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CHAPTERI

Introduction: Shear stress and its role in endothelial biology

Overview

The cardiovascular system is persistently exposed to blood flow-generated
hemodynamic forces. Hemodynamic forces have been implicated as key
factors modeling blood vessel structure, impacting development of
cardiovascular diseases such as atherosclerosis, aneurysms and valvular
calcification. Shear stress is the frictional force that mainly acts upon the
endothelial cell (EC) monolayer within blood vessels. In addition to
circulating hormones and key factors, shear stress is critical to endothelial
function, maintaining the homeostasis of vasculature. Alterations in the
magnitude and direction of shear stress have been evidenced in the
pathogenesis of atherosclerosis, which is the major pathological basis of
ischemic heart diseases and stroke, the top two causes of death worldwide.
In this chapter, | will begin with an introduction of shear stress patterns and

location in vivo, laying the groundwork for a discussion of the geometrical



distribution of atherosclerosis. | will provide an overview of the effect of
biomechanical stimulation on endothelial function/dysfunction and discuss
the mechanosensors, signaling pathways, and phenotypical changes both
physiologically and pathophysiologically. Possible mechanisms of shear

stress-induced atherogenesis will be presented.

Blood flow pattern in vivo

Blood flow is an important component of the cardiovascular system. It
delivers nutrients and oxygen to every organ for exchange of metabolic
wastes and carbon dioxide. It also functions to maintain the pH level, osmotic
pressure and body temperature’. In addition, the biomechanical
characteristics of blood flow heavily participates in vascular physiology.
Blood is ejected from a beating heart during systole, while there is no output
during diastole under physiological conditions. This cardiac cycle gives rise
to the pulsatile shapes of blood flow'. The velocity of blood flow and the
geometry of blood vessels are the two major components contributing to the
blood flow pattern. Multiple blood flow patterns have been observed in the
arterial tree (Table 1). Blood flow in vivo might be either laminar or turbulent.
Laminar blood flow can be further categorized into undisturbed and disturbed

laminar flow. The undisturbed laminar blood flow is steady and streamline,



often observed in straight arterial segments with no natural branches or

curvatures. Disturbed blood flow, however, is characterized as a reversed or

swirling flow, found in areas of curvatures, arterial bifurcations, as well as

arterial branches?. In contrast to laminar blood flow, turbulent blood flow is

rarely present in the arterial tree unless in conditions like aerobic exercise,

whereby the velocity of blood flow is increased dramatically or in diseased

conditions, such as stenosis® and aneurysm*. Turbulent blood flow features

a continuously changing velocity over time and is distinguished from laminar

flow by a high Reynolds (Re) number (>2000), which is defined as the ratio

of inertial forces to viscous forces.

Table 1. Blood flow patterns in the arterial tree

Term

Definition

Location

Laminar blood flow

Smooth, steady blood flow

Straight arterial segments with no
branching points

Undisturbed laminar

Smooth, steady blood flow with

Straight arterial segments with negligible

blood flow extremely low Re numbers* geometric irregularities
Disturbed laminar Smooth, reversed blood flow with low Arterial segments with curvatures,
blood flow Re numbers (<2000) branches and bifurcations
Steady blood flow at various flow Aortic trunk in conditions like aerobic
Turbulent blood flow velocity spatially and temporally with | exercise, segments with severe stenosis
high Re numbers (>2000) and aneurysm
Pulsatile blood flow LG B2l 19 O e 7 Fiiir Wi The central arterial tree

the cardiac output

*Re numbers = Reynolds numbers, the ratio of inertial forces to viscous forces.

Shear stress types and location

In biomechanics, stress is defined as force intensity per unit area (dyne/cm?).

There are multiple blood flow-related stresses, including cyclic stretch

(periodic prolongation of cultured ECs in one or all directions), hydrostatic



pressure (the fluid pressure at equilibrium due to gravity) and fluid shear

stress®.

Fluid shear stress is also known as endothelial shear stress® or wall shear
stress’. It is defined as the frictional force that acts directly upon the luminal
surface of the vasculature. Although precise measurement of the magnitude
of shear stress in vivo is challenging, estimations can be made by
Poiseuille’s Law, which is used to describe relationships between shear
stress and vascular radius, length, blood flow viscosity, and perfusion
pressure on the presumption that blood vessels are long and straight as well
as that blood flow is steady and laminar conforming to Newtonian fluid
mechanics®. Shear stress is denoted as ts, the magnitude of which can be
calculated by equation 1:=4pQ/nR>, where p is the fluid viscosity, Q is the
flow rate and R is the internal radius (Figure 1). Due to the pulsatile nature
of blood flow and geometric irregularities of the arterial tree, fluid shear stress

in vivo is not uniform”®.

o - “
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Figure 1. A schematic diagram of a straight artery illustrating elements of
fluid shear stress.



In a straight arterial lumen, e.g. in the descending aorta, unidirectional and
steady laminar shear stress (LS) is found with a high magnitude ranging from
15-70 dyne/cm?. In areas of lesser curvatures and arterial bifurcations, low
shear stress derived from disturbed blood flow is the predominant one?.
Given the flow complexity, low shear stress can be further divided into
unidirectional low shear stress (<10 dyne/cm?) and bidirectional oscillatory
shear stress (OS) (0~5 dyne/cm?). Notably, low shear stress occurs more
frequently in pathological conditions, such as upstream and downstream of

stenoses’.

Mechanosensors for shear stress

As the only interface between the flowing blood and vascular smooth
muscles, the endothelium equipped with numerous mechanosensors acting
as the mediator of biomechanical stimulation'®"". Various membrane-bound
molecules and microdomains have been implicated as potential fluid shear
stress detectors and/or transducers, including the membrane phospholipid
bilayer, the cytoskeleton, the glycocalyx, primary cilia, adhesion molecules,
ion channels, G protein-coupled receptors (GPCR) and receptor-tyrosine

12-16
(

kinases Figure 2). The diversity of mechanosensors in the endothelium

orchestrates its response to biomechanical stimulation but complicates the



elucidation of underlying mechanisms. Some published studies with insights
into molecular mechanisms that regulate the activity and function of

mechanosensors are reviewed below.
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Figure 2. A schematic diagram of mechanosensors for fluid shear stress in
endothelium. VE-cadherin, vascular endothelial cadherin; PECAM-1, platelet
endothelial cell adhesion molecule-1; VEGFR, vascular endothelial growth
factor receptor; RTK, receptor-tyrosine kinase.
Lipid bilayer:

The phospholipid bilayer is the major composition of the plasma

membrane. It selectively allows a small variety of ions and

molecules in and out of cells to provide protection from extracellular

surroundings as well as maintain intracellular homeostasis. Shear

stress is believed to increase the permeability of the phospholipid



bilayer'” and activate the membrane-bound heterotrimeric G
proteins in a receptor-independent manner'®. Butler et al. have
demonstrated that shear stress-induced membrane perturbation
activates the mitogen-activated protein kinases (MAPKSs) signaling

pathways'®.

Glycocalyx:
The glycocalyx is a glycoprotein polysaccharide-rich layer that
surrounds the cell membrane. The thickness of the layer ranges
from 2 um in small arteries to 4.5 um in carotid arteries?®*'. It has
been reported to participate in various biological processes
including inflammatory response and coagulation’?. Notably,
hyaluronic acid glycosaminoglycan found in the glycocalyx is

responsible for LS-induced nitric oxide (NO) production?®.

Primary cilia:
Studies have elucidated that primary cilia play a pivotal role as
mechanosensors in the ear, kidney, and developing heart*.
Interestingly, primary cilia are absent in ECs exposed to LS. Only

those located in areas of lesser curvature and arterial bifurcations



are ciliated®®. Another line of evidence has demonstrated that
primary cilia undergo disassembly under LS®. Polycystin-1 and
polaris, two components of primary cilia, have been implicated as

crucial in shear stress-mediated endothelial function?’.

Integrins
Integrins are transmembrane heterodimeric adhesion molecules
that belong to a large family of over 20 members. The extracellular
domain of integrins binds to the extracellular matrix (ECM)
components?® while the cytoplasmic domain interplays with
intracellular molecules to transduce biological signals'*. Evidence
has shown that integrins undergo significant conformational
changes in response to shear stress. Binding to ECM ligands is
believed to be necessary for this shear stress-induced
mechanotransduction of integrins®®, which activates cellular
signaling in focal adhesion sites as well as in the cytoskeleton®®,

In addition, focal adhesion kinase (FAK) and c-Src, two essential

31,32

molecules involved in integrin-activated signaling pathways® <, are

activated by shear stress in ECs**%*,



Platelet endothelial cell adhesion molecule-1 (PECAM-1)
PECAM-1 is an important adhesion molecule expressed in ECs. It
mediates the interaction between ECs and leukocytes and is
speculated to function as a mechanosensor in ECs as well. The
phosphorylation of PECAM-1 induced by shear stress has been
implicated in the activation of Akt and eNOS in ECs*°. Osawa et al.
have shown that once shear force is directly applied to PECAM-1
on the EC surface, PECAM-1 will be rapidly phosphorylated

followed by ERK phosphorylation®.

lon channels
A large variety of ion channels are expressed in ECs. It is proposed
that ion channels are closely involved in shear stress-induced signal
transduction®”. Olesen et al. have identified a non-stretch activated
inward-rectifying K* current in ECs under fluid shear stress>®. Hoger
et al. have reported that this shear stress-induced K" (l) current
may be activated by endothelial Kir2.1 K* channel, which, when
expressed in Xenopus oocytes or HEK-293 cells, results in an
inward rectifying K" current similar to the one under fluid shear

stress, suggesting its mechanosensing role in ECs. The specific



inactivation of lis current by genistein suggests that the activation of
Kir2.1 channel may be mediated by phosphotyrosine kinase in
response to shear stress®. In addition to K* currents, Ca?* influx
increases under LS, suggesting the involvement of calcium

channels®”4°.

G-protein coupled receptors (GPCRs)
Mounting evidence indicates that GPCRs are mechanosensors
equipped by ECs to detect fluid shear stress. GPCRs are typically
activated by ligand binding. Intriguingly, Gudi et al. have reported
that G proteins can be activated by shear stress via reconstituted
lipid bilayer vesicles'®. In addition, Jo et al. have demonstrated that
Gi protein inhibitor pertussis toxin blocks shear stress-dependent
ERK1/2 activation*'. Chachisvilis et al. have found that fluid shear
stress increases the activity of bradykinin B2 GPCR in ECs, which
is caused by the conformational changes from inactive form to

active form leading to the activation of the receptors*.

Receptor tyrosine kinases (RTKs)

10



RTKs are a group of cell surface receptors that transduce signals to
maintain normal development and homeostasis**. RTKs has been
shown to be activated by shear stress**. Vascular endothelial
growth factor receptor 2(VEGFR2) is a typical RTK on the surface
of ECs. It often exists in complexes with other transmembrane
proteins, such as VE-cadherin and integrins (Figure 2). Chen et al.
have demonstrated that VEGFR2 and integrins together can detect
and transduce biomechanical stimuli. The transduced signal can be
mediated by extracellular signal-regulated kinases (ERK) and c-Jun
N-terminal kinases (JNK) pathways*. In addition, LS-induced
endothelial NO synthase (eNOS) activation has been identified to
be mechanotransduced by VEGFR2 in a phosphoinositide 3-kinase

(PI13K)/Akt-dependent manner*.

Shear stress-induced signaling pathways in ECs

ECs are responsible for the maintenance of vascular homeostasis. The

complex network of intracellular signaling is important to the involvement of

ECs in variety of biological processes, such as inflammation, coagulation,

angiogenesis, metabolism, blood pressure maintenance, etc*. There is a

considerable amount of evidence indicating that shear stress activates a

11



variety of intracellular signaling pathways in ECs, including MAPKs, PI3K/Akt,
FAK, Calcium/calmodulin-dependent protein kinase Il (CaMK Il), Rho family
GTPases, protein kinase A (PKA), protein kinase C-C (PKC(), etc’*”. Once
activated by fluid shear stress, the mechanosensors transduce
biomechanical signals into biochemical activities propagated through the

intracellular signaling pathways in ECs®.

MAPK signaling pathways
MAPKSs are heavily involved in cell growth and differentiation as well
as extracellular stimuli-induced signal transduction*’. They serve to
phosphorylate downstream kinases and transcription factors at
serine/threonine sites. LS has been shown to attenuate MAPK by
inhibiting apoptosis signal-regulating kinase 1 (ASK-1), an upstream
MAPK kinase kinase (MAPKKK) involved in inflammation signaling*®.
In addition, LS can also activate MAPK phosphatase-1 (MKP-1),
which dephosphorylates p38 and JNK to suppress the kinase
activities*. The transient effect of biomechanical stimulation has also
been reported on the intracellular MAPK activation in ECs. Jalali et
al. have revealed that LS can activate the p60src-Ras-MAPK

signaling pathway to control transcriptional regulation of phorbol ester

12



TPA-responsive elements and serum-responsive elements through
JNK and ERK*. Go et al. have published a serious of research
findings to demonstrate that shear stress-activated JNK can also be
mediated by either PI3K/Akt pathway or its downstream product NO
molecule®®®?. These findings implicate the critical role of MAPK

signaling pathways in shear stress-induced mechanotransduction.

PI3K/Akt signaling pathways

PI3K/Akt is an important signaling pathway in modulating various EC

functions, including metabolism, cell survival, proliferation and etc®***.
PI13Ks receive signals from integrins, RTKs and GPCRs and rapidly
produce phosphatidylinositol (3,4,5) trisphosphates (PIP3) to activate
downstream Akt cascade. Dimmeler et al. have revealed that LS
induces PI3K-mediated Akt phosphorylation in a time-dependent
manner, which can be inhibited by PI3K inhibitors wortmannin and
Ly294002. This LS-induced Akt phosphorylation potently inhibits ECs
apoptosis®. In a follow-up study, Go et al. have shown that shear

stress activates Ras-JNK pathway via NO, which is produced by

PI3K/Akt-phosphorylated endothelial NO synthase (eNOS)*.

13



FAK signaling pathways
FAK is a non-receptor tyrosine kinase located in the cytoplasm
modulating cell adhesion and motility>®. At focal adhesion sites, FAK
co-localizes with integrins on the intracellular side whereas integrins
bind to ECM proteins on the extracellular side. It is well-established
that FAK undergoes rapid tyrosine phosphorylation by cell-ECM
contact, growth factor-receptor binding and shear stress-triggered
cytoskeletal deformation®’. Studies have shown that FAK is closely
involved in integrins-mediated mechanosensing®'. Li et al have
demonstrated that LS increases the FAK phosphorylation and its
activity. Furthermore, LS-induced activation of FAK transiently
enhances its association with growth factor receptor binding protein
2% FAK of ECs under LS could be rapidly phosphorylated at Tyr925
by Src and activate the downstream MAPKs®®. In response to LS
mechanical force, ECs undergo focal contact remodeling and migrate
along the flow direction, where FAK Tyr397 phosphorylation is

augmented in migrating cells®.

CaMK Il signaling pathways

14



CAMK Il is universally expressed in various cell types, serves to
phosphorylate calcium-dependent proteins in the regulation of
cytoskeleton, permeability as well as redox-sensitive regulation in
ECs®. There are four isoforms of CaMK Il, a, B, y and with 5. High
expression of & and y are found in ECs®'. Cai et al. have revealed
that CAMK Il is the mediator of hydrogen peroxide (H,O,)-induced
eNOS upregulation®. In addition, the same group later has shown
that OS may up-regulate intracellular H,O, to activate CAMK Il ©
while LS inhibits CAMK |l phosphorylation. Thus CAMK |l activation

may be deleterious regarding endothelial function.

Rho family GTPases signaling pathways
Rho family of GTPases is a subfamily of the Ras superfamily. It
consists of 3 subgroups of small GTP-binding proteins, Cdc42, Rac1
and RhoA. Rho family has been well-evidenced in the regulation of
cytoskeleton. Furthermore, Rho, Rac and Cdc42 have been reported
to regulate separate signal transduction pathways via distinct
membrane-bound receptors to regulate the different components of
actin cytoskeleton®®. Lin et al. have suggested that LS-induced

modulation of sterol regulatory element binding proteins (SREBPSs)

15



activity in ECs depends on the Rho-Rho-associated protein kinase-
LIM kinase-cofilin signaling pathways. They've shown that dominant
negative mutants of RhoA, ROCK, LIMK, and cofilin can block the
LS-induced modulation of SREBPs®. Another line of research has
reported that LS-activated integrin signaling can induce a transient
inhibition of Rho activity, which helps the alignment of ECs with the
direction of flow®”. Mechanistic studies on the specific role of RhoA,
Cdc42 and Rac in response to low shear stress has revealed that all
three members of Rho family are rapidly activated by low shear
stress®®®. RhoA can be transiently activated for the first 15 minutes
and is responsible for cell rounding whereas Rac1 and Cdc42
activation peaks at 30 minutes and controls the spread and

elongation with the direction of flow®®.

PKA signaling pathways
PKA is a cyclic AMP-dependent kinase and is proposed to regulate
glycose and lipid metabolism in ECs. The classic pathway of PKA
activation involves ligand-GPCR binding, which induces the
conformational change of receptor-associated heterotrimeric G

protein. The activated Gs alpha subunit binds to adenylyl cyclase to

16



activate the catalysis of ATP into cyclic AMP, which binds to PKA and
exposes its catalytic subunits for protein phosphorylation”®. PKA has
been suggested in biomechanical stimulation-induced EC signaling.
Boo et al. have found that LS could induce PKA activation, which
phosphorylates eNOS at Ser1179. This process, however, has been

shown to be independent of Akt signaling activation”".

PKC signaling pathways
The PKC isozyme family is a group of multifunctional kinases
targeting serine and threonine residues of proteins. PKC can be
activated by increased cytosolic diacylglycerol or calcium ion, acting
as a critical role in multiple signal transduction pathways’?. PKC
signaling is closely associated with the activation of different
receptors including GPCRs, RTKs, etc. to modulate cell proliferation,
survival, migration and angiogenesis’. PKC has been suggested as
a part of the shear stress-induced signaling transduction in ECs. An
increase of PKC- immunostaining has been observed in HUVECs
under low shear stress . PKC activity is likely to be induced promptly
(<10 min) and declines at 30 min upon exposure to shear stress, but

remains higher than the baseline in ECs under static (ST) culture

17



condition”. Another line of evidence has shown that PKC inhibitors,
H7 and staurosporine, suppress biomechanical stimulation-induced

76,77

endothelin-1 expression in ECs™ ", indicating PKC’s essential role in

mechanotransduction.

Shear stress-mediated endothelial function and dysfunction

The endothelium is well-recognized as the key to the vascular homeostasis.
It interplays with hormones, growth factors and key molecules in the
circulating blood to regulate the vascular biology. In addition to the hormonal
stimuli, the endothelium is equipped with a large variety of mechanosensors
to transduce the hemodynamic forces to downstream effectors for the
biomechanical adaptation. Fluid shear stress profoundly changes the
morphology as well as the function of ECs. In this part, | will focus on the
proliferation, apoptosis, and migration of ECs under different shear stress
conditions. A discussion of the potential regulatory mechanisms of EC
permeability, alignment and vasoregulation in response to shear stress will

be presented as well.

Proliferation
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ECs in vivo are quiescent in general and the proliferation of ECs is
governed by growth factors as well as hemodynamic forces. Ando et
al. have observed that low shear stress (0.3-1.7 dyn/cm?) over 24
hour has significantly increased the proliferation rate of ECs in
culture™. Levesque et al. have reported that LS inhibits the ECs
proliferation in a magnitude-dependent manner”. [*H]thymidine
incorporation experiment reveals that DNA synthesis of ECs is
inhibited by LS. The majority of ECs under LS undergo growth arrest,

which is likely due to the p21Sdt/cirt/Waft

-mediated inhibition of cyclin-
dependent kinase 2 and 4. The inactive kinases fail to phosphorylate
downstream retinoblastoma protein, which binds to DNA for cell cycle
regulation, imprinting LS as anti-proliferative force®. Lin et al. have
reported that the tumor suppressor p53 is up-regulated by LS in a
time and magnitude-dependent manner, which is involved in the LS-
induced growth arrest of ECs. LS-triggered mechanotransduction is
mediated by JNK phosphorylation of p53%'. These findings are

consistent with in vivo observations that ECs at arterial bifurcations

where OS is predominant have a higher turnover rate®.

Apoptosis
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Unlike necrosis, apoptosis of ECs is programmed cell death through
defined biochemical interactions. It occurs with caspase cascade
activation when the physiological function of ECs is compromised by
a wide range of stimuli including hemodynamic forces. It is evidenced
that the apoptosis of ECs can be influenced by fluid shear stress®®.
Given the heterogeneity of shear stress distribution in vivo, ECs
under LS are anti-apoptotic whereas those under OS are pro-
apoptotic, predisposing ECs to inflammation. LS has been well-
documented to exert vasoprotective effect by increasing the
production of NO, which is proposed to protect ECs from apoptosis®*
by nitrosylating caspase-3 at Cys163 to deactivate the caspase
cascade®. Dimmeler et al. later have revealed that LS activates
PI3K/Akt pathway, which is suggested to be involved in the EC
apoptosis. By pharmacologically blocking PI3K activity as well as
overexpressing dominant negative Akt mutant, they’'ve shown that
the LS-suppressed apoptosis is abolished®™. In contrast, OS
generated by disturbed blood flow sensitizes ECs to apoptosis. Heo
et al. have provided evidence that peroxynitrite mediated by OS
stimulation enhances PKC({ activity in ECs leading to p53

SUMOlation, which, in turn, contributes to EC apoptosis®. In vivo
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experiments further strengthen the findings that OS contributes to

endothelial apoptosis initiation®’.

Migration
Cell migration is a biological process including cell polarization,
protrusion formation, adhesion formation and forward movement®. It
plays a critical role in embryo development, immunoreactivity, wound
healing, etc. EC migration is a key step in the process of
angiogenesis®®. A wide range of stimuli has been reported in the
regulation of EC migration including fluid shear stress®. Albuquerque
et al. have performed scratch wound experiments in both HUVECs
and HCAECs preconditioned with shear stress and found that LS
enhances ECs closure in comparison with those under ST* . This LS-
induced migration is likely to be attributed to the lamellipodia
protrusion and focal adhesions remodeling®. Multiple lines of
evidence have indicated that the small GTPase Rac are essential for
the EC migration under LS®¥®"%2 ECs transfected with dominant
negative Rac show an inhibited orientation of actin fibers with the
direction of flow as well as reduced migration speed®. It has been

suggested that FAK signaling pathways may be responsible for the

21



mechanotranduction in shear stress-triggered EC migration in that a
FAK inhibitor AG213 delays the wound healing process and dominant
negative FAK construct overexpression decreases the EC motility®**.
Urbich et al. have also illustrated that LS facilities EC migration via
integrin-ECM binding®®. Taken together, shear stress-mediated EC
migration can be mechanosensed by focal adhesion complex and is

tightly associated with Rac, which prominently regulates the

orientation of cytoskeletal fibers with the direction of flow.

Endothelial permeability
The continuous endothelium in the arterial tree serves as a semi-
permeable barrier that regulates the transport of macromolecules.
Hydrophobic substances such as hormones, fatty acids, etc. are
bound to albumins for proper delivery across the endothelium
barrier®™. Liquid and protein transport across the endothelium barrier
is mainly mediated by the paracellular-junctional and transcellular-
vesicular pathways®’. Endothelial permeability is regarded as one key
determinant of endothelial function/dysfunction. Increased
endothelial permeability has been implicated in multiple diseases,

including atherosclerosis. High endothelial permeability is reflected
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by the abnormal accumulation of low-density lipoprotein (LDL) in the

%9 \where OS is

intima of arterial segments in specific regions
predominant'®, suggesting its correlation with fluid shear stress. In
vivo uptake of Evans Blue in porcine iliac arteries have illustrated that
endothelial permeability inversely correlates with the magnitude of
LS™'. Multiple shear stress-induced signaling molecules have been
proposed in the modulation of EC permeability, including NO, cAMP,
phosphorylated junctional proteins, etc.. In general, it is the
cytoskeletal alteration that leads to increased liquid and protein
permeability. Studies on inhibition of eNOS activity have revealed
that decreased intracellular NO level increase EC permeability by
altering actin cytoskeleton'®? and enhancing thrombin expression'®.
cAMP has also been suggested to play a role in LS-induced lowering
of EC permeability by activating PKA signaling pathway'®. Focal
adhesive molecule occludin can be phosphorylated by shear stress,
which may stabilize occludin to tight junction and maintain the low EC
permeability under LS'®. These findings shed light on the molecular

mechanisms of fluid shear stress-induced modulation of EC

permeability.

23



EC alignment
Shear stress has been well-documented as a driving force in EC
elongation and alignment with the direction of flow'%'%”. ECs in static
culture are in a polygonal cobblestone-like shape whereas those
under LS are spindle-shaped and aligned with the direction of
flow'%(Figure 3). Notably, cessation of flow can reverse the spindle-
shaped ECs back to polygonal over time'®. This shear stress-
induced morphological changes are dependent on the exposure time
and the magnitude of shear stress'®. Galbraith et al. have
investigated the elongation and orientation in the direction of flow and
hypothesized 3 phases for EC morphological changes under LS. In
the first 3 hours, ECs undergo a cytoskeletal change with an
increased number of stress fibers and redistribute the adhesion sites
to the edge of cells. In the next 3-hour window, cell movement is
observed as an outcome of the loss of peripheral bands and the
nucleus is relocated to the upstream side, After 12 hours, more ECs
are elongated and oriented with the direction of flow with enough thick
stress fibers and microfilaments to adapt to the frictional force"".
Shear stress-induced cytoskeletal changes are mediated by multiple

signaling pathways, including intracellular calcium release,
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extracellular calcium influx, inositol trisphosphate and diacylglycerol

increase''* 1

. In addition, small GTPases RhoA and Rac1 have
been indicated to contribute to the adaptation of endothelial

cytoskeleton to LS.

Vascular tone regulation
In addition to the counteraction between sympathetic and
parasympathetic nerves in regulating the vascular tone, ECs lining
along the luminal surface of the vasculature synthesize, store and
release a wide range of vasoactive molecules, including NO,
endothelin-1 (ET-1), prostaglandin I, (PGl,), etc. in response to the
biomechanical stimulation'’. These vasoactive molecules are
implicated to play a key role in the vascular physiology and

pathophysiology''®""®. NO is produced by phosphorylated eNOS in
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ST (0 dyne/cm?)

LS (15 dyne/cm?)

OS (<5 dyne/cm?)

Figure 3. Representative light microscopic images of HUVECs under

different shear stress conditions for 24 hours. (magnification = 10X)
ECs in response to LS™". The elevated NO level activates guanylate
cyclase to increase cyclic guanosine monophosphate (cGMP) in
vascular smooth muscle cell (VSMC) for vasorelaxation'”. In
contrast, ET-1 is a well-known EC-derived vasoconstrictor'?.
Interestingly, ET-1 can also be regulated by fluid shear stress.
Kuchan et al. have reported that both long-term exposure to low
shear stress (1.8 dyne/cm?) and short-term exposure to physiological
LS (<1h) stimulate the release of ET-1 in cultured EC. This release of

ET-1 may be mediated by PKC signaling pathways’® and itself acts
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as an agonist of L-type calcium channels to trigger the
vasoconstrictive effect'’. PGI, is a potent vasodilator. Early studies
have shown that LS significantly increases PGl, production, which
peaks at the onset of flow as well as at 2 hour and beyond'®. The
onset peak of PGI, production may be due to the calcium-dependent
phospholipase cytosolic phospholipase A, activation'®®. Okahara et
al. later have demonstrated sustained PGI, production under long-
term LS may be attributed to increased expression of

cyclooxygenases and PGl synthase'®.

Shear stress in the process of atherosclerosis

Hemodynamic forces are actively involved in the pathogenesis of
cardiovascular diseases, such as aneurysm, aortic dissection, aortic valve
calcification and atherosclerosis'®>"'?’. Atherosclerosis is characterized by
the deposition of excessive lipids, the infiltration of inflammatory cells, the
aberrant proliferation and apoptosis of ECs and VSMCs'®. The
pathogenesis of atherosclerosis is a multifactorial process with hundreds of
stimuli and factors involved, both locally and systematically. It develops in
the intimal layer of the vascular wall with preference in areas of lesser

curvatures and arterial bifurcations in the arterial tree’?®. This heterogeneity
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of distribution is believed to be associated with fluid shear stress, which
predominantly contributes to the endothelial biology'*. In the 1970s, there
are two opposite hypotheses regarding the effect of shear stress on the
unique distribution pattern of atherosclerosis. One suggested that high shear
stress (400 dyne/cm?) rubbed the endothelial layer leading to cell injury at
focal areas, which may initiate atherosclerosis™'. The other favored low
shear stress as a biomechanical catalyst in the process of atherogenesis'*?.
With decades of efforts, people now realize that low and oscillatory shear
stress (OS) derived from disturbed flow predisposes the vascular intima to

atherosclerosis'?® 133135

. Cheng et al. have investigated the correlation
between shear stress pattern and the size of atherosclerotic lesion as well
as its vulnerability. They employed a perivascular shear stress modifier to
induce different shear stresses in one carotid artery of ApoE” mice fed with
western diet. Intriguingly, segments under lowered shear stress were
illustrated with a larger red oil o staining area and less collagen production
whereas plaques in those under OS were smaller but more stable. In contrast,
the segment under elevated LS were free of atherosclerotic lesions. Taken
together, low shear stress predisposes vascular wall to larger vulnerable

lesions whereas OS induces stable ones. Arterial segments under high-

magnitude LS is free of lesions and evidenced as atheroprotective'®.
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Mechanistically, OS have been proposed to attenuate NO-mediated
atheroprotection by reducing eNOS expression'’. The bioavailability of NO
is the key to normal vascular tone with strong anti-inflammatory, anti-
apoptotic, anti-thrombotic properties’®. The reduction of NO and other
junction proteins such as connexins and VE-cadherin increases the EC
permeability allowing pro-inflammatory cells to move inward into the
intima 192103139140 Atherosclerosis is recognized as a chronic inflammatory
disease, the initiation of which involves leukocytes recruitment. The recruited
cells, including monocytes and macrophages, adhere to the endothelium for
subsequent rolling and migration into the intimal layer'*' and become foam
cells®>'*2. This process is mediated by a wide range of proinflammatory
molecules, such as chemokines, adhesion molecules and oxidized
lipoproteins. LS is recognized as a potent inhibitor of vascular cell adhesion
molecule 1(VCAM-1) and E-selectin upon tissue necrosis factor-a (TNF-a)
stimulation in ECs'*. By contrast, OS potentiates monocyte adhesion by up-
regulating adhesion molecules'*. In addition, OS has been shown to

increase nuclear factor kB (NF-kB) expression in ECs in vitro'*

. Other pro-
inflammatory signaling pathways such as JNK' can be regulated by OS as
well, weighing OS as a crucial pro-atherogenic factor. The activation and

sustainment of inflammation accelerates endothelial dysfunction,
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contributing to the development of atherosclerosis. Another characteristic of
atherosclerosis is the massive deposition of lipids. It seems to correlate with
the cholesterol level in the blood while it is not uniformly accumulated in the
arterial tree indicating that there must be another determinant responsible
for the unique pattern. Animal and computational studies provide evidence
linking shear stress patterns to plaque distribution'*'*"'*®_ OS has been

L99,149 and

implicated to increase the EC permeability to lipid protein LD
upregulate LDL receptor expression™®. This OS-induced pro-atherogenic
effect along with high blood cholesterol level promotes lesion formation and

growth.

Summary

A large amount of efforts has been made to investigate the molecular
mechanisms of OS-induced atherogenesis. From mechanosensing to
transcriptional regulation, from in vitro flow simulation system to in vivo
animal models, advances in the knowledge of OS-induced endothelial
dysfunction are progressing rapidly. It is clear that OS determines the
distribution of atherosclerosis in the arterial tree'®'. In addition, exercise-
8152’153.

induced vasoprotective effects are correlated with increased L

However, the underlying mechanisms remain to be addressed. Shear stress-
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sensitive genes are implicated to be heavily involved in the complex network
of signal sensors, messengers, regulators, and effectors, interactions of
which are believed to be the key to endothelial function. Thus, we
hypothesize that there are novel shear stress-sensitive genes that are
involved in the process of atherosclerosis, elucidating which may help to
understand the underlying mechanisms of atherogenesis. To address these
biological questions, | performed RNA sequencing to profile the whole
transcriptome of primary human coronary artery ECs under LS, OS and static
culture condition (ST) to understand the transcriptomic differences in ECs

under different types of shear stress.
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CHAPTERIII

Effects of shear stress on the whole transcriptome in HCAECs

Previously published as Qiao C et al., Deep transcriptomic profiling reveals
the similarity between endothelial cells cultured under static and oscillatory
shear stress conditions. Physiological Genomics. 2016; DOI:

10.1152/physiolgenomics.00025.

This chapter contains collaborative work performed with Dr. Inhwan Jang
from the laboratory of Dr. Hanjoong Jo at Georgia Institute of Technology
and Emory University and Dr. Fan Meng at the University of Michigan. Dr.
Inhwan Jang performed the shear stress experiments and Dr. Fan Meng

analyzed the bioinformatic data. | performed the remainder of this work.

Introduction
ECs are constantly exposed to hemodynamic shear stress, which is the
frictional force generated by blood flow. Alterations in the magnitude and

direction of shear stress predominantly determine the mechanotransduction-
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mediated endothelial functional phenotype'*'*°. High laminar shear stress
(LS, >15 dyne/cm?) presented in straight unbranched vascular lumen is
commonly denoted as athero-protective shear stress. LS maintains the

endothelial “quiescent” tone' by inhibithg adhesion molecules

143,156 1157

expression , suppressing the potent vasoconstrictor ET-1""", inducing

the proliferation inhibitor p21%°, as well as preventing endothelial cell
apoptosis'®® thereby maintaining vascular and endothelial homeostasis. ECs
under LS exert strong vasoprotective effects through increased NO
production by eNOS phosphorylation™®'® in a Kriippel-like factor 2 (KLF2)-
dependent manner'®"'®?. By contrast, low or oscillatory shear stress (OS)
(0~5 dyne/cm?) found in areas of disturbed flow, such as arterial bifurcations
and lesser curvature of aortic arch, is well-documented as a pro-atherogenic

134164 and carotid arteries'®®

force®'®®. Animal studies focusing on the aorta
provide solid evidence that OS predisposes the vascular intima to
atherogenesis. Human ultrasonographic imaging further demonstrates an
inverse correlation between carotid artery thickness and local shear stress
magnitude'®. The critical role of shear stress in the geometrical distribution

of atherosclerosis has led to intense research interest in determining the

underlying pathogenic mechanisms'®.
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Efforts have been made to survey the changes in shear force-mediated gene
expression in ECs using a DNA microarray approach. These studies have
shown distinctive gene expression patterns between ECs under LS and OS
conditions'®”"®® LS and static (ST) conditions’®""®®, or LS, OS and ST
conditions together'”®. The results indicate a strong phenotypic plasticity of
ECs in response to shear stress. However, microarray studies have only
identified a small portion of gene expression changes in response to different
types of shear stress, which is unlikely to provide a complete profile of the
full transcriptome since microarray probes or probe sets are mainly based
on previously mapped genes'’". In addition, microarrays fail to detect novel
unannotated transcripts and in particular, a large number of non-coding

RNAs (ncRNAs)'? within a transcriptomic pool.

While approximately 80% of the mammalian genome is actively transcribed,
protein-coding transcripts only account for about 2%'">. NcRNAs with little
potential for translation were dismissed as junk RNA in the 1970s"'"*. Today,
it is clear that ncRNAs are responsible for critical biological functions as well.

Emerging evidence shows that ncRNAs including microRNAs'"

and long
ncRNAs (IncRNAs) """ are key players in the regulation of the transcription

process. LncRNAs are a group of RNAs that are longer than 200 nucleotides
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and are proposed in the development of multiple diseases'®'”. Studying
IncRNASs’ function and expression may help to elucidate the molecular

mechanisms of the development of atherosclerosis.

Given that the endothelial layer is constantly exposed to hemodynamic
forces once the cardiovascular system develops during embryogenesis'®,
the ST condition is the least reminiscent of the hemodynamic milieu in vivo.
Despite this, a tremendous amount of EC research has been conducted
under ST conditions. The results of this work may not be translatable to
subsequent in vivo studies due to the missing biomechanical milieu™'. Here,
| use RNA sequencing (RNA-seq)'®? to profile the whole transcriptome of
primary human coronary arterial ECs (HCAECs) under LS (15 dyne/cm?),
OS (0~5 dyne/cm?), and ST conditions. My goal was to survey the
transcriptomic difference under different shear stress conditions to test the
hypothesis that there are novel shear stress-sensitive genes that are
involved in the process of atherosclerosis, elucidating which may be the key

to understanding the underlying mechanisms of atherogenesis.

Materials and methods

ECs culture
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Human coronary artery endothelial cells (HCAECs) were obtained
from Cell Applications (San Diego, CA) at passage 2 and cultured in
MesoEndo Cell Growth Medium or Endothelial Cell Basal Medium
(Cell Applications). The Growth Medium contains 5% fetal bovine
serum, 10 ng/mL human epidermal growth factor, and 6 ng/mL basic
fibroblast growth factor. Cells were incubated at 37 °C in a standard
cell culture incubator. HCAECs were used at passage 6 in the

following studies.

Shear stress studies

A detailed protocol has been described previously'®.

Briefly,
HCAECs monolayers at confluence in 100-mm tissue culture dishes
were exposed to arterial levels of unidirectional LS (15 dyne/cm?),
bidirectional OS at 1 Hz cycle (0~5 dyne/cm?) by rotating a Teflon
cone (0.5° cone angle) with a stepping motor (Servo Motor) and a

computer program (DC Motor Company, GA), and static culture

condition for 24 hours (n=4 for each conditions).

RNA isolation and RNA-seq library preparation
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After exposed to LS, OS and ST for 24 hours, ECs were harvested
by scraping, and RNA was isolated and purified using RNeasy mini
kit and subjected to on-column RNase-free DNase treatment
according to product protocol (Qiagen, CA). Total RNA from 12
samples was then assessed for quality using the BioAnalyzer
(Agilent, CA). Double-stranded cDNA was generated from 100 to 150
ng of total RNA using selective priming and prepared for the final
library. Samples with RNA Integrity Numbers of 8 or greater were
prepared using the EnCore Complete RNA Seq Library System
(NuGen, CA). Final libraries were checked for quality as well as
quantity by the BioAnalyzer DNA 1000 (Agilent, Santa Clara, CA).
Quantitative PCR (qPCR) for was performed to quantify the library
using a KAPA kit (Kapa Biosystems, MA) for lllumina sequencing
platforms. Twelve samples were then clustered on the cBot and
sequenced on a 50-cycle single end on a HiSeg2000 (lllumina, CA)
to generate 50 bp paired-end reads, using TruSeq SBS v3 reagents

(Illumina, WI) according to manufacturer’s protocols.

RNA-seq data analysis and quantitative PCR
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RNA-seq fastq files were aligned to the human genome primary
assembly (GRCh38) using the Subread package'®. Read counts on
each gene were determined by featureCounts function in the
Subread package using GeneCode human GTF file version
23(http://lwww.gencodegenes.org/). Differential expression analysis
between different cell culture treatments were performed using the

limma package with the voom transformation'®.

P values were
adjusted by default Benjamini-Hochberg procedure. We require at
least 4 samples have normalized read counts of >= 1 rpm (one count
per million aligned reads) to include a gene in the differential
expression analysis and other downstream analyses.

Collected RNA was reverse-transcribed into cDNA pool with
SuperScript lll RT-PCR kit (Invitrogen, CA). Target RNAs expression
was determined by a gPCR System (Bio-Rad, CA) using iQ SYBR
Green Supermix (Bio-Rad). The gene expression was normalized

against the internal control, 18S rRNA. All the primer sequences are

shown in Table 2.
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Table 2: Sequence of primers used for qPCR quantification

Gene Species Forward Reverse
KLF2 HUMAN 5-AGCCTTCGGTCTCTTCGAC-3' 5-GCGAACTCTTGGTGTAGGTCTT-3'
NOS3 HUMAN 5-ATGGATGAGTATGACGTGGTGT-3' 5-ATGCTGTTGAAGCGGATCTTAT-3'
ID1  HUMAN  5-GCAGGTAAACGTGCTGCTCTAC-3' 5-AGTTCAGCTCCAACTGAAGGTC-3'
KLF11 HUMAN 5-CTGTCTCTGACTCTGGGGATGT-3' 5-TGGAATCTGTTACTTGGGGAGA-3'
LMO7 HUMAN  5-AAGACTGCGTTACCCTTCAATC-3' 5-TGGACTTACTCCCATTCTCACC-3'
TEK HUMAN 5-CCCTCCTCCAAGAGGTCTAAAT-3' 5-GTACTGCTCCCTGGGATGTAAG-3'
HYAL2 HUMAN 5-ACTGGCAGGACAAAGATGTGTA-3' 5-GAAAGAGGTAGAAGCCCCAGAG-3'
SERPINE2 HUMAN 5-AATCCTATCAAGTGCCAATGCT-3' 5-CTGTCTATGGTCTTGGTGCTGA-3'
C10orfl0 HUMAN 5-ATAGACAGATGGACAGCAGCAA-3' 5-GGAGGTGCGAGTAGAGTGTTCT-3'
CXCR4 HUMAN 5-AAGGCAGTCCATGTCATCTACA-3' 5-GCAAAGATGAAGTCGGGAATAG-3'
ANGPT2 HUMAN 5-AAACGCGGAAGTTAACTGATGT-3' 5-TGATGTGCTTGTCTTCCATAGC-3'
FABP4 HUMAN 5-AGAAGTAGGAGTGGGCTTTGC-3' 5-CCCATCTAAGGTTATGGTGCTC-3'
LXN HUMAN 5-GGTGAACTGCACAGCTGAAGTA-3' 5-GAGCGTCATTTCTGGAGATACA-3'
EFNA1 HUMAN 5-ACTGTACCTGGTGGAGCATGAG-3' 5-GCCTGAGGACTGTGAGAGATGT-3'
CCL14 HUMAN 5-ACCAAGACTGAATCCTCCTCAC-3' 5'-CCCTTTTGGTGATGAAGACAAT-3'
VCAM1 HUMAN  5-AAAAGCGGAGACAGGAGACA-3' 5'-AGCACGAGAAGCTCAGGAGA-3'
188 HUMAN 5-GGAAGGGCACCACCAGGAGT-3' 5-TGCAGCCCCGGACATCTAAG-3'

Cell Extracts and Western Blotting

Whole cells were lysed using Pierce RIPA buffer (Thermo Scientific,
MA) supplemented with a protease inhibitor cocktail (Roche Applied
Science, IN). Briefly, 30 ug of protein sample were loaded per lane
on a SDS-PAGE gel, separated by gel electrophoresis, and

transferred to a 0.2 pm nitrocellulose membrane (Bio-Rad).

Membranes were blocked in 5% nonfat milk in Tris-HCI buffer saline

with tween (TBST) and incubated with anti-B-actin, anti-ID1, anti-

FABP4, anti-EFNA1, anti-LMO7, anti-KLF2 (Santa Cruz

Biotechnology, CA), anti-HYAL2, anti-CCL14 (ThermoFisher

Scientific, MA), anti-NOS3 (Cell Signaling Technology, MA), anti-

SERPINEZ2, anti-LXN, anti-ANGPT2, anti-TEK (R&D systems, MN),
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or anti-KLF11 (Novus Biologicals, CO) antibodies at 4 “C overnight.
After TBST washing, membranes were incubated with a diluted (1:
10,000) IRDye-conjugated secondary antibody (Li-Cor Biotechnology,
NE) for 1 hour at room temperature. Immunoblots were scanned and
the intensity of the protein bands was quantified using Image Studio

software (Li-Cor).

Statistical Analysis
Statistical analyses among 3 groups were performed by one-way
ANOVA with Bonferroni post hoc test. A p < 0.05 was considered

statistically significant. Data are presented as means + SEM.

Results
Shear stress substantially impacts on endothelial transcriptome
Among 16,313 genes with at least one read count per million (>=1
rom), more than half of the genes in ECs under OS or ST condition
were differentially expressed compared to those under LS (8,177 for
OS vs LS and 9,369 for ST vs LS) at the FDR < 0.05 threshold. On
the other hand, only 1,618 of the genes were differentially expressed

between ECs under ST and OS at the same threshold. All genes were
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categorized into 5 groups: protein-coding genes, pseudogenes,
antisense genes, genes for long intervening ncRNAs (lincRNAs), and

others (Figure 4).

[ antisense 2.53%

B lincRNAs 2.25%
[] others 2.18%

[] pseudogenes
15.28%

Figure 4. A pie chart showing the distribution of all detected transcripts as
messenger RNAs (mRNAs), pseudogenes, antisense, long intervening non-
coding RNAs (lincRNAs) and other transcripts.
For quantitative real-time PCR (QPCR) confirmation, we selected a
group of well-known shear-sensitive genes, including KLF2, eNOS,
hyaluronoglucosaminidase 2 (HYALZ2), C-X-C chemokine receptor
type 4 (CXCR4), angiopoietin-2 (ANGPT2), fatty acid binding protein
4 (FABP4), vascular cell adhesion molecule 1 (VCAM1), inhibitor of

DNA binding 1 (ID1) and some novel shear-sensitive genes, including

KLF11, LIM domain 7 (LMO7), TEK tyrosine kinase (TEK), serpin
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peptidase inhibitor member 2 (SERPINE2), chromosome 10 open
reading frame 10 (C100rf10), latexin (LXN), Ephrin-A1 (EFNA1) and
chemokine (C-C motif) ligand 14 (CCL14) for qPCR analysis. The
gPCR data showed a comparable fold change of gene expression

levels in ECs under ST (Figure 5A) and OS (Figure 5B) in comparison

to LS.
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Figure 5. gPCR confirmation of representative genes detected by RNA-seq
under ST (A) and OS (B) including Kruppel-like factor 2 (KLF2), nitric oxide
synthase 3 (NOS3), inhibitor of DNA binding 1 (ID1), KLF11, LIM domain 7
(LMQO7), TEK tyrosine kinase (TEK), hyaluronoglucosaminidase 2 (HYAL?2),
serpin peptidase inhibitor member 2 (SERPINEZ2), chromosome 10 open
reading frame 10 (C100rf10), C-X-C chemokine receptor type 4 (CXCR4),
angiopoietin-2 (ANGPT?2), fatty acid binding protein 4 (FABP4), latexin (LXN),
Ephrin-A1 (EFNA1), chemokine (C-C motif) ligand 14 (CCL14), vascular cell
adhesion molecule 1 (VCAM1). (N=4, respectively)

Transcriptome analysis reveals similarities between ECs under OS

and ST conditions
One salient observation from the RNA-seq data is the high similarity

of gene expression profiles for ECs under OS and ST conditions. For
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differentially expressed genes listed from OS vs LS and ST vs LS, a
total of 7,220 genes (88.3% in OS vs. LS; 77.1% in ST vs. LS) showed
overlapping expression patterns. We further examined these genes
according to their gene types. Numbers of genes that were
differentially up- or down-regulated in ECs under ST and OS are
shown in proportional Venn diagrams for each group (Figure 6A-E).
A large proportion of genes in each category were overlapped under
OS and ST. gPCR comparisons of the same genes in Figure 1B and
1C confirmed the gene expression resemblance in ECs under ST and

OS conditions (Figure 6F).
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Figure 6. Proportional Venn diagrams of differentially expressed transcripts
under ST and OS. Numbers of mRNAs (A), pseudogenes (B), antisense
transcripts (C), lincRNAs (D) and others (E) that were differentially expressed
in ECs under OS and ST. The overlap of the two circles represents common
transcripts under OS and ST. Comparison of gPCR results under ST and OS
(F). (N=4, respectively)

We also examined gene expression profile at individual sample level.

Hierarchical clustering analysis demonstrated a strong similarity

between OS and ST samples (Figure 7A), which was further

confirmed by a pairwise similarity heat map (Figure 7B). In principal

component analysis, ST and OS samples were completely separated
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from LS samples and the shorter distance between ST and OS
samples indicated the higher similarity between ST and OS (Figure

70).
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Figure 7. Gene expression profile shows a strong similarity between
endothelial transcriptome under ST and OS. (A) Hierarchical clustering
profile reveals detailed relationships between all samples under ST, OS and
LS. The vertical distance reflects the similarity between samples. (B) Heat
map of all 12 samples using Euclidean distance as a measure parameter.
(C) Principle component analysis of gene expression profiles from each
sample under ST, OS and LS demonstrates the major components (Dim 1 &
2) of the variance to separate samples. Dim 1 and Dim 2 accounts for 47.5%

and 10.61% of the total variance, respectively.
Biological evidence supports the similarities beteween ECs under

OS and ST

In addition to the comparable expression of these representative
genes at the transcript level (Figure 6F), we sought to exam their
protein levels in ECs under ST, OS and LS conditions. We performed
immunoblots for KLF2, NOS3, ID1, KLF11, LMO7, TEK, HYALZ2,
SERPINE2, ANGPT2, LXN, FABP4, EFNA1 and CCL14 under ST,
OS and LS conditions (Figure 8). These representative Western blots
contain 3 sets of protein extracts from 3 independent experiments
under ST, OS and LS conditions (Figure 8A). Expression levels under
ST and OS conditions showed a significantly up- or down-regulation
in comparison to those under LS condition. Notably, there is no

significance at the protein level of these genes in ECs under OS and

ST conditions.
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Figure 8. Protein expression level of representative shear-sensitive genes
in ECs under ST, OS and LS conditions. (A) Representative Western blots
show the protein level of KLF2, NOS3, ID1, KLF11, LMO7, TEK, HYALZ2,
SERPINE2, ANGPT2, LXN, FABP4, EFNA1 and CCL14 (B-actin as loading
control) in HCAECs under ST, OS and LS conditions for 24 hours. (B) The
band intensity was quantitatively analyzed and normalized against the
loading control, B-actin. Data are from 3 independent experiments and
presented as mean + SEM.

Discussion

Here, | profiled whole transcriptome of primary HCAECs using RNA-seq
under the shear stress conditions of LS, OS and ST. The data demonstrate
that the endothelial transcriptomic profile under LS condition profoundly
differs from those under either ST or OS conditions. Intriguingly, high
transcriptomic similarities were found in ECs under ST and OS conditions.
Chen et al. suggested that results obtained under LS conditions should be
the reference given the biomechanical milieu in vivo, thus the absence of
shear stress may be a pathological situation, suggesting that ECs under ST
may deviate from normal'®. Garcia-Cardefia et al. first described that there
were much less differentially expressed genes in OS vs. ST than LS vs. ST
conditions'”®. However, due to limitations of the DNA microarray method, it
was unlikely to distinguish the whole endothelial transcriptome under

different shear stress conditions. Based on our RNA-seq data, we found that

52.8% of differentially expressed genes in HCAECs under ST vs. OS
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conditions were in the same change direction compared to LS condition. For
example, there was a 2.5-fold up-regulation of VCAM1 expression in ST vs
LS conditions and an approximately 4-fold up-regulation in OS vs LS
conditions, which accounts for a 1.5-fold difference between ST and OS
conditions (Figure 6F). Functional studies have demonstrated that there is
greater human monocyte binding to ECs under either OS or ST in
comparison to LS condition'®'%. Notably, there is no significant difference
in the number of binding monocytes to ECs under ST and OS conditions'®,
indicating that ECs under ST may be more pathologically relevant.
Unfortunately, due to a lack of good antibodies to assess endogenous
protein levels of C100rf10, CXCR4 and VCAM1, | was not able to
immunoblot them from cell extracts to determine changes under ST, OS and

LS conditions.

It is widely recognized that ECs in culture are different from those in vivo''.
The absence of hormonal and biomechanical stimuli are the two major
forces''. While the hormonal environment can be compensated for by
introducing growth factors into the culture medium, the lack of biomechanical
stimulation makes ECs in culture phenotypically different from those in

111,188

Vivo . | employed ECs at the same passage for the shear stress
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experiments to minimize the artifacts from environment (e.g. culture
condition) and preparation, however, it took several propagations to obtain
enough HCAECs for all the shear stress experiments. It is likely that
HCAECs may undergo culture-induced adaptation during propagation, which

may limit the interpretation of this study.

In the present work, we exposed HCAECSs to different shear stress conditions
for 24 hours. Previous studies have revealed that ECs under prolonged

shear stress exhibit a different gene expression profile'®’

, indicating an
important role of temporal factors in shear stress studies. Here, we obtained
the endothelial transcriptomic profile at one single time point, which is
unlikely to demonstrate the transcript level of transient shear sensitive genes.

It will be of great value to survey the dynamic changes of the endothelial

transcriptome at different time points in the future.

In terms of individual gene expression levels, the key endothelial
transcription factor KLF2, which is one of the master transcription factors in

inflammation, thrombosis and vasodilation'®®'®"

, was significantly down-
regulated in ECs under ST and OS conditions (Figure 6B and 6C). In addition,

the endothelial nitric oxide synthase encoded by NOS3, was dramatically
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down-regulated in both conditions as well. Considering its pivotal role in the
conversion of L-arginine to nitric oxide, which leads to vascular relaxation
and maintains vascular homeostasis, it favors that ECs in culture
demonstrate a strong dysfunctional phenotype. LncRNA metastasis-
associated lung adenocarcinoma transcript 1 (MALAT1) has emerged as a
key regulator in endothelial function. Michalik et al. showed a pro-migratory
but anti-proliferative endothelial phenotype by silencing MALAT1 in vitro'®,
In addition, MALAT1 has been indicated in the control of cell cycle
regulators’. Our RNA-seq data revealed that MALAT1 is markedly up-
regulated by LS whereas there was no significant difference in ECs under
both OS and ST conditions (Figure 9). These findings further illustrate the
similarity of endothelial transcriptome under OS and ST conditions from a
functional IncRNA'’s perspective.
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Figure 9. Transcriptome profile reveals the expression of IncRNA MALAT1.
The transcript level of MALAT1 detected by RNA-seq are presented as mean
+ SEM. ****P<0.0001. (n=4, respectively)

In conclusion, this study focusing on the endothelial transcriptomic profiles
under different shear stress conditions provides solid evidence that cultured
ECs are significantly different from those under LS condition in vivo. The
RNA-seq data suggest that the use of ECs under ST condition is unlikely to
elucidate relevant endothelial physiology. Given the high similarities of
endothelial transcriptomes under OS and ST conditions, it may be helpful to

understand the underlying mechanisms of OS-induced endothelial

dysfunction from studies in cultured ECs.
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CHAPTERIII
Laminar shears stress exerts athero-protective effect by inhibiting

MIF expression in endothelial cells

This chapter contains collaborative efforts from Dr. Fan Meng at the
University of Michigan and Shengdi Li from the Key Lab of Computational
Biology at Shanghai Institutes for Biological Sciences. Dr. Fan Meng
performed RNA-seq analysis. Shengdi Li performed differential expression

analyses. | performed the remainder of this work.

Introduction

Atherosclerosis is the major cause of coronary artery disease as well as
stroke, top two killers worldwide". Multiple lines of evidence indicate that
endothelial dysfunction is fundamental to the process of atherosclerosis'®,
Once ECs become pathologically activated, pro-inflammatory factors such
as TNF-a and interleukin (IL)-1B'®® and adhesive molecules including E-

selectin and VCAM1 are up-regulated in ECs for leukocytes recruitment’®
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followed by accumulation of cholesterol-bound lipoprotein'®® and aberrant

proliferation of ECs and smooth muscle cells'®

, initiating the formation of
atherosclerotic lesions. Despite the multifactorial cause of endothelial
dysfunction, OS derived from disturbed blood flow contributes significantly to
the development of atherosclerosis®'®®. In contrast to LS in straight vascular
lumen, OS is often found in regions of lesser curvatures as well as arterial
bifurcation areas'®®. Physiological LS has been shown to increase NO
production’®, inhibit adhesion molecules'®” as well as decrease endothelial

permeability'®’

, thus it is recognized as a strong atheroprotective force.
Pathological OS compromises endothelial function, resulting in the
pathogenesis of atherosclerosis'®. Human ultrasonographic imaging
illustrates that local shear stress magnitude inversely correlates with carotid
artery thickness'®. Animal studies have revealed a causal relationship
between OS and atherosclerosis by demonstrating that OS initiates the
otherwise atherosclerotic-resistant common carotid arterial intima into
atherosclerotic lesion by perivascular constriction'®. Understanding the

molecular mechanisms of biomechanical modulation in endothelial function

is a key to the discoveries of potential anti-atherosclerotic drug targets.
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Given the revealed atherosclerotic susceptibility in OS-exposed areas,
studies have demonstrated that a large variety of pro-inflammatory factors
induced by OS are actively involved in the process of atherosclerosis®.
Macrophage migration inhibitory factor (MIF) is a non-cognate cytokine
involved in multiple inflammatory diseases, including atherosclerosis'®®. High

MIF levels in atherosclerotic lesions have been documented in animal

200 201

models”™ as well as human subjects™ . Multiple lines of evidence have
further demonstrated that blockade of MIF reduces the formation of
atherosclerotic lesions in animal models?°?2%, In addition to the evidence on

4

the role of MIF in T lymphocytes®® as well as macrophages®®, which

implicates a strong link between MIF and atherosclerosis, the endothelium

1 In fact,

has been recognized as a significant source of MIF as wel
endothelial MIF has been suggested to play a critical role in response to
lipopolysaccharide (LPS)?® and TNF-a?*® stimulation. Noteworthy, despite
the findings that endothelial MIF intimately involves in inflammation, the

regulatory mechanisms of MIF expression in the process of atherosclerosis

remain to be addressed.

With help from my colleagues, | profiled the whole transcriptome of ECs

under different types of shear stress by RNA-sequencing (RNA-seq), the
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next generation sequencing that detects novel transcripts such as IncRNAs
in addition to annotated protein-coding genes'®?%’. My goal was to survey
the undiscovered shear stress sensitive genes that are important in the
process of atherosclerosis. | found that MIF can be regulated by shear stress.
LS markedly down-regulates MIF expression in ECs whereas OS and ST up-
regulates MIF. Thus, | hypothesized that MIF, as a pro-inflammatory cytokine
that contributes to the process of atherosclerosis, is shear stress sensitive
and its deleterious effect is naturally inhibited by LS in vivo, consistent with
its anti-atherosclerotic role?®®. This work provides direct evidence to show
the great advantage of the next generation sequencing in discovering novel
important factors in shear stress-induced regulation of the endothelial
transcriptome. In addition, the natural inducer and inhibitor of the pro-
inflammatory cytokine MIF lies in the hemodynamic force, which sheds light
on the discovery of shear stress sensitive genes in the process of
atherosclerosis. The novel shear stress-sensitive transcripts revealed by this
work will inform future searches for novel therapeutic drug targets to improve

human health.

Materials and Methods

Reagents and antibodies
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Primary antibodies against B-actin (sc-1616), KLF2 (sc-28675 X),
MIF (sc-20121), VE-cadherin (sc-6458), were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies
against MIF (MAB289-100) for immunocytochemistry was purchased
from R & D System (Minneapolis, MN, USA). Secondary Antibodies
donkey anti-mouse IgG and donkey anti-goat IgG were purchased
from Jackson ImmunoResearch (West Grove, PA, USA). Adenovirus
Ad-GFP-h-KLF2, Ad-GFP-U6-hKLF2-shRNA, Ad-GFP-U6-scramble

were purchased from Vector Biolabs (Malvern, PA, USA).

Cell culture
Human coronary artery endothelial cells (HCAECs) (Cell Applications,
San Diego, CA, USA) were cultured in MesoEndo Cell Growth
Medium with 5% CO, at 37 °C in a cell culture incubator. Human
umbilical vein endothelial cells (HUVECSs) (Lonza, Alledale, NJ, USA)
were cultured with M199 medium (Invitrogen, Carlsbad, CA, USA)
containing 16% fetal bovine serum (FBS), 1 ng/ml recombinant
human fibroblast growth factor (Sigma-Aldrich, St. Louis, MO, USA),
90 upg/ml heparin and 20mM HEPES. HCAECs for RNA-sequencing

purpose were obtained at passage 2 and used for shear stress
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experiments at passage 6 and HUVECs within 4 passages were used
in the following experiments. AD-293 (ATCC, VA, USA) cells were

cultured in DMEM with 10% FBS.

Shear stress studies and RNA sequencing
A detailed protocol of shear stress experiments for RNA sequencing
has been described in material and methods in Chapter Il. LS
experiments for MIF biology in HUVECSs is described here. Briefly,
HUVECs at 90% confluence in 80 x 80 mm tissue culture plate were
assembled to a flow chamber with silicone gasket and were
exposed to 15 dyn/cm? unidirectional LS for 24 hours (Figure 10).
HUVECs in parallel static cultured condition (ST) were used for

control.

RNA-seq analysis
RNA-seq fastq files were aligned to the current version of human
genome primary assembly using the Subread program and the
GenCode v24 annotation was used for summarizing read counts on
each gene. The limma package along with the voom transformation

was used for differential expression analysis between different types
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of shear stresses. P values were adjusted by default Benjamini-
Hochberg procedure. The cutoff requires at least 1 in 4 samples
with expression level = 0.1 rpm (one count per aligned million reads)
for a gene to be included in the analysis to increase the sensitivity of

detecting differentially expressed genes.
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Figure 10. A schematic illustration of in vitro laminar flow system.
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Plasmid construction and transfection
A promoter fragment of MIF (-1053~+24 bps) containing the KLF2
binding motif (CACCC) was cloned from human genomic DNA and
inserted into the pGL4.20 luciferase reporter vector (Promega,
Madison, WI, USA). A promoter fragment containing a mutated
binding motif (CATTC) was generated using the Site-Directed
Mutagenesis kit (New England Biolabs, MA, USA). AD-293 cells were
co-transfected with these plasmids plus pRL-TK Renilla luciferase
control reporter vectors at 80% confluence with Lipofectamine 2000
(Invitrogen, CA, USA) in Opti-MEM (Life Technologies, CA, USA) for
4 hours followed by 48-hour incubation in DMEM with 10% FBS.
Dual-luciferase activities were detected with a dual-luciferase
reporter assay and all data were normalized to Renilla luciferase

(Promega, Madison, WI, USA).

En Face staining
All animal experiments were conducted according to protocols
approved by the Institutional Animal Care and Use Committee at the
University of Michigan. New Zealand white rabbits (15~20 months old)

(n=4) were euthanized and immediately perfused with cold
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phosphate buffered saline (PBS) containing 5 % heparin followed by
cold fresh 4 % paraformaldehyde solution. Aortas were carefully
dissected and fixed in 4 % PFA for another 20 minutes. After wash
with cold PBS and neutralized with 100mM glycine, aortas were
permeabilized with 0.2 % Triton X-100 and then incubated in blocking
solution (75 mM NaCl, 18 mM Na; citrate, 4% FBS, 1% bovine serum
albumin (BSA), 0.05% Triton X-100) for 2 hours followed by
incubation with primary antibodies diluted in serum-reduced blocking
solution (2 % FBS) at 4 °C for 48 hours. Aortas were then washed in
washing solution (75 mM NaCl, 18 mM Na; citrate, and 0.05% Triton
X-100) for 1 hour and subsequently incubated with secondary
antibodies for 1 hour at room temperature in dark. Aortas were
washed, mounted with Prolong Gold with DAPI (Molecular Probes,

OR, USA) and imaged using a Nikon A1 confocal microscope.

Chromatin immunoprecipitation assays (ChlP)
ChIP assays were performed using the EZ-ChIP Kit (EMD Millipore,
MA, USA) according to the manufacturer’'s instruction. Briefly,
HUVECs were first cross-linked with 1% formaldehyde for 10 minutes

followed by glycine solution wash. Chromatin extracts were
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harvested and sonicated into 500-1000 bp DNA fragments on ice.
DNA fragments were then washed with protein G-agarose,
centrifuged and incubated at 4 °C with anti-KLF2 antibody (Santa
Cruz Biotechnology, CA, USA) or normal anti-rabbit IgG overnight.
After another incubation with protein G-agarose at 4 °C, the
immunoprecipitated complexes were washed in low-salt buffer, high-
salt buffer, LiCl buffer, and Tris-EDTA buffer in order. The DNA-
protein crosslinks were reversed by overnight incubation at 65 °C with
subsequent Proteinase K digestion for 1 hour at 45 °C. Purified DNA
was later collected and used as a template for real-time quantitative
PCR. The primers used for the analysis of MIF promoter are:
Forward, 5-TTGTCCTCTTCCTGCTATGTCA-3’;

Reverse, 5-GGTAAACTCGGGGACCATCTA-3’

Cell extracts and Western blotting
Confluent HUVECs were washed with cold PBS and lysed with Pierce
RIPA buffer (Thermo Scientific, Rockford, IL, USA) containing
protease inhibitors (Roche Applied Science, Indianapolis, IN, USA).
Cell extracts were centrifuged and the supernatant was mixed with

laemmli sample buffer (BIO-RAD, Hercules, CA, USA). Generally, 25
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Mg of protein samples were loaded per lane on a 15% SDS-PAGE gel
and underwent gel electrophoresis followed by 0.2 ym nitrocellulose
membrane (BIO-RAD, Hercules, CA, USA) transfer at 4 °C.
Membranes were blocked for 1 hour at room temperature and
incubated with primary antibodies at 4 “C overnight. After washing,
membranes were incubated with a diluted (1:10, 000) IRDye-
conjugated secondary antibody (Li-Cor Biotechnology, Lincoln, NE,
USA) for 1 hour at room temperature. Membranes were scanned and
the intensity of bands was quantified using Image Studio software (Li-

Cor).

Statistical analysis
Statistical significance was assessed by unpaired Student t test
between 2 groups and one-way ANOVA with Bonferroni post hoc test
among 3 groups. A p value < 0.05 was considered statistically

significant. Data are presented as mean + SEM.

Results

Identification of shear stress sensitive genes in HCAECs
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To investigate the effect of biomechanical activation on endothelial
transcriptomic profile and search for novel shear stress sensitive
transcripts, we first employed RNA-seq to survey the whole
transcriptome of HCAECs under conditions of LS, OS and ST for 24
hours. Detected genes under different types of shear stress were
compared in a pair-wise manner, including OS vs. LS, ST vs. LS, and
ST vs. OS (Figure 11) at different expression cut-off (rpm>0.1 and
rom>1). A heat map of 26,973 well-expressed genes is shown in
Figure 12. Next, all differentially expressed genes in each pair-wise
group were sorted and underwent enrichment analysis with Kyoto
Encyclopedia of Genes and Genomes (KEGG) Pathway database
(Figure 13), which consists of classic metabolic as well as regulatory
pathways. In this study, multiple pathways were shown to be enriched
including ribosome, PI3K/Akt and Ras signaling pathways in both ST
vs. LS (Figure 13A) and OS vs. LS (Figure 13B) groups; TNF and

NFkB signaling pathways in OS vs. ST (Figure 13C).
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Figure 11. Identification of shear stress sensitive genes in HCAECs.
Shown are volcano plots for pair-wise comparisons of genes in HCAECs
under OS vs LS, ST vs LS, ST vs OS groups at different expression cut-off.
y-axis is the negative log4 of p value; x-axis is the log, of fold change.
Green dots represent genes with significant p value and negative log, of
fold change; red dots represent genes with significant p value and positive
log, of fold change; black dots represent genes with no significant p value.
A Banjamini-Hochberg corrected p < 0.05 was considered as statistically

significant.
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Figure 12. Heat map of all detected genes in HCAECs under ST, OS and
LS conditions.
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Figure 13. Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis. Shown are enriched signaling pathways in ST vs. LS (A), OS vs.
LS (B), ST vs. OS (C) annotated in KEGG Pathway database with a value of
P <0.01.
Transcriptomic profiling reveals a wide range of differentially
expressed inflammation-related genes in response to shear stress
There were over 6,000 differentially expressed genes in response to
different types of shear stress. It is unlikely to investigate them all in
this present work. We thus focus on the shear stress-induced pro-
/anti-inflammatory genes in ECs considering that atherosclerosis is

well-recognized as a chronic inflammatory disease’'. Factors that

are documented in the inflammation category by Gene Ontology
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function annotation were demonstrated as a volcano plot (Figure
14A). Notably, pro-inflammatory factors such as FABP4, CXCR4
were significantly upregulated whereas anti-inflammatory factors
including cyclooxygenase 2 (COX2) and KLF4 were markedly down-
regulated in ECs under ST condition comparing to those under LS
condition (Figure 14A). A heat map of all differentially expressed
genes in inflammation category is shown in Figure 14B, which
revealed that gene expression pattern in ECs under LS condition

were completely different from those under OS and ST conditions.
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Figure 14. Modulation of genes in inflammation category in response to
different types of shear stress. (A) Volcano plot of all the inflammation-
related genes detected in HCAECs. y-axis is the negative logo of p value; x-
axis is the log, of fold change. Green dots represent genes downregulated
in ECs under ST condition with significant p value; red dots represent genes
upregulated in ECs under ST condition with significant p value; black dots
represent genes with no significant p value. (B) Heat map of all the
inflammation-related genes that are differentially expressed in HCAECs
under ST conditions.
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Pro-inflammatory cytokine MIF is sensitive to shear stress and co-

localizes with OS in the arterial tree
Interestingly, | found a novel pro-inflammatory factor MIF that is
sensitive to shear stress based on our RNA-seq data (Figure 14A).
MIF has been implicated in multiple inflammatory diseases including
atherosclerosis'®®. The transcript level of MIF was confirmed by
gPCR result (Figure 15A), which showed a nearly 2-fold difference in
MIF expression in HCAECs under LS condition compared to ST or
OS conditions. To assess MIF expression in other ECs, human
umbilical vein ECs (HUVECs) were used to demonstrate a reduced
protein level of MIF under LS (Figure 15B and 15C). Next, | asked if
MIF is associated with flow pattern in vivo, which varies spatially in
the arterial tree. Aorta from New Zealand white rabbits fed on a chow
diet were harvested for en face immunostaining. Consistent with the
in vitro data, a high level of MIF immunoreactivity was detected in
OS-exposed regions including lesser curvature as well as bifurcation
areas while the level of MIF was barely detected in straight
descending aorta where LS exists (Figure 15D). Taken together,
RNA-seq data revealed that MIF is a novel shear stress-sensitive

cytokine, the expression of which is high in atherosclerotic-prone
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areas and is low in athero-resistant segments in vivo, suggesting a

potential role of MIF in OS-induced endothelial dysfunction.
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Figure 15. MIF expression in ECs can be regulated by shear stress. The
transcript level of MIF detected by qPCR (A) in human coronary artery
endothelial cells (HCAECs) after 24-hour exposure to static (ST) culture,
oscillatory shear stress (OS) and laminar shear stress (LS) (n=4).
Representative immunoblot (B) and the band intensity quantification (C) of
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MIF protein level in human umbilical endothelial cells (HUVECSs) after 24-
hour exposure to ST, OS and LS (n=3). In all bar graphs, data are shown as
mean £ SEM. *P<0.05, **P<0.01. (D) A cartoon showing the different parts
of rabbit aorta (n=4) that underwent en face immunostaining with anti-CD144
(yellow) and anti-MIF (red) and DAPI (blue). Scale bar = 100 uym.

MIF is transcriptionally regulated by KLF2
Given the high expression of the pro-inflammatory MIF in OS
predominant areas, we asked if it can be regulated by shear stress-
sensitive transcription factors in ECs, including the first reported
shear stress-induced transcription factor KLF2'®', which functions as
a master regulator of EC proliferation, thrombosis and inflammation.
Thus, we first searched for shear stress-sensitive KLF family
members that are also involved in inflammation. In addition to KLF2,
KLF4 and KLF11 have been implicated in inflammation in ECs as
well?®*2" Thus, we detected the transcript level of MIF in cultured
HUVECs overexpressed with KLF2, KLF4 and KLF11 respectively.
MIF mRNA levels were down-regulated only by KLF2 overexpression,
no significant difference was observed in KLF4- and KLF11-
overexpressed ECs (Figure 16A). We used human MIF ELISA assay
to exam the secreted MIF in culture medium after 48 hours incubation

with serum-free medium (Figure 16B). The level of secreted MIF was
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significantly higher in KLF2 overexpressed group than the control

group. The protein level of MIF was significantly reduced in ECs

infected with adenovirus-KLF2 compared to the one with adenovirus-

GFP infection (Figure 16C and 16D).
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Figure 16. MIF is transcriptionally regulated by KLF2. (A) MIF mRNA level
in HUVECs determined by qPCR after 48-hour adenovirus-mediated
overexpression of KLF2, KLF4 and KLF11 (n=3). mRNA expression was
normalized to HPRT mRNA. (B) The secreted MIF level of HUVECs after 48-
hour incubation with serum-free medium (n=6). A total of 2x10° cells were
counted and seeded into each well for the following secreted MIF ELISA. (C)
Representative Western blot showing the expression of MIF, the loading
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control B-actin in ECs overexpressing KLF2 or GFP (n=3). (D) the
quantitative analysis of band intensity from western blot. (E) HUVECs were
infected with adenovirus-KLF2 or -GFP for 72 hours. ChIP assay was
performed using a rabbit antibody against KLF2 and equivalent amount of
rabbit IgG as control. The binding of KLF2 to the MIF promoter was
determined by qPCR. (F) Dual luciferase activity were assessed in Ad293
using the 1-kB MIF-Luc promoter construct and the mutated one in
combination with expression plasmids for KLF2. Mutation of the indicated
binding sites was performed using the Site-Directed Mutagenesis kit. Data
represent relative luciferase activity (normalized to Renilla luciferase), n=6
per group. Data are shown as mean * SEM. **P<0.01, ***P<0.001,
****P<0.0001.

To determine the regulatory mechanism of KLF2 to inhibit MIF
expression, | performed chromatin immunoprecipitation by using anti-
KLF2 antibody and assessed its effect on MIF promoter activity. We
found that KLF2 directly binds to a specific site in the MIF promoter
region (Figure 16E). and inhibits the promoter activity of MIF (Figure
16F). Mutation of KLF2 binding site abolished the reduction of relative

luciferase activity (Figure 16F).

KLF2 knockdown in ECs attenuates LS-induced inhibition of MIF
To test the effect of KLF2 in LS-induced inhibition of MIF, HUVECs
were infected with adenovirus-shKLF2 to knockdown the
endogenous KLF2 levels and were exposed to LS for 24 hours. KLF2

MRNA level was reduced to almost 50% in HUVECs under LS
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condition (Figure 17A) and MIF was significantly increased in KLF2
knockdown group at both transcript level (Figure 17B) and protein

level (Figure 17C).

A KLF2 B MIF
1.51 2.0 ad
> - 2 1.5
<Zt 1.0 <
x % —
£ £ 1.0
e )
£ 05 2
E § 0.5
0.0 T 0.0 T
Control ShKLF2 Control ShKLF2
C ST LS
shCon shKLF2 shCon shKLF2
MIF ’ I —— U ‘ I — — a—
B-actin ‘ — — ‘ — —

Figure 17. Knockdown of KLF2 attenuates LS-induced reduction of MIF.
HUVECs were transfected with adenovirus-shKLF2 or -control for 48 hours
before LS stimulation for 24 hours. The transcript level of KLF2 (A) and MIF
(B) were detected by qPCR. Representative Western blot of MIF and B-actin
in ECs infected with adenovirus-shKLF2 or -control under static culture or LS
conditions. Data shown are presented as mean = SEM. **P<0.01,
***P<0.001.

Discussion
Cardiovascular disease is the top killer in the United States and worldwide,

212

contributing to roughly 1/3 of mortality globally Atherosclerosis

characterized by the deposition of circulating lipid, the infiltration of
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leukocytes and the aberrant proliferation and apoptosis rate of ECs and
SMCs is recognized as the fundamental basis of ischemic heart disease and
stroke'?®. There are numerous studies investigating the pathogenesis of
atherosclerosis, one focus of which is on the hemodynamic force generated
by blood flow. Here, we analyzed RNA-seq data and discovered a novel
shear stress sensitive cytokine MIF. MIF can be upregulated by OS, but
downregulated by LS indicating its potential role in the process of
atherosclerosis in that the atherosclerotic lesions preferentially develop in
OS predominant areas. In fact, multiple lines of evidence have demonstrated
that MIF may be an atherogenic cytokine that correlates with increased
vessel wall thickening and lipid deposition in the aorta of western diet-fed
rabbit, atherosclerotic-prone mouse model, and human patients with severe
atherosclerotic lesions?®°?°"2'3 The present work has added another piece
of evidence to help elucidate the molecular basis of MIF’s role in the
development of atherosclerosis. MIF itself can act as a ligand and binds to
its receptors, CXCR2 and CXCR4, on the endothelial surface membrane to
activate downstream inflammatory signaling pathways, leading to the
recruitment of T cells and macrophages®*. By blocking endothelial MIF with
monoclonal antibody, Schober et al. have reported a stabilized plaque

phenotype with reduced foam cells and increased VSMC?'“. Overall, MIF
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plays a critical role in the initiation and progression of atherosclerosis. The
shear stress-sensitive characteristic of MIF may help to understand the

pathology of atherosclerosis from a biomechanical perspective.

KLF2 is a key transcription factor that involves in multiple biological
processes, including inflammation and thrombosis. Most importantly, it is a
master regulator induced by shear stress?'. In addition to the regulation of
eNOS, KLF2 is well-evidenced to modulate thrombomodulin, plasminogen

activator inhibitor, and cytokine-stimulated tissue factor'®®

. In this study,
KLF2 has been shown to regulate endothelial MIF by directly binding to its
specific binding site 5-CACCC-3’ in the MIF promoter. Knockdown of KLF2
can potently attenuate the LS-mediated inhibition of MIF, suggesting a
naturally protective role of KLF2 in the endothelium. In fact, endogenous
molecules in cells or in circulating blood may become promising therapeutic
targets for drug development. One good example is the protective effects
induced by exercise. Physical exercise is widely recognized to reduce the
risk of cardiovascular diseases. Besides depletion of the intracelullar energy

pool, exercise also increases the velocity of blood flow, which subsequently

elevates the magnitude of shear stress, exerting atheroprotective forces'?,
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Here, the whole endothelial transcriptome was profiled under ST, OS and LS
conditions by RNA-seq. This profiling revealed a large amount of novel shear
sensitive genes and IncRNAs that have not been previously reported. This
work provides an easy access to the whole transcriptome pool and informs
future searches for novel targets for anti-atherosclerosis drug development.
However, it is important to note that there are several limitations to this study.
One concern is the temporal factor. Exposure time to shear stress is
essential in signaling pathway activation and subsequent gene expression.
We exposed HCEACs to different types of shear stress for 24 hours,
however, others have reported that transient or short-term exposure to shear
stress induces a distinct set of gene expression''?'°. It would be of great
interest to profile the endothelial transcriptome at different time points to yield
a comprehensive understanding of the dynamic change in ECs in response
to shear stress. Another limitation of this study is that the RNA-seq kit used
generates a 50-nucleotide (nt) paired end and assemble a 200 nt read, which
doesn’t include the shear stress-induced changes of microRNAs, the size of
which is approximately 23 nt*'’. The function and regulation of known
mechanosensitive microRNAs have been reviewed?'®%'?, however, it will be

very useful to obtain the microRNA profile in ECs under shear stress.
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CHAPTER IV

Discussion and future directions

With generous and unlimited help from my colleagues and others, |
investigated the endothelial transcriptomic profile under different types of
shear stress, including ST, OS and LS. | compared the differentially
expressed genes under ST vs. LS, OS vs. LS and ST vs. OS and found a
large variety of genes that are influenced by shear stress. There are over
6,000 genes that are differentially expressed in either ST vs. LS or OS vs.
LS. Interestingly, transcriptomic profile reveals that ECs under ST condition
are very similar to those under OS condition and both are different from ECs
under LS condition. Considering that ECs are constantly exposed to blood
flow in vivo, the LS condition is regarded as normal for ECs. Thus, the
endothelial transcriptome under both the OS and ST conditions deviates
from the one under the LS condition, suggesting that both OS and ST are
pathologically relevant. Next, | sought to confirm this similarity by showing
the biological evidence. | picked some well-known shear stress sensitive

genes, including eNOS, ID1 and KLF2 to verify our results with previous
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reports'®21%22 | also included some novel shear sensitive genes that are
implicated in critical biological processes such as KLF11 in inflammation®'°,
TEK, ANGPT2 in angiogenesis®' to confirm the validity of our RNA-seq
results. Then | compared the transcript levels of these selected genes by
gPCR and their protein levels by Western blot, which in turn supported the

similarity of ECs under ST and OS conditions.

Following RNA-seq analysis, differential expression analysis was performed
to sort out the shear stress-induced differentially expressed genes with
important biological significance. KEGG signaling pathways enrichment
analysis has highlighted the signaling pathways that are activated under
different shear stress conditions. | decided to focus on the inflammation
category due to the natural inflammatory process of atherosclerosis. Several
well-known shear stress sensitive genes with strong pro-/anti-inflammatory
properties have been revealed, including KLF4, COX2, FABP4 and CXCR4.
Among them, MIF was the one with known pro-inflammatory as well as pro-
atherosclerotic effects, but new in the category of shear stress sensitive
genes. Hence, | decided to investigate regulatory mechanisms in ECs to
provide an understanding of MIF expression in response to biomechanical

activation. | found that KLF2 regulates MIF expression in ECs.
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Overexpression of KLF2 substantially inhibits MIF transcription, translation,
and secretion. To further determine the molecular basis of KLF2-mediated
regulation of MIF, | performed ChIP and dual luciferase assays targeting the
specific KLF2 binding sites in the MIF promoter and illustrated that MIF
inhibition is directly regulated by KLF2-binding. This novel finding owes to
the large transcriptomic profile provided by RNA-seq. It would have been

difficult to link transcription factor KLF2 to MIF modulation otherwise.

Endothelial biology in cell culture
Cell culture is considered to be a powerful and easy-to-handle tool
for cell biology studies. Modified cell growth medium and precise
control of temperature, pH, and osmolarity enables cell culture to
better emulate the physiological condition. Numerous studies have
informed endothelial biology based on the research on ECs in static
culture. However, primary cultured ECs have been observed to
dramatically lose endothelial characteristics and consistency in
response to stimuli after certain passages despite the same growth
medium and environment. In addition, there is an increasing
awareness that basic research cannot be translated into drug

development and clinical application, giving rise to the question if cell
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biology is the correct research approach. One good example is the
development of statin drugs. The first experimental drug compactin
did not work in rats but was highly effective in dogs and monkeys,
indicating the priority of the right experimental animal model for
specific disease?®. In endothelial biology, the lack of biomechanical
activation may be a reason for the untranslatable discoveries from
cultured ECs. Based on observations from clinical perspectives, |
speculate that ST conditions may mimic the severe ischemic
conditions in the coronary or carotid arteries, where ECs in the distal
areas to the obstruction suffer from a lack of shear stress stimulation.
Hence, | hypothesize that the ST condition itself may provide a
pathological environment for ECs and provoke pro-inflammatory

forces, leading to endothelial dysfunction.

In vitro flow simulation system
It is reasonable to argue that biomechanical stimulation should be
included in cultured ECs for accurate endothelial biology studies. A
large variety of in vitro flow systems for cultured ECs have been
developed to simulate in vivo flow environments. Laminar shear

stress can be simulated by using a gravity-based flow system as
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shown in Figure 10. It requires one upper reservoir and one lower
reservoir to provide height difference for the generation of the optimal
flow rate. A peristaltic pump is required to pump medium from the
collection reservoir into the upper reservoir. Both upper and lower
reservoirs require over flow exits to avoid the volume limit and reuse
the medium. Each reservoir is equipped with an open glass tube in
the rubber plug to maintain the atmospheric pressure and the carbon
dioxide supplementation. In the cell chamber, cells at confluency on
the culture plate are inversely placed towards the chamber side with
a 0.2 mm silicone gasket in the middle. | use stainless steel clamp to
seal the chamber after the clearance of air bubbles. In our system, a
13 cm height difference can produce a roughly 85 mi/min flow rate,
or a 15 dyne/cm? shear stress force. ECs in the chamber become
elongated and oriented with the direction of flow can be observed as

soon as 12 hours later, consistent with previous studies'"".

Hanjoong Jo’s group and others®? use a rotating Teflon cone (0.5°
cone angle) on a 100 mm dish to generate LS controlled by a
stepping motor and a computer program. This system can also

produce OS by rotating the cone clockwise and counterclockwise in
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a repeated cycle with the same motor-computer system. Additional
flow systems, including an orbital shaker-based shear stress
simulation system, are also used for cell research purposes'?®%%42%
However, due to the various flow velocities from the center to the
edge of the plate, this system fails to produce a uniform shear stress
across the entire endothelial monolayer. The difference in magnitude
of shear stress, especially those overlapping the low and high shear

stress threshold, may contribute to the heterogeneity in endothelial

function.

Potential therapeutic drug targets
Therapeutic development for cardiovascular disease is at a
crossroads where low productivity meets more funding demand every
year. Since the availability of statin drugs in 1987%%, the death rate
from cardiovascular disease, especially from ischemic heart disease,
has markedly decreased whereas the economic burden and risk
factors remain high?'?. Understanding the molecular mechanisms of
atherosclerosis, which is the major fundamental basis of ischemic
heart disease and stroke, is the key to lowering the risk of

cardiovascular disease. Here, | performed RNA-seq to profile the
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transcriptome of ECs under shear stress. This transcriptomic analysis
provides a large amount of gene expression information including the
adaptive response of protein-coding genes as well as non-coding
RNAs under different types of shear stress. Investigation of shear
stress-sensitive genes as well as the interaction between signaling
molecules may help the community to find new potential therapeutic
target to treat atherosclerosis. My colleagues and | are dedicated to
surveying the shear stress-induced modulation of protein-coding
genes and IncRNAs. Haocheng in our lab works on the transcription
factor EB (TFEB), which is well documented as a key role in the
regulation of autophagy®®. RNA-seq data revealed that TFEB can be
regulated by shear stress in ECs. Genes that are only up-regulated
by OS might be of particular interest in that OS has been shown to

induce the initiation of atherosclerosis in the vascular intima'®®.

Shear stress sensitive IncRNA and its role in atherosclerosis
LncRNAs are groups of non-coding RNAs longer then 200
nucleotides. The emergence of IncCRNA has opened a new chapter of
RNA-DNA, RNA-RNA, RNA-protein interaction in transcriptional

regulation'””. The elucidation of the capability of each INcRNA has a
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long way to go, but the evidence that IncRNA is actively involved in
chromatin  modification, transcriptional regulation and post-
transcriptional regulation'”? draws everyone’s attention. In our RNA-
seq data, there is a long list of IncRNAs that are influence by shear
stress. Despite the novelty of IncRNA, the lack of proper research
tools and reagents becomes a hurdle for studying IncRNA. My
colleague and | picked several IncRNA candidates and performed a
few preliminary experiments but the outcome is not as good as we
expected. The antisense oligonucleotides we obtained commercially
to knockdown IncRNA in ECs were not efficient and sometimes
exerted toxicity on ECs with a higher concentration. However, the
potential application of IncRNA as a therapeutic target for
cardiovascular disease is of huge interest and with new tools and
revolutionary technology, the IncRNA biology may be elucidated in
the near future. Several pioneer groups have published some exciting
reports regrarding INCRNA in cardiovascular disease. Kumarswamy
et al. have reported that a human circulating INncRNA LIPCAR was
down-regulated at early stage of myocardial infarction and up-
regulated over time??’. Han et al. discovered a cluster of IncRNA from

Myh7 loci named as myosin heavy-chain-associated RNA transcripts
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(Mhrt). They show that Mhrt is cardiac specific and may involve in the

protection from cardiomyopathy?*®

. In regards to EC biology, the
IncRNA MALAT1 has been implicated in vascular growth'® and in

high glucose-induced inflammatory process'’®.

Summary
This present work provides a board view of biomechanical activation
in ECs and its effect on endothelial biology. Transcriptomic profiling
of ECs sheds light on the transcriptome differences among ECs
under ST, OS and LS conditions. My work highlights the power of
RNA-seq in discovering novel shear stress-sensitive genes in ECs
under athero-protective LS as well as athero-prone OS conditions,
which may provide the community with novel potential therapeutic
targets for treating atherosclerosis from a biomechanical perspective.
Future studies should focus on other novel shear stress-modulated
genes in endothelial biology and explore the function of shear stress-
sensitive INcCRNA in ECs. Elucidating the molecular mechanisms of
shear stress-mediated modulation of endothelial function may
provide insights into the pathogenesis of atherosclerosis as well as

advance the cardiovascular medicine.
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