific proangiogenic
molecule. It enhances the VEGF pathway, and as such, new tube formation (Takeuchi et al.,
2014). In glioma angiogenesis, ANKHDI enhanced proliferation, migration, and thus,
angiogenesis via upregulating EGFL7 (Yang, C. et al., 2020), yet in my study using non-cancer
healthy endothelial cells, EGFL7 was unaltered upon ANKHD silencing. Instead, I identified
that ANKHD1 regulates a number of VEGF pathway genes. Specifically, it negatively
regulates VEGFR2, AKT3, and RAC2, while it positively regulates MAPK11, MAPK12, and
RAC3 in HSS-stimulated HCAECs. I also found that ANKHDI1 significantly reduced the
expression of the MAT2A gene (the most significantly reduced gene). Previous studies showed
that MAT2A promotes vascular angiogenesis in obese mice (Chen et al., 2021), thus providing
more evidence for the potential involvement of ANKHDI in the control of angiogenesis. The
significance of the potential contribution of ANKHDI to angiogenesis in normal endothelial

cells has not been studied yet and can be assessed in the future.

3.8.3. ANKHDI is a shear stress-regulated RNA-binding protein

The application of shear stress acts on primary endothelial cells was performed using
the 6-well plate method, which was described by the Evans group and Warboys et al. (2014).
The orbital shaker system generates a complex flow pattern that is closer to the physiological
flow pattern (Dardik et al., 2005). My orbital shaker experiment provided strong evidence that
ANKHDI1 is under the control of HSS.

Previous studies have used microarrays applied on HSS-stimulated HUVECs and

HCAECs and have found a significant enrichment in pathways linked to atherosclerosis,
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specifically inflammation, redox system, thrombosis, vascular tone, junctional adhesion, and
signal transduction (Chen et al., 2001; McCormick et al., 2001). Although ANKHDI1 did not
appear in these microarrays, probably because of the different experimental settings in which
primary human endothelial cells were exposed to shear stress for <24 hours or the fact that it
is a gene made up of many different transcript variants. My study clearly demonstrates that it
is indeed induced by HSS. Specifically, ANKHDI is upregulated by chronic stimulation with
shear stress (72 hours), which is going to be further studied in chapter 4 (Figure 4.7).

Multiple bands of ANKHDI in western blotting can be different transcript variants,
protein degradation, processing and/or ubiquitination. ANKHD1 has 21 transcript variants with
variable molecular weights that correspond to the identified bands (269-60 kDa); thus,
suggesting that they are different transcripts of ANKHDI1. A number of questions remain
unanswered: (1) how is ANKHD1 upregulated in HSS conditions, (2) which mechanosensor
controls ANKHD1 levels and (3) is ANKHDI controlled at transcription levels and/or at
mRNA/protein stability levels? Using an online genome database tool (Genecards, 2022), a
putative nuclear receptor subfamily 2 group F member 2 (NR2F2) binding site was found on
the enhancer regions of ANKHDI. NR2F2 is of interest to endothelial biology and
atherosclerosis, as it has been shown to be an anti-inflammatory and anti-atherogenic
transcription factor (Cui et al., 2015). Chromatin immunoprecipitation and deep sequencing
(ChIP-Seq) showed that the active ANKHD1 enhancer in endothelial cells has two NR2F2
binding sites. Knockdown of NR2F2 downregulated ANKHD1 significantly in primary human
endothelial cells (Sissaoui et al., 2020). However, it is unknown whether NR2F2 promotes
HSS-stimulated ANKHD1 expression. The time course experiment is a simple experiment to
assess the effect of shear stress on NR2F2 and ANKHD1 levels and to identify whether NR2F2

is upregulated by flow before ANKHDI1. Also, ChIP assay can be applied to precipitate the
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DNA-protein complex of the ANKHD I enhancer sequence and the bound transcription factor/s

in HSS-stimulated endothelial cells.
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3.8.4. ANKHDI localisation in mouse aortic endothelial cells

ANKHDI1 is found to be in the cytoplasm and nucleus. In the cytoplasm, it can bind to
non-coding RNAs via its KH domain to regulate post-transcription gene expression (Yang, C.
et al., 2020; Yao et al., 2022). Via its Ankyrin repeats, ANKHDI1 can bind to YAPI1 protein
and bring YAP1 into the nucleus to activate cellular growth in different types of cancer (Yao
et al., 2022). In my study, ANKHDI1 is localised in both the cytoplasm and in the nucleus in
endothelial cells of the normal mouse primary arch. It is more in the nucleus than in the
cytoplasm. In the atheroprone regions of the primary arch, ANKHD1 was slightly more in the
nucleus and less in the cytoplasm when compared to the atheroprotective regions. The most
obvious difference, however, was the levels of ANKHD1 which were significantly lower in
areas prone to the disease development. It currently remains unknown whether (1) ANKHDI1
has different functions under different shear stress conditions; (2) the availability of ANKHDI
in the cytoplasm contributes to the stability of atheroprotective gene expression in the outer
curvature compared to the inner curvature; (3) ANKHDI1 promotes YAP1 activation and
translocation into the nucleus under disturbed flow conditions. Disturbed flow has been linked
with YAP1 activation and translocation into the nucleus (Lv and Ai, 2022). Moreover, the YAP
pathway was identified as a major mechanotransducer that senses mechanical stimuli to control
transcriptional programmes relating to a number of functions, including proliferation and
differentiation (Dupont et al., 2011). It would be of interest to study whether ANKHD1 actively
controls YAP/TAZ or whether YAP controls the activity of ANKHDI in endothelial cells and
how these interactions impact the physiological functions of endothelial cells.

This study focuses on exploring ANKHDI1 functions under atheroprotective conditions,
therefore, studying whether ANKHDI1 contributes to atheroprotection via regulating some of

the critical endothelial cell functions is my major research aim.
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Summary

ANKHDI is a novel protein upregulated by HSS in human and mouse endothelial cells.
It is linked with the atheroprotective microenvironment and controls the endothelial cell
responses to protective signals (atheroprotective shear stress) by potentially regulating
important mechanosensors and by suppressing inflammation. Thus, if ANKHDI protects the
endothelial cells from sustained inflammation and atherosclerosis by sensing and responding
to flow signals, it follows to focus on the study of the molecular mechanism whereby ANKHD1

promotes anti-inflammatory and endothelial cell protective molecules expression and stability.
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Chapter 4: ANKHD1 controls major vasoprotective molecules in

murine and human endothelial cells

4.1. Outlines

4.2. The influence of ANKHD1 loss-of-function on vasoprotective modulators in aortas of
mice

4.3. The influence of ANKHD1 loss-of-function on vasoprotective modulators in primary
human endothelial cells

4.3.1. eNOS and PTGIS responses to shear stress

4.3.2. The effect of ANKHD1 on the vasoprotective eNOS and PTGIS in primary human cells
4.4. ANKHDI1 binds to eNOS mRNA and PTGIS mRNA in HUVECs

4.5. ANKHDI1 controls eNOS mRNA stability in HUVECs

4.6. Does ANKHD1 control eNOS and PTGIS transcription via KLF2?

4.7. Discussion

4.7.1. ANKHDI controls the major vasoprotective modulators — eNOS / PTGIS

4.7.2. Potential mechanisms for eNOS mRNA stability

4.7.3. Potential roles of ANKHDI in regulating KLF?2 in healthy endothelium
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4.1. Outlines
The previous chapter discussed the expression of ANKHDI1, which is high in healthy
endothelial cells. I validated that protective HSS consistently upregulated ANKHD1
expression (protein and mRNA) in primary human endothelial cells. RNA-sequencing revealed
a role for ANKHDI in shear-stress-controlled atherosclerosis pathways. Specifically,
ANKHD1 was found to positively regulate vasoprotective pathways involved in NO and PGI>
production. NO and PGl are strong vasodilators, antithrombotic and anti-inflammatory
molecules and are produced by the enzymes eNOS and PTGIS, respectively. In this chapter, I
aimed to assess whether ANKHDI1 loss-of-function affects the expression of the major
vasorelaxants, anti-thrombotic, anti-inflammatory and vasoprotective modulators, which are
eNOS and PTGIS, and then, I went on to begin to provide a mechanistic understanding of the
functions of ANKHDI1.
Hypothesis: ANKHD1 directly controls major vasoprotective pathways, including eNOS and
PTGIS, by utilising its RNA-binding domain.
The specific aims of this chapter are:
1. To investigate the effect of ANKHD1 loss-of-function on eNOS and PTGIS expression in
vivo in the murine aortas
2. To assess the effect of ANKHDI1 inhibition on eNOS and PTGIS expression in vitro in
primary human endothelial cells
3. To identify the underlying molecular mechanisms that are responsible for eNOS stability,
focusing on the ability of ANKHD1 to bind RNA.
To begin to provide some answers, I used ANKHD1 loss-of-function human cell models
(in vitro models) and mouse models (in vivo models) to assess the target genes (eNOS, PTGIS,
KLF4 and KLF?2), 1 statistically analysed the data and discussed the potential importance of

these findings in this chapter.
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4.2. The influence of ANKHD1 loss-of-function on vasoprotective modulators in aortas of
mice

Endothelial cells in the descending aortas of mice were used, as the descending aorta is
exposed to high and protective shear stress (Suo et al., 2007) and also express high levels of
ANKHDI1. Ankhdl*"" and AnkhdI”~ descending aortas were immunostained using the en-face
staining method. To confirm that the cells that were imaged were indeed endothelial cells,
aortas were stained with CD31, which is a well-validated endothelial cell marker. Endothelial
cells expressed CD31 highly in endothelial junctions as anticipated, which confirmed that they
were endothelial cells (Figure 4.1, cyan top panel and green in lower panel). Aortas of
Ankhdl** and Ankhdl”- mice were also stained with either eNOS or PTGIS specific
antibodies. The negative control was isotype-matched IgG, which produced very little signal
(Figure 4.1: A and D), confirming that the staining of eNOS and PTGIS is specific. Next, I
studied the localisation and the expression of eNOS and PTGIS. eNOS expression was mainly
localised in the Golgi and plasma membrane, which are known sites of eNOS (Fulton et al.,
2002) (Figure 4.1: B, yellow panel). PTGIS expression is predicted to be nuclear, perinuclear
and in the plasma membrane (Uniprot, 2022), which matched the observed expression in my
analysis (Figure 4.1: E, red panel), where PTGIS expression is mainly perinuclear and
cytoplasmic.

Interestingly, in all animals studied, AnkhdI”"1ed to a marked decrease in the expression
of both eNOS and PTGIS at protein levels (Figure 4.1: C and F). The quantification of the
mean fluorescence intensity of eNOS and PTGIS revealed that ANKHD1-deficient mice had
significantly lower levels of eNOS and PTGIS in endothelial cells when compared to wild-type
littermate control mice (eNOS: Figure 4.1: G; PTGIS: Figure 4.1: H). Since ANKHD1 controls
the protein levels of eNOS and PTGIS in vivo and given that disruption of either of these genes

leads to impaired vascular functions and accelerated atherosclerosis, I hypothesize that
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ANKHD1 may control vasoprotection and atherogenesis via eNOS and PTGIS, which is going

to be studied in the next chapter.
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Figure 4.1. eNOS and PTGIS expression in endothelial cells of AnkhdI"* and Ankhdl”"
descending aortas of mice. Endothelial cells were distinguished from other vascular cells
using the endothelial marker CD31 (cyan top panel and green lower panel). They were co-
stained with isotype-matched IgG in yellow or red (A and D), eNOS staining in yellow (B and
C) or PTGIS staining in red (E and F). Multiple images of the en face staining were taken
(eNOS: Ankhdl**: N=11, AnkhdI”~: N=8; PTGIS: Ankhdl*"*: N=13, AnkhdIl”’: N=6)
Quantification of multiple animals expressed as mean fluorescence intensity showed a
significant reduction in eNOS and PTGIS in Ankhdl”’- when compared to the control group
(Two-tailed unpaired t-test: eNOS: p= 0.0425; PTGIS: p= 0.0045) (G and H). All dots

represent different animals and error bars show the standard error of the mean.
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4.3. The influence of ANKHD1 loss-of-function on vasoprotective modulators in
primary human endothelial cells

Given that murine ANKHD1 positively regulates eNOS and PTGIS in mouse vessels
exposed to physiological HSS, I wished to assess whether the human ANKHDI1 can also
regulate eNOS and PTGIS. To test this, I used primary human endothelial cells from a number
of different donors. The use of different donors allows me to assess the robustness of the
observations. I applied shear stress chronically (72 hours) to the cells to mimic the in vivo
system, which is constantly experiencing shear stress, and quantified eNOS and PTGIS

expression with and without ANKHD silencing.

4.3.1. eNOS and PTGIS responses to shear stress

To assess the levels of mRNA and protein expression of the human eNOS and PTGIS
genes in response to shear stress, I started by stimulating HUVECs as well as HCAECs with
shear stress via the orbital shaker system. While eNOS is a well-known HSS gene, whether
PTGIS responds to shear is less well-known. eNOS and PTGIS levels were quantified from
orbited cells in the LSS (centre) and HSS (periphery) conditions using qPCR and western
blotting.

As expected eNOS mRNA (Figure 4.2: A and B) and protein (Figure 4.2: C and D)
were upregulated by HSS in both HUVECs and HCAECs. This confirms previously published
work in which eNOS was demonstrated to be positively regulated by HSS (SenBanerjee et al.,
2004; Parmar et al., 2006; Iring et al., 2019). It also confirms that the cells responded

adequately to HSS generated from the orbital shaker system.
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Figure 4.2. eNOS responds to flow generated by the orbital shaker in HUVECs and
HCAECs. Quantification of eNOS mRNA levels in shear stress stimulated HUVECs (A) and
HCAECs (B) are shown. The expression of eNOS was significantly high in HSS conditions
(Two-tailed paired t-test: HUVECs: p= 0.0138; HCAECs: p= 0.0312). All data were
normalised to the housekeeper HPRT and all dots represent different biological donors and
error bars show the standard error of the mean (A and B). Immunoblottings from one
biological replicate present eNOS protein levels in HSS and LSS stimulated HUVECs (C) and
HCAECs (D). There is an increase in eNOS protein levels in HSS-stimulated cells. HPRT
could appear as a single or double bands in (C and D immunoblottings). The double band can

be attributed to protein modification (i.e., glycosylation) (GlyGen, 2022) or protein cleavage.
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Next, I examined the mRNA and protein expression of PTGIS, a vasorelaxant and anti-
thrombotic gene. My data shows for the first time that the PTGIS gene is strongly upregulated
by HSS conditions at mRNA levels in HUVECs (Figure 4.3: A) and in HCAECs (Figure 4.3:
B). Next, to confirm this finding and further assess the expression levels of PTGIS, 1 studied
protein levels. HUVECs stimulated with shear stress were stained with PTGIS and VE-
cadherin antibodies. VE-cadherin is a marker of endothelial cell junctions. The result showed
that HUVECs had significantly higher PTGIS concentrations in HSS conditions when
compared to LSS conditions (Figure 4.3: C). To further validate this result, I performed
immunoblotting on HCAECs stimulated with shear stress. PTGIS protein was significantly
elevated by HSS when compared to LSS conditions (Figure 4.3: D). In summary, my results
show that in addition to eNOS, PTGIS levels are also enhanced by atheroprotective HSS, hence

identifying PTGIS as a novel HSS-induced gene.
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Figure 4.3. PTGIS responds to flow in HUVECs and HCAECs. Graphs showing PTGIS
mRNA levels in HUVECs (A) and in HCAECs (B) that are stimulated with shear stress. The
expression of PTGIS was significantly high in HSS conditions (Two-tailed paired t-test:
HUVECs: p= 0.0365; HCAECs: p= 0.0254). Immunofluorescence staining of PTGIS from
one biological replicate shows significantly higher protein levels in HSS when compared
with LSS-stimulated HUVECs (Two-tailed paired t-test: p= 0.0070) (C). Immunoblotting of

PTGIS from one biological replicate shows significantly elevated protein levels in HSS when
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compared with LSS-stimulated HCAECs (Two-tailed paired t-test: p=0.0320) (D). All the
results of QPCR and immunoblotting were normalised to the housekeeper HPRT, all dots

represent different biological donors and error bars show the standard error of the mean.
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4.3.2. The effect of ANKHD1 on the vasoprotective eNOS and PTGIS in primary human cells

Next, [ investigated the effect of ANKHD1 inhibition in HCAECsS in atheroprotective
conditions. Either non-targeting siRNA (control) or two different siRNAs against ANKHD1
(ANKHD1siRNA-1 and ANKHD IsiRNA-2) were transfected into HCAECs. ANKHD IsiRNA-
1 lipotransfection resulted in a significant reduction in the full-length ANKHDI-203 mRNA
(1.88 to 24.21-fold inhibition; Figure 4.4: A) and in the ANKHD transcript variants, which
are ANKHD1-203 transcript variant 1, ANKHD-204 transcript variant 2 and ANKHDI1-205
transcript variant 3 (1.87 to 11.76-fold inhibition; Figure 4.4: B) compared to the control group.
Transfection with ANKHD1siRNA-2 also resulted in significant inhibition of ANKHD1-203
(1.58 to 20.68-fold inhibition; Figure 4.4: A) and ANKHD1 transcript variants (1.15 to 10.78-
fold inhibition; Figure 4.4: B) compared to the control group.

In line with previous in vivo experiments on mouse endothelial cells, human ANKHD 1
knockdown via ANKHDIsiRNA-1 or ANKHDIsiRNA-2 in HSS-stimulated HCAECs also
resulted in a significant reduction in eNOS and PTGIS mRNA expression (eNOS: 1.54 to 17.24-
fold of inhibition; PTGIS: 1.69 to 149.61-fold of inhibition) compared to the control group
(Figure 4.4: C and D). This has been studied further at the protein level via immunoblotting of
eNOS and PTGIS applied on HCAECs and via immunofluorescence staining of HUVECs with
PTGIS and VE-cadherin, with and without ANKHDI inhibition via siRNAs. The results
showed that inhibition of ANKHD]1 attenuated the effect of HSS on eNOS and PTGIS in
HCAECs (Figure 4.4: E) and PTGIS in HUVECs markedly (Figure 4.4: F). Taken together the
mouse and human work indicate that ANKHDI is a regulator of eNOS and PTGIS expression
in endothelial cells exposed to HSS conditions, whether ANKHDI induces vasodilation

through controlling eNOS and PTGIS remains unclear.
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Figure 4.4. HCAECs responses to ANKHD1 absence in HSS conditions generated via the
orbital shaker. mRNA Graphs show the quantification of the full-length ANKHDI-203
mRNA (A), ANKHD] transcript variant mRNAs (B), eNOS mRNA (C) and PTGIS mRNA
(D) in control HCAECs (non-targeting siRNA transfected cells) and ANKHD1-deficient

HCAECs (ANKHD1siRNA-1 or ANKHD1siRNA-2 transfected cells) treated with HSS. 1
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applied a two-tailed one-way-ANOVA test (Dunnett's multiple comparisons test). Cells
treated with ANKHD1siRNA-1 inhibited ANKHDI1-203 mRNA expression (A) and the
transcript variants (B) significantly (ANKHD1-203: adjusted p= 0.0096; transcript variants:
adjusted p= 0.0010). Inhibition with ANKHD IsiRNA-2 was also significant (ANKHD1-203:
adjusted p= 0.0321; transcript variants: adjusted p= 0.0430). eNOS mRNA (C) and PTGIS
mRNA (D) were significantly inhibited in cells transfected with ANKHD 1siRNA-1 (eNOS:
adjusted p= 0.0247; PTGIS: adjusted p= 0.0227) and ANKHD IsiRNA-2 (eNOS: adjusted p=
0.0209; PTGIS: adjusted p= 0.0271). All the results were normalised to the housekeeper
HPRT, all dots represent different biological donors and error bars show the standard error
of the mean (A-D). Immunoblotting of ANKHDI1, eNOS, PTGIS and the housekeeper B-
actin (E) and immunofluorescence staining with PTGIS and VE-cadherin (F) in HSS-
stimulated endothelial cells with and without ANKHD] silencing from one biological

replicate.
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4.4. ANKHDI1 binds to eNOS mRNA and P7TGIS mRNA in HUVECs

Our lab identified that ANKHD1 acts as an RNA-binding protein that requires its KH-
domain for association with RNA, as the ANKHD1 mutant that lacked a functional KH domain
was unable to associate with its target RNA (Fragiadaki and Zeidler, 2018). Whether ANKHD1
interacts with eNOS and PTGIS mRNA via mRNA binding is currently unknown and is
analysed here using a well-established technique in our lab, namely RNA-immunoprecipitation
assay (RIP assay; Figure 4.5: A). In RIP assays, the protein of interest (i.e., ANKHDI1) was
pulled down from HUVEC lysates via a specific and RIP-validated anti-ANKHD1 antibody.
An isotype-matched rabbit IgG antibody was used as a negative control. This assay allows the
detection of interactions between ANKHD1 and its target RNAs, focusing on mRNA for this
study. I used western blotting to confirm the efficiency and specificity of the pull-down
performed in the RIP assay by showing that the ANKHD1 protein was successfully precipitated
with the ANKHD1 antibody (Figure 4.5: B). The levels of the precipitated ANKHDI1 are
comparable to the 10% of the initial input sample. The negative control IgG did not precipitate
ANKHDI1 protein. Therefore, I proceeded with total RNA extraction (which was of high
quality). I then quantified eNOS and PTGIS mRNA in the ANKHDI1 RIP and compared this
with the background interactions of these messages with the non-specific portion of the IgG
(negative control). The results showed that ANKHD1 is capable of capturing eNOS mRNA on
average at 500-fold and PTGIS at 12-fold greater than IgG (Figure 4.5: C and D). This indicates

that ANKHD1 binds to these vasoprotective molecules at the level of mRNA.
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Figure 4.5. Quantification of eNOS and PTGIS mRNA-binding to ANKHDI1 via RNA-
immunoprecipitation assay in HUVECs. Workflow presents the RNA-immunoprecipitation
via either the ANKHDI1 antibody or the isotype negative control (IgG) (A). Immunoblotting
of the 10% input, immunoprecipitated [gG and ANKHD1 showed that the precipitation passed
the quality control assurance (B). This has been applied on three biological replicates.
Quantification of eNOS mRNA (C) and PTGIS mRNA (D) levels via qPCR in the
immunoprecipitated IgG and ANKHDI1. eNOS and PTGIS mRNAs were significantly
enriched in the immunoprecipitated ANKHD1 when compared to the negative control IgG
(Two-tailed paired t-test: eNOS: p <0.0001; PTGIS: p= 0.0172). All dots represent different

biological donors and error bars show the standard error of the mean.
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4.5. ANKHDI1 controls eNOS mRNA stability in HUVECs

Given that ANKHDI loss-of-function results in significantly lower levels of eNOS and
PTGIS mRNA and protein in both mouse and human models; and ANKHDI1 binds to eNOS
and PTGIS mRNAs, I wished to investigate whether ANKHD1 controls eNOS and PTGIS at
either the level of mRNA stability and/or transcription. Understanding how ANKHDI1 controls
mRNA levels is important as it will allow me to decipher the molecular mechanism responsible
for regulating eNOS/PTGIS in the vasculature.

To start finding the mechanism, I performed a time course experiment in which I stimulated
different HCAEC donors with shear stress for 4, 24 and 72 hours using the orbital shaker
system. 4-24 hours of shear represents a model of acute induction of fluid flow while 72 hours
represents a model of more chronic fluid flow. The results showed that KLF2 and KLF4
mRNAs were upregulated by acute shear stress, and their expression was already high by 4
hours when compared to static cells that did not experience fluid flow. eNOS mRNA was
upregulated by 24 hours (acute induction) and ANKHD1 and PTGIS mRNAs were induced by
72 hours, suggesting that ANKHDI and PTGIS require prolonged shear stress for their
induction. All genes, including ANKHD1 and PTGIS, were significantly upregulated by shear
stress at 72 hours when compared with the static cells (Figure 4.6: A and B). These results
demonstrate that the KLFs and eNOS are induced by shear stress before the induction of
ANKHDI, and as such, the acute induction of eNOS mRNA expression is not primarily
dependent on the fluid flow-induced ANKHD1, which is upregulated at a later time point.
Taken together, this experiment highlights that the kinetics of responding to flow is different
for each gene studied and suggests that ANKHD1 and PTGIS require a chronic fluid flow to be

fully induced, while KLF's and eNOS can respond to flow much more acutely.
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Figure 4.6. HSS induces KLFs, ANKHDI, eNOS and PTGIS at different time points. A
time course experiment was applied on primary HCAECs (A). Quantification of KLF4,
KLF2, eNOS, ANKHDI and PTGIS mRNAs was performed in HCAECs that had
experienced either static (no flow) or HSS for the indicated time points (B). At 72 hours, all
mRNAs were increased significantly when compared with the static cells (Two-tailed one-
way ANOVA, Dunnett's multiple comparisons test: KLF4: adjusted p= 0.0070; KLF2:
adjusted p= 0.0087; eNOS: adjusted p= 0.0324; ANKHDI: adjusted p= 0.0431; PTGIS:

adjusted p= 0.0491). All the results were normalised to the housekeeper HPRT.
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To further investigate the mechanism of the mRNA control that ANKHD1 exerts on
eNOS, I performed actinomycin D assays. Actinomycin D was used because it inhibits RNA
transcription and allows to study the pre-transcribed mRNA over time (Ratnadiwakara and
Anks, 2018). HUVECs with or without ANKHDI silencing were treated with 1 uM of
actinomycin D for 0, 2, 4 or 16 hours.

I have used a number of housekeeping genes as markers of activity of the actinomycin
D treatment. HPRT and B-actin both reduced their expression by 5.6 hours and 8.3 hours,
respectively, after treatment, which agrees with previously published work (SteenSahlén and
Lambert, 1991; Dormoy-Raclet et al., 2007); suggesting that the treatment effectively blocked
transcription (Figure 4.7: A and D). Next, I investigated the mRNA levels of ANKHDI (gene
of interest) and eNOS (target gene). The results showed that the ANKHDI mRNA is under the
control of mRNA degradation, which by 8 hours becomes massively reduced in actinomycin
D-treated cells. The curve of ANKHDI mRNA expression tends toward reduction in treated
cells and this is not affected by the silencing status. With ANKHD silencing, ANKHDI mRNA
half-life was reduced to 3 hours; indicating that as expected the siRNA results in degradation
of the pre-transcribed ANKHDI mRNA (Figure 4.7: B and D). Taken together, these results
indicate that ANKHDI mRNA is downregulated by actinomycin D, while the reduction in
HPRT and B-actin mRNA confirms that the treatment worked efficiently.

Next, I examined the effect of actinomycin D on mRNA levels of eNOS (target gene).
The results showed that eNOS mRNA is relatively long-lived in the presence of ANKHDI.
The half-life of eNOS mRNA equals 32.32 hours (blue line: Figure 4.7: C) which agrees with
previously published work that reports eNOS mRNA half-life >24 hours (Ho et al., 2013). As
soon as ANKHD/ is silenced, however, eNOS mRNA becomes short-lived as indicated by the
rapid turnover of the mRNA. Specifically, endothelial cells that have lower ANKHDI1

expression (ANKHD] silencing) result in a greater than 50% reduction of eNOS mRNA as

153



early as 1.41 hours after treatment (magenta line: Figure 4.7: C). This time-course experiment
suggests that ANKHDI is required for the well-documented long-lived stability of eNOS
mRNA. Since actinomycin D, at the dosage used, inhibits de novo transcription, it follows that
the turnover of eNOS mRNA in ANKHD1-deficient cells is due to a rapid reduction of the pre-
synthesized mRNA. How ANKHD1 may control the stability of eNOS mRNA at the post-

transcriptional level is currently unknown.
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Figure 4.7. Quantification of RNA stability of eNOS mRNA in HUVECs. B-actin and
HPRT mRNA decay in HUVECS treated with ActD is shown (A). Graphs present ANKHD ]
mRNA (B) and eNOS mRNA (C) levels in HUVECs transfected with either NTsiRNA (in
blue) or ANKHD1siRNA-1 (in magenta) and treated with actinomycin D. One-phase decay
analysis (D) revealed that the K values (represents the rate of mRNA decay overtime) of B-
actin and HPRT in HUVEC: treated with actinomycin D and ANKHD and eNOS mRNA in
HUVECs treated with NTsiRNA+ActD and ANKHDIsiRNA+ActD. The half-life was

measured by this equation In(2)/K and the R square represents the goodness of decay.
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ANKHDI binds to the 3’'UTR of eNOS mRNA

The reduction of eNOS mRNA after only approximately 2 hours in ANKHD 1-deficient
cells suggested that eNOS mRNA has the capacity to rapidly turnover in cells that do not
express high levels of ANKHDI1. This suggests that either ANKHDI1 confers direct protection
of eNOS mRNA or alternatively ANKHDI1 inhibits a protein that is involved in the active
degradation of the eNOS mRNA. To begin to shed light on this, I decided to study whether the
3’UTR of eNOS contains any canonical AU-rich (AUR) elements. AU-rich elements are
regions in the regulatory sequence of mRNAs that have a sequence rich in uridine (U) and
adenosine (A) nucleotides. This specific sequence motif can be targeted by a few RNA-binding
proteins to either confer protection or facilitate RNA degradation. For example, the mRNA-
degrading protein tristetraprolin (TTP) can bind to AUR elements and result in quick mRNA
decay (Lai et al., 1999), while ELAV-like RNA-binding protein 1 binds to AUR elements and
protect their target mRNAs from degradation (Bakheet et al., 2018). While CU-rich stability
elements within the eNOS 3’UTR have been studied (Ho et al., 2013), the role of AU-rich
elements is currently unknown.

The 3’UTR of eNOS mRNA is made out of 419 bases and contains a canonical AUR
element. This AUR element was identified using the online software (AREsite2) and then
manually assessed for the motif UAUUUAU (Figure 4.8: A). Then, I compared eNOS 3’UTR
identities between humans and different species. The flanking region shares an evolutionary
conservation that is 22.46% for Canis lupus, 33.89% for Bos taurus and 32.45% for Sus scrofa.
Although there are high dissimilarities in overall eNOS 3’UTR between humans and these
species, the AUR element is 100% conserved (Figure 4.8: B). The presence of a canonical
AUR element on eNOS mRNA generated the question of whether ANKHD1 may bind around

the AUR area to protect the mRNA from rapid turnover, or alternatively bind the mRNA to
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transport it away from active mRNA degradation sites (such as the processing bodies) and/or
by inhibiting interactions with decay proteins.

Ray et al. (2013) identified the agacgww motif, which is the evolutionarily conserved
binding motif for ANKHDI. I used RBPMap to identify the predicted ANKHDI1 binding site
via its agacgww motif on eNOS 3’UTR. RBPMap shows AGAUGUU or GGAAGUU in the
3’UTR of eNOS as predicted binding sites for ANKHD1 (AGAUGUU: Z-score=2.348, p=
0.00944; GGAAGUU: Z-score=2.116, p=0.0172; Figure 4.8: B). These sequences are located
downstream and close to the AUR element (344-351 base), but they are not overlapping it,

suggesting that ANKHD1 does not require interactions with the AU-rich element.
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Canis lupus TTCCAAGTATTTATTATTGAAGATTCACCATAAGAGACTGGACCAGATCTTATGAGAGCT
Homo sapiens AATCAAGTATTTATTATTGAAGATTTACCATAAGGGACTGTGCCAGATGTTAGGAGAACT
Bos taurus ATTTAAATATTTATTACTGGAGATTCACCGTAATAGACTGGACCEGEGAAGTTACCAGAGCT
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Figure 4.8. Identification of AU-rich element and ANKHD1 binding site in the 3’UTR of
eNOS mRNA via AURsite2 and RBPmap. The AUR element of NOS3 (eNOS coding gene)
TATTTAT (RNA sequence: UAUUUAU) was found in human genome chromosome 7
(151014512-151014519) and located in the 3’UTR of NOS3 exon (A). Evolutionary eNOS
3’UTR cDNA comparison by Clustal Omega shows highly conserved TATTTAT sequence

(yellow) and predicted ANKHD1 binding sites (green: AGATGTT and GGAAGTT) (B).
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Therefore, I experimentally tested whether ANKHDI1 binds to the 3°’UTR of eNOS
mRNA and whether this interaction does not require the AUR element, I constructed plasmids
that contain either the full-length wild-type 3’UTR of eNOS (419 bp) or eNOS 3°’UTR lacking
the AUR element, which I called delta AUR (AAUR) plasmid. These two 3’UTRs were in vitro
transcribed and labelled using RNA polymerase and biotinylated Uracil bases, respectively.
This generated biotinylated sequences that were then used to precipitate interacting protein
from lysates using streptavidin magnetic beads (Figure 4.9: A). The results showed that
ANKHDI1 can bind to in vitro transcribed eNOS 3’UTR. The binding of ANKHD1 was not
affected negatively by the deletion of the AUR element when using the RNA transcribed from
the AAUR plasmid. This was compared with no RNA precipitation sample, which has beads
and protein only, and 10% initial input. There were no bands detected in the immunoblotting
from no RNA precipitation sample. In addition, the 10% initial input contains all protein lysates
and showed ANKHD1 and B-actin bands. B-actin was used as a non-binder, and therefore, acts
as a negative control. B-actin was not found significantly precipitated with the eNOS 3’'UTR
biotinylated RNA and no RNA sample (Figure 4.9: B); indicating that the biotinylated RNA
pulldown exhibited specificity. This in vitro experiment revealed that ANKHDI can bind to
eNOS by engaging with its 3’UTR and the deletion of the canonical AUR element did not
negatively impact the ability of ANKHDI to engage with the eNOS mRNA. Taken together,
these results identify ANKHD1 as an RNA-binding protein with a canonical binding site within

the eNOS 3°’UTR.
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4.6. Does ANKHD1 control eNOS and PTGIS transcription via KLF2?

Previous sections showed that ANKHD1 controls eNOS mRNA stability, via interacting
with the eNOS 3’UTR and promoting mRNA stability. Whether ANKHDI1 can additionally
control the transcription of eNOS and PTGIS, especially during chronic shear stress, has not
been formally tested. KLF2, which is an early HSS-induced transcription factor, is known to
transcriptionally activate both eNOS and PTGIS in primary endothelial cells (Dekker et al.,
2006). KLF4 is an additional transcription factor that has been shown to enhance eNOS
expression (Zhou et al., 2012; Lu et al., 2019). Therefore, I assessed the levels of KLF2 and
KLF4 mRNAs in ANKHD1-deficient HCAECs, to identify whether ANKHDI1 can potentially
control transcription of eNOS/PTGIS by altering the levels of their known transcriptional
regulators, KLF2/KLF4. Compared to the control group, ANKHDI inhibition abrogated the
effects of shear stress on KLF?2 but not KLF4 expression, suggesting that KLF2 is under the
control of ANKHDI in different HCAEC donors (Figure 4.10: A and B). In the RNA-
immunoprecipitation assay, KLF2 mRNA was enriched in the immunoprecipitated ANKHD1
(Figure 4:10: C). These results raised the hypothesis that ANKHD1 may additionally induce
eNOS and PTGIS at the level of transcription via KLF2. To examine this hypothesis, I
transfected HCAECs with either non-targeting siRNA (the control siRNA), ANKHD 1siRNA-
1 or KLF2siRNA. The results showed that both ANKHD1 and KLF?2 silencing were successful
as it resulted in a significant reduction of ANKHD1 mRNA (Figure 4.11: A and B) and KLF?2
mRNA (Figure 4.11: C), respectively. ANKHDI1 inhibition downregulated KLF2 mRNA,
eNOS mRNA and PTGIS mRNA. Interestingly, KLF?2 inhibition has no effect on eNOS or
PTGIS mRNA in HSS-stimulated HCAECs (Figure 4.11: D and E). This indicates that the
positive effect of ANKHD1 on eNOS and PTGIS is KLF2-independent in chronic stimulation
with HSS. This also agrees with the fact that eNOS mRNA is relatively stable and long-lived

in ANKHD1-expressing cells. Taken together, ANKHDI1 positively controls mRNA
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expression of protective genes by binding to mRNA, in an AUR-independent and KLF2/KLF4-

independent fashion.
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Figure 4.10. KLF2 and KLF4 mRNA expression in ANKHDIsiRNA-transfected
HCAECs. Graphs show the quantification of KLF2 mRNA (A) and KLF4 mRNA (B) levels
in ANKHD-deficient HCAECs stimulated with HSS using the orbital shaker system. KLF2
mRNA was significantly downregulated in ANKHD1-deficient cells (One-way-ANOVA
test, Dunnett's multiple comparisons test: ANKHDIsiRNA-1: adjusted p= 0.0133 and
ANKHDIsiRNA-2: adjusted p= 0.0130). Quantification of KLF2 mRNA (C) fold change in
the immunoprecipitated ANKHD1 and IgG is shown. Although there was no statistical
significance in KLF2 enrichment (Two-tailed paired t-test, p= 0.0504), an average of 16.52-
fold increase of KLF2 mRNA binding to ANKHD1 was found when compared to IgG
control. All dots represent different biological donors and error bars show the standard error

of the mean.
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Figure 4.11. The effect of ANKHDI and KLF2 on eNOS mRNA and PTGIS mRNA in
orbited HCAECs. Quantification of the full-length and the transcript variants of ANKHD 1
mRNAs (A and B), KLF2 mRNA (C), eNOS mRNA (D) and PTGIS mRNA (E) in control,
ANKHD1-deficient or KLF2-deficient HCAECs is shown. One-way ANOVA, Dunnett's
multiple comparisons test showed that: (A and B) ANKHDI1 was significantly
downregulated with ANKHDI1siRNA-1 (ANKHDI-203: adjusted p= 0.0037, ANKHDI
transcript variants: adjusted p= 0.0078), however, KLF2siRNA does not control ANKHD 1
mRNA levels. (C) KLF2 mRNA was significantly inhibited in ANKHD1-deficient or KLF2-
deficient HCAECs (adjusted p=0.0094 or adjusted p=0.0312, respectively). (D and E) eNOS
mRNA and PTGIS mRNA were significantly downregulated via ANKHDIsiRNA-1
(adjusted p= 0.0231 and adjusted p= 0.0088, respectively). However, KLF2siRNA did not
inhibit eNOS and PTGIS expression significantly in HSS-stimulated HCAECs. All mRNAs
were normalised to the housekeeper HPRT. All dots represent different biological donors

and error bars show the standard error of the mean.
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4.7. Discussion

This chapter provides strong mechanistic evidence that ANKHDI1 provides vasoprotection
at the cellular level via controlling three significant downstream effectors of protective shear
stress, namely the vasoprotective molecules eNOS, KLF2 and PTGIS. ANKHD1 controlled
the vasorelaxant and vasoprotective eNOS and PTGIS at the mRNA level leading to an
accumulation of eNOS/PTGIS protein, which is the functional unit of these genes, under
atheroprotective shear stress in primary human endothelial cells and mouse descending aortas.
eNOS protein level was reduced in endothelial cells with low ANKHDI levels, for example,
when ANKHDI was silenced with siRNA or when ANKHDI is naturally low (i.e., cells
exposed to low shear stress conditions). Mechanistically, ANKHD1 stabilises eNOS mRNA
and binds to an in vitro transcribed 3°’'UTR of eNOS without requiring the AUR element,
suggesting that its interaction with eNOS may not require facilitation by AUR element binding

proteins.

4.7.1. ANKHDI controls the major vasoprotective modulators — eNOS / PTGIS

In this chapter, I have examined the role of ANKHDI1 in positively controlling the
vasoprotective eNOS expression and activation. The pathway by which NO is produced is
controlled by the mechanosensor glycocalyx (Ebong et al., 2014; Zeng and Liu, 2016;
Mahmoud et al., 2021; Bartosch et al., 2021). As mentioned, a major protein of the glycocalyx,
which is glypican 1, promotes functional endothelial cells by enhancing NO and PGI; release
via PECAM-1 phosphorylation; leading to vasodilation and inhibition of inflammation
(Russell-Puleri et al., 2017; Ebong et al., 2014; Bartosch et al., 2021). Moreover, glypican 1
knockout mice were found to be unable to produce NO under physiological HSS (Bartosch et
al., 2021). In addition, glypican 1 was found to be needed to maintain vascular elasticity and

avoid stiffness in older cells (Mahmoud et al., 2021). Previously published work, therefore,
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highlights the critical importance of glypican-1, a protein regulated by ANKHDI, in
maintaining vascular protection. It remains to be studied whether the effect of ANKHDI on
eNOS mRNA protection is dependent on an intact glycocalyx possibly via glycocalyx/glypican
1 communicating intracellularly to activate c-Src/AKT to maintain NO production. However,
it is reported that the glycocalyx morphology and thickness are negatively impacted in cultured
endothelial cells in static conditions (Chappell et al., 2009). Given the fact that I have
performed the RIP assays (interactions between ANKHD1 and eNOS/PTGIS/KLF2) in cells
in static conditions it is more likely that any effects of ANKHDI are likely to be direct but
interactions with glypican 1 cannot be formally excluded.

In addition, VE-cadherin, a junctional adhesion molecule transducing shear stress
signal to enhance NO production, has been shown to be negatively regulated by ANKHDI in
HSS-stimulated HCAECs (RNA sequencing). However, in HUVECs stimulated with HSS,
ANKHD1 showed to positively regulates VE-cadherin (Figure 5.6: F). This discrepancy can
be attributed to different cellular origins (artery/vein) or different genetic backgrounds.

Russell-Puleri et al. (2017) identified that HSS upregulates PGI, production. According
to Yokoyama et al. (1996), the PTGIS gene sequence has a shear stress responsive sequence
(GAGACC), but whether it can directly respond to different shear stress magnitudes (low vs
high shear stress) and also respond to chronic flow has not been examined. This chapter shows
that chronic HSS (72 hours) positively controls PTGIS expression. Moreover, in this chapter,
I identify an increase of PTGIS under the HSS condition, which is one of the mechanisms
employed by ANKHD1 to protect primary human endothelial cells. The requirement of
ANKHDI1 for PTGIS expression suggests that ANKHDI is needed for the production of the
vasorelaxant PGIl. Since PTGIS is a required enzyme in the conversion of lipid membrane-
derived arachidonic acid into the vasoprotective mediator PGI, it follows that in the absence

of ANKHDI, PGI; production is defective.
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4.7.2. Potential mechanisms for eNOS mRNA stability

Research has shown that eNOS mRNA can be maintained by the binding of proteins
into the CU-rich stability element of eNOS which is present in its 3’UTR (Ho et al., 2013). Yet
how shear stress controls the stability of eNOS is largely unknown, despite its important role.
Here I find that (1) inhibition of ANKHD1 in human endothelial cells reduces eNOS mRNA
stability (2) ANKHDI1 can bind to the 3’ UTR of eNOS mRNA and finally (3) the positive
regulation of ANKHDI1 on eNOS is KLF2 independent.

The presence of the highly conserved AUR element in the 3’UTR of eNOS suggests
that eNOS could be under the control of AUR element-mediated decay, yet eNOS mRNA is
long-lived, suggesting the presence of a protective protein/factor. It has been identified by Lai
etal. (1999) that the AUR element is recognised by the RNA-degrading protein TTP and results
in mRNA degradation. ANKHD1 binds to eNOS 3’UTR at a region close to the AUR element
but it does not overlap with the AUR element. This suggests that ANKHD1 does not directly
interact with the AUR element-binding proteins. However, this does not exclude the possibility
of inhibiting AUR element-mediated decay indirectly. ANKHD1 might bind to eNOS mRNA
and mask the nearby AUR element or alternatively move the mRNA away from active sites of
RNA degradation.

Two bands of ANKHD1 appeared at the biotinylated 3’UTR pull-down assay, one was
above the 250 kDa and the other was around 60 kDa (Figure 5.13: B). The 60 kDa ANKHDI1
could be due to alternative splice forms and/or proteolytic processing of the ANKHD1 protein.
Interestingly, ANKHD1 was precipitated more with eNOS-3’UTRAAUR when compared with
the eNOS-3’UTR-WT. eNOS-3’UTRAAUR could be more stable as it lacks the AUR element
when compared to the WT and hence the increased binding could be due to more available
RNA. This model would support the hypothesis that eNOS mRNA is usually under the control

of AUR element-mediated decay, but this decay might be blocked in high shear by the actions
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of ANKHDI1. Furthermore, the RNA-sequencing approach in the healthy endothelium showed
that ANKHD1 upregulates p38/MAPK via regulating MAPK11 and MAPKI2 genes. Mahtani
et al. (2001) identified that phosphorylation of TTP via p38 resulted in TTP inactivation; thus,
enhancing mRNA stability. Inactivation of TTP indirectly could provide another protective
mechanism utilised by ANKHDI1 to confer vascular protection and enhance eNOS activity.
Taking together, the findings of this chapter support the hypothesis that ANKHD1 promotes
eNOS mRNA stability in healthy endothelium by binding to its 3’UTR but without excluding

the possibility of additional protective pathways.

4.7.3. Potential roles of ANKHDI in regulating KLF?2 in healthy endothelium

SenBanerjee et al. (2004) overexpressed KLF2 in static-HUVECs and identified that
KLF2 upregulates eNOS expression. Dekker et al. (2006) overexpressed KLF2 in static
HUVECs and showed that KLF2 upregulates eNOS and PTGIS mRNAs. Because silencing of
ANKHDI in HSS-stimulated HCAECs downregulated KLF2, eNOS and PTGIS mRNAs
significantly, the possibility of whether ANKHDI1 controls eNOS and PTGIS via KLF2-
mediated transcription had to be examined. However, in contrast with previously published
work, KLF?2 silencing in HSS-stimulated cells did not cause the expected reduction of eNOS
and PTGIS mRNAs. These data suggest that the effect of ANKHDI1 on eNOS and PTGIS is
KLF2-independent in the HSS conditions.

ANKHDI1 could control KLF2 at mRNA levels possibly by binding, this was confirmed
in my work using the RIP assay. KLF2 is an antithrombotic and anti-inflammatory transcription
factor. Its upregulation increased the clotting time whereas KLF2 inhibition induces a
prothrombotic phenotype by accelerating clotting at a short time and elevating F'3 expression
(Lin et al., 2005). KLF2 inhibits the activation of the proinflammatory adhesion molecules

CD62E and VCAM-1 via inhibiting NFxB. This has been associated with a reduction of the
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inflammatory T-cells adhesion and rolling (SenBanerjee et al., 2004; Lin et al., 2005; Parmar
et al., 2006). Therefore, KLF2 has been studied in the context of atherosclerosis, where Atkins
et al. (2008) identified that K/f2-deficient mice with ApoE” background had accelerated foam
cell formation and inflammatory cell infiltration into the vessel wall, and as such, increased
atherosclerotic lesion sizes when compared to KIf2** ApoE” mice. It is currently unknown
whether ANKHDI1 attenuates inflammation, thrombosis and atherosclerosis via KLLF2 and/or
redox system regulation or whether additional mechanisms are at play. The mechanism by
which ANKHD1 controls inflammation has not yet been explored, but I hypothesize that

ANKHD1-mediated KLF2 expression may be an important driver.
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Summary

This chapter describes some of the mechanisms utilised by ANKHDI to exert its
cytoprotective functions. Using an advanced mechanistic approach, ANKHDI promotes
eNOS, PTGIS and KLF?2 levels which raised the question of whether ANKHDI1 contributes to
vasoprotection and atheroprotection. This is going to be investigated in the next chapter. In the
future, it would be valuable to study further the anti-inflammatory effects, for example, of

ANKHDI1 and the possible involvement of KLF2.
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5.1. Outlines
Results presented in the previous two chapters show that ANKHDI1 is highly expressed

in vascular endothelial cells in mouse aortas and primary human endothelial cells. ANKHD1
was upregulated in the HSS condition, and it was predicted to be a regulator of major shear
stress and atherosclerosis pathways including NO and PGl.. ANKHD1 showed to regulate the
vasoprotective eNOS, PTGIS and KLF?2 in endothelial cells. Previous studies showed that
inhibition of these vasoprotective molecules resulted in inflammation, thrombosis and
accelerated atherosclerosis (RadomskiPalmer and Moncada, 1987; Yokoyama et al., 2002; Lin
et al., 2005; Atkins et al., 2008; Ponnuswamy et al., 2012). These observations raised the
question of whether ANKHD1 promotes endothelial-dependent vasoprotection. Specifically, I
decided to examine vasoactivity, inflammation and thrombosis. It is important to assess the
potential role of ANKHDI in vasoprotection and atheroprotection in vivo using mouse aortas
as simpler cellular-based models do not fully recapitulate the complexity of the disease. As
such, in this chapter, I present my analysis showing the role of ANKHD1 in ANKHD1 loss-
of-function mouse models with and without atherosclerosis.
Hypothesis: Since ANKHDI is capable of suppressing inflammatory genes and activating
antioxidant and vasoprotective ones, I hypothesize that ANKHDI is a vasoprotective RNA-
binding protein, and as such, its inhibition is predicted to result in endothelial dysfunction and
atherosclerosis.
The specific aims of this chapter are:

Considering that endothelial cells can control vascular functions, the main aims of this
chapter are to study ANKHD1 functions in the mouse vasculature by:
1. Assessing whether Ankhdl deletion alters the levels of systemic risk factors of

cardiovascular dysfunction (e.g., body weight, hypertension, hypercholesterolemia, and

hyperglycaemia).
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2. Characterising the effect of Ankhdl deletion in mouse aortas (macroscopically).
3. Assessing whether Ankhdl deletion results in endothelial dysfunction (microscopically —
markers of the disease).
4. Studying whether Ankhdl deletion accelerates atherosclerosis development.
To find the answers I used Ankhdl™*, Ankhdl*~ and AnkhdI”- mouse models (in vivo
models), I statically analysed the data, and discussed the potential importance of these findings

in this chapter.

5.2. Ankhdl mouse models

In this study, I used ¢57bl6N mice that were either wild-type for Ankhdl (Ankhd1*'"),
heterozygotes or homozygote knockouts (4nkhdl*™ or Ankhdl”"). All these mice underwent
genotyping with gene-specific primers in our lab. The expression of ANKHD1 was confirmed
by en-face staining of the endothelial cells of the descending aortas using an anti-ANKHD1
primary antibody, which was previously verified in western blotting with siRNA and in en-
face staining (Chapter 3: Figure 3.1: B and D). The endothelial cell layer was identified by
staining the aorta with a specific marker expressed highly in endothelial cells, PECAM-1, also
known as CD31. CD31 is a cell-cell adhesion protein that responds to the shear stress and
transduces signals to the endothelial cells (Tzima et al., 2005) and here it is used as a marker
of endothelial cells within the aorta, while TO-PRO was used as a nuclear counterstain.

Quantification of the en-face staining revealed that the highest concentration of
ANKHD1 was found in the endothelial cells of Ankhdl " mice (N= 17), with little expression
seen in the endothelium of mice with AnkhdI™- (N= 4) or AnkhdI”~ (N= 14) (Figure 5.1). This
verified firstly the genotyping approach, secondly, ANKHDI1 is highly expressed in murine
aortas and thirdly the antibody I used to detect ANKHDI is specific in this assay, as the

knockouts show significantly reduced ANKHD1 expression.
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Figure 5.1. ANKHDI levels in endothelial cells of Ankhd1™*, Ankhd1"~ and AnkhdIl”
mouse descending aortas. A representative image (negative control) of murine aortic
endothelial cells of Ankhdl™* mice stained with isotype control rabbit IgG (red), and
counterstained with the endothelial marker CD31 (green) and the nuclear dye TO-PRO (blue)
is shown (A). Representative images of endothelial cells stained with ANKHDI1 antibodies
(red), CD31 (green) and TO-PRO (blue) in AnkhdI™"*, Ankhdl"" and Ankhdl”’- are shown
(B-D). The en-face staining images were taken from all mice (three images/mouse) in this
study to quantify the mean fluorescence intensity (The biological replicates used for IgG
were N=4, Ankhd"* were N=17, Ankhdl*~ were N=4 and Ankhdl”’- were N=14). The mean
fluorescence intensity was determined for all groups (dnkhdI""*, Ankhdl*" or Ankhdl”") and
is shown as a violin chart (E). Mice with AnkhdI”~ had significantly lower ANKHDI
concentrations than mice with AnkhdI™" (Two-tailed one-way ANOVA test, Dunnett's

multiple comparisons test: adjusted p<0.0001).
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None of the mice analysed (N= 35) show any severe illnesses. To better understand
their phenotype, I examined a number of blood parameters. They did not show any differences
in their blood glucose levels (Figure 5.2: A). Blood pressure tends to increase in Ankhdl ™"

mice when compared to AnkhdI*"*

mice, however, that increase is not statistically significant.
Measuring blood pressure in more Ankhdl mice will give a clear insight into whether
ANKHDI affects blood pressure (Figure 5.2: B). Additionally, Ankhd1** and AnkhdI~~ mice
did not exhibit a statistically significant change in heart rate (Figure 5.2: C), body weight
(Figure 5.3: C) and their cholesterol levels were below the detection threshold (less than 2.59
mmol/L). This means that the deletion of Ankhdl does not greatly alter the risk factors
associated with accelerated atherosclerosis, such as diabetes, hypertension, obesity and
hypercholesterolemia. It is, therefore, deduced that any effects that the deletion of Ankhdl may

have on the vascular function would be due to the alterations of the function of the vasculature

and not due to systemic changes.
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Figure 5.2. Blood glucose levels, blood pressure and heart rate measurements in
AnkhdI™*, Ankhdl*" and Ankhdl”~ mice. The glucose level was measured from mouse
blood using a glucometer and it was found to be relatively similar between the different
groups of mice (two-tailed one-way ANOV A, Dunnett's multiple comparisons test: p>0.05)
(A). Blood pressure (B) and heart rate (C) were measured by non-invasive tail cuff and
echocardiography, respectively. There were no significant differences in blood pressure and
heart rate between the mouse groups (two-tailed unpaired t-test: p>0.05). All dots represent

different animals and error bars show the standard error of the mean.
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5.3. The influence of ANKHD1 on murine aortas

Since ANKHDI1 controls eNOS, PTGIS and KLF2 which modulate vascular tone,
inflammation and thrombosis, and the RNA sequencing suggested that ANKHDI1 can control
these important functions in primary human endothelial cells, the aim of this section is to
identify whether the deletion of Ankhdl may affect any of these vascular phenotypes in aortas
of mice with ANKHD]1-deficiency (Ankhdl”") when compared with wild-type littermate
control mice. Mice were divided into four groups based on age: adult [5 months old] and young
[4-5 weeks old], and on genotype: Ankhdl wild-type [AnkhdI*'"; control group] and Ankhdl

knockout [Ankhdl”"; experimental group].

5.3.1. ANKHDI controls aortic diameters

Extracted aortas were macroscopically inspected, a narrower appearance was noted in
Ankhdl”- mice when compared with aortas from wild-type littermate controls (Figure 5.3: A).
This visual difference was quantified by ImageJ using 20 regions throughout the aortas and it
was found that aortas from Ankhdl”- 5-month-old mice (older) were on average 0.8343 mm in
diameter while aortas from age-matched AnkhdI™* mice were on average 0.9318 mm in
diameter (Figure 5.3: B). This difference in aortic diameter conferred by the genotype (due to
the deletion of Ankhdl) was statistically significant. Next, I compared body weights to
determine whether (1) they differed between the experimental and the control groups and (2)
whether they were responsible for the varying aortic diameters. However, there was no
significant difference between the experimental and the control groups in body weights that
could account for the differences in aortic diameters (Figure 5.3: C), suggesting that ANKHD1
does not control vessel diameters by influencing body weights. Moreover, the fact that the
wild-type and the knockout mice are of similar weights excludes obesity as a driver of disease,

which is a systemic risk factor for atherosclerosis progression. An alternative hypothesis is that
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ANKHDI1 may be directly influencing vasoactivity. Given that increased age can also drive
endothelial dysfunction (Mahmoud et al., 2021), I also studied young mice, at the time of
weaning (4 weeks of age), to examine the potential contribution of aging. While I only have
two Ankhdl”’- mice, there is a clear trend towards reduced vessel diameters in AnkhdI”- mice
when compared with age-matched young wild-type littermate controls (Figure 5.3: D). These
data together identify for the first time that ANKHD]1 positively controls the diameter of the
aorta in both young and older mice, while knocking out this gene results in the narrowing of
the large blood vessel from a younger age. Since the narrowing of blood vessels could lead to

a number of events this is an interesting observation that I decided to follow up.
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Figure 5.3. Aortic diameter and body weight measurements in young and adult Ankhdl
mouse models. A comparison of dissected aortas from 5-month-old mice in the control and
the experimental groups is shown (A). The effects of ANKHD1 on the aortas of adult mice
(5-month-old) were quantified. Mice with Ankhd1"* (control group) had significantly wider
aortas than those with Ankhdl”~ (experimental group), (two-tailed unpaired t-test: p=
0.0011), (B). The body weights (in grams) of 5-month-old mice were not statistically
significant (two-tailed unpaired t-test: p> 0.05) (C). The effects of ANKHD1 on the aortas
of young mice (4-5-week-old) were quantified. The control group tended to have wider
aortas than the experimental group (D). All dots represent different animals and error bars

show the standard error of the mean.
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5.3.2. The influence of ANKHDI on thrombosis

Macroscopic inspection of the extracted aortas was performed in Ankhdl mouse
models. Thrombosis has been recognised consistently in the aortas of Ankhdl” mice, mainly
in the aortic arch, which colocalises with LSS areas that are more prone to disease development.
Figure 5.4: A and B, show Ankhdl™* and Ankhdl” aortas dissected at different times from
different batches of mice. Ankhdl”- aortas exhibited signs that were consistent with blood
clotting. The area of clotting was noted both within the arch and the descending aortas. Clotting
was not observed in any wild-type age- and gender-matched littermate controls studied here.
This raises the interest to further investigate the role of ANKHDI in haemostasis. Previous
work in our lab (RNA sequencing of epithelial cells) identified that ANKHD1 controls the
coagulation factor 3 mRNA expression and ANKHDI inhibition enhanced pro-inflammatory
pathways, including NFxB activation and the transcription factor AP-1, which were also
identified in RNA-sequencing data from HCAECs. Parry and Mackman (1995) identified that
NFxB and AP-1 are transcription factors that enhance F3 expression. In addition, KLF2 has
been shown to downregulate F3 expression (Lin et al., 2005). Therefore, I examined variant 1
(NM_001993.5, the full-length transcript) of 3 mRNA expression in HSS-induced HCAECs
transfected with either non-targeting siRNA (NT-siRNA) or ANKHD 1siRNA-1 via qPCR. The
qPCR results showed that there was a clear trend toward increased expression of /3 mRNA in
ANKHDI-silenced HCAECs stimulated with HSS (Figure 5.4: C). This increase was
statistically significant; indicating that ANKHDI1 controls the full-length F3 expression in
HCAECs. However, a high level of variability was noted, which may be explained by
differences due to donor variability (e.g., different genetics). Single nucleotide polymorphisms
in F3 have been reported to lead to altered F3 mRNA expression (Milarstig et al., 2005).
Moreover, F3 is upregulated by inflammation, and therefore, it is expected to have variable

expression given the level of inflammatory activation present within each different experiment
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(Parry and Mackman, 1995). Taken together, ANKHD1 loss-of-function leads to enhanced

blood clotting and elevated /3 mRNA expression.
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Figure 5.4. Thrombosis studies in Ankhdl”" aortas and ANKHDI-deficient HCAECs.
Microscopic images of AnkhdI™* (A) and AnkhdIl”- (B) aortas show blood clots in the
aortas of mice with Ankhdl” only. Quantification of F3 mRNA transcript variant 1 (C) in
NT-siRNA and ANKHDIsiRNA-1 transfected-HCAECs under HSS condition showed
that F3 is significantly increased in ANKHD1-deficient cells (two-tailed paired t-test: p=
0.0425). mRNA was normalised to the housekeeper HPRT. All dots represent different

biological donors and error bars show the standard error of the mean.

182



5.3.3. ANKHDI role in inflammation

Inflammation was one of the highly enriched pathways revealed by RNA-sequencing
of ANKHDI-silenced HCAECs in HSS conditions. Specifically, I validated that endothelial
cells with ANKHD1 loss-of-function have elevated /LIS and ICAM-1 mRNA production.
NFkB signalling is not only responsible for elevated IL1 f/ICAM-1 but also results in CD62E
upregulation and protein activation; in turn, leading to leukocyte adhesion and infiltration
(Hiscott et al., 1993; Collins et al., 1995; Kiely et al., 2003). Therefore, I assessed the levels
and localisation of CD62E in endothelial cells of Ankhd1™* and Ankhdl”’- mouse descending
aortas. Two validated antibodies were used to stain for CD62E. i) CD62E (ab18981 from
Abcam) (Figure 5.5.: A-C) and ii) CD62E (NBP1-45545 from Novus) (Figure 5.5: D-F).

1" endothelial cells, there are low levels

Staining with either antibody shows that, in Ankhd
of CD62E, which is predominantly perinuclear (Figure 5.5: A and D), whereas AnkhdI”" cells
have redistributed CD62E into large puncta accompanied with intercellular gaps (Figure 5.5:
B and E). It has been reported by Kiely (2003) that when CD62E is activated, it is redistributed
into large puncta; suggesting that ANKHDI1 has a role in CD62E activity and vascular
permeability, and thus, validating the anti-inflammatory phenotype identified by the unbiased
RNA-sequencing. Apart from CD62E activation, CD62E protein level was elevated in Ankhd I
 mice when compared to Ankhdl*"* (Figure 5.5: C and F), quantified by mean fluorescence
intensity. This increase was statistically significant in tissues stained with the CD62E antibody
from Abcam as the numbers of animals were sufficient to show the difference. Taken together,
these data show that ANKHDI1 controls CD62E activation and localisation/distribution within
the mouse vasculature, suggesting an anti-inflammatory role for ANKHDI1 that is likely to

involve IL1S/NF«kB and a number of adhesion molecules, including CD62E that was analysed

here.
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Figure 5.5. CD62E expression and distribution in endothelial cells of AnkhdI"* and
Ankhdl” mouse descending aortas. CD62E staining and mean fluorescence intensity
quantification from either Abcam antibody (A-C) or Novus antibody (D-F) stained tissues
are shown. IgG isotype staining in Ankhdl™* (G) and Ankhdl”- (H) tissues showed the
specificity of both CD62E antibodies. The en-face staining images were taken from
Ankhd1™* and AnkhdI”~ mice (three images/mouse) to quantify the mean fluorescence
intensity (The biological replicates used for IgG were N=4, Ankhdl** were N=11 (Abcam)
and N=6 (Novus), and Ankhdl”’- were N=6 (Abcam) and N=5 (Novus). The data quantified

in (C) showed that there was a significant increase in CD62E expression in Ankhdl”
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endothelial cells (two-tailed unpaired t-test: p= 0.0193). However, the differences in
CD62E expression in (F) were not statistically significant (p>0.05). All dots represent

different animals and error bars show standard error of the mean.
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5.3.4. ANKHDI controls endothelial cell numbers

One of the key drivers of thrombus formation and atherogenesis is endothelial cell loss,
which can be triggered by tissue damage leading to endothelial cell apoptosis and denudation
(CaroFitz-Gerald and Schroter, 1971; Durand et al., 2004). I have observed large gaps in the
endothelium in knockout animals. To examine whether ANKHDI-deficiency alters the
endothelial cell coverage, extracted aortas were microscopically inspected at the endothelial
cell level. It was consistently recognised that, in AnkhdI” aortas, there were significantly lower
numbers of endothelial cells. Therefore, I quantified the numbers of endothelial cells per field
of view using Imagel. I took the average of at least five images of endothelial cell numbers per
animal using the descending aorta, as this is a region of HSS with high expression of ANKHD1
and generally protected from endothelial cell loss. The results showed that Ankhd - mice have

on average 19 cells per field of view whereases Ankhdl™*

mice have on average 25 cells per
field of view. This difference in the endothelial cell numbers was statistically significant
(Figure 5.6: A and B); indicating that ANKHD1-deficiency results in reduced endothelial cell
numbers. It is unknown how ANKHDI controls endothelial cell numbers. Apart from
endothelial cell numbers, I examined the cell junctions of endothelial cells. I found that there

was a tendency towards uneven and undefined endothelial cell junction and perhaps endothelial

cell loss in Ankhdl”- mice when compared to Ankhdl** (Figure 5.6: A and C).
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Figure 5.6. ANKHDI affects endothelial cell numbers. Endothelial cells in the descending
aortas of Ankhdl*" and Ankhdl”- were stained with CD31 antibody and TO-PRO (A). The
en-face staining images were taken from all mice (three images/mouse) in this study to
quantify cell numbers (The biological replicates used for Ankhdl™* were N=15 and Ankhd I
~were N=9). The difference in endothelial cell number in Ankhdl mouse was statistically
significant (two-tailed unpaired t-test: p= 0.0044) (B). Signs of endothelial cell loss and
uneven junctions in the descending aortas of AnkhdI”~ mice, images were taken from three
biological replicates (C). All dots represent different animals and error bars show standard

error of the mean.
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5.4. ANKHD1 role in atherosclerosis

Finally, given that endothelial ANKHDI is highly expressed in areas protected from
atherosclerosis (Section 3.6; Figure 3.7), controls shear stress protective pathways in primary
human coronary artery endothelial cells, and limits inflammation in vivo (Section 5.3.3; Figure
5.5), I wished to study whether lowering ANKHD1 may promote accelerated progression of
atherosclerosis. Atherosclerosis develops as a chronic progressive plaque comprising
accumulated lipids and different inflammatory cells in the arterial walls.

Mice with Ankhdl*", Ankhdl"~ and Ankhdl”- were virally transduced with a single
tail-vain injection of PCSK9-AAV and administered a high-fat diet for 12 weeks to induce
atherosclerosis. After aorta microdissection, Oil red O staining was used to stain lesions/lipid
content in the three groups of mice with atherosclerosis (PCSK9-AAV). Then, the lesion size
was quantified using the software Nis-elements BR. There was a significant increase in plaque
size in Ankhdl*~ mice when compared with Ankhd1™* (Figure 5.7: A-D). Although the N
numbers of these animals are insufficient, AnkhdI** mice (N = 5) had the smallest lesion sizes
compared to Ankhd”- mice (N =7), but this was not statistically significant. Quantification of
lesion sizes in the aortic roots also showed larger plaques in Ankhd1*™ (N=3) compared to the
Ankhd1** (N=3) (Figure 5.7: E-G).

Taken together, the data presented here clearly indicate that ANKHD1 can protect from
high fat and high cholesterol driven atherosclerosis development while lowering ANKHD1
expression is sufficient to promote increased atherogenesis (i.e., AnkhdI™"). This can be

attributed to the anti-thrombotic and anti-inflammatory phenotype of ANKHDI.
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Figure 5.7. Oil red O and haematoxylin and eosin staining of plaques in Ankhdl mice
with atherosclerosis. Representative images of oil red O (red) lesions in the aortas of
Ankhd1™* (A), AnkhdI™" (B) and Ankhdl”- mice (C) are shown. Plaque sizes quantification
in Ankhdl murine aortas showed that the differences were statistically significant between
Ankhd1™* and Ankhdl (two-tailed one-way ANOVA, Dunn's multiple comparisons test:
adjusted p= 0.0307) (D). Images of haematoxylin and eosin-stained aortic roots from

Ankhd1"* (E) and Ankhdl*~ (F) mice are shown. Quantification of plaque areas in the aortic
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roots of three mice per group showed a significant increase in Ankhd 1" (two-tailed unpaired
t-test: p= 0.0071) (G). All dots represent different animals and error bars show the standard

error of the mean.

190



5.5. Discussion

Ankhd 1 knockout mouse models had a distinct vascular phenotype with a significant effect
on aortic diameter, thrombosis, inflammation and endothelial cell numbers together leading to
accelerated atherosclerosis development. ANKHDI1-deficient mice had narrower aortas,
observable blood clots, intercellular gaps, reduced endothelial cell numbers and accelerated
atherosclerosis. Together these phenotypes indicate that the presence of ANKHDI is
cytoprotective in the vasculature, while lowering ANKHDI1 is sufficient to drive increased

plaque formation.

5.5.1. Evaluation of systemic risk factor for atherosclerosis in Ankhdl mouse models

Sowers et al. (1993) illustrated a positive correlation between diabetes, hypertension,
obesity and hypercholesterolemia with endothelial cell injury and atherogenesis. My current
data showed that there was no major effect of ANKHDI1-deficiency on these systemic risk
factors. While there was a trend toward an increase in blood pressure, this was not sufficient to
achieve statistical significance, due to the low number of animals studied. More animals are
needed to verify this finding, therefore currently we cannot officially exclude the possibility of
an effect of ANKHDI1 on blood pressure. In addition to hypertension, hypercholesterolemia
and hyperglycaemia have also been linked with vessel constriction (McCalden and Nath, 1989;
Xiang et al., 2007). My current findings in my experimental model suggest that ANKHD1 does
not control body weight or cholesterol or glucose levels, which promote atherosclerosis and
vasoconstriction; indicating the roles of ANKHDI1 in vascular biology are independent of
glucose, cholesterol and body weight and are therefore likely to be mediated at the cellular

level, with a major effect on endothelial physiology.
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5.5.2. Theinfluence of ANKHDI on aortic diameter

A narrower aortic diameter can increase the wall shear stress magnitude, and as such,
contribute to endothelial dysfunction and injury (CaroFitz-Gerald and Schroter, 1971). It is
unknown whether the shear stress magnitude has changed in the constricted Ankhdl”~ aorta.
However, there is a positive correlation between heart rate and shear stress magnitude
(LaosiripisanParkhurst and Tanaka, 2017) and my data showed that ANKHD1 does not change
heart rate. On the grounds of that, it can be predicted that there is no significant change in shear
stress magnitude, yet to confirm this finding additional experiments are required.

It is of interest to discuss the contribution of endothelial cells in controlling blood pressure.
Specifically, endothelial denudation is known to lead to vessel constriction. A large body of
evidence from human and mouse studies has shown a major effect of the endothelial cell in
vasorelaxation and as such, blood pressure. The underlying mechanism is endothelial cell
production of NO and PGI; (Adelstein et al., 1978; Ignarro et al., 1981; AdelsteinConti and
Hathaway, 1978; LawlerMiggin and Kinsella, 2001; Coletta et al., 2012; Russell-Puleri et al.,
2017; ChengVanhoutte and Leung, 2018; Iring et al., 2019), factors that modify blood pressure.
These factors have been shown to be regulated by ANKHDI1 in vivo and in vitro. On the
grounds of these previous findings together with my findings of the dependency on ANKHD1
for vessel diameter, I raised the question of whether there is a link between ANKHDI1 and
endothelial-dependent vasorelaxation via NO and PGl», resulting in aortic diameter changes.
Given the importance of maintaining tight control of vascular tone, it becomes important to
understand the contribution of ANKHDI1 in controlling vasorelaxation. As such, this can be

studied further in the future.
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5.5.3. ANKHDI protects from thrombosis

It was consistently recognised that the aortic arch of ANKHDI1-deficient mice had
thrombi. In some of the mice, the phenotype was more severe where the clots have been seen
to cover the entire aorta, whereas in other cases the thrombi were mainly seen in the aortic arch.
It is currently unknown how ANKHD1 protects from thrombosis, and likewise how deletion
of Ankhdl promotes thrombus formation. In my thesis, I have uncovered that AnkhdI”" mice
exhibit endothelial cell loss, which is known to cause thrombus generation as shown by Durand
et al. (2004). Yet the specific steps and mechanisms that govern endothelial loss and thrombus
formation remain elusive. ANKHDI1 positively controlled the anti-thrombotic eNOS and
PTGIS, while it negatively controlled 3. PTGIS and eNOS release PGL> and NO, respectively,
and inhibit platelet adhesion and aggregation (TatesonMoncada and Vane, 1977; Mellion et
al., 1981; RadomskiPalmer and Moncada, 1987). Given that ANKHD1 regulates the levels of
eNOS and PTGIS, and consequently, could exert its antithrombotic effects via NO and PGI»,
and F3 is elevated when ANKHD/ is silenced, I hypothesized that the prothrombotic phenotype
could be due to a dual mechanism involving not only NO/PGI; but also F3 expression (Figure
5.8). Yet the full extent of the contribution of ANKHDI in protection from endothelial injury
could be broader than its effects on eNOS, PTGIS and F3. In addition, it is unknown whether
(1) the observed F3 modulation is NFxB and/or KLF2 mediated, as it is known that F'3 is under
the control of NFkB and KLF2; and (2) what is the functional significance of thrombosis on
the atherosclerosis phenotype. Studies by Fuster et al. (1978), Methia et al. (2001), Pratico et
al. (2001), and Doddapattar et al. (2018) indicate the involvement of platelets in atherogenesis.
Activated platelets contribute to early lesion formation via platelet adhesion and activation;
thus, larger plaques in ANKHDI-deficient PCSK9 mice could be the results of these

aggregated thrombocytes since AnkhdI”~ mice had an evident thrombosis phenotype.
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Figure 5.8. Proposed model of how ANKHDI prevents from thrombosis and provides
vasoprotection. HSS enhances the cytoprotective ANKHDI1 production which in turn
maintains intact endothelial cell layer, promotes vasorelaxation and prevents coagulation

cascade initiation, platelet adhesion and aggregation and atherogenesis.
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5.5.4. ANKHDI might prevent leukocyte adhesion and infiltration

Inflammation has been associated with inter-endothelial cell gaps. During leukocyte-
endothelial cell adhesion and IL1f activation, endothelial CD62E is redistributed into lipid-
rich rafts or macrodomains within endothelial cells. These lipid rafts facilitate the interaction
between activated CD62E and phospholipase C gamma (PLCy). Activated PLCy can increase
intracellular calcium levels, and as such, enhances MLCK phosphorylation and endothelial
permeability (Kiely et al., 2003). Interestingly, the endothelium exposed to atheroprotective
shear stress in Ankhdl”- mouse aortas had a marked redistribution of CD62E into large puncta,
whether these structures are lipid rafts is currently unknown. The large CD62E positive puncta
were accompanied by an uneven and discontinuous distribution at inter-endothelial cell
junctions that form gaps between cells; suggesting that these endothelial cells are inflamed and
possibly bound to circulating inflammatory cells; leading to leukocyte infiltration through the
gaps into the sub-endothelium.

RNA-sequencing data coupled with qPCR validation showed that ANKHD1 regulates
inflammation and endothelial cell permeability via controlling NFxB activation and GSTP-1
expression. ANKHD1 showed to positively regulate KLF2, which is also an anti-inflammatory
transcription factor that inhibits the activation of CD62E. The findings of inter-endothelial cell
gaps accompanied by CD62E activation in mouse aortas further support the vasoprotective role
of ANKHDI that was proposed by the RNA-sequencing approach and KLF2 regulation.

CD62E expression and subsequent leukocyte infiltration have been linked with
accelerated atherosclerosis (van der Wal et al., 1992; Collins et al., 2000); this also provides

mechanistic evidence of why Ankhd-deficient mice develop larger plaque sizes.
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5.5.5. Ankhdl controls endothelial cell number

Inhibition of Ankhdl in mice resulted in a reduction in endothelial cell numbers. It is
unknown whether these endothelial cells become more apoptotic. This can be identified by
assessing the markers of apoptosis, such as cleaved caspase 3. Apoptosis was one of the
enriched functions controlled by ANKHD1 according to the RNA-sequencing applied on HSS-
stimulated HCAEC:s. It is also unknown whether some endothelial cells are less proliferative,
thus less likely to be able to divide to fill the gaps. This work could be followed up in the future,
as it will allow us to gain a mechanistic understanding of the observed phenotype of altered
cell numbers.

ANKHDI1 was identified as a regulator of the major pathways that control cellular
growth. Miiller et al. (2005) and Fisher et al. (2018) found that ANKHDI1 controls JAK/STAT
pathway activity. Moreover, Sidor, Brain and Thompson (2013) identified that ANKHD1
controls the Hippo pathway. Given that both the JAK/STAT and Hippo pathways are major
regulators of cellular growth and survival, we could speculate that ANKHD1 may have a role
in controlling cell growth and survival, via its JAK/STAT and HIPPO actions. After that, Yao
et al. (2018) determined that human ANKHD1 enhances Akt activity via YAP1 activation, a
transcription regulator that is controlled by the Hippo pathway, resulting in tissue growth and
confirming the Drosophila findings in human cells. Most recently, Yao et al. (2022) reported
that ANKHD] silencing inhibited YAPI1 transcription, activation and translocation of the
transcription activator YAP-1 into the nucleus in cancer cells. Whether ANKHD1 controls
normal (i.e., not in the context of cancer) endothelial cell proliferation via JAK/STAT and/or
Hippo pathway has not yet been studied. In addition, ANKHDI1 via YAPI activation prevents
DNA damage via inhibiting ROS formation and promotes ATM phosphorylation to enhance
DNA repair pathways (Yao et al., 2022); thus ANKHD1 was found to prevent apoptosis of

cancer cells. The potential regulation of the JAK/STAT and/or Hippo pathway components
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could explain the differences in cell numbers implying a difference in proliferative potential
observed in endothelial cells lacking ANKHD1 and may further explain the tendency towards
increased cell death in Ankhdl knockout mice.

My observation of endothelial cell loss (Section 5.3.4: Figure 5.6) could also be a result
of NO deficiency. NO generated via eNOS protects the endothelial cell microenvironment from
vasoconstriction, inflammation and oxidative stress that can cause endothelial cell loss
(CaroFitz-Gerald and Schroter, 1971; Ponnuswamy et al., 2012; SiuGao and Cai, 2016; Iring
et al., 2019). It is currently unknown what causes endothelial cell loss in ANKHD1-deficient
mice, specifically whether it is because of high levels of oxidative stress generated by NO
reduction and/or ROS formation. Previous work on cancer cells showed that ANKHDI1
inhibition exacerbated oxidative stress levels within cells via increasing ROS formation. High
levels of ROS resulted in cellular apoptosis (Yao et al., 2022), however, the mechanism by
which ANKHDI regulates oxidative stress has not been unveiled. As mentioned in chapter 3,
ANKHDI1 inhibits the pro-oxidant R4C?2 that generates ROS; suggesting at least one potential

mechanism of antioxidant function of ANKHD1 that could protect from endothelial cell loss.
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5.5.6. ANKHDI provides atheroprotection

The ANKHDI-deficient mouse model, with global deletion of the Ankhdl gene,
showed accelerated atherosclerosis development compared to the control group (Ankhdl™™*
mice). Interestingly, Ankhdl*" mice appeared to have a trend towards larger plaque sizes
compared to Ankhdl”-, however, that increase did not reach statistical significance. ANKHD1
is ubiquitously expressed by a variety of cell types, it is an evolutionarily conserved gene and
hence is predicted to have evolutionarily conserved and important functions. Therefore, total
body knockout might have a compensatory mechanism that provides some protection from
accelerated atherosclerosis development when Ankhd| is globally deleted. Although it is also
not clear which cell type(s) regulates vasoprotection/atherogenesis, conditional Ankhdl
inhibition in a single cell type (e.g., endothelial cells) could identify the contribution of
endothelial ANKHD1 in vasodilation and atheroprotection. Yet the major vasoprotective
molecules, NO and PG, that have been studied profoundly, are expressed mainly in the
endothelial cells where ANKHD1 is highly expressed. Therefore, I hypothesise that ANKHD1
has a role to play in endothelial cells, however, my studies cannot exclude the contributions of
many other cell types, including smooth muscle cells, pericytes, stem cells, and immune cells.

It is well-known that disruption of some of the high shear regulated and protective genes
can lead to increased lesions in models of atherosclerosis. The prime examples of these are
eNOS (NOS3), PTGIS and KLF2, HSS-regulated protective genes. Inhibition of eNOS activity
leads to a pro-inflammatory, prothrombotic and atherogenic phenotype. This results in
accelerated atherosclerosis development (Mellion et al., 1981; Ozaki et al., 2002; Ponnuswamy
et al., 2012; Douglas et al., 2018). Genetic deletion of PTGIS enhanced atherosclerosis
development in mice (Yokoyama et al., 2002). PGI, was found to decrease in mice after four
months of administering a high-fat diet (CyrusDing and Pratico, 2010). Inhibited PGI; activity

resulted in inflammatory cell accumulation and larger plaque sizes in mice (Kobayashi et al.,
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2004). Mutation of PTGIS has been associated with adverse cardiovascular events in humans
(Nakayama et al., 2002; Yamada et al., 2006). KLF2 is also an anti-inflammatory, anti-
thrombotic and atheroprotective transcription factor. Its inhibition resulted in accelerated
inflammation and atherogenesis (Atkins et al., 2008). These findings together highlight the
importance of NO, PGL and KLF2, which are under the control of ANKHDI, in promoting
functional vasoactivity and atheroprotection. They also give a possible answer to the observed
phenotypes in ANKHD-deficient endothelium from humans and mice, which are (i) changes
in endothelial cells numbers, (ii) inflammation, (iii) vasorelaxation, (iv) oxidative stress and
(iv) thrombosis, thus providing a unifying proposed mechanism of ANKHDI-driven

vasoprotection and atheroprotection.
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Summary

This chapter discussed the function of ANKHDI1 in an experimental model of
atherosclerosis and vessels of mice without the disease. The findings of this chapter support
this chapter’s hypothesis by providing clear evidence that ANKHDI is a cytoprotective protein
that controls major vascular functions (dilation/constriction, inflammation, thrombosis, cell

quantity and ultimately atherogenesis).
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Chapter 6: General discussion

The roles of ANKHDI1 in the healthy endothelium and in the context of atherosclerosis
had not been studied before. This study identifies novel functions of the RNA-binding protein
ANKHDI1 in the vasculature by RNA-sequencing of HSS-stimulated HCAECs and by
ANKHDI1 loss-of-function in mice and cellular models. Shear stress and atherosclerosis
pathways were highly enriched as one of the major functions of ANKHDI] in the vascular
endothelial cells. Atheroprotective forces enhance ANKHD1 expression at mRNA and protein
levels in HUVECs and HCAECs. ANKHDI1 was also upregulated in areas of mouse aortas
exposed to HSS. Consequently, it contributes to vasoprotection by promoting the major
vasoprotective molecules eNOS, PTGIS and KLF2 in healthy endothelial cells (Figure 6.1:
proposed model). Its inhibition resulted in vasoconstriction and pro-inflammatory, pro-
thrombotic and proatherogenic endothelium leading to endothelial dysfunction and

atherosclerosis.

6.1. ANKHDI1 protects from endothelial dysfunction

I showed here that ANKHDI1 controls eNOS mRNA stability and eNOS protein
activity. I demonstrated that ANKHD1 employs two potential mechanisms to potentiate the
activity of eNOS. The first mechanism is direct and involves the physical binding of ANKHD1
to the 3’ UTR of eNOS, leading to message stability. The second, less well-studied and indirect
mechanism, involved the positive control of a major glycocalyx component protein, glypican
1. Glypican-1 promotes eNOS activity and is significantly associated with the healthy
endothelium, and as such, the vasculature. While not directly assessed in my studies, it is
expected that with the right co-factors eNOS can produce the antioxidant, anti-inflammatory
and anti-thrombotic NO; thus, preventing endothelial dysfunction and atherosclerosis

(TatesonMoncada and Vane, 1977; Mellion et al., 1981; RadomskiPalmer and Moncada, 1987;
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Ponnuswamy et al., 2012; Douglas et al., 2018). It, therefore, follows that ANKHD1 may
control NO by regulating eNOS levels. Moreover, Mahmoud et al. (2021) and Bartosch et al.,
(2021) showed that glypican I inhibition has been associated with endothelial dysfunction and
generates a proatherogenic microenvironment by upregulation of the proinflammatory
molecules ICAM-1 and VCAM-1 and downregulation of NO production. In vascular aging,
glypican 1 and eNOS expression and activation were reduced while proinflammatory
molecules ICAM-1 and VECAM-1 and leukocyte adhesion have the opposite trend. However,
the mechanism by which the process of ageing causes glypican 1 and eNOS reduction and pro-
inflammatory molecule production has not yet been studied. In addition, because ANKHDI1
induced the endothelial cell protective transcription factor KLF2 production, the prothrombotic
and proinflammatory vascular and endothelial cell phenotype of AnkhdI” mice and ANKHDI -
deficient cells can also be attributed, at least partly, to the reduction in KLF2. My study
supports that ANKHDI plays a significant role by preventing endothelial dysfunction and
endothelial cell loss in young and healthy endothelial cells possibly via enhancing KLF2 and

glypican 1/eNOS and inhibiting NFkB/ICAM-1/CD62E.

6.2. Possible consequences of ANKHD1/PTGIS regulation

It has been identified by Cheng et al. (2002) that the PGI», which is produced by PTGIS,
attenuates the effect of the prothrombotic and the atherogenic thromboxane Az (TXA2). TXAo,
which is produced by platelets and is elevated in mice during the development of
atherosclerosis. TXA, further enhances platelet activation and aggregation and thrombus
formation while TXA: inhibition attenuates atherosclerosis development in mice (Pratico et al.,
2001). In addition, a high TXA»-to-PGI ratio has been associated with vasoconstriction (Xiang
et al., 2007). My work shows that ANKHD1 can positively regulate PTGIS in HSS conditions.

It is unknown whether ANKHD1 (1) influences TXA»-to-PGI, ratio; (2) regulates TXA>
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production and (3) further contributes to vasoconstriction, thrombosis and/or atherosclerosis
via TXAo.

The mechanism by which PTGIS is upregulated in HSS via ANKHDI1 has not yet been
elucidated. My work showed that ANKHD1 can physically interact with the mRNA of PTGIS
in HUVECs. But unlike the eNOS interaction, this interaction is enriched by 12-fold (whereas
eNOS is more than 500-fold), as such the relevance of this interaction remains unclear. I have
also shown that the regulation exerted by ANKHD1 on PTGIS is KLF2 independent, this has
allowed me to exclude the possibility of ANKHDI regulating PTGIS indirectly via its effects
on KLF2. There are a number of potential mechanisms that ANKHD1 can employ to positively
regulate PTGIS. ANKHDI is an RNA-binding protein, and it interacts with PTGIS, so it may
promote its mRNA stability or promote its translation. Additionally, ANKHDI1 has been
reported by others to act as a transcriptional co-activator (Sidor et al., 2019). Therefore, it
remains possible that ANKHD1 may interact with the promoter of PTGIS and enhance its
expression transcriptionally. In fact, my time-course experiment shows that ANKHDI and
PTGIS have a very similar profile of activation by shear (fully induced by chronic shear after
72 hours). Whether ANKHDI1 controls PTGIS transcriptionally and which canonical
transcription factor may be its partner are currently unknown. Lastly, a single nucleotide
polymorphism in the PTGIS gene (1117C>A: in exon 8) has been significantly associated with
hypertension and myocardial infarction in humans; thus, indicating the critical involvement of
PTGIS in cardiovascular health (Nakayama et al., 2002; Yamada et al., 2006). As such, by
association, ANKHD1 may protect from cardiovascular diseases via controlling PTGIS

production.
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6.3. ANKHDI1 regulates vasoactivity and thrombosis

ANKHDI1 inhibition was accompanied by vasoconstriction, and it has been reported by
Malmsjo et al. (1998), Wihlborg et al. (2003), Guns et al. (2005) and Cheng, Vanhoutte and
Leung (2018) that endothelial cells are key regulators of vasoactivity as endothelial denudation
resulted in vasoconstriction. This is because endothelial cells produce potent vasorelaxant
molecules, NO and PGL. My study suggests that the reduction of these endothelial
vasorelaxants via eNOS and PTGIS inhibition can be possible evidence for the narrower
Ankhdl”- aortas. However, we are not excluding any possibility of the involvement of
vasoconstrictors (e.g., thromboxane A> [TXA2])) and/or smooth muscle cell (SMC) density or
activity. Further research can characterise the SMC-dependent vasoactivity in ANKHD1
cellular/animal models.

It is known that both NO produced by eNOS and PGI, produced by PTGIS inhibit
platelet adhesion and aggregation (TatesonMoncada and Vane, 1977; Mellion et al., 1981;
RadomskiPalmer and Moncada, 1987). and KLF2 prolongs clotting time while endothelial cell
injury results in thrombus formation (Lin et al., 2005; Kumar et al., 2013). Ankhdl”- mice
showed signs consistent with thrombosis in the aortas, these included low levels of eNOS and
PTGIS which was accompanied by endothelial cell loss. Additionally, ANKHD1-deficient
HCAEC:s exhibited a pro-thrombotic phenotype with reduced KLF2 and enhanced expression
of the coagulation factor /3. These findings together identify ANKHDI as an anti-thrombotic

factor.
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Figure 6.1. ANKHD1 promotes eNOS, PTGIS and KLF2 mRNA levels in HSS-stimulated
endothelial cells to induce functional vasculature. HSS upregulates ANKHDI, eNOS,
PTGIS and KLF2 mRNA expression in healthy endothelial cells. ANKHDI can bind to
eNOS 3’UTR and enhance eNOS mRNA stability. It can also bind to PTGIS and KLF?2
mRNAs, however, the molecular mechanism of PTGIS and KLF2 mRNA regulation exerted
by ANKHDI has not yet been unveiled. These data together suggest the ability of ANKHD1
in enhancing major endothelial cell functions (i.e., vasorelaxation, anti-inflammation, anti-
thrombosis and atheroprotection) via regulating key vasoprotective molecules, eNOS,

PTGIS and KLF2.
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6.4. A possible therapeutic strategy to increase ANKHDI levels in atheroprone areas
This study together with previous studies in cancer identify ANKHDI as a
cytoprotective molecule that maintains healthy endothelial cells and cancerous cells. In cancer
cells, it results in radioresistance as it inhibits ROS-mediated DNA damage and enhances
cellular growth (Fragiadaki and Zeidler, 2018; Yao et al., 2022). Therefore, when thinking of
the potential therapeutic implications of my findings, it is important to enhance the
cytoprotective/atheroprotective function of ANKHDI in atheroprone areas only, to limit any
potential of carcinogenesis. Nanoparticle-targeted therapy to the dysfunctional endothelium
could be a possible way of enhancing ANKHDI1 levels, and thus, providing protection.
Kheirolomoom et al. (2015) generated nanoparticles carrying anti-miRNA (anti-miR712)
coated with VCAM-1 ligands, thus binding specifically to endothelial cells expressing VCAM-
1 in atheroprone areas to deliver the miRNA-712 inhibitor. This was shown to attenuate the
progression of atherosclerosis in mice. Although it is currently unknown which the
activators/inhibitors of ANKHD1 expression are, miRTarBase, an online bioinformatic tool,
has provided several inhibitory miRNAs that are predicted to downregulate ANKHDI
expression. Thus, ANKHDI might be under the regulation of miRNA-mediated RNA
degradation. This can be confirmed by (i) assessing the levels of these miRNAs in primary
human endothelial cells exposed to flow (HSS/LSS) and (ii) quantifying ANKHD1 levels in
cells lacking/overexpressing a targeting miRNA. Chung et al. (2022) showed differentially
expressed miRNAs from extracellular microvesicles released from endothelial cells in
response to unidirectional HSS or disturbed LSS. miR-320a, which is a predicted inhibitor of
ANKHD1, was one of the significantly upregulated miRNAs from endothelial cells exposed to
disturbed LSS. Whether miR-320a inhibits ANKHD in athero-indusive conditions in vitro and

in vivo is currently unidentified. Once identifying the miRNA targeting ANKHDI mRNA,
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nanoparticles carrying the miRNA inhibitor (miRNA antagomir) to specifically target plaque-

prone areas might be a possible ‘on-target’ future treatment.

6.5. Study limitations

A potential limitation of the study is the heavy reliance on gene loss-of-function studies.
Currently, I have used mouse knockouts of ANKHD1, which have generated ANKHDI1 loss-
of-function and siRNA to reduce the levels of ANKHDI1 in human cellular models. It would
be of interest to complement these studies with overexpression experiments, where I
overexpress ANKHDI1 in human cellular models, to avoid relying on siRNA. To minimise the
inherent problem with reliance on siRNA, I have used two siRNAs to minimise the possibility
of picking up non-specific effects. I have also complemented in vitro with in vivo studies. The
use of in vivo studies is a good complementary experiment as the loss-of-function of ANKHD1
in the mice is not mediated by siRNA and is more likely to be an ‘on-target’ effect. The use of
siRNAs is also potentially concerning, as siRNAs are known to activate the immune system.
However, in HUVEC and HCAEC cultures, the ability to overexpress genes with plasmid DNA
especially genes like ANKHDI1 (280kDa), is technically difficult (involving electroporation,
which damages the cells), as primary endothelial cells are known to be hard to transfect cells.

An additional inherent limitation of this study is the use of animal models to study a
human disease, atherosclerosis. It is well known that there are a number of differences between
human and murine atherosclerosis. Yet this limitation is partially mitigated with the use of
human cellular models. It should be noted, however, that cellular models also carry their own
inherent limitations, such as genetic heterogeneity (limiting experimental control) and the fact
that cells are not in their in vivo 3D environment, instead they are grown on plates, which
generated an unnatural system and is likely to change their responses. With these caveats in

mind and using in vivo models as much as possible, I draw conclusions by comparing the two
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systems. Ideally, in the future, I would like to complement my studies with studies of human
coronary atheromas, where I can stain for ANKHDI1 and its partners. ANKHDI1 is a rather
stably and ubiquitously expressed gene, and therefore I have not been able to find people with
altered ANKHD1 expression in large datasets.

Another limitation of the study is the use of global Ankhd! deletion in mice. These mice
have provided strong evidence that Ankhdl controls murine vascular biology, yet it is still
unclear what the contribution of Ankhd! in single-cell types may be. Inhibition of Ankhdl in
single-cell types (e.g., only in endothelial cells or smooth muscle cells) in vivo is needed to

know the cell-specific contribution of AnkhdI in vascular function.
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6.6. Future plans

It is of interest to have the entire perspective of how ANKHDI is regulated and what is
the role of ANKHDI in the healthy vasculature and atherosclerosis. While there are plenty of
future experiments that can be done, I have prioritised these four main experiments, described

below.

6.6.1. How is ANKHD1 upregulated in the HSS conditions?

My study shows that the ANKHD1 level in endothelial cells is consistently upregulated
under the HSS condition. However, it is currently unknown (1) what upregulates the
transcription and/or stability of ANKHDI1 at mRNA and protein levels in endothelial cells
exposed to HSS and (2) which is the mechanosensor/s and the transcription factor/s that
enhance ANKHDI1 expression. To find out whether it is the transcription or the stability that
controls ANKHD1 expression in HSS-stimulated cells, an actinomycin D experiment can be
applied on static and HSS and LSS stimulated endothelial cells. This can provide the half-life
of ANKHD1 mRNA in each condition and allow me to answer the question. ChIP-seq of
activated enhancers and promoters in cells with shear stress when compared with static would
probably suggest the activated sequence/s and the transcription factor that enhances ANKHD1
expression. Assessing the contribution of mechanosensors on ANKHD1 expression can be
achieved by inhibitors or siRNA lipotransfection followed by shear stress stimulation of

endothelial cells.

6.6.2. How does ANKHD1 controls eNOS and PTGIS expression?
My work showed that ANKHD1 promotes eNOS mRNA stability via direct binding to
3’UTR. The RNBmap showed a predicted binding site in the 3°UTR that I found to be highly

conserved cross-species. This needs to be confirmed by constructing a plasmid expressing
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eNOS 3’UTR lacking the ANKHDI1 binding site, flowed by in vitro biotinylated 3’UTR
transcription, pulling down, and western blotting of ANKHDI.

ANKHDI1 inhibition attenuates the effect of HSS on PTGIS expression by massively
reducing its level. ANKHDI can directly bind to PTGIS mRNA. However, it is still unclear
how ANKHD1 protects PTGIS expression in HSS conditions. Whether it is at mRNA stability
levels and/or mRNA transcription levels.

The possibility of micro-RNA mediated-mRNA degradation of eNOS and PTGIS has
not been excluded. Whether the binding of ANKHD1 to eNOS and/or PTGIS mRNA protects
them from miRNA degradation. This can be assessed by inhibiting the dicer enzyme, which is
an endonuclease that can promote miRNA maturation in the cells and by assessing the
microRNAs that are predicted to target PTGIS/eNOS. microRNA mimics or inhibitors can be
used to allow the study of the effects of a specific miRNA on eNOS/PTGIS mRNA levels in

cells transfected with either NT-siRNA or ANKHD1siRNA with and without dicer.

6.6.3. Does ANKHD controls endothelial- and/or SMC- dependent vasorelaxation?

AnkhdI”" mice had narrower aortic diameters when compared to Ankhdl*" mice. To
confirm whether the reduction of eNOS and PTGIS results in constricted aortas, this can be
assessed by conditional inhibition of Ankhdl in mouse endothelial cells. One way to assess the
contribution of endothelial cells is to measure aortic diameters and vasoactivity of live vessels
via myography and compare it with the AnkhdI™" aortas. As it is possible that ANKHDI in
SMCs contributes to vasoactivity, conditional inhibition of Ankhdl in SMCs in mouse aortas
followed by quantifying vasoactivity and aortic diameter quantification can be used to assess
SMC-related contribution.

Because endothelial NO and PGl impair MLCK phosphorylation in SMCs, and

subsequently, result in vasorelaxation (LeeLi and Kitazawa, 1997; LawlerMiggin and Kinsella,
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2001; ChengVanhoutte and Leung, 2018). MLCK phosphorylation can be assessed in
ANKHD1-deficient SMCs in vitro and mice with conditional inhibition of Ankhdl in
endothelial cells or SMCs. Also, it is unknown whether ANKHDI1 controls SMC density,

therefore, SMC proliferation can be assessed with and without ANKHD1 silencing.

6.6.4. What is the function of ANKHD in atherosclerosis?

My research unveils that ANKHDI1 exhibits a number of protective functions
collectively promoting vascular health. Ankhd] deficiency leads to accelerated atherosclerosis.
Ankhd-deficient mice have larger plaque sizes when compared with the littermate wild-type
control group. In endothelial cells, ANKHDI promotes the expression of the atheroprotective
molecules eNOS, PTGIS and KLF?2 while it inhibits NFxkB pathway activity and suppresses
subsequent CD62E activation. Therefore, studying whether conditional inhibition of ANKHD1
in mouse endothelial cells leads to accelerated leukocyte infiltration, atherosclerosis and
thrombosis is required to uncouple some of the protective mechanisms.

It is also important to study where about, which cells and at which stage of
atherosclerotic lesions ANKHDI1 is expressed in human plaques. This might provide an insight
into whether (1) ANKHDI1 is expressed in single/multiple cell type in plaques, (2) ANKHDI
levels change in stable/vulnerable plaque, and as such, this might suggest possible functions of

ANKHDI1 in atherosclerosis.
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6.7. Summary

Endothelial cells in HSS condition have been consistently identified as healthy cells
that prevent atherosclerosis development. ANKHDI1 is a gene that has not previously been
studied in the normal vasculature or in atherosclerosis. This research identifies ANKHDI as a
highly upregulated RNA-binding protein in atheroprotective conditions that enhances well-
known vasoprotective molecules, such as eNOS, PTGIS and KLF2. Its inhibition results in
impaired endothelial cell functions, inflammation and accelerated atherosclerosis. The general
discussion presented herein outlined some important future plans that I am hoping to find the

answers in the coming years.
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Figure 7.1. Melting curves of qPCR products. Graphs show melting curves of the

housekeeping gene HPRT (A), quality control genes: KLF4, eNOS and MCP1 (B-D) and the

target transcripts GPCI, ANKHDI1-203 (full-length ANKHDI) (F) and ANKHDI-203,

ANKHD1-204 and ANKHD1-205 (ANKHD transcript variants) (G), ILI1S (H), ICAM-1 (1),

GSTP-1 (J), GSTO-1 (K), KLF2 (L), PTGIS (M) and F3 (NM_001993.5) (N).
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Appendix 7.2.
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Figure 7.2. The overall ANKHDI distribution (in %) in the inner and outer curvature in
Ankhd1*"" mouse primary aortas. ANKHD1 was significantly higher in the nucleus than in
the cytoplasm in the outer and inner curvatures (two-tailed two-way ANOVA, Sidak's
multiple comparisons test: outer curvature adjusted p= 0.0002; inner curvature adjusted p=
0.0001). ANKHDI1 was slightly more in the nucleus (mean= 91.25%) and less in the
cytoplasm (mean= 8.751%) in the inner curvature when compared to the outer curvature

(nucleus: mean= 86.55%; cytoplasm: mean= 13.45%).
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