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Abstract

The Role of Shear-Sensitive Protein Heart of Glass Homolog 1 (HEGT1) in Endothelial
Biology and Atherosclerosis

By Ian Tamargo

Atherosclerotic diseases such as myocardial infarction, ischemic stroke, and peripheral arterial
disease continue to be leading causes of death worldwide despite the success of cholesterol-lowering
drugs and drug-eluting stents, raising the dire need to identify additional therapeutic targets.
Interestingly, atherosclerosis preferentially develops in curved and branching arterial regions, where
endothelial cells are exposed to disturbed blood flow with characteristic low-magnitude and oscillatory
shear stress. In contrast, straight arterial regions exposed to stable flow, associated with high-
magnitude, unidirectional shear stress, are relatively well protected from the disease through shear-
dependent, atheroprotective endothelial responses, such as induction of atheroprotective protein
expression. In the current study, heart of glass homolog 1 (HEG1) is identified as a stable flow-
induced endothelial protein. HEG1 is an endothelial-enriched single-pass transmembrane
glycoprotein that is essential for vascular development and integrity. Due to its demonstrated
importance in vascular biology, and its induction by stable flow, HEG1 was hypothesized to mediate
atheroprotective endothelial responses to stable flow and protect against atherosclerotic plaque
formation. To test this hypothesis, mechanistic and functional responses to stable flow in endothelial
cells with and without HEG1 expression were compared using an 7 vitro cone and plate shear system.
HEGT1 expression was found to be necessary for stable flow-induced Kriippel-like factor 2 and 4
(KLF2/4) expression, two critical transcription factors that control the majority of flow-sensitive
endothelial genes. HEG1 expression was also required to mediate the pro-alignment, anti-
inflammatory, anti-permeability, anti-migratory and anti-angiogenic effects of stable flow. Using the
in vivo partial carotid ligation model of acute atherosclerosis, inducible endothelial cell HEG1 knockout
mice (HEG1""°) were found to have decreased endothelial KI.LF2/4 expression, and to have more
extensive atherosclerotic plaques as compared to controls. Together, these data indicate that HEG1
protein is required to mediate many atheroprotective effects of stable flow via control of KLF2/4
expression, and that HEGT is a promising new therapeutic target for atherosclerosis.
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1 Introduction

1.1 Background

1.1.1  Atherosclerosis

Atherosclerosis is a multifactorial and chronic inflammatory disease of the arteries, in which
fibrofatty plaques develop in the arterial wall (1). As advanced plaques develop, the arterial wall
stiffens, the arterial lumen narrows, and occasionally plaques rupture, resulting in severe clinical
consequences, including myocardial infarction, ischemic stroke, and peripheral arterial disease, which
are the leading causes of death worldwide (2).

Dysfunction and inflammation of endothelial cells (ECs) plays a critical role in the initiation
and progression of atherosclerosis (3). ECs lining the inner layer of the blood vessels are in direct
contact with blood and become dysfunctional and inflamed in response to various risk factors, such
as hypercholesterolemia, diabetes, hypertension, smoking, and aging, especially at specific
atherosclerosis-prone regions associated with disturbed blood flow. At these sites of endothelial
inflammation, circulating monocytes bind to ECs and transmigrate into the sub-endothelial space,
becoming macrophages. These regions also show increased permeability to circulating low-density
lipoprotein (LDL) cholesterol, which becomes oxidized in the sub-endothelial space and ingested by
nearby macrophages, promoting foam cell development and triggering a vicious cascade of
inflammation and macrophage accumulation. In addition, vascular smooth muscle cells in these
regions transdifferentiate into synthetic phenotypes, migrate to the sub-endothelial layer, and
proliferate, contributing to arterial wall thickening. Further, some vascular smooth muscle cells

transdifferentiate into foam cells, eventually leading to fatty streaks and fibro-fatty plaques. As plaques



grow outwardly and inwardly, mature, and advance, some plaques rupture, causing major
cardiovascular events, such as myocardial infarction and stroke (4; 5).

Although atherosclerotic risk factors such as hypercholesterolemia, hyperglycemia, and
hypertension are systemic, plaques preferentially develop in a focal manner in curved and branching
regions of the arteries associated with disturbed blood flow. Disturbed flow in these regions is
characterized by the delivery of low-magnitude and oscillatory shear stress to the EC surface (6-8).
ECs detect various shear stress patterns and magnitudes through mechanosensing receptors
(mechanosensors), which translate these mechanical cues into cell signaling (mechanosignal
transduction) and subsequent structural and functional responses. Advanced OMICs analyses have
demonstrated that flow potently regulates nearly all facets of endothelial biology and pathobiology,
from individual molecules and genes to entire cellular structures and functions. Flow regulates EC
transcriptomic and epigenomic landscapes in a genome-wide scale 7z vivo and in wvitro, altering
endothelial function, proliferation, death, and differentiation. While stable blood flow, with
characteristic high-magnitude, unidirectional laminar shear stress observed in straight, non-branching
regions of the vasculature, promotes atheroprotective endothelial homeostasis, disturbed flow
promotes pro-atherogenic endothelial responses, including EC dysfunction.

Although lipid-lowering drugs such as statins and PCSK9 inhibitors are highly efficient in
reducing blood cholesterol levels and cardiovascular disease burden, atherosclerotic diseases continue
to be leading causes of death worldwide, highlighting the need for novel anti-atherogenic drugs
targeting non-lipid, pro-atherogenic pathways. In this context, the CANTOS trial demonstrated that
the inhibition of vascular inflammation using the IL-1f inhibitor canakinumab significantly reduced
atherothrombotic events in human patients in a non-cholesterol-dependent manner (9). While
canakinumab was not FDA-approved due to an increase in fatal infection, the trial demonstrated that

targeting an inflammatory pathway could lead to a novel and effective anti-atherogenic therapy.



Similarly, genes, proteins, and pathways regulated by flow (flow-sensitive) that control pro-atherogenic

EC dysfunction and inflaimmation could be promising novel therapeutic targets for atherosclerosis.

1.1.2 Disturbed blood flow induces atherosclerosis

Vascular hemodynamics: The vascular endothelium is in direct contact with blood in the
arterial lumen and forms a protective barrier between the blood and the outer vascular wall (10; 11).
The vascular endothelium is constantly exposed to hemodynamic forces: normal (transmural) stress
from blood pressure, circumferential stress in the arterial wall, and tangential shear stress on the
endothelial surface (Fig. 1.1a). While transmural pressure and circumferential stress in the vessel wall
mainly impact and regulate the medial vascular smooth muscle cells, fluid shear stress is mostly
received by ECs, potently regulating their function (12-15).

Shear stress on endothelial cells: Shear stress is the frictional force derived from blood
viscosity and flow rate that acts tangentially on the endothelial surface (16; 17). Due to complex
vascular geometries and hemodynamic conditions, shear stress levels and directional patterns vary
greatly in different regions of the vasculature (17). In straight, non-branching regions of human
arteries, inertial forces of blood flow predominate over viscous forces, leading to stable, unidirectional
laminar flow (s-flow), which delivers high-magnitude, unidirectional laminar shear stress (ULS; >15
dyne*cm™) to ECs (18). Conversely, in curved and branching regions, viscous forces in the blood
predominate over inertial forces, leading to disturbed, multi-directional oscillatory flow (d-flow) that
delivers low-magnitude, oscillatory shear stress (OSS; ~ +4 dynescm™) to the EC surface (16; 19-22).
While the terms s-flow and d-flow are typically used for 7z vzvo studies, most 7 vitro studies use ULS
and OSS to describe the experimental flow conditions to which ECs are exposed. To reduce potential
confusion and simplify these interchangeable terms, we will simply use s-flow or d-flow, whenever

feasible, in this review. The clinical significance of d-flow is that atherosclerosis preferentially develops
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Figure 1.1Disturbed flow induces atherosclerosis.

(a) Hemodynamic forces experienced by endothelial cells in human arteries. Disturbed flow delivers
low-magnitude and oscillatory shear stress. (b) Common sites of atherosclerosis development with
associated percent prevalence of plaques in middle-aged adults from recent AWHS and PESA studies,
and average shear stress levels and ranges from collected literature (23; 24). (c) Time-averaged shear
stress levels in carotid bifurcation show that the lateral wall of the internal carotid, a common site of

atherosclerosis development, experiences low magnitude shear stress from disturbed flow. (d) Stages
of atherosclerotic plaque development. Figures adapted from Simmons ez al. (17).



in curved or branching vascular regions exposed to this flow condition. For example, atherosclerotic
plaques occur preferentially in the lateral wall of the internal carotid artery at the carotid bifurcation,
the lesser curvature of the aortic arch, and the proximal portion of the left anterior descending
coronary artery (Fig 1.1b, c, d) (23-28).

Animal models of flow-induced atherosclerosis: While clinical observations strongly
suggested a correlation between d-flow and sites of atherogenesis, it was not known whether d-flow
directly caused atherosclerosis until it was proven by experimental animal studies. The partial carotid
ligation (PCL) model and the shear-modifying constrictive carotid cuff model are the two experimental
mouse models that directly demonstrated the effect of d-flow, or low flow, on atherosclerosis
development (29; 30). In the PCL. model, three of the four caudal branches of the left common carotid
artery (LCA) are surgically ligated without manipulating the common carotid artery itself. The PCL
surgery induces d-flow in the LCA with characteristic low and oscillatory shear stress patterns. In
ApoE’/ "~ mice or PCSK9-overexpressing C57BL/6 mice fed a high-fat diet to induce
hypercholesterolemia, the PCL surgery causes rapid development of atherosclerosis in the entire
length of the LCA within 2 to 3 weeks. Importantly, in this mouse model, the contralateral RCA
continues to be exposed to s-flow and does not develop plaque, serving as an ideal control in the same
animal (Fig. 1.2a) (31). The carotid cuff model uses a shear-modifying cast implanted over a portion
of the common carotid artery. The shear-modifying carotid cuff (cast) exposes a portion of the RCA
to three different shear regimes and atherosclerosis-development patterns in hypercholesterolemic
ApoE"" mice fed 2 Western diet: 1) low-magnitude s-flow in the region proximal to the cast causing
vulnerable plaque development, 2) high-magnitude s-flow within the casted region with no plaque
development, and 3) d-flow in the region distal to the cast that develops stable plaques. This design
demonstrates flow-dependent atherosclerosis development within a single carotid artery (Fig. 1.2b)

(30).
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Figure 1.2 In vivo and in vitro models of d-flow-induced atherosclerosis.

(a) Schematic representation of the PCLL model of mouse atherosclerosis. ECA, OA, and ICA are
surgically ligated (Red) to induce D-flow and systemic atherosclerosis development in the LCA. RCA:
Right common carotid artery, LCA: Left common carotid artery RSA: Right subclavian artery LSA:
Left subclavian artery OA: ICA: Internal carotid artery ECA: External carotid artery STA: Superior
thyroid artery, OA: occipital artery. Adapted from Nam e a/. (32). (b) Schematic representation of
shear-modifying constrictive cuff model. Implanting constrictive cuff on the carotid artery exposes
EC to low-magnitude ULS in the proximal region of the cast, high-magnitude ULS within the cast,
and OSS in the distal region of the cast. Adapted from Cheng e al. (33). (c-d) Schematic
representations of cone-and-plate viscometer and parallel-plate flow chamber. Rotating Teflon cone
and computer-generated hydrostatic pressure exposes ECs to differential shear stress. Adapted from
Sucosky ez al. and Lawrence ¢ al., respectively (34; 35).



Both animal models have been adopted in numerous labs worldwide, providing extremely valuable
tools to study flow-dependent endothelial function and atherogenic mechanisms zz vivo. One major
difference between the models is that in the PCL model, atherosclerotic plaques occur throughout the
entire length (~1 c¢m) of the LCA, while the contralateral RCA control remains healthy, providing
sufficient amounts of endothelial samples from the LCA and RCA in the same animal to conduct
OMIC:s studies, such as single-cell RNA sequencing or bulk RNA sequencing (15). In addition to
these mouse models of d-flow-induced atherosclerosis, the use of zebrafish has emerged as a
genetically tractable model to examine early events of atherogenesis (36; 37). Combined with genetic
manipulation approaches to reduce blood flow, zebrafish models provide further evidence that d-flow
causes atherosclerosis under hypercholesterolemic conditions (28; 38-41). An interesting question is
whether d-flow-induced atherosclerosis occurs under other risk factor conditions, such as diabetes
and hypertension, independent of hypercholesterolemia.

In vitro flow models: Numerous i vitro models of shear stress, including the cone-and-plate
viscometer, parallel plate flow chamber, and the microfluidic channel have been developed and were
reviewed previously (42; 43). These in vitro bioreactors expose ECs to various shear conditions to
determine the detailed mechanisms of shear-dependent endothelial function in a well-defined

biomechanical environment (Fig. 1.2c, d).

1.1.3 Flow potently regulates EC function

ECs 7n vivo are constantly exposed to various hemodynamic conditions, especially shear stress
associated with blood flow, which potently regulates nearly all facets of EC function. Flow regulates
vascular tone, proliferation, death, differentiation, senescence, metabolism, permeability barrier
function, angiogenesis, inflaimmation, morphology, and matrix remodeling (44). Defining the

mechanisms by which s-flow protects endothelial homeostatic function, and d-flow induces



endothelial dysfunction is crucial in understanding the pathogenesis of flow-dependent
atherosclerosis, and developing novel therapeutic approaches.

Flow potently regulates permeability barrier function. S-flow protects the endothelial
permeability barrier, while d-flow promotes permeability barrier dysfunction (45; 46). Flow regulates
EC permeability by promoting tight junction stability via control of occludin expression and
attachment to the actin cytoskeleton, as well as control of adherens junction integrity via
phosphorylation and degradation of VE-cadherin (47-49).

Flow regulates EC proliferation and apoptotic cell death via multiple mechanisms, including
the downregulation of tumor suppressor protein p53 expression and inhibition of the anti-apoptotic
kinase Akt (50-53). S-flow induces autophagy through a SIRT1- and FOXO1-dependent pathway,
providing a cytoprotective mechanism for ECs (54). D-flow is also known to induce EC senescence
through a p53- and SIRT1-dependent mechanism, affecting EC migration and repair mechanisms
(55).

Flow also regulates metabolism and redox regulation. Whereas s-flow reduces endothelial
glucose uptake, glycolytic gene expression, and metabolic activity, d-flow promotes glycolytic
metabolism, causing a markedly different metabolomic profile and increased mitochondrial fission
(56-59). D-flow also increases endothelial production of reactive oxygen species (ROS) and oxidative
stress (60). This process was shown to be mediated by bone morphogenic protein 4 (BMP4), which
induces increased superoxide production via the NADPH oxidases and eNOS uncoupling-dependent
mechanisms (20; 61; 62). Endothelial ROS generation in response to d-flow increases vascular
oxidative stress and LDL oxidation in the context of atherosclerosis and hypertension (62-64).

D-flow potently induces endothelial inflammation and transdifferentiation of ECs, which play
critical roles in the initiation and progression of atherosclerosis. D-flow induces endothelial

inflammation by increasing the expression of endothelial adhesion molecules (VCAM1, ICAM1, and



E-selectin), which mediate monocyte adhesion to ECs. Activation of the nuclear factor-kB (NF-kB)
is a critical pathway by which d-flow induces inflammation (65). In addition, d-flow also induces the
expression of cytokines and chemokines IL-1, I.-6, and CCL5 (65; 66). Recent studies reveal that flow
can induce the transdifferentiation of ECs to mesenchymal cells (EndMT) and immune-like cells
(EndIT) (15). While the pathophysiological importance of EndMT in d-flow-induced atherosclerosis
has been demonstrated, the validation and significance of EndIT in atherosclerosis remains to be
determined (67). Increased endothelial turnover under d-flow conditions also coincides with increased
transcription of angiogenic genes and increased neovascularization (68).

Morphologically, ECs adopt an elongated, fusiform shape and align to the direction of flow
under s-flow conditions, while ECs under d-flow or no-flow static conditions adopt a polygonal,
“cobblestone” shape without uniform alignment (22; 69-71). These morphological changes are
accompanied by actin cytoskeleton remodeling from a pattern of bands encircling the periphery of the
cell to a pattern of thick, central stress fibers aligned in the direction of shear stress (72; 73). These
cytoskeletal changes alter intercellular stress and cellular traction forces, affecting subsequent cellular
strain and status (74; 75). In addition, shear stress affects subcellular structural changes, such as nuclear

shape and relocation of the Golgi apparatus toward the upstream flow direction (76; 77).

1.1.4 Mechanosensors and mechanosignal transduction in endothelial cells

ECs transduce flow signals into intracellular changes through the processes of
mechanosensing and mechanosignal transduction. ECs recognize fluid shear stress through
mechanosensors located in the apical and basal surfaces of the cell, the cell-cell junctions, and
intracellularly (Fig. 1.3). On the apical surface, plasma membrane proteins, including the Piezol and
P2X4 purinoreceptor cation channels, NOTCHI1, protein kinases, G-protein coupled receptors

(GPCRys), plexin D1, and membrane structures like caveolae, the glycocalyx, and primary cilia serve as
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Figure 1.3 Mechanosensors and mechano-signal transduction pathways in endothelial cells.

The apical surface of the cell contains protein mechanosensors, such as Plexin D1, NOTCHI, Piezol,
P2X4 and GPCRs like GPR68, as well as mechanosensitive cell strucutres, like caveolae, primary cilia
and the glycocalyx. Cell-cell junctions contain the mechanosensory complex comprised of VE-
cadherin, PECAM1 and VEGFR2/3. The basal surface of ECs contain integrin mechanosensors.
Mechano-signal transduction pathways include the PI3K/Akt pathway, ERK1/2 pathway, YAP/TAZ
pathway, and the Rho signaling pathway. Many mechano-signal transduction pathways result in
transcription factor activation like KLLF2/4, NF-kB and HIF-1a. Figure adapted from Demos e/ a.

(78).
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mechanosensors. PECAMI, VE-cadherin, and VEGFR2 form the junctional mechanosensory
complex in the cell-cell junction, which mediates integrin activation, cellular alighment, and endothelial
nitric oxide synthase (eNOS) activation in response to s-flow via PI3K/Akt signaling (74; 79; 80).
Plexin potentially in connection with the junctional mechanosensory complex, mediates flow-
dependent atherosclerosis development by regulating calcium uptake, phosphorylation of VEGFR2,
Akt, eNOS, and ERK1/2, as well as induction of the major flow-sensitive transcription factors, KLLF2
and KLF4 (81). Piezol is an inward-rectifying, calcium channel that opens in response to mechanical
force in many cell types (82). In ECs, Piezol mediates shear stress magnitude-dependent increases in
calcium levels, influencing flow-induced, anti- and pro-atherogenic responses, such as cell alignment
(83-85). Notch1 mediates s-flow-induced cellular alignment, suppression of proliferation, and cell-cell
junctional integrity, as well as atherosclerosis (86). These effects were suggested to be controlled by
tension-induced Notch1 signaling and modulation of intracellular calcium levels. GPCRs, such as the
proton-sensing GPR68, undergo conformational changes in response to flow in ECs mediating shear-
induced calcium influx (87; 88).

In addition to the membrane protein mechanosensors, several apical membrane-associated
EC structures, such as the glycocalyx, primary cilia, and caveolae, have been suggested to serve as
mechanosensors (89-92). On the basal surface of ECs, flow induces conformational activation and
expression changes in extracellular matrix (ECM)-binding integrin mechanosensors (80; 93). S-flow
activates the avB3 integrin, causing increased ECM binding and inactivation of downstream Rho
signaling. In addition, the actin cytoskeleton in the cytosol has been shown to serve as a
mechanosensory structure (94).

Upon mechanosensing in ECs, flow activates numerous early-to-intermediate (seconds to
minutes) cell signaling pathways that lead to long-term (>hour) atheroprotective or pro-atherogenic

conditions. However, it is important to note that both pro-atherogenic d-flow and atheroprotective s-
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flow often activate many of the same early-to-intermediate signaling pathways, especially in iz vitro
studies. For example, s-flow transiently activates NF-kB without leading to long-term endothelial

inflammation, whereas d-flow induces persistent NF-kB activation resulting in endothelial
inflammation. The mechanisms that distinguish these flow-pattern-dependent activation pathways,
especially 7z vitro, are not well understood and remain as critical knowledge gaps to be filled. This
uncertainty is due in part to a common experimental strategy of conducting 7 vitro studies with ECs
cultured under no-flow conditions that are suddenly subjected to s-flow or d-flow exposure. Under
these conditions, early-to-intermediate responses may overlap with common adaptive changes in
response to altered mechanical cues indifferent of flow patterns and magnitudes. With this caveat in
mind, we review the literature that provides crucial knowledge in understanding flow-dependent EC
mechanosignal transduction pathways.

Piezol: Piezol mediates both atheroprotective and pro-atherogenic flow-dependent EC
responses (95; 96). S-flow induces eNOS activation, producing the atheroprotective and vasorelaxant
NO from ECs. Upon Piezol mechanosensing, s-flow induces intracellular calcium influx leading to

ATP release, eNOS activation, NO production, and subsequent vasodilation (83; 97). Studies further
showed that the Piezol-induced ATP effect was mediated by the P2Y, and Gaq/11 pathway,
activating Akt and eNOS in sequence (98; 99). In contrast, Piezol can also mediate pro-atherogenic
endothelial responses of d-flow. D-flow stimulates NF-kB activity and endothelial inflammation via
Piezo1-G,/11-mediated integrin activation, which in turn activates the focal adhesion kinase (FAK).
Endothelial-targeted deletion of Piezol in LDL receptor (LDLR) knockout mice inhibited
atherosclerotic plaque development in d-flow regions, suggesting a pro-atherogenic role of endothelial
Piezol (100).

Plexin D1I: Plexin D1 is another mechanosensor that responds to both s-flow and d-flow,

mediating both atheroprotective and pro-atherogenic responses, respectively. Plexin D1 knockdown
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inhibits atheroprotective EC signal transduction pathways, such as eNOS activation, cell alignment,
and KLF2 and 4 expression in response to s-flow. Interestingly, Plexin D1 knockout also prevents
pro-atherogenic EC inflammation responses, including VCAM1 and MCP1 expression in response to
d-flow. EC-specific knockout of Plexin D1 prevented atherosclerosis development in d-flow regions,
while exacerbating plaque development in s-flow regions. These results suggest that Plexin D1 is a
mechanosensor with dual functions depending on blood flow patterns.

Junctional mechanosensory complex: S-flow stimulates eNOS through the

mechanosensory complex formed by PECAMI1, VE-cadherin, and VEGFR2 or VEGFR3, which
activates the PI3K and Akt pathway (74; 101). S-flow induces integrin av3 integrin activation and

NF-kB activation through the mechanosensory complex. Interestingly, however, PECAM]1 knockout
prevents endothelial inflammation and atherosclerosis in d-flow arterial regions in mice (74; 102). This
suggests that PECAMI1 is a mechanosensor mediating pro-atherogenic effects of d-flow z vivo.

Integrins: Integrin activation in response to s-flow inactivates Rho through Rho-like GTPase
signaling (103; 104). This inactivation controls YAP phosphorylation (at S127 and S381) in the
cytoplasm to maintain an atheroprotective EC phenotype (105). These interactions further activate
Rac, leading to the assembly of the junctional mechanosensory complexes (106). Additionally, cell
division cycle 42 is polarized and activated in an integrin-dependent manner and subsequently
regulates the polarity of the microtubule organizing center (107; 108). Under d-flow conditions, the
cooperation between RGD-binding integrins (including «531 and avf33) and fibronectin has also been
shown to drive pro-inflammatory signal transduction, involving NF-kB, PAK, and YAP nuclear
translocation (103; 109-111).

Flow-sensitive transcription factors: Thus far, we have discussed mechanosignal
transduction pathways occurring in an early-to-intermediate time scale, mediated by specific

mechanosensors in response to flow in ECs. These relatively acute responses lead to the regulation of
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downstream, long-term responses, including activation of transcription factors and transcriptional co-
activators, such as KLF2 and 4 (KLF2/4), NF-xB, HIF-1a, YAP/TAZ, and SOX13, which regulate
gene expression profiles and cell function (78). KLLF2/4 are two of the most flow-sensitive master
transcription factors regulating the expression of genes that control anti-atherogenic pathways,
including vasodilation, anti-thrombotic and anti-inflammatory pathways induced by s-flow (112-116).
KLF2 diminishes pro-atherogenic gene expressions by competing with NF-kB for transcriptional
cofactor CBP/p300 and promoting translocation of nuclear respiratory factor 2 (Ntf2) (117-119). S-
flow increases KLLF2 transcription by sequentially activating the members of the MAP kinase family
MEKK3, MEKS5, and ERKS5, which in turn activates the MEF2A/C (120). In contrast, d-flow
inactivates the ERK5 pathway, leading to the inhibition of KLLF2 expression. In addition, KLF2
expression is controlled by the flow-dependent microRNA, miR-92a (17; 121-127).

NF-xB is a well-recognized transcription factor activated by flow. Nuclear translocation and

activation of NF-kB is increased transiently by s-flow and persistently by d-flow (128; 129). Target

genes of NF-kB include VCAM-1, ICAM-1, E-selectin, HIF-1a, and numerous cytokines, all of which
play a critical role in atherosclerosis (130-132). HIF-1a is another pro-atherogenic transcription factor
activated by d-flow (133-135). HIF-1a induces the expression of glycolytic enzymes such as HK2,
PFKFB3, and PDK-1 (136). Furthermore, YAP and TAZ, the well-known transcriptional co-
activators induced by the Hippo signaling pathway that are involved in organ growth, development,
and various diseases such as cancer and atherosclerosis, are regulated by flow (137-139). D-flow
induces YAP/TAZ nuclear translocation and activation, leading to endothelial inflammation,
cytoskeletal remodeling, and atherosclerosis (137-139). Recently, SOX13 was identified as a novel

flow-sensitive transcription factor. The loss of SOX13 by d-flow leads to a profound induction of
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pro-inflammatory cytokines and chemokines, including CCL5 and CXCL10, resulting in endothelial

inflammation (140).

1.1.5° OMICs approaches to determine flow-sensitive endothelial genes, proteins, and

pathways

OMICs-based analyses have become standard approaches to determining changes in ECs in
response to various flow and disease conditions. Unlike traditional reductionist approaches studying
one or few candidate genes or proteins at a time, the astonishing advancement in OMICS technologies
and computational bioinformatics have made it possible to determine changes in genes, proteins, and
metabolites in a genome-, epigenome-, proteome-, and metabolome-wide scale, using a relatively small
amount of samples, often at a single-cell resolution. The application of these approaches using 7 vitro
and 7z vivo models has generated a plethora of flow-dependent transcriptomic, epigenomic, proteomic,
and metabolomic datasets in ECs and blood vessels under healthy and disease conditions (15; 141-
145).

Early transcriptomic studies used bulk RNA and microRNA samples from pooled cultured
ECs and animal tissues to conduct microarrays and RNA sequencing analyses. These datasets
identified numerous unexpected flow-sensitive genes, mictoRINAs, and non-coding RNAs, generating
wide-ranging novel hypotheses regarding their various roles in EC function and atherosclerosis (17;
42; 78). Numerous flow-sensitive genes, including KLF2, BMP4, DNMT1, KLK10, TXNDC,
ZBTB46, thrombospondinl, JMJD2B, semaphorin7A, PPAP2B, miR-712, and miR-95a were
identified from these bulk RNA studies and subsequently validated as reviewed elsewhere (17; 42; 1406;
147). Recently, kallikrein-related peptidase 10 (KLLK10) was identified as one of the most flow-
sensitive genes from a gene array study using the mouse PCL model (141). KLK10 expression is

increased by s-flow, but nearly lost by d-flow in ECs 7 vitro, mouse arteries iz vzvo, and human coronary
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arteries with advanced atherosclerotic plaques. Once produced, KILLK10 is secreted into circulating
blood #n vivo or conditioned medium 77 vitro and serves as an anti-inflammatory and permeability-
battier-protective protein. Interestingly, KLLK10, a member of the KLK serine/threonine protein
kinase family, lacks inherent protease activity, but its anti-inflammatory and permeability-barrier-
protective function are mediated by a protease activated receptor (PAR) 1 and 2-dependent pathway.
Further, recombinant KILLK10 injection via tail-vein or ultrasound-guided delivery of KILK10
expression vector to the carotid endothelium prevented endothelial inflammation and atherosclerosis
development in mice, demonstrating the proof-of-principle that the flow-sensitive proteins such as
KLK10 could be used as novel anti-atherogenic therapeutics (148; 149).

Flow induces epigenome-wide changes in ECs, as revealed by a DNA methylome study using
reduced representation bisulfite sequencing with bulk genomic DNA samples combined with a
microarray study of bulk RNA samples in mouse carotid arteries, following the partial carotid ligation
surgery (15). This DNA methylome study, along with studies from other investigators showed that
d-flow regulates DNA methylation patterns via DNA methyltransferase isoforms, DNMT 1&3 (142;
150; 151). Further studies showed that genetic deletion or pharmacological inhibition of DNMT1
prevented endothelial inflammation and atherosclerosis development in ApoE’/ " mice, demonstrating
that flow-sensitive epigenomic modifications could serve as anti-atherogenic therapeutic targets.

Proteomics studies using advanced mass spectrometry have identified numerous flow-
sensitive proteins differentially expressed or post-translationally modified in ECs in response to flow
(17, 147; 152; 153). Flow alters the expression level of hundreds of proteins in cell lysates or secreted
media (secretome), including BMP6 and endothelin-1 in ECs. An interesting study was conducted to
determine proteome-wide S-sulthydration changes of reactive cysteines (S-sulthydrome) 7 vitro and in
vivo. Hundreds of flow-sensitive S-sulfhydrated proteins were identified, including integrins that play

an important role in the flow-dependent vascular relaxation response (154). A metabolomics study



17

using plasma samples of ApoE’" mice subjected to the PCL surgery showed that d-flow induces
significant changes in hundreds of metabolites, including sphingomyelin and the amino acids
methionine and phenylalanine (58). However, the causal effects of flow-dependent changes in
metabolites have not been clearly defined yet i vivo and warrant further investigation. Targets
identified by OMICs approaches and their roles in endothelial dysfunction and atherosclerosis are

summarized in Table 1.1.

1.1.6 Therapeutic implications of flow-sensitive genes, proteins, and pathways in

atherosclerosis

As discussed in the introduction, the CANTOS trial demonstrated that targeting a non-lipid
pathway, such as an inflaimmatory pathway, could be an effective anti-atherogenic therapy. We
propose that flow-sensitive genes, proteins, and pathways in ECs that regulate FIRE, such as
endothelial inflaimmation, EndMT, and EndIT, could be promising novel anti-atherogenic targets. In
support of this notion, our transcriptomic study conducted in the mouse PCL model of atherosclerosis
showed that both statins and blood flow regulate hundreds of genes that are remarkably distinct from
each other. This result suggests that flow and cholesterol pathways play distinct roles in
atherosclerosis, highlighting the rationale for targeting flow-sensitive molecules (genes, proteins, and
signaling molecules) as a complementary therapeutic approach. Two therapeutic strategies are
conceivable: 1) stimulating or increasing s-flow-induced atheroprotective molecules, or 2) inhibiting
d-flow-induced pro-atherogenic molecules using small molecules, recombinant proteins, or gene
therapies delivered in a systemic or targeted manner. Several s-flow induced molecules are promising
anti-atherosclerotic targets. KLLF2/4 account for >50% of all s-flow induced gene transcription and
affect nearly all facets of atheroprotective responses in ECs. Given their dominant importance,

numerous strategies to stimulate KLLF2/4 expression have been proposed. Statins are a well-known
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Protein-coding genes

Effect Protein Shear Roles
NOS ULS up Nitric oxide production ?;femamtenance of vascular
KLE? ULS up Anti_omdati;:; ;ilit;iyd/lirc(l)emnz(;;ic, Vascular
KIF4 ULS up Ant ox1datli\rflet,e ;ili?yﬂ/liré)emnzct;ac, Vascular
0 Mn-SOD ULS up Superoxide dismutase
.gn EC-SOD ULS up Superoxide dismutase
g TIMP3 ULS up MMPs, ADAMs, ECM degradation
3 PPAP2B ULS up Regulated by KLF2 and miR-92, anti-inflammatory
= ZBTB46 OSS down EC Quiescence
g BMPR2 ULS up Smad, NFxB, cytoskeleton
Nrf2 ULS up Antioxidant Responsive Element (ARE)
11,10 ULS up Inflammation
SOX13 ULS up Inflammation
CTNND1 ULS up Cell adhesion
MMP1 ULS up Cell death
MCP-1 OSS up Immune response
VCAMI1 OSS up Immune response, cell adhesion
ICAM-1 OSS up Immune response, cell adhesion
NFxB OSS up Transcription, cell survival
%AXBZI: OSS up Reactive oxygen species
9 MMPs OSS up Matrix degradation
§D p53 OSS up Apoptosis
o} GADD45 OSS up Growth and proliferation
ﬁ p21 OSS up Growth and proliferation
é ERK1/2 OSS up Growth and proliferation
TSP-1 OSS up Arterial stiffening
Sema7A OSS up B1 integrin, FAK, MEK1/2, NF«B, THP-1
PFKFB3, glycolysis enzymes (hexokinase 2 [HK2],
HIFla OSS up enolase 2), and glucose transporters (glucose transporter
1, glucose transporter 3), NFxB, Cezanne
P2X7 OSS up ATP-dependent p38 signaling
JMJD2B ULS down SMC phenotype
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YAP/TAZ OSS up CTGF, CYRG61, JNK, Caveolae-associated proteins
Hand?2 OSS up IncRNAs, angiogenesis, cardiovascular development
TXNDC5 OSS up Vascular tone
GPX-3 OSS up Oxidative stress
Non-coding genes
Type ncRNA Shear Target genes Roles
miR-10a s-flow up MAP3K7, B-TRC Inflammation
miR-19a ULsup | ¥elin I});B’SMGBL Proliferation
miR-23b ULS up E2F1, FoxO4 Proliferation & SMC phenotype
SEMAOGA, . : . o
MiR2Th ULS up SEMAGD, SPRY2, Angiogenesis, EC d1fferent1at1on,
DLL4, Fltl, TGFB vessel integrity
miR-101 ULS up mT&%j&u 3, EC proliferation, angiogenesis
. ELK1, KLLF4, .
miR- ULS up CAMK2d, SSH2, Inflammation, .VSMC phenotype
143/145 PHACTRA. FI A switching
KLF2, KLF4,
< miR-92a OSS up ITGAS, SIRT1, EC inflammation, angiogenesis
E CXCL1, PPABP2B
g miR-205 0SS up TIMP3 EC inflammation and
permeability
KLF2, KLE, EC inflaimmation
miR-663 OSS up SOCS5, MYOCD, VSMC ph . hi
EBlk-1, VEGE, ATF4 phenotype switching
miR-712 0SS up TIMP3 EC inflammation and
permeability
PTEN, BCL.2
miR-21 NA PP;\R(X ’ EC inflammation and apoptosis
FOXO3, BCL2,
. 1RS1, DIk1, EC proliferation, inflammation,
miR-126 NA HMGB1, VCAMI, angiogenesis
CCL2, LRP6
. Bclo, SOCS-1, EC inflammation, migration,
miR-155 NA MYLK, NOSS3, proliferation
MALATI ULS up NA EC prohfera‘gon,.anglogenesm,
< migration
E MANTIS ULS up NA Angiogenesis
Q LINC00341 ULS up NA Inflammation
= LISPR1 ULS up NA EC migration, angiogenesis
STEEL ULS down NA Angiogenesis
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inducer of KLF2 expression in cultured ECs, however whether they also induce KLLF2/4 expression
in vivo under flow-condition has been disputed given the potent effect of flow (114; 155-157). Betulinic
acid has also recently been shown to induce KLLF2 expression, as well as expression of its critical target
gene eNOS, via the upstream ERK5/MEF2C pathway (158). Piezo1 agonists (Yodal, Jedil, or Jedi2)
or antagonists (salvianolic acid B) have been shown to modify KLF2/4 expression (159-161).
However, given the dual atheroprotective and proatherogenic roles of Piezol, drugs targeting this
receptor would require substantial safety and specificity studies in order to be used as atherosclerosis
therapies. The use of recombinant KILK10 or targeted overexpression of KILKI10 as an anti-
atherogenic therapy was discussed above.

Inhibition of d-flow-induced molecules is a promising anti-atherosclerosis strategy.
Pharmacologic inhibition of d-flow-induced HIF-1a using PX-478 small molecule inhibitor was
recently shown to reduce atherosclerosis in mice (135). Inhibition of d-flow-induced microRNAs,
including the antagomiRs of miR-712, miR-205, or miR-92a, effectively reduced atherosclerosis
development in mice as well (162-164). The inhibitor 5-aza-2'-deoxycytidine inhibits the d-flow-
induced DNMT activity and atherosclerosis in a mouse of model of disease (142). There are numerous
flow-sensitive genes, proteins, and pathways, including NF-xB, YAP/TAZ, and BMP4, as well as
specific inhibitors, drugs, or RNA therapeutics suitable for further investigation, but research
regarding therapeutic strategies targeting flow-induced atherogenesis has been limited. Developing

approaches to overcome this limitation is a major research area to be developed.

1.2 Hypothesis and Specific Aims

1.2.1 Hypothesis — HEGl1 is a flow-sensitive, atheroprotective protein in endothelial cells
To understand the role of disturbed flow in the pathogenesis of atherosclerosis, our laboratory

seeks to understand the ways in which disturbed blood flow affects vascular endothelial cells, and how
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these endothelial responses lead to atherosclerosis. Recently, using the partial carotid ligation mouse
model, in which branching arteries from the left carotid are blocked in order to elicit disturbed blood
flow in the artery and rapidly induce atherosclerosis, our laboratory identified a novel mRNA
transcript that is downregulated in endothelial cells of the atherosclerotic left carotid as compared to
the healthy right carotid (32; 165). This mRNA codes for heart of glass homolog 1 (HEGT1), a single
pass transmembrane glycoprotein that is expressed in vascular endothelial cells and is known to be
essential for cardiovascular development and endothelial cell-cell junctional integrity.

Though relatively little has been published on HEGI, it is clear that HEGT1 is an important
endothelial protein. HEG1 is a single-pass transmembrane glycoprotein primarily expressed in
endothelial cells, which possesses extracellular EGF-like domains and a conserved intracellular domain
(166; 167). HEG1 was first identified in zebrafish and shown to be essential for cardiovascular
development (168). HEG1 knockout zebrafish embryos displayed a lethal phenotype in which
myocardial cells failed to grow in concentric layers around the endocardium, leading to massively
enlarged hearts with monolayers of myocardium that failed to contract and pump blood (167). HEG1
knockout mice were shown to also have a lethal phenotype in which the porous endocardium is allows
blood to leak through the walls of the heart. Endothelial cell junctions are degraded in HEG1 KO
mice such that blood leaks into the alveoli of the lungs and lymph seeps out of intestinal lymphatic
vessels (166). HEG1 has also been shown to have two binding partners on its intracellular C-terminal
domain: krev interaction trapped protein 1 (IKRIT1) and ras interacting protein 1 (Rasip1). KRIT1 has
many binding partners and connected signaling pathways, and is known to be mutated in cases of
familial cerebral cavernous malformation (169-173). HEG1 binding to Rasip1 has been shown to be
involved in stabilization of endothelial cell-cell junctions via inhibition of the RhoA/Rock signaling

pathway (169; 170; 174).
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Our preliminary data suggests that HEG1 mRNA and protein is consistently and robustly
downregulated by disturbed flow 7z vivo. A recent study on HEG1 in zebrafish showed similar findings.
As HEGT1 knockout is known to cause lethal phenotypes in zebrafish and mice, local downregulation
of HEG1 in vascular endothelial cells exposed to disturbed flow likely has pathological effects.
Therefore, we hypothesize that the downregulation of HEG1 by disturbed flow causes
endothelial dysfunction, which contributes to the development of atherosclerosis (Fig. 1.4).

To test this hypothesis, we propose three aims.

1.2.2 Aim 1-Determine whether endothelial HEG1 expression is flow-sensitive.

To determine whether HEG1 is flow-sensitive, we will first search our recent scRNAseq,
scATACseq, and gene array datasets from mouse PCL carotid endothelial cell lysate samples for
HEG1 mRNA levels. Additional PCL studies will be performed and specifically assessed for HEG1
mRNA expression changes. Additionally, 7/ vitro validation of flow-sensitivity will be performed using
the cone and plate viscometer shear system with human aortic endothelial cells (HAECs) and HEG1

mRNA and protein expression, as well as HEG1 protein subcellular localization will be assessed.

1.2.3 Aim 2 — Determine the role of HEG1 in endothelial function and dysfunction.

To evaluate the function of HEG1, we will both overexpress and knock down HEG1 in
HAECs using a HEG1 plasmid and HEG1 siRNA, respectively. These HAECs, with either elevated
or reduced levels of HEG1, will be used to determine the protein’s role in endothelial alignment,
inflammation, endothelial-mesenchymal transition (EndMT), migration, permeability, proliferation
and tube formation. We will also use HAECs to determine whether HEGT1 affects these mechanisms

through its intracellular binding partners.
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Figure 1.4 Hypothesis and Specific Aims

We hypothesize that low HEG1 expression in disturbed flow (d-flow) conditions leads to endothelial
dysfunction and atherosclerosis. In contrast, high levels of HEG1 expression in stable flow (s-flow)
conditions prevent endothelial dysfunction and thereby atherosclerosis. Aim 1 is to determine whether
HEGT1 is regulated by flow. Aim 2 is to determine the role of HEG1 in endothelial function and
dysfunction using z vitro functional and mechanistic studies on cultured HAECs. Aim 3 is to
determine the role of HEG1 in the pathogenesis of atherosclerosis iz vivo using mice.



24

1.2.4 Aim 3 — Determine the role of HEG1 in the pathogenesis of atherosclerosis.

We will test the role of HEG1 in atherosclerosis using inducible, endothelial-specific HEG1
knockout mice (HEG1%“*?), developed by our laboratory. These HEG1"“*° mice will be injected
with AAV-PCSKD9 to induce hypercholesterolemia and then subjected to partial carotid ligation
surgery to rapidly elicit atherosclerosis. Markers of endothelial dysfunction and atherosclerosis will be
studied. We hypothesize that reduced HEG1 will weaken endothelial barrier function and induce more
severe atherosclerosis phenotypes.

Addressing these aims will shed light on the role of HEG1 in endothelial biology and the
mechanisms through which downregulation of HEG1 by disturbed flow leads to endothelial
dysfunction. Knowledge of these mechanisms will reveal novel therapeutic targets for the treatment

of atherosclerosis.
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2 Materials and Methods

2.1 PCL surgery

All animal studies were approved by the Emory University Institutional Animal Care and Use
Committee, and conducted in accordance with federal guidelines and regulations. Prior to partial
carotid ligation (PCL) surgery, hypercholesterolemia was induced by treating mice with AAV8-PCSK9
via tail-vein injection, as well as initiating high fat diet, as described previously (32). PCL were
performed by ligating 3 of 4 caudal branches (left external carotid, left internal carotid, and left
occipital artery were ligated, while leaving the superior thyroid artery intact) of the left common carotid
artery (LCA) in anesthetized mice while leaving the contralateral right common carotid artery (RCA)
unperturbed. Development of d-flow in the LCA was confirmed by ultrasonography, as described
previously (165). Following PCL surgery, mice continued to be fed a high fat diet, and were sacrificed

from 1 day to 4 weeks post-ligation, as indicated in the corresponding figures.

2.2 scRNA-seq and Gene Array

scRNA-seq and gene array analysis of Hegl mRNA in PCL-exposed mouse RCAs and LCAs

was performed as described previously (175; 176).

2.3 Hybridization chain reaction (HCR)

Segments of LCA/RCA and abdominal aorta were isolated and fixed with 4%
paraformaldehyde solution (PFA) (Santa Cruz Biotechnology #sc-281692). Hybridization chain
reaction RNA-fluorescence in situ hybridization (HCR RNA-FISH) was performed by using custom-
designed mouse HEG1 probes (Molecular instruments, CA) to determine HEG1 mRNA levels. Chain

reaction specific to the initiator sequence of the probe was performed using fluorescence-conjugated
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amplifiers (Molecular instruments, CA). VE-cadherin (1: 500, Ab205336) and nuclei (Hoechst 33342,
Thermofisher, MA) was fluorescently labeled to determine changes in endothelial HEG1 mRNA.
Following whole-mount HCR assay, the aortic lumen was anatomically exposed ez face for confocal
fluorescence imaging (Zeiss LSM 800, Germany) as previously described (148). Each optical section
was projected in the visualization plane where each pixel displayed maximum intensity. Raw confocal
images were post-processed with custom-written MATLAB algorithm (MathWorks, MA), Image] and
Fiji (NIH, MD) to reduce autofluorescence and enhance image contrast. Numbers of individual chain

reaction in post-processed images were analyzed by using Image] (NIH, MD).

2.4 Cell culture

HAECs (Cell Applications #304-05a) were cultured in a complete medium consisting of
MCDB 131 (Cortning #15-100-CV), 10% fetal bovine serum (FBS) (R&D Systems #S11550), 1%
penicillin-streptomycin (Gibco #15140-122), 1% L-glutamine (Gibco #25030-081), 1% endothelial

cell growth supplement (ECGS) from bovine brain extract, 50 pg/mlL L-ascorbic acid (Sigma

#A5960), 1 pg/mL hydrocortisone (Sigma-Aldrich #HO088), 10 ng/mL epidermal growth factor
(EGF) (STEMCELL Technologies #78006), 2 ng/ml. insulin-like growth factor 1 IGF-1) (R&D
Systems #291-G1), 2 ng/mL fibroblast growth factor (FGF) (ProSpec #cyt-218-b) and 1 ng/mL
vascular endothelial growth factor (VEGF) (BioLegend #5837006) (177). HAECs were cultured on
gelatin-coated (Sigma #G1890) dishes and used for experimentation between passages four and eight.
HEK 293T cells were cultured in a complete medium consisting of DMEM (Corning #15-013-CV),

10% FBS, 1% penicillin-streptomycin and 1% ml L-glutamine. Both cell types were cultured in

humidified incubators at 37 °C and 5% CO,, with media changes every three days.
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2.5 Invitro shear stress experiments

Shear stress was delivered to HAECs using two devices: cone and plate viscometer and ibidi
pump system. The cone and plate viscometer was used for the majority of 7 vitro shear experiments,
while the ibidi pump system was used exclusively for the permeability study. For the cone and plate
viscometer experiments, custom-made Teflon cones controlled by stepping motors were inserted into
11 mL complete HAEC media overlying HAECs grown to confluency on gelatin-coated 100 mm
tissue culture dishes (Falcon #353003). Based on the wall shear stress equation, cone rotation speeds
were calculated in order to deliver either unidirectional laminar shear stress (ULS, +15 dyn/cm?)
mimicking s-flow, or oscillatory shear stress (OSS, +5/-4 dyn/cm® at 1 Hz) mimicking d-flow. For
the ibidi pump system experiments, HAECs grown to confluency on gelatin-coated p-Slide I'* Luer
ibiTreat channels (ibidi #80176) in complete HAEC media were exposed to either ULS or OSS using
the ibidi pump system (ibidi #10902) as per the manufacturer’s instructions. All cone and plate
viscometer and ibidi pump system experiments were performed in humidified incubators at 37 °C and
5% CO,. For both experimental setups, static control samples prepared in the same manner as the
ULS- and OSS-exposed samples were left in the same incubator during the duration of shear stress
exposure. Cells located in the center of the 100 mm dishes used for cone and plate viscometer

experiments were excluded from analysis, as desired shear stress is calculated only for the perimeter

of dish.

2.6 qPCR

Cells were lysed using QIAzol lysis reagent (Qiagen #79306). EC-enriched vascular lysates
were obtained by carotid or thoracic aorta QIAzol flushing, as described previously. RNA was isolated
from QIAzol lysates using Direct-zol RNA Miniprep Kit (Zymo Research #R2052) for 7n vitro samples

and miRNeasy Mini Kit (Qiagen #217084) for i vivo samples. cDNA synthesis was performed using
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High Capacity cDNA Reverse Transcription Kit (Applied Biosystems #4368813), and qPCR was
performed using PerfeCTa SYBR Green FastMix (QuantaBio #95073-05K) on the StepOnePlus Real-
Time PCR System (Applied Biosystems #4376600). 18S ribosomal RNA was analyzed as a loading
control and analyses were performed using either the AACt method or by calculating transcripts per

1 million 18S (TPM). Primer information is listed in Table 2.1.

2.7 Western blot

Cells were lysed using RIPA buffer (Boston BioProducts #BP-115) supplemented with
cOmplete Mini protease inhibitor cocktail (Roche Diagnostics GmbH #11836153001) and
phosphatase inhibitor cocktail 1 (Sigma #P2850). Conditioned media samples were centrifuged to
remove detached cells, and the resulting supernatants concentrated via size-filtration using either 50
kDa (Millipore #UFC905024), or 100 kDa (Millipore #UFC910024) Amicon Ultra-15 centrifugal
filters and standard protocols. Total protein concentrations were determined via BCA assay (Thermo
Fisher Scientific #23225). SDS-PAGE was performed using either 8% gels for high molecular weight
proteins (<100 kDa), or 12% gels for lower molecular weight proteins (<50 kDa). Proteins were
transferred to PVDF membranes (Bio-Rad #1620174) in Towbin transfer buffer via overnight wet
transfer at 30 V and 4 °C. Membranes were incubated at 4 °C overnight with the following primary
antibodies: anti-B-actin mouse monoclonal antibody (1:5000; Sigma-Aldrich #A5316), anti-Calnexin
rabbit polyclonal antibody (1:2000; Abcam #ab75801), anti-ERKS5 rabbit polyclonal antibody (1:1000;
Cell Signaling Technology #3372), anti-GAPDH mouse monoclonal antibody (1:1000; Santa Cruz
Biotechnology #sc-32233), anti-HEG1 SKM9-2 mouse monoclonal antibody (5 pg/mL; provided by
collaborator), anti-KLLF2 rabbit polyclonal antibody (1:1000; Sigma-Aldrich #09-820), anti-KIL.F4

rabbit monoclonal antibody (1:1000; Abcam #ab215036), anti-KRIT1 rabbit monoclonal antibody



Table 2.1 qPCR primer sequences
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Primer | Species Forward (5’ - 3%) Reverse (5 — 3°)

188 Human/Mouse | AGGAATTGACGGAAGGGCACCA GTGCAGCCCCGGACATCTAAG
CCM2 Human CCTGCACAGCGATGACTC ACCACCCACATCCACAGA
CCM2L Human CGTCCACACCTTCTTTCCAT CGCAACGTGACCATGTAATC
CCM3 Human GCCCCTCTATGCAGTCATGTA AGCCTTGATGAAAGCGGCTC
eNOS Human GGCTGGTACATGAGCACTGA TATCCAGGTCCATGCAGACA
eNOS Mouse CGCAAGAGGAAGGAGTCTAGCA TCGAGCAAAGGCACAGAAGTGG
HEG1 Human TCCTTTCCCGAGACACTTCC AACACTGTCCGTTCAATGGC
HEG1 Mouse GTCGGGTATCAGTTGGAGAAAG AGCTCTTGAGTGTTGGAATGG
KLF2 Human CATCTGAAGGCGCATCTG CGTGTGCITTCGGTAGTGG
KLF2 Mouse CTAAAGGCGCATCTGCGTA TAGTGGCGGGTAAGCTCGT
KILF4 Human ATCTCAAGGCACACCTGCG CCTGGTCAGTTCATCTGAGCG
KLF4 Mouse GCGAACTCACACAGGCGAGAAACC | TCGCTTCCTCTTCCTCCGACACA
KRIT1 Human GAAGCGCCTGTGAAGGAGATTC ACAATATGCGAGTGGCCTCAAC
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(1:1000; Abcam #ab196025), anti-MEKK3 mouse monoclonal antibody (1 pg/mL; R&D Systems

#MABG095) and anti-VCAM-1 rabbit monoclonal antibody (1:1000; Abcam #134047) (178; 179).
Membranes were incubated at room temperature for one hour with the following secondary
antibodies: goat anti-mouse IgG HRP (Cayman Chemical #10004302) and goat anti-rabbit IgG HRP
(Cayman Chemical #10004301). Protein bands were imaged using Immobilon Western

chemiluminescent HRP substrate (Millipore #WBKILS0500) and the iBright FL.1000 imaging system.

2.8 Immunocytochemistry

Cells were fixed using 4% PFA (Santa Cruz Biotechnology #sc-281692). 100 mm dish samples
were cut to size for imaging using the Wondercutter S ultrasonic cutter (Micro-Mark #88195), while
ibidi flow channel slides were used as provided. Cells were permeabilized with 0.1% Triton X-100
(Sigma Aldrich #X100) in PBS, blocked with 10% goat serum (Bio Ab Chem #72-0480) in PBST
(Bio Basic #TB0560) and then incubated at 4 °C overnight with primary antibodies diluted in 5% goat
serum in PBST. The following primary antibodies were used: anti-HEG1 10G10 mouse monoclonal
antibody (25 pg/ml,; provided by collaborator), anti-VE-cadherin rabbit polyclonal antibody (1:1000;
Abcam #ab33168), and anti-MEKK3 rabbit monoclonal antibody (1:500; Cell Signaling Technology
#5727) (178; 179). Cells were next incubated with goat anti-mouse AlexaFluor 568 polyclonal
(Thermo Fisher Scientific #A11004) and donkey anti-rabbit AlexaFluor 488 polyclonal (Thermo
Fisher Scientific #A21206) secondary antibodies diluted in 1% BSA (Sigma Aldrich #A7906) PBST
for 2 hours at room temperature. 100 mm dish samples were mounted with cover slips using
Fluoroshield with DAPI (Sigma Aldrich #F6057), ibidi flow channel samples underwent Hoechst
stain in PBS (Thermo Fisher Scientific #H3670). All images were taken at 63x magnification on a

Zeiss LSM800 confocal microscope and analyzed with NIH Image] software.
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2.9 siRNA knockdown

siRNA knockdown was performed using Oligofectamine transfection reagent (Invitrogen
#12252-011) and standard protocol. Custom-made siRNA sequences are listed in Table 2.2.
Additionally, siKLF2 (Thermo Fisher Scientific #1299001 siRNA ID HSS145585) and siKLF4

(Thermo Fisher Scientific #1299001 siRNA ID HSS113795) proprietary siRNAs were used.

2.10 Endothelial function studies

Monocyte adhesion to the endothelial monolayer surface was determined by exposing treated
HAECs with fluorescently-labelled THP-1 monocytes (ATCC #TIB-202), as described previously
(148; 180). Following exposure to siRNA and flow treatment, HAECs were washed in RPMI medium
before adding 2',7'-bis(carboxyethyl)-5(6)-catboxyfluorescein-AM-labelled THP-1 monocytes
(Thermo Fisher Scientific #B1150). After 30 minute incubation, unbound monocytes were washed
away from the HAECs with PBS and HAEC-bound monocytes were fixed with 4% PFA (Santa Cruz
Biotechnology #sc-281692). Bound monocytes were quantified by counting the number of
fluorescent cells per high powered field using a fluorescent microscope.

Endothelial permeability was measured using FITC-avidin binding to cell biotinylated gelatin-
coated culture substrate, as described previously (181). Briefly, HAECs were seeded on biotinylated
gelatin-coated p-Slide 1™ Luer ibiTreat channels (ibidi #80176) for 24 hours, then treated with control
or HEGT1 siRNA for 24 hours, and then exposed to either static or ULS conditions using the ibidi
pump system for 72 hours. Cells were then fixed, exposed to FITC-avidin, imaged using the BZ-X
Series All-In-One fluorescence microscope (Keyence) and FITC fluorescent intensity was measured
using NIH Image] software.

Endothelial tube formation was assessed using a Matrigel tube formation assay, as described

previously (182). Following control or HEG1 siRNA knockdown and 24 hour exposure to static or
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Table 2.2 siRNA sequences
siRNA | Forward (5’ > 3’) Reverse (5’ = 3’) Manufacturer
siCCM2 UAAAAAGAAGUUUACUGCAAUGUGA | UCACAUUGCAGUAAACUUCUUUUUAAG | IDT
siCCM2L | AUUUCACCAUGGAAUAUGAAGUCAA | UUGACUUCAUAUUCCAUGGUGAAAUGU | IDT
siCCM3 AGGTTTCTGCAGACAATCAAGGATA UAUCCUUGAUUGUCUGCAGAAACCUCA | IDT
siHEG1 GCAGUGGAAUCGAGAAGAAACAGTA | UACUGUUUCUUCUCGAUUCCACUGCAG | IDT
siKRIT1 | CCAUCAGUUGUCAAAGAUAAUACTA | UAGUAUUAUCUUUGACAACUGAUGGAA | IDT
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ULS conditions using the cone and plate viscometer, HAECs were seeded in a growth factor reduced
Matrigel (BD Bioscience) coated 96-well plate and incubated for 6 hours at 37 °C. Tubules were
imaged and quantified by measuring total tubule length via NIH Image] software.

Endothelial migration was measured by scratch assay, as described previously (182; 183).
HAEC monolayers treated with control or HEG1 siRNA and 24 hours of static or ULS conditions
using the cone and plate viscometer were scratched with a 200 pl pipette tip. Cells were washed once,
and the 2% serum media was added in order to prevent confounding effects of FBS-induced cell
proliferation. Images were taken at 0 — 24 hour timepoints and cell migration was determined by

measuring the scratch area at each consecutive time point using NIH Image] software.

2.11 Plasmid overexpression and viral particle transduction

pCMV-GFP (Addgene #11153) and pCMV6-HEG1-MycDDK (Origene #RC212168)
plasmid transfection in HAECs was performed using Lipofectamine 3000 transfection reagent
(Invitrogen #1.3000-015) and standard protocol. Ad-GFP (Welgen #V1020) and custom-made Ad-
KLF4 (Welgen #S3000) viral particles were used to transduce HAECs using polybrene infection

reagent (Santa Cruz Biotechnology #sc-134220) and standard protocol.

2.12 HEG1iECKO mice

Heterozygous /oxP-flanked (floxed) HEG1 C57BI/6] mice (HEG1"*) were purchased from
Cyagen and genotyped using DNA gel electrophoresis. Homozygous floxed HEG1 mice (HEG1""
were subsequently developed and crossed with tamoxifen-inducible, endothelial-specific Cdh5-
CreBRT2 mice provided by a collaborator to generate Cdh5-CreERT2";HEG1"" mice, here called
inducible, EC knockout HEG1 mice (HEG1"™?) (184). Genotype was confirmed by gel

electrophoresis and endothelial-specific HEG1 knockout was confirmed after tamoxifen injection by
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qPCR from endothelial-enriched thoracic aorta flushing samples, qHCR imaging of ex face abdominal

aorta samples, and scRNA-seq of thoracic aorta samples.

2.13 Mouse atherosclerosis studies

Carotid arteries were dissected at the time of sacrifice and photographed using a Moticam
2500 (Motic) attached to a EMZ-8TRD dissection microscope head (MEIJI Techno). Gross plaque
burden was calculated by dividing the plaque-covered opaque area by the total area of the LCA using
NIH Image] software, as described previously (180; 185). The LCA was subsequently fixed using 4%
PFA (Santa Cruz Biotechnology #sc-281692), cut into two halves and then the two halves were
sectioned longitudinally. Only sections taken from the center of artery were used for analysis. Oil red
O (Sigma-Aldrich #MAK194) and Movat’s pentachrome (StatLab #KTRMPPT) stainings were
performed according to standard protocols. Stained longitudinal sections were imaged using the
Nanozoomer-SQ Digital Slide Scanner microscope (Hamatsu #C13140-01). Intima-media thickness
was calculated manually from pentahcrome images in NIH Image] by dividing the intima and media
area by artery length. Oil red O (ORO) lipid lesion area and pentachrome plaque content were
determined using ilastik machine learning image analysis software (186). The software was trained to
identify ORO positive pixels, and pixels corresponding to the appropriate colors in pentachrome
stains. Identified pixels were then counted using NIH Image] and values were reported as number of
positive pixels divided by artery length. CDG68 immunostaining was performed using standard
immunofluorescent staining protocols with anti-CDD68 mouse monoclonal antibody (Bio-Rad
#MCA1957), goat anti-rat AlexaFluor 568 polyclonal (Thermo Fisher Scientific #A11077), and
Fluoroshield with DAPI (Sigma Aldrich #F6057). Mouse blood pressures were determined using the
BP-2000 Blood Pressure Analysis system (Visitech Systems). Mice were trained for three consecutive

days, and subsequent measurements were obtained by averaging 40 individual measurements of two
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consecutive days, as per manufacturer recommended protocols. Serum cholesterol and triglyceride
concentrations were determined using a Beckman CX7 biochemical analyzer at the Cardiovascular

Specialty Laboratories, as reported previously (180).

2.14 Human coronary artery studies

Left anterior descending (LAD) coronary arteries were dissected from deidentified human
hearts unsuited for transplantation donated to LifeLink of Georgia. Dissected LAD tissues were fixed
in 4% PFA (Santa Cruz Biotechnology #sc-281692) overnight, paraffin-embedded, and then sectioned
at a depth of 8 um. Prior to immunofluorescent staining, deparaffinization and antigen retrieval was
performed, as described previously (187). Tissue sections were subsequently permeabilized with 0.1%
Triton X-100 (Sigma Aldrich #X100) in PBS, blocked with 10% goat serum (Bio Ab Chem #72-0480)

in PBST (Bio Basic #TB0560), incubated at 4 °C overnight with anti-HEG1 SKM9-2 mouse

monoclonal antibody (25 pg/mL; provided by collaborator), followed by Alexa Fluor-647 (Thermo
Fisher Scientific, 1:500) secondary antibody for 2 hours at room temperature. Nuclei were
counterstained using Fluoroshield with DAPI (Sigma Aldrich #F6057). All images were taken at 63x
magnification on an LSM800 confocal microscope (Zeiss). HEG1 protein level was determined using
background-corrected mean grey value analyzed with NIH Image] software. Plaque severity in whole
artery sections and magnified areas of whole arteries were graded from I — VI by three independent
graders using AHA histological classification guidelines (188). HEGT1 staining in individual pictures
was compared to plaque severity grade, as well as donor hypertension status. Deidentified donor

information is displayed in Table 2.3.



Table 2.3 Human heart donor information
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Data presented as category (units) [total number, sub-category number, or mean average].

n Age (year) | Race Sex BMI (kg/m?) | Hypertension | Diabetes | Smoking (Pack Years)
[30] | [53.4] [13B/16W/1H] | [IE/19M] | [32.5] [22Y/8N] [8Y/22N] | [8.35]
1 61 Black Female Unknown Yes No 25
2 69 White Female Unknown Yes No 2.5
3 77 White Male Unknown Yes No 0

4 65 Black Male Unknown Yes Yes 0

5 63 White Female Unknown No No 0

6 61 Black Male Unknown Yes No 0

7 60 Black Male Unknown No Yes 0

8 45 Black Female Unknown Yes Yes 0

9 56 White Male Unknown Yes Yes 0
10 | 43 White Male Unknown No Yes 25
11 48 White Female 34.1 Yes No 51
12 |38 White Male Unknown No No 12
13 | 45 Black Female Unknown Yes No 0
14 |57 White Male 38.2 Yes No 1255
15 | 69 White Male 227 Yes No 20
16 | 52 Black Female 31.2 Yes No 0
17 | 37 White Male 35.3 No No 0
18 | 48 White Male 22.1 Yes No 50
19 40 Hispanic Male 33.9 No No 0
20 | 49 White Male 35.5 Yes No 15
21 | 40 White Male 27 No No 0
22 47 Black Male 36.3 Yes Yes 30
23 40 Black Female 26.3 Yes Yes 0
24 56 White Female Unknown Yes Yes 7.5
25 | 72 Black Female Unknown Yes No 0
26 | 43 Black Female 55.19 Yes No 0
27 58 White Male Unknown Yes No 0
28 57 Black Male 25.3 Yes No 0
29 |56 White Male Unknown No No 0
30 | 50 Black Male Unknown Yes No 0
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2.15 Statistical analyses

All statistical analyses were performed using GraphPad Prism version 8.4.3 software. Specific
replicate numbers are provided in the corresponding figure legends. N numbers represent biological
replicates, and all data is presented using the mean average with error bars representing standard error
of the mean (SEM). All datasets were analyzed for normality using the Shapiro-Wilk test, and for equal
variance using the F-test for datasets with 2 groups, or the Brown-Forsythe test with groups of 3 or
more. Comparisons between 2 groups were conducted using either two-tailed Student’s t-test for
parametric data, or two-tailed Mann-Whitney U test for non-parametric data. Comparisons between
3 or more groups were conducted using either one-way analysis of variance (ANOVA) or two-way
ANOVA for parametric data, or Kruskal-Wallis H test for non-parametric data. Tukey’s, Dunnett’s,
and Sidak’s multiple comparison post-hoc tests were employed as appropriate following ANOVA. P

< 0.05 was considered significant for all statistical tests that were performed.
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3 Results

3.1 Aim 1 - Determine whether endothelial HEG1 expression is flow-sensitive.

3.1.1 Flow controls HEG1 expression and subcellular translocation in endothelial cells

We first identified HEG1 as a flow-sensitive gene by re-analyzing our prior scRNA-seq dataset
of right (RCA) and left (LCA) carotid artery ECs from the mouse partial carotid ligation (PCL) study
(15). In the study, LCAs were exposed to d-flow for 2 days or 2 weeks following the PCL, while the
contralateral RCAs, exposed to s-flow in the same mice, were used as control. The violin plot analysis
of the scRNA-seq result showed that HEG1 was primarily expressed in ECs and some in fibroblasts,
but not in smooth muscle cells, macrophages, dendritic cells, and T cells (Fig. 3.1a). Interestingly, EC
clusters found in s-flow conditions (E1-E4) expressed significantly higher levels of HEG1 compared
to those ECs (E5-E8) exposed to d-flow, suggesting flow-sensitive regulation of HEG1 expression in
ECs. The HEGI result was further validated by re-analyzing an additional genome-wide gene array
dataset (GSE182291) using the EC enriched bulk RNAs from the LCAs and RCAs obtained at three-
time points: 1 day, 2 days, and 2 weeks following the PCL (Fig. 3.1b) (176). Moreover, we
independently confirmed flow-dependent Hegl expression by qPCR in the EC-enriched samples from
RCAs and LCAs obtained at 2 weeks post-PCL (Fig. 3.1c). The flow-dependent endothelial HEG1
expression in the mouse RCA and LCA was further demonstrated by using the hybridization chain
reaction RNA fluorescence 2 situ hybridization (HCR) method for HEGT mRNA, with a concomitant
CD31 antibody staining (Fig. 3.1d). These results clearly demonstrate that s-flow upregulates, while
d-flow downregulates Heg? expression in ECs 7z vzvo in mouse arteries.

To confirm these z vivo results and characterize HEG1 regulation by flow, human aortic

endothelial cells (HAECs) were exposed to ULS (15 dyn/cm?, mimicking s-flow), OSS (+5/-4
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Figure 3.1 Hegl mRNA expression is regulated by flow in vivo.

(a) scRNA-seq analysis of right and left carotid arteries exposed to mouse PCL surgery demonstrate
that HEGT1 is expressed primarily in ECs (E1-8) and fibroblasts (Fib), and that EC expression of
HEGT1 is increased in s-flow exposed RCA ECs (E1-4) as compared to d-flow exposed LCA ECs (E5-
8), as described previously (15). (b-d) Flow-sensitive Heg/ mRNA expression was verified by (b) gene
array at 1 day — 2 weeks post-PCL surgery, (c) qPCR at 2 weeks PCL, and (d) HCR RNA-FISH
imaging at 2 weeks of PCL (scale bar left = 200 pum; scale bar right = 10 um). Gene array, qPCR and
HCR quantifications presented as fold change compared to control condition (bar on left).
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dyn/cm’ at 1 Hz, mimicking d-flow) using a cone-and-plate viscometer shear system. HAECs exposed
to static conditions lacking flow were also used as a control. Exposure to ULS for 24 hours
significantly increased HEG1 mRNA and protein expression as compared to the OSS and static
conditions (Fig. 3.2a, b). Interestingly, HEG1 protein was also detected in the conditioned media
(CM) from 24 hour ULS HAECs, but not the OSS or static media (Fig. 3.2¢). To characterize this
flow response further, we carried out 2 different time series studies. HEG1 protein in the cell lysate
was initially reduced by ULS up to 3 hours, which rebounded after 12 hours under the s-flow condition
(Fig. 3.2d, e). At the same time, HEG1 release into the media was detected as early as 30 minutes in
response to ULS and continued to accumulate over time (Fig. 3.2f, i). The decrease in HEG1 protein
in the cell lysate with a concomitant accumulation in the media during the first 3 hours was further
confirmed by a shorter time course study (Fig. 3.2g, i). To address whether these protein expression
changes were due to changes in mRNA levels, qPCR studies were conducted in the same cells. HEG1
mRNA level changes were detected only after 6 hours under ULS conditions (Fig. 3.2e, h). These
results suggest that HEG1 protein is initially reduced during the first 3 hours due to its continuous
release into the media without new transcription in response to ULS. After 6 hours, HEG1 mRNA
and protein expression is recovered, indicating new transcription and translation in a flow-dependent
manner.

To further characterize flow regulation of HEG1 protein in HAECs, HEG1 protein was
examined by immunofluorescence microscopy. As expected, exposure to ULS for 24 hours increased
HEGT!1 protein expression in HAECs compared to the static or OSS conditions (Fig. 3.2j).
Surprisingly, unlike a diffuse staining pattern in static or OSS cells, HEG1 staining pattern showed a
dramatic localization to the downstream side of endothelial cells in response to ULS. To further test
whether flow regulates HEG1 location, HAECs were exposed to ULS in an acute study. As early as 2

minutes under ULS conditions, HEG1 protein was moving toward the downstream cell-cell junction
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Figure 3.2Flow controls HEG1 mRINA and protein expression, as well as protein subcellular
localization in vitro

(a) HEGI1 protein and (b) mRNA levels are elevated by 24 hr ULS as compared to 24 hr static and
OSS. (c¢) HEG1 protein is detected in 24 hr ULS conditioned media (CM), but not in 24 hr static or
OSS conditioned media. (d) 24 hr ULS time course shows that () HEG1 mRNA is elevated at 6 hr
ULS and onward, and protein at 12 hr ULS and onward (n = 3-7). (f) HEG1 protein in conditioned
media is present at 3 hr ULS and increases linearly with time (n = 3-5). (g) 3 hr ULS time course
shows that (h) HEG1 mRNA does not change, but protein decreases at 2 — 3 hr ULS (n = 6). (i)
HEGT1 protein is observed in conditioned media as soon as 0.5 hr ULS and increases linearly with
time (n=3). (j) HEG1 protein is centrally located on the apical surface of endothelial cells in 24 hr
static and OSS conditions, but migrates to the downstream pole of elongated endothelial cells in 24
hr ULS (scale bar = 10 pm). (k) 30 minute ULS time course shows that HEG1 migration to

downstream pole of EC begins within minutes of ULS exposure (scale bar = 10 um). Quantifications
in (a-i) presented as fold change compared to control condition on left.
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area as marked by the VE-cadherin staining (Fig. 3.2k). These results demonstrate that s-flow rapidly
induces HEG1 protein translocation to the downstream side of ECs.
Taken together, these 7z vitro and n vivo results demonstrate that flow regulates HEG1 gene

and protein expression, and polarized localization and secretion of HEGT1 protein.

3.1.2 Flow-induced HEGI transcription is promoted by increased chromatin availability
and performed by transcription factors KLF2 and KLF4

To understand how HEGT is transcribed in response to stable flow, single cell assay for
transposase-accessible chromatin using sequencing (scATAC-seq) data from RCA and LCA ECs of
mice exposed to PCL surgery for either two days or two weeks, mirroring the scRNA-seq studies,
were first assessed (15). scATAC-seq analysis showed that the chromatin accessibility at the
transcription start site (TSS) and putative promoter region (1500 bp region upstream of TSS) was
greater in the s-flow exposed RCA E1-4 clusters as compared to that of the d-flow exposed LCA E5-
8 clusters (Fig. 3.3a). This result indicates that HEGT1 transcription in ULS is in part controlled by
epigenetic regulation of HEG1 promoter region chromatin accessibility.

Based on previous literature indicating that klf2a transcribes hegl in zebrafish, and the fact
that the majority of ULS-induced endothelial genes in humans are transcribed by KLF2 and KLF4,
potential KLLF2 and KILF4 binding sites in the putative promoter region of HEG1 were assessed (189;
190). 7 KLF4 binding motifs were identified in the human HEG1 promoter region and 10 in the
mouse promoter region using the JASPAR CORE online database (Fig. 3.3b). With this information,
targeted studies examining KILF2 and KLF4 control of HEG1 transcription in ULS were performed.

Using the cone-and-plate viscometer shear system on HAECs, 24 hr ULS plus KLLF4 siRNA

knockdown blocked ULS-induced upregulation of HEG1 expression as compared to 24 hr ULS plus
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Figure 3.3 Increased chromatin availability and the transcription factors KLLF2 and KLF4
control flow-induced HEGI1 expression

(a) scATAC-seq analysis of right and left carotid arteries exposed to mouse PCL surgery demonstrate
that the HEG1 promoter region (red arrow) has increased availability in s-flow exposed RCA ECs
(E1-4) as compared to d-flow exposed LCA ECs (E5-8), as described previously (15). (b) The HEG1
promoter region has multiple KLLF4 binding sites, as predicted by JASPAR CORE. (c) 24 hr ULS plus
siKLLF4 blocks ULS-induced HEG1 protein expression. (d) Plasmid overexpression of KILF4 induces
HEGT1 protein expression. (e) 24 hr ULS plus siKLF2 blocks ULS-induced HEG1 expression.
Quantifications presented as fold change compared to control condition on left.
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siRNA control (Fig. 3.3c). To prove that KLLF'4 expression is sufficient for HEG1 upregulation,
HAECs were infected with either adenovirus GFP control (Ad-GFP) or adenovirus KLLF4 (Ad-
KLF4), and HEGT1 protein levels were assessed. Ad-KLF4 significantly increased HEG1 expression
as compared to Ad-GFP control (Fig. 3.3d). Additionally, 24 hr ULS plus KLF2 siRNA knockdown
blocked ULS-induced upregulation of HEG1 expression as compared to 24 hr ULS plus siRNA
control (Fig. 3.3e). These results indicate that KLLF2 and KILF4 are both necessary for HEG1
expression upregulation in ULS. Together, these data indicate that ULS induces HEGT1 transcription
via epigenetically increasing HEG1 promoter region chromatin accessibility and via the activity of the

ULS-induced transcription factors KLF2 and KLF4.

3.2 Aim 2 - Determine the role of HEGI1 in endothelial function and dysfunction.

3.2.1 HEGI1 mediates multiple ULS-induced functional changes in HAECs

Having established that HEGI is a flow-sensitive gene and protein increased by s-flow, we
next tested its functional significance by siRNA knockdown of HEG1 in HAECs under flow
conditions. As expected, ULS inhibited monocyte adhesion, permeability, tube formation, and
migration responses of HAECs, which were prevented by HEG1 knockdown using siRNA (Fig. 3.4a,
b, ¢, d). In addition, HEG1 knockdown by the siRNA also prevented the ULS-mediated effects on
VCAM1 suppression and eNOS induction in HAECs (Fig. 3.4e, f). These results demonstrate that

HEGT1 plays a critical role in mediating the s-flow-induced regulation of endothelial function.

3.2.2 HEGI mediates flow-induced KLF2/4 expression by the MEKK3-MEK5-ERKS5-
MEF?2 pathway
We next studied the mechanisms by which HEG1 mediates the s-flow effects in ECs. Given

the significant and wide-ranging effects of HEG1 knockdown in ULS conditions, including anti-
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Figure 3.4 HEG1 mediates multiple ULS-induced functional changes in HAECs

HEGT1 knockdown prior to 24 hr ULS prevents reduction in (a) endothelial monocyte adhesion (scale
bar = 200 pum), (b) endothelial permeability (scale bar = 100 pm), (c) endothelial tube formation
(scale bar = 200 um), and (d) endothelial migration (scale bar = 200 um). (e) Inhibitory effect of ULS
on VCAMI protein expression is reversed by HEG1 knockdown. (f) HEG1 knockdown reduces
ULS-induced eNOS protein expression. Monocyte adhesion quantified as monocytes per field.
Migration quantified as percent reduction in scratch wound area as compared to 0 hr. All other
quantifications presented as fold change compared to control condition on left.
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inflammatory effects and eNOS expression, we hypothesized that HEG1 regulates KLF2/4
expression, which in turn mediate the s-flow effects. To test the hypothesis, KLLF2/4 mRNA and
protein expression was examined in HAECs treated with siHEG1 and ULS at 3 hour. We chose this
relatively early time point to examine the intermediate signaling pathways regulating KILF2/4
expression, when HEGT1 expression level is reduced, as shown above (Fig. 3.2d, g). As expected,
ULS significantly induced KLF2/4 mRNA and protein expression, which was blunted by HEG1
knockdown by siRNA (Fig. 3.5a-c). These results clearly demonstrate the critical role of HEG1 in
regulating KILF2/4 expression by ULS.

ULS regulates KLLF2/4 expression by activating the MEKK3-MEKS5-ERK5-MEF2 pathway
in ECs (124; 191; 192). We tested whether HEG1 regulation of KLLF2/4 expression by ULS was
mediated by the MEKK3-MEK5-ERK5-MEF2 pathway by using the well-known, specific
pharmacological inhibitors and HEG1 siRNA knockdown. As expected, ULS increased ERK5
phosphorylation, which was prevented by HEG1 siRNA knockdown, providing crucial evidence that
HEGT1 regulates ERKS5, the key signaling protein in the ULS-mediated KLLF2/4 expression pathway
(Fig. 3.5a, b). Next we treated HAECs with specific inhibitors of MEKK3 (Ponatinib), MEK5
(BIX02189), and ERK5 (XMD8-92) to test the hierarchical relationship between HEG1 and the
MEKK3-MEKS5-ERK5-KILEF2/4 pathway in response to ULS. Treatment with Ponatinib inhibited
ULS-induced ERKS5 phosphortylation and KILF2/4 expression, but had no effect on HEG1 expression
under ULS conditions (Fig. 3.5d, e, f). Similarly, the inhibitors of MEK5 and ERKS5 blocked the
ULS-induced ERKS5 phosphotylation and KLLF2/4 expression without affecting HEG1 protein levels
under ULS conditions (Fig. 3.6a-f). These results demonstrate that HEG1 is an upstream regulator

of the ULS-induced MEKK3-MEK5-ERK5-KLF2/4 pathway in ECs.
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Figure 3.5 HEG1 mediates ULS-induced KLF2/4 expression in HAECs via MEKK3-MEKS5-
ERK5-MEF2 pathway

(a-c) HEG1 siRNA knockdown reduces ERK5 phosphorylation, and KLF2/4 mRNA and protein
expression at 3 hr ULS. (d-f) Ponatinib (Pon) inhibition of MEKKS3 prior to 3 hr ULS prevents ERK5
phosphotylation, and KLLF2/4 mRNA and protein expression. (g) HEG1 siRNA knockdown plus
KLF4 overexpression prior to 24 hr ULS reverses effects of HEG1 knockdown on VCAMI1 and
eNOS protein expression. (h) HEG1 siRNA knockdown plus KLLF4 overexpression prior to 24 hr
ULS reverses pro-migratory effect of HEG1 knockdown on ULS-exposed HAECs. Migration
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quantified as percent reduction in scratch wound area as compared to 0 hr. All other quantifications
presented as fold change as compared to control condition on left.
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Figure 3.6 MEKS5 and ERKS5 inhibition blocks ULS-induced KLF2/4 expression

(a-c) MEKS5 inhibition using BIX-02189 (BIX) blocks ERK5 phosphotylation, and KLLF2/4 mRNA
and protein expression in 3 hr ULS, but does not effect HEG1 protein loss. (d-f) ERKS5 inhibition
using XMD8-92 blocks ERK5 phosphotylation, and KLLF2/4 mRNA and protein expression in 3 hr
ULS, but does not effect HEG1 protein loss. Quantifications presented as fold change compared to

control on left.
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Finally, to confirm that HEG1 regulation of KLLF2 and KLLFF4 control the functional changes
observed when HEG1 is knocked down in ULS conditions, KLLF4 replacement in 24 hr ULS plus
siHEGT1 treated HAECs was performed. Ad-KLIF4 reversed the effects of HEG1 knockdown on
eNOS and VCAMI protein expression, as well as EC migration, indicating that at least some of the

functional changes controlled by HEG1 are mediated by KLF4 (Fig. 3.5g, h).

3.2.3 HEGI controls protein level of MEKK3-inhibitor KRIT1 by co-secretion in response

to flow

We next studied how HEG1 regulates the MEKK3-MEK5-ERK5-KLF2/4 pathway. HEG1
is known to bind krev interaction trapped protein 1 (KRIT1) and ras interacting protein 1 (RASIP1)
(166; 193). KRITT1, also known as cerebral cavernous malformation 1 (CCM1) serves as an inhibitor
of MEKKS3 activation (194-196). The dissociation of KRIT1 and the CCM complex from MEKK3 is
known to activate the MEKK3 pathway and downstream KLF2/4 expression (197; 198). Therefore,
we tested whether HEG1 activates the MEKK3-MEKS5-ERKS5-KLLF2/4 pathway in a KRIT1-
dependent manner. siRNA knockdown of KRIT1 enhanced ERK5 phosphorylation and KLF2/4
expression in response to ULS, confirming the repressive role of KRIT1 in activation of the MEKIK3-
MEKS5-ERK5-KLF2/4 pathway (Fig. 3.7a). CCM complex members CCM2, CCM2-like (CCM2L)
and CCM3 negatively regulated this pathway activation, as well (Fig. 3.8a-f). We next tested whether
flow regulates KRIT1 expression. Interestingly, ULS reduced KRIT1 protein levels in the cell lysate,
despite the fact that KRIT1 mRNA expression was increased by ULS (Fig. 3.7b). Since KRIT1 is
known to bind HEGT1, and HEGT1 protein is released into the media in response to ULS, we tested
whether KRIT1 protein was also secreted into the media with HEGI1. Surprisingly, we found that

KRIT1 was released into the media in response to ULS, but not
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Figure 3.7 KRIT1 inhibits MEKK3-MEKS5-ERK5-MEF2 pathway, and HEG1 mediates ULS-
induced secretion of KRIT1

(a) KRIT1 siRNA knockdown increases ERK5 phosphorylation, and KLLF2/4 mRNA and protein
expression 24 hr ULS. (b) KRIT1 protein expression is decreased in 24 hr ULS, while mRNA
expression is slightly elevated. (¢) KRIT1 protein is found in conditioned media (CM) from 24 hr
ULS samples, but not 24 hr static or OSS media. (d) HEG1 siRNA knockdown blocks ULS-induced
KRIT1 secretion into the conditioned media. (¢) HEG1 knockdown prior to 3 hr ULS increases
intracellular levels of KRIT1. (f) HEG1 and KRIT1 remain bound to each other in both static and
ULS conditions. MEKK3 is not pulled down along with HEG1 and KRIT1. Quantifications

presented as fold change as

compared to control conditions on left.
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Figure 3.8 CCM2/2L and CCM3 inhibit KLF2/4 induction in ULS

(a-c) Simultaneous CCM2 and CCM2L siRNA knockdown increase KILF4 protein expression at 24
hr ULS. (d-f) CCM3 siRNA knockdown increases KLF2 and KLF4 mRNA expression at 3 hr ULS.
Quantifications presented as fold change compared to control on left.
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static or OSS conditions (Fig 3.7c). Knockdown of HEG1 prevented KRIT1 release into the media
under the ULS condition (Fig. 3.7d), while the KRIT1 protein in the cell lysate was restored toward
the control (Fig. 3.7e). These results demonstrate that KRIT1 is released into the media in a HEG1-
dependent manner. This result was further supported by co-immunoprecipitation of HEG1 with
KRIT1, which remained the same regardless of shear conditions (Fig. 3.7f). In this study, we did not
observe MEKKS3 in the co-immunoprecipitates. Together, these results raise an interesting hypothesis
that ULS pulls HEG1 out of endothelial cells along with the MEKK3-inhibitor KRIT1, thereby

activating the MEKK3-MEKS5-ERK5-KILLF2/4 pathway.

3.3 Aim 3 - Determine the role of HEG1 in the pathogenesis of atherosclerosis.

3.3.1 HEGI1"*° mice have reduced endothelial KLLF2/4 and eNOS expression and

increased levels of atherosclerosis

Having found that HEG1 mediates several ULS-induced, atheroprotective functional changes
in ECs via control of KLF2 and KLF4 induction # vitro, the atheroprotective effects of HEG1 were
next assessed 7z vivo. To perform these studies, inducible endothelial cell-specific HEG1 knockout
mice (HEG1""°) were developed by cross-breeding EC-specific inducible Cre mice (Cdh5-
CreBERT2Z;HEG1Y") with homozygous loxP-flanked HEG1 mice (HEG"®). For the atherosclerosis
studies, HEG1"“*° mice were compared to Cdh5-CreERT2,HEG1Y" (HEG1Y") mice. Studies were
conducted over six week periods, as follows: all mice were first injected with tamoxifen for five
consecutive days in the first week to induce HEG1 knockout. Mice were then allowed to rest and
accommodate to their genetic changes for two weeks. At week three, all mice were injected with AAV-
PCSK9 and fed high-fat diet in order to induce hypercholesterolemia (31). At week four, PCL surgery
was performed on all mice and atherosclerosis was allowed to develop for two weeks after the surgery

(Fig. 3.9a). At week six, the mice were sacrificed. Plasma was collected to measure lipid and
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cholesterol concentrations, and livers were isolated to verify AAV-PCSK9 function via LDL receptor
(LDLR) western blot. Thoracic aorta ECs were flushed with Qiazol to verifty HEG1 knockout via
qPCR, as previously described (32). Abdominal aorta samples were retained for confirmatory gHCR
imaging. Right and left carotid arteries were isolated for gross plaque imaging, and longitudinal
sectioning. Longitudinal LCA sections were subsequently stained with Movat’s pentachrome and Oil
red O stain. Immunofluorescent imaging of monocyte marker CID68 was also performed. Mice were
excluded if they did not have total plasma cholesterol concentrations above 300 mg/dL or did not
have visible plaque on gross imaging.

A total of 22 HEG1Y" (8 male, 14 female) and 27 HEG1"“*° mice (9 male, 18 female) from
seven separate experiments were included in this analysis. Both groups of mice had equivalent ages
(~12 weeks), and weights (~20 g) at the time of sacrifice (Fig. 3.10a-c). qPCR analysis of Heg7 mRNA
from thoracic aorta ECs of the HEG1™*° mice demonstrated clear knockout, which was confirmed
by en face HCR imaging of the abdominal aorta (Fig. 3.9b, c). Importantly, HEG1"*° mice were
found to have significantly reduced levels of K/f2, K/f4 and their target gene, ezos in the thoracic aorta
ECs, confirming the 7 vitro results demonstrating the necessity of HEG1 expression for the induction
of KLF2 and KLF4.

Gross imaging of the excised mouse carotids demonstrated that atherosclerotic plaques
developed in the d-flow exposed L.LCAs and that the HEG1™*° L.CA plaques were increased in size
as compared to the HEG1Y" mice (Fig. 3.9d). Microscopic analysis of longitudinal LCA sections
stained with Oil Red O and Movat’s pentachrome stains show that the HEG1"“*° mice had increased
lipid deposition, increased intima-media thickness, and advanced plaque features such as increased

necrotic core area and increased fibrionoid/muscle content, as compared to HEG1¥"

mice (Fig. 3.9e-
j). Furthermore, immunofluorescent CDG68 staining demonstrated that the HEG1"“° mice have

increased monocyte infiltration (Fig. 3.9k). Differences in atherosclerotic plaque size and maturity
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Figure 3.9EC-specific HEG1 knockout reduces endothelial KLLF2 /4 expression and increases
atherosclerosis in mice exposed to 2 week PCL

(a) 6-week timeline of HEG1 knockout plus PCL experiment. (b) qPCR analysis of thoracic aorta
ECs shows Heg? knockout and significant decreases in K/f2, K/f4 and enos mRNA expression. (c) HCR
RNA-FISH imaging of ez face abdominal aorta ECs demonstrate clear decrease in Heg7 mRNA in
HEG1"*° mice (scale bar = 10 um). (d) Gross image analysis of left carotid arteries shows increased
opaque plaque area in HEG1™° mice (scale bar = 1 mm). (e) Oil red O (ORO) staining of
longitudinal LCA sections demonstrates (j) increased lipid deposition and (h) increased necrotic core
area in arterial walls of HEG1™*° mice (scale bars = 1 mm, 500 um). (f) Pentachrome staining of
LCA sections demonstrates (g) increased intima-media thickness (IMT) and (i) fibrinoid/muscle
tissue staining in HEG1"° mice (scale bars = 1 mm, 500 pum). (k) HEG1"“*° mice have increased
CD68 positive leukocyte infiltration into LCA wall (scale bar = 100 pum). (1) HEG1"*° mice have
elevated mean arterial pressures (MAP) as compared to HEGIY' controls. (i) HEG1Y" and
HEG1"*° mice had equivalent plasma concentrations of total, LDL, non-HDL and HDL
cholesterol, as well as triglycerides. qPCR quantifications presented as transcripts per million 78§



56

control (TPM). HCR quantification presented as fold change as compared to control on left. Gross
plaque area quantified as percent plaque area over LCA area. IMT and necrotic core area were
calculated as pixel area divided by artery length. Plaque content and lipid lesion area were calculated
as number of color positive pixels divided by artery length. CD68 staining is presented as average red
fluorescence intensity per field.
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Figure 3.10HEG1Y" and HEG1®*® mouse characteristics and sex-dependent atherosclerosis
development

(a) 22 HEG1Y" (8 male, 14 female) and 27 HEG1"“*° mice (9 male, 17 female) were used. Mice in
both conditions had (b) equivalent ages and (c) weights at time of sacrifice. (d) Gross plaque area
was equivalent in males, but increased in HEG1"™*® females. WT males also had increased gross
plaque as compared to WT females. (e) Intima-media thickness (IMT) was equivalent in males, but
increased in HEG1™*° females. WT males again had increased IMT as compared to WT females. (f-
h) HEG1"“*° males and females both had increased (f) necrotic core area, (g) lipid lesion atrea, and
(h) CD68" cell infiltration as compared to WT controls. Gross plaque area quantified as percent
plaque area over LCA area. IMT and necrotic core area were calculated as pixel area divided by artery
length. Lipid lesion area was calculated as number of color positive pixels divided by artery length.
CD068 staining is presented as average red fluorescence intensity per field.



58

were most noticeable in female mice, while males had more similar levels of atherosclerosis
development. Nevertheless, male HEG1"™*° mice had significantly increased lipid deposition,
necrotic core areas, CDG68 positive cell staining, indicating more advanced atherosclerotic plaque
development (Fig. 3.10d-g). The larger, more advanced atherosclerotic plaques in the HEG1™F
mice LCAs indicate that HEG1 knockout promotes and accelerates atherogenesis, likely via EC
dysfunction caused by low KLF2 and KLF4 levels. These results clearly demonstrate the
atheroprotective role of HEG1.

Finally, in accordance with the decreased levels of eNOS, the HEG1"“*° mice had increased
blood pressure as compared to the HEG1Y" (Fig. 3.91). Furthermore, plasma cholesterol and
triglyceride levels were equivalent between the HEG1™*° and HEG1Y" mice, indicating that the
observed changes in plaque severity were not due to differences in plasma cholesterol levels (Fig.

3.9m).

3.3.2 Endothelial HEGI1 expression is negatively correlated with plaque severity and

hypertension in human coronary arteries

Having established that increased HEG1 expression is atheroprotective, and that HEGT1 levels
are tightly regulated by shear stress, expression of HEG1 in ECs of human coronary arteries was
evaluated. HEG1 was hypothesized to have decreased expression in ECs overlying atherosclerotic
plaques as compared to the expression in ECs in regions of minimal plaque. To perform these
analyses, the left anterior descending coronary (LAD) artery from donated human hearts were
dissected, sectioned and stained for HEG1. Plaque severity in the LAD cross sections were graded
according to AHA guidelines by three independent graders and averaged (199). First, HEG1 showed
a distinct endothelial staining pattern in the LAD, confirming HEG1 enrichment in ECs as

demonstrated in the scRNA-seq datasets from mice (Fig. 3.11a). HEG1 expression was increased in
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Figure 3.11HEGI expression is reduced with increasing plaque severity and hypertension in
human coronary arteries

(a-b) HEGT1 endothelial immunostaining is reduced in atherosclerotic, high plaque-grade regions as
compared to healthy, low plaque-grade regions of human left anterior descending coronary arteries
(scale bar top = 1 mm,; scale bar bottom = 10 pum). (¢) HEG1 protein is reduced in coronary
endothelium of hypertensive donors, as compared to non-hypertensive counterpars. (d) Proposed
mechanism of HEG1 dynamics in d-flow and s-flow. In d-flow, low levels of HEG1 anchor KRIT1
at the apical membrane of the EC, and KRIT1 inhibits MEKK3 activation. S-flow moves HEG1
downstream of the direction of flow, and secretes HEG1 from the cell along with KRIT1, causing
activation of the MEKK3-MEK5-ERK5-MEF2 pathway that induces KLF2 and KLF4 expression.
KLF2 and 4 transcribe thousands of genes that control ULS-induced functional changes, EC
homeostasis and atheroprotection. KLLF2/4 also transcribe HEG1 mRNA to replace and enhance
HEGT1 protein expression in the membrane and continue MEKK3-MEK5-ERK5-MEF2 pathway
activation and KLLF2/4 expression in a circular feedback loop.



60

Type 1 — II plaque ECs as compared to Type III-IV and V — VI ECs, demonstrating that HEG1
expression is negatively correlated with plaque severity (Fig. 3.11a, b). Furthermore, HEG1 protein
expression was decreased in the coronary endothelium of donors who had a history of hypertension
as compared to non-hypertensive donors (Fig. 3.11c). These results mirror the decreased eNOS

expression and increased blood pressure observed in HEG1"“* mice.
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4 Discussion

4.1 Summary

Here, HEG1 is shown for the first time in mouse and human ECs to be extensively regulated
by shear stress. In response to ULS, HEG1 protein moves to the downstream pole of ECs within
minutes of the initiation of shear and is secreted from the cell. Over the course of several hours,
HEGT1 promoter region chromatin is epigenetically opened and HEGT1 is transcribed by KLF2 and
KLF4 to increase mRNA and protein expression. The presence of HEGT is required to mediate ULS-
induced suppression of EC inflammation, permeability, migration and tube formation. This control
of shear-sensitive functional changes occurs via HEG1 control of the induction of KLLF2 and KLF4,
which dramatically alter the EC transcriptional profile and phenotype. HEG1 controls ULS-induced
KLF2 and KLF4 induction by mediating a ULS-induced secretion of the MEKK3 inhibitor KRIT1,
which allows for activation of the MEKK3-MEK5-ERK5-MEF2 pathway, resulting in KLLF2 and
KLF4 transcription (Fig 3.11d). These mechanistic insights indicate that HEG1 and KLF2/4 are
involved in a circular feedback loop: in response to ULS, HEG1 is secreted from the cell with KRIT1,
and induces KLF2/4 expression. To replace HEG1 in the EC plasma membrane and propagate the
activity of this signaling axis, KILF2 and KILF4 transcribe HEGT1.

In addition to these key mechanistic insights, HEGT1 is here shown for the first time to protect
against atherosclerosis. Mice lacking HEG1 showed accelerated atherosclerosis development and
human coronary artery ECs showed a negative correlation between HEG1 expression and
atherosclerotic plaque severity, as well as reduced HEG1 expression in donors with hypertension.
These correlational results in human coronary ECs closely match a recent large-scale study of

endothelial-derived proteins in the blood, which showed that circulating HEG1 levels are reduced in
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individuals with atherosclerosis risk factors, including increased BMI, elevated cholesterol levels and
hypertension (200).

The results of this study connect several important lines of research on HEGI1, the CCM
proteins and KLF2/4. Though HEG1, KRIT1 and CCM2 knockout zebrafish were found to
phenocopy, HEG1 knockout or mutation was not found to cause CCM disease in mouse brains, or
in humans, indicating a distinct function of HEG1 from its CCM complex binding partners (167; 168;
201; 202). Additionally, knockout of the CCM proteins, and inhibition of HEG1-KRIT1 binding have
been shown repeatedly to induce KILF2 and KILLF4 expression via the MEKK3-MEK5-ERK5-MEF2
pathway (194-198; 203). Previous studies focusing on CCM pathogenesis suggested that aberrantly
elevated expression of KILF2/4 during development lead to the cerebral vascular anomalies
characteristic of CCM disease, but have not investigated the role of this mechanism outside of
development. Nevertheless the MEKK3-MEK5-ERK5-MEF2 pathway has been known for some
time to be responsible for KILF2/4 induction in ULS, though the upstream regulators of this pathway
have remained a mystery (124; 190-192).

With the results of the current study, it is clear that HEG1 functions as a key mediator of
shear-sensitive KRIT1 protein expression, MEKK3-MEK5-ERK5-MEF2 pathway activation and
KLF2/4 induction. This implies that the CCM complex, similar to several other key developmental
proteins and pathways, is involved in endothelial mechano-signal transduction via its binding to
HEGT1 (204). The question of whether HEG1 is itself a mechanosensor, however, requires further

study.

4.2 Conclusion

In conclusion, this study shows that HEG1 protects against atherosclerosis by controling s-

flow-induced KLLF2/4 expression in ECs. The results of this study provide new understanding to the
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function of the HEGI-CCM complex in adulthood and the process of endothelial
mechanotransduction by identifying a key upstream regulator of ULS-induced KLLF2/4 expression.

These insights provide novel targets and strategies for the development of anti-atherogenic therapies.

4.3 Future Directions

The findings of this study lead to many interesting hypotheses that should be addressed in
future research. First, further mechanistic studies must be conducted to thoroughly characterize
HEGT1 protein function in endothelial cells. The question of how HEG1 regulates KRIT1 and the
CCM complex to activate the MEKK3-MEK5-ERK5-MEF2 pathway needs to be studied in more
detail in order to describe the complex processes by which the HEG1-KRIT1-CCM complex activates
MEKIKS3 in response to flow. Our finding that HEG1 mediates an s-flow-induced removal of KRIT1
protein from the endothelial cell is a key insight, but must be studied further.

Additionally, the findings of this study indicate that HEG1 may be a novel endothelial
mechanosensor protein. Our results clearly demonstrate that HEG1 mediates endothelial mechano-
signal transduction and functional responses to s-flow. Given the highly glycosylated, single-pass
transmembrane structure of HEG1, similar to known mechanosensory proteins such as NOTCHI,
plexin D1, the glycocalyx, and platelet mechanosesnor GP1b-IX, the lack of an extracellular domain-
binding ligand, and the rapid localization changes in HEG1 protein in response to s-flow, the question
of whether HEGT1 is a novel protein mechanosensor in endothelial cells must be addressed (205).
These studies will involve the measurement of acute (seconds to minutes) endothelial flow responses
following targeted mechanical stimulation of full-length and truncated mutant forms of HEGI1
protein. These studies will indicate whether mechanical stimulation of the HEGT1 extracellular domain

is sufficient to induce canonical endothelial shear response mechano-signal transduction pathways,
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and determine the function of each HEGI1 protein domain in the mechanosensing and
mechanotransduction process.

Another important question regarding HEG1 protein function is whether the secreted form
of HEG1 that is present in conditioned media following exposure to ULS 7# vitro is a biologically active
molecule. It is known that HEG1 protein circulates in the human bloodstream, and that circulating
HEGT1 protein levels are negatively correlated with several atherosclerosis risk factors, such as
increased BMI, elevated blood cholesterol levels and high blood pressure, but the biological function
of circulating HEG1 is unknown (200). To address this question, additional studies on HEG1 protein
stability in the bloodstream must be conducted and the question of how HEG1 is secreted, whether
in exosomes, microvesicles or an alternative form, must be addressed. Additionally, soluble,
recombinant HEG1 protein could be produced and used to treat endothelial cells z vitro, and
administered to mice in order to determine the effects of circulating HEG1 protein on endothelial
and cardiovascular function.

While our PCL-induced rapid atherosclerosis studies on HEG1™* mice cleatly indicate that
HEGT1 protects against atherosclerosis, many additional atherosclerosis zz vivo studies must be
conducted to thoroughly characterize the atheroprotective role of HEGT1. First, additional PCL studies
should be conducted at time points earlier than 2 weeks in order to compare the rate of atherosclerosis
development in HEG1Y" and HEG1™*° mice. More importantly, 4-month, chronic atherosclerosis
studies on hypercholesterolemic HEG1Y" versus HEG1"“*° mice should be performed in order to
determine the effects of HEG1 KO on atherosclerosis development in a setting more analogous to
human atherosclerotic disease. Extended sutvival studies on these mice should be conducted, as well.
Furthermore, scRNA-seq analysis of HEG1"“*° mouse endothelial cells should be conducted to more
precisely understand the mechanisms and pathways by which HEGT1 influences endothelial function

and atherosclerosis, and reveal novel pathways and mechanisms of HEG1 function.
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Finally, HEG1 and the CCM complex should be investigated as novel pharmacological targets
to induce KLF2/4 expression in endothelial cells, thus reducing endothelial dysfunction and
protecting against atherosclerosis. It is our hope that our studies lead to further understanding of

endothelial function and atherogenesis, and novel therapies for the treatment of atherosclerosis.
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