Chapter 2
Vascular Endothelial Mechanosensors
in Response to Fluid Shear Stress

Li-Jing Chen, Wei-Li Wang, and Jeng-Jiann Chiu

Abstract The endothelium consists of a single layer of vascular endothelial cells
(ECs) and serves as a selective barrier between the blood and arteries. ECs are con-
stantly exposed to blood flow- and pulsatile blood pressure-induced hemodynamic
forces. The cells are able to convert these mechanical stimuli into biochemical sig-
nals and then transmit the signals into the cell interior to affect cellular functions.
These mechanical stimuli are detected by multiple mechanosensors in ECs that acti-
vate signaling pathways through their associated adaptor proteins, eventually lead-
ing to the maintenance of vascular homeostasis or the development of the
pathogenesis of vascular disorders. These mechanosensors are distributed in differ-
ent parts of the ECs, including the cell membrane, cell-to-cell junctions, the cyto-
plasm, and the nucleus. This review attempts to bring together recent findings on
these mechanosensors and presents a conceptual framework for understanding the
regulation of endothelial mechanosensors in response to hemodynamic forces. With
verification by in vitro and in vivo evidence, endothelial mechanosensors have been
demonstrated to contribute to health and disease by regulating physiological and
pathophysiological processes in response to mechanical stimuli.

Keywords Endothelial cells ® Shear stress ® Mechanosensor * Mechanotransduction
* Integrin

2.1 Introduction

The human body is constantly exposed to various types of mechanical forces, such as
the stretching of skeletal muscle, the compression of cartilage and bone, and the
hemodynamic forces on blood vessels (Butcher et al. 2009). As the monolayer is in
direct contact with flowing blood, endothelial cells (ECs) are constantly exposed to
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blood flow- and pulsatile blood pressure-induced hemodynamic forces. These hemo-
dynamic forces include shear stress and cyclic stretch. Fluid shear stress is the fric-
tional force per unit area from flowing blood and acts on the ECs present on the
luminal surface of the vessel (Chien 2007). Cyclic stretch arises due to the blood
pressure and causes circumferential stretching of the vessel wall that affects both the
ECs and the smooth muscle cells (SMCs) that surround the endothelium in the arter-
ies. An increasing number of studies have indicated that hemodynamic forces regu-
late EC functions and vascular physiology and pathophysiology, thereby contributing
to health and disease (Davies 2009; Hahn and Schwartz 2009; Li et al. 2005).

To accomplish these hemodynamic force-induced physiological and pathophysi-
ological modulations, ECs must be able to initially sense these mechanical stimuli
using mechanosensors. These mechanosensors then translate mechanical input into
biochemical output that is transmitted into the interior of the cell, thereby initiating
mechanoresponsive signaling pathways. These processes are known as mechano-
sensing and mechanotransduction (Fedorchak et al. 2014; Jaalouk and Lammerding
2009). Mechanosensors are defined as proteins or molecules (part of the cellular
structure) that can receive the mechanical stimuli, translate these stimuli into a bio-
chemical signal, and then transmit the signal into the interior of the cell. Generally,
mechanosensing is initially dependent on the capacity of mechanical stimuli to
induce conformational changes in the mechanosensor that lead to alterations of the
association of the mechanosensor with its partner proteins or changes in the activity
of these proteins.

Many different cellular proteins have been proposed to function as mechanosensors
of hemodynamic forces in ECs. These mechanosensors are primarily located at the
plasma membrane and include ion channels, G proteins and G protein-coupled recep-
tors (GPCRs) (Gudi et al. 1996), endothelial glycocalyx (Florian et al. 2003), primary
cilia (Pazour and Witman 2003), caveolae (Park et al. 2000; Yu et al. 2006), cell matrix
receptors such as integrins (Tzima et al. 2001; Li et al. 1997), cell—cell adhesion junc-
tion proteins (Tzima et al. 2005), receptor tyrosine kinases (RTKs) (Jin et al. 2003;
Shay-Salit et al. 2002), and bone morphogenetic protein receptors (BMPRs) (Zhou
et al. 2012; 2013). The cytoskeleton and the nucleus were also reported to be mecha-
nosensors in recent studies (Fedorchak et al. 2014; Helmke and Davies 2002;
Tkachenko et al. 2013). In response to hemodynamic stimuli, these mechanosensors
activate upstream signaling molecules through their associated adaptor proteins and
mediate intracellular signaling through phosphorylation cascades, eventually leading
to morphological and functional changes that maintain homeostasis. These changes
include the regulation of gene expression, differentiation, proliferation, angiogenesis,
and migration. Vascular cell dysfunction due to the impairment of these changes may
lead to a pathophysiological state that contributes to the development of vascular dis-
orders, such as atherosclerosis and hypertension (Hahn and Schwartz 2009).

This chapter provides an introduction to hemodynamic force-specific mechano-
sensors in ECs. We also provide in vitro and in vivo evidence of the importance of
mechanosensors for the regulation of endothelial functions. In conclusion, we propose
that these mechanosensors play initial and necessary roles in the hemodynamic
force-modulated vascular biology and pathophysiology that contribute to health and
disease states.
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2.2 Membrane Molecules

2.2.1 Ion Channels

Although our understanding of shear stress-triggered endothelial signaling path-
ways has greatly increased over the past two decades, the mechanisms by which
ECs sense shear stress remain largely unknown. Activation of shear stress-sensitive
ion channels is among the fastest known endothelial responses to shear stress;
hence, ion channels have been proposed to serve as endothelial mechanosensors.
Ion channels are pore-forming membrane proteins whose functions include estab-
lishing a resting membrane potential and shaping action potentials and other electri-
cal signals by gating the flow of ions across cell membranes (Doyle 2004). ECs
express a bewildering variety of ion channels that promote the activation of ion
fluxes. Among these ion fluxes, the transport of calcium (Ca*) across the cell mem-
brane is involved in the early cellular response to shear stress. Ca?* has been pro-
posed to play a key role in signal transduction events, and an increase in the Ca**
level stimulates the Ca?*-dependent synthesis of vasodilators, such as nitric oxide
(NO) and prostacyclin (Kuchan and Frangos 1994; Rubanyi et al. 1986; Falcone
et al. 1993). In addition to Ca**, the flows of potassium (K*), chloride (Cl-), and
sodium (Na*) ions are rapidly elicited in ECs in response to shear stress (Nilius and
Droogmans 2001). These shear stress-activated ion channels play a central role in
the regulation of endothelial mechanoresponsive events (Gautam et al. 2006a).

2.2.1.1 Ca? Channel

In human ECs, the cation channel has been reported to be activated by shear stress,
and Ca*" is more permeable than other cations (Schwarz et al. 1992). In mammals,
the gene encoding the Ca’*-permeable cation channel has been identified as a
Drosophila homologue of the transient receptor potential (TRP) gene. Several mem-
bers of the TRP superfamily are expressed in humans and other species (Nilius et al.
2003). The TRP protein consists of six transmembrane segments, all of which consti-
tute cation channels. TRP channels can be grouped into 7 subfamilies, including
TRPC (C for canonical), TRPM (M for melastatin), TRPV (V for vanilloid), TRPA
(A for ankyrin), TRPP (P for polycystic kidney disease), TRPML (ML for muco-
lipin), and TRPN (N for no mechanoreceptor potential C) (Pedersen et al. 2005).
Functional TRP channels are tetrameric complexes formed by the heteromerization
of TRP subunits crossing different TRP subfamilies. A variety of TRPs have been
identified and demonstrated to serve as mechanosensors in ECs in response to shear
stress. TRPP1 and TRPP2 are also known as polycystin-1 and polycystin-2. The
C-terminal domain of TRPP1 can interact with the C-terminal domain of TRPP2,
and this complex serves as a mechanosensor to activate the Ca** influx induced by
shear stress (Nauli et al. 2008). Both TRPP1 and TRPP2 are localized to endothelial
primary cilia and are required for mechanotransduction (Nauli et al. 2003;
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AbouAlaiwi et al. 2009). Moreover, TRPP2 depletion results in the loss of shear
stress-induced NO production in ECs. This finding suggests that TRPP1 serves as a
mechanosensor to transduce the mechanical force to TRPP2, which allows the Ca?*
influx and leads to the activation of intracellular signaling pathways. TRPV4 (also
named VR-OAC, VRL-2, OTRPC4, and TRP12) has moderately high Ca** permea-
bility in ECs (Watanabe et al. 2002). Activation of TRPV4 by 4aPDD, the selective
TRPV4 opener, increased Ca** entry into ECs and caused vasodilatation of the
carotid artery in rats following intraluminal application of 4aPDD. Similar to
4aPDD, a shear stress of 3 dynes/cm? elicited vasodilation that could be blocked by
a TRPV channel blocker (ruthenium red), a Ca?* chelator (BAPTA-AM), and a NO
synthase blocker (Nw-nitro-L-arginine). These results suggest that TRPV4 is acti-
vated by shear stress, causing Ca®* entry and triggering NO-dependent vasodilatation
(Kohler et al. 2006). Indeed, shear stress-induced vasodilation was lost in TRPV4-
knockout mice (Hartmannsgruber et al. 2007). Du et al. demonstrated that TRPV4,
TRPCI1, and TRPP2 formed a heteromeric channel in rat mesenteric artery endothe-
lial cells and that this heteromeric channel could induce vascular relaxation (Du et al.
2014). Pore-dead mutants for each of the TRP isoforms reduced the shear stress-
induced Ca* current. These results suggest that TRP channels can assemble into
heteromeric complexes that induce Ca** influx, resulting in vasodilation in response
to shear stress. In addition to the TRP channels, TRPC3 and TRPM?7 are expressed in
ECs and are activated by shear stress. TRPC3 is activated by agonist-induced activa-
tion of plasma membrane GPCRs, synthetic diacylglycerols, and depletion of intra-
cellular Ca?* stores in some cell types (Birnbaumer et al. 1996; Montell 2001; Trebak
et al. 2003). Knockdown of TRPC3 reduced Ca** influx and vasodilation in response
to shear stress (Liu et al. 2006). TRMP7 is widely expressed in vascular SMCs and
ECs (Runnels et al. 2001). The effect of TRPM7, which is heterologously expressed
in human embryonic kidney (HEK) 293 cells, can be augmented by shear stress
(Numata et al. 2007). Laminar shear stress also increases the plasma membrane
translocation of TRPM7 to amplify its current amplitude (Oancea et al. 2006). In
addition to the TRP channels, the P2X receptors are membrane ion channels that
allow extracellular Ca* to enter and activate intracellular signaling pathways to
evoke a variety of cellular responses (North 2002). Several P2X subtypes (P2X1-7)
have been identified. P2X4 is the most abundantly expressed subtype of the P2X
receptor in vascular ECs and is the major contributor to the shear stress-induced Ca**
influx (Glass and Burnstock 2001; Ray et al. 2002; Yamamoto et al. 2000a, b). P2X4-
deficient mice exhibit abnormal Ca?* influx and NO production and lose their vaso-
dilation capacity in response to shear stress (Yamamoto et al. 2006).

2.2.1.2 K* Channel

Inward-rectifying K* (Kir) channels were the first type of shear stress-activated ion
channel reported in ECs and were identified using whole-cell patch-clamp record-
ings (Olesen et al. 1988). The Kirs are represented by the Kir2.1 family cloned from
bovine aortic ECs (BAECs) (Forsyth et al. 1997). Overexpression of the Kir2.1
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channels in either Xenopus oocytes or mammalian HEK293 cells results in a large
shear stress-activated K* current in these cells (Hoger et al. 2002). In addition to the
Kir2.1 channels, ATP-activated Kir6.2 currents were increased in rat pulmonary
microvascular ECs and bovine pulmonary artery cells subjected to a shear stress of
10 dynes/cm? (Chatterjee et al. 2003). The role of Ca**-activated potassium chan-
nels (IKq) in the shear stress-induced K* current in ECs has been studied.
Application of a shear stress of 5 or 15 dynes/cm? upregulated IKc, expression,
resulting in the enhancement of the whole cell K* current and increased membrane
hyperpolarization (Brakemeier et al. 2003). Intraluminal administration of iberio-
toxin, an inhibitor of high conductance K, channels (BK¢,), eliminated the shear
stress-induced dilations of the arterials (Sun et al. 2001).

2.2.1.3 CI Channels

Whole-cell patch-clamp recordings and measurements from fluorescent potentio-
metric dyes have demonstrated the presence of shear stress-sensitive outward-
rectifying CI- channels in ECs (Barakat et al. 1999). Activation of outward-rectifying
CI~ channels by shear stress leads to membrane depolarization after membrane
hyperpolarization due to the activation of shear stress-sensitive K* channels. K* and
CI~ channels can both immediately sense shear stress. However, the net electro-
chemical driving forces acting on Cl~ channels is larger than the forces acting on K*
channels, and the dynamics of Cl~ current activation are slower than those of the K*
current. This finding suggests that shear stress-sensitive CI- channels attain maxi-
mal activation slower than shear stress-sensitive K* channels. Lieu et al. demon-
strated that a shear stress-induced hyperpolarizing current was carried in part by K*,
whereas the depolarizing current was carried in part by CI~ (Lieu et al. 2004). A
laminar shear stress of 1-10 dyns/cm? was able to active the hyperpolarizing cur-
rent; however, the depolarizing current was less responsive to 1 dyns/cm? compared
to 10 dyns/cm? These results indicate that shear stress-sensitive K* channels can
respond to a wider range of shear stress for activation than CI~ channels, which may
be involved in sensing shear stress changes at a high shear stress of 10 dyns/cm?. In
addition to the magnitude of the shear stress, K* channels can sense both laminar
and oscillatory flows, whereas CI- channels are only activated by laminar shear
stress (Lieu et al. 2004). Previous studies demonstrated that laminar shear stress
induced anti-inflammatory gene expression, whereas the oscillatory flow was asso-
ciated with atherosclerotic development. These results imply that the shear stress-
induced activation of the Cl- channel may play an important role in the
atheroprotective property of the endothelium (Gautam et al. 2006b). Human aortic
ECs exposed to a stream of fluid through a pipette exhibit an increase in their intra-
cellular calcium concentration ([Ca?*];) that is caused by both the magnitude of the
shear stress and the extracellular Ca** concentration (Nakao et al. 1999; Jow and
Numann 1999). This finding suggests that the activation of the Cl- current suffi-
ciently changes the cell membrane potential to modulate the Ca®* influx. However,
the detailed mechanism underlying the shear stress induction of the Cl~ channel
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remains unclear. The volume-regulated anion current (VRAC) is responsible for the
regulation of osmolarity in a cell. Although shear stress does not induce VRAC cur-
rents in BAECs, it potentiates these currents in the presence of an osmotic challenge
(Romanenko et al. 2002).

2.2.1.4 Na* Channels

Shear stress-increased Na* permeability has been reported in rat cardiac microvas-
cular ECs (Moccia et al. 2000). Epithelial Na* channels (ENaCs) consist of three
basic subunits: a, B, and y. The a subunit of ENaCs forms the pore structure that
allows Na* to permeate, whereas the B and y subunits can interact with most of the
ENaC regulators (Canessa et al. 1994). The a subunit of ENaCs is expressed in
cultured human dermal microvascular ECs, human umbilical cord ECs (HUVEC),
and rat ECs. Shear stress increased the open probability of ENaCs in ECs (Wang
etal. 2009). There is evidence that shear stress-sensitive cation channels in HUVECs
are permeable to not only Ca?* but also Na* (Schwarz et al. 1992).

2.2.2 G Proteins and GPCRs

G proteins are known as guanine nucleotide-binding proteins. The heterotrimeric G
proteins, which consist of o, 8, and y subunits, transduce signals from activated
GPCRs into intercellular signaling molecules. The o subunit is a GTPase switch
protein that alternates between an active status with bound GTP and an inactive
status with bound GDP (Neves et al. 2002). G proteins are activated by shear stress
and act as mediators of shear stress-induced EC responses, such as Ras activation
and NO production (Ohno et al. 1993; Kuchan et al. 1994; Gudi et al. 2003). The G
proteins are the one of the earliest known shear stress-induced cellular responses.
Gudi and Frangos showed that G proteins were rapidly activated within 1 s in ECs
subjected to shear stress. By immunoprecipitating AAGTP-labeled proteins with
polyclonal anti-G, antibodies, the G-protein subunits Gyge11 and Gz Were identi-
fied as activated by shear stress in a shear dose-dependent manner (Gudi et al. 1996,
1998). This shear stress-induced activation of G proteins was modulated by a shear
stress-induced increase in membrane fluidity that was independent of cytoskeleton
and cytosolic components (Gudi et al. 1998). Using time-resolved fluorescence
microscopy and GPCR conformation-sensitive fluorescence resonance energy
transfer (FRET) analysis, bradykinin B2 GPCR (BKRK2) was demonstrated to
induce the conformational changes that led to the activation by shear stress at physi-
ological shear stress values (=15 dynes/cm?). Conversely, a B2-selective antagonist
blocked the shear stress-induced activation of BKRK2 (Chachisvilis et al. 2006).
These specific features, including the cellular location, rapid activation, and force
discrimination, strongly indicate that G proteins and GPCRs serve as primary mech-
anosensors of shear stress. Furthermore, recent studies demonstrated that BKRK?2,
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the G-protein subunits G,q1;, and PECAM-1 form a mechanosensitive complex in
ECs in response to shear stress (Otte et al. 2009; Yeh et al. 2008; dela Paz et al.
2014). In primary human ECs, the oscillatory flow induced the rapid dissociation of
the G,q11—~PECAM-1 complex within 30 s, and G localized in the perinuclear
region within 150 min. In a mouse study, co-localization of G, and PECAM-1 at
the cell—cell junction in the atheroprotective areas of the mouse aorta was observed
by immunohistochemical staining. In contrast, G,4,; was absent from the junctions
in atheroprone areas (Otte et al. 2009). These results indicate that the Gygii—
PECAM-1 complex may be involved in the regulation of atherosclerosis.

2.2.3 Endothelial Glycocalyx

The endothelial glycocalyx is a gel-like thin layer covering the luminal surface of
ECs that interacts directly with hemodynamic forces (Fu and Tarbell 2013). The
endothelial glycocalyx is 0.4—4 pm thick based on in vivo measurements; however,
Ebong et al. used rapid freezing/freeze substitution transmission electron micros-
copy to show that the thickness of the endothelial glycocalyx in cultured ECs was
11 pm (Fu and Tarbell 2013; Ebong et al. 2011). These inconsistent results indicate
that the integrity of the endothelial glycocalyx may be different following exposure
to different factors, such as the different types of cells used in in vivo and in vitro
studies or the measurement techniques employed. The endothelial glycocalyx can
directly bind or selectively block some biomolecules to regulate the EC barrier
function (Bernfield et al. 1999). Additionally, the endothelial glycocalyx has impor-
tant functions in leukocyte recruitment and the inflammatory response (Mulivor and
Lipowsky 2009). The endothelial glycocalyx is composed of proteoglycans, glycos-
aminoglycans (GAGs), glycoproteins, and plasma proteins (Weinbaum et al. 2007).
The three major GAGs [heparan sulfate (HS), chondroitin sulfate (CS), and hyal-
uronic acid (HA)] are found in the endothelial glycocalyx. HS is the most abundant,
accounting for 50-90% of the total GAGs. The transmembrane syndecans,
membrane-bound glypicans, and basement matrix-associated perlecans are the
three major protein core families of the heparan sulfate proteoglycans (HSPGs)
found on ECs. The series of studies by J. Tarbell indicated that the endothelial gly-
cocalyx acted as a mechanosensor. The abolishment of the endothelial glycocalyx
by heparinase III impaired the shear stress-induced organization of the cytoskeleton
and NO production (Florian et al. 2003; Thi et al. 2004). Several studies demon-
strated that following the inhibition of the endothelial glycocalyx by heparinase III,
ECs not only lost the capacity to sense shear stress and to modulate cell motility but
also exhibited an increased proliferation rate in response to shear stress (Yao et al.
2007; Moon et al. 2005).

HS and associated proteoglycans have been extensively studied and have demon-
strated their capacity to function as signal transduction molecules. The syndecans,
including syndecan-1, -2, and -4, have three GAG attachment sites close to their
N-termini and distal to their apical surfaces. Their cytoplasmic tails associate with
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the cytoskeleton and a signaling protein, such as protein kinase C (PKC)-a or
phosphatidylinositol-4,5-biphosphate (PIP2) (Florian et al. 2003; Weinbaum et al.
2007; Tarbell and Pahakis 2006). Koo et al. demonstrated that an atheroprotective
flow increased the expression of the endothelial glycocalyx and syndecan-1 on the
apical surface of ECs; however, this effect was decreased after EC exposure to the
atheroprone flow. Silencing of syndecan-1 inhibited the shear stress-induced expres-
sion of the endothelial glycocalyx (Koo et al. 2013). Knockout of syndecan-1 abol-
ished the shear stress-induced phosphorylation of Akt and paxillin and, in turn, the
activation of integrin o,; and gene expression, including Kruppel-like factors
(KLFs)-2, -4, and -5, endothelial nitric oxide synthase (eNOS), and angiopoietin-2
(Voyvodic et al. 2014). Deletion of syndecan-4 in ECs inhibited the shear stress-
induced alignment with the flow direction. Syndecan-4 knockdown activated the
pro-inflammatory response and decreased atheroprotective flow-induced anti-
inflammatory gene expression (i.e., KLF-2 and KLF-4), resulting in a significant
increase in atherosclerotic lesions in normally resistant locations, such as the tho-
racic region (Baeyens et al. 2014). These results suggest that the syndecans play key
roles in endothelial mechanosensing and are involved in hemodynamic force-
modulated vascular pathophysiology.

2.2.4 Caveolae

Caveolae are cholesterol- and glycosphingolipid-rich, 50- to 100-nm vesicular
invaginations of the plasma membrane that are found in many types of vascular
cells, including ECs, SMCs, fibroblasts, and macrophages. Caveolae serve as trans-
membrane signaling microdomains for the transport of large and small molecules,
such as the transcytosis of macromolecules and potocytosis of ions and folate. The
chief structural proteins of caveolae are caveolins (Sowa 2012; Okamoto et al. 1998;
Hansen and Nichols 2010). Three distinct caveolins have been identified: caveolin-1
(Cav-1), caveolin-2 (Cav-2), and caveolin-3 (Cav-3). Cav-1 and Cav-2 are the most
abundantly expressed caveolins in ECs and fibroblasts, whereas Cav-3 expression is
muscle-specific (Parton 1996). Caveolin is a 21- to 24-kDa membrane protein that
binds directly to cholesterol and forms a scaffold. Many classes of signaling mole-
cules can assemble on this scaffold to generate preassembled signaling complexes,
resulting in the concentration of these signal molecules within a distinct region of
the plasma membrane (Okamoto et al. 1998). These caveolin-interacting signaling
molecules include the G protein a-subunit, Ras, Src family tyrosine kinases, eNOS,
receptor tyrosine kinases, and PKC proteins. Caveolae have been demonstrated to
be involved in shear stress-induced endothelial activation (Park et al. 2000; Yu et al.
2006; Fujioka et al. 2000; Sun et al. 2002; Radel and Rizzo 2005). Using recombi-
nant glutathione S-transferase fusion proteins containing the epitopes of anti-cav-1
caveolin antibodies, Park et al. demonstrated that the scaffolding/oligomerization
domain of cav-1 was critical for the regulation of the mechanosensitive activation of
the extracellular signal-regulated kinase (ERK) (Park et al. 2000). Blocking Cav-1
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resulted in the inhibition of the shear stress-induced activation of ERK. Shear stress
induces an increase in Cav-1 density and the tyrosine phosphorylation of Cav-1 at
the plasma membrane, along with its translocation from the Golgi to the plasma
membrane (Fujioka et al. 2000; Sun et al. 2002). Moreover, the shear stress-induced
translocation and tyrosine phosphorylation of Cav-1 is regulated by the shear stress-
activated f1-integrin C-Src kinase (Csk) and the Src family kinases. Treatment with
the Pl-integrin-blocking antibody JB1A, a type 1 protein phosphatase, or Csk
knockdown leads to the inhibition of the shear stress-induced Cav-1 phosphoryla-
tion in ECs. Immunoprecipitation and immunostaining revealed that Csk interacted
with phosphorylated Cav-1 and integrins. These results suggest the detailed mecha-
nism underlying the response of the p1-integrin-Cav-1-Csk complex to shear stress
(Radel and Rizzo 2005). An in vivo study further supported the importance of
Cav-1 in shear stress-induced arterial responses. Yu et al. demonstrated that the loss
of Cav-1 impaired shear stress-induced vasodilation and eNOS activation and
resulted in medial thickening. Cav-1 overexpression rescued these effects in Cav-1-
knockout mice (Yu et al. 2006). This direct evidence indicates that Cav-1 may serve
as a mechanosensor or mechanotransducer in the arterial response to shear stress.

2.2.5 RTKs

Shear stress rapidly activates several tyrosine kinases, including the Src family
(Okuda et al. 1999), focal adhesion kinase (FAK) (Li et al. 1997), proline-rich tyro-
sine kinase (PyK2) (Tai et al. 2002), and vascular endothelial growth factor recep-
tor-2 (VEGFR-2, also known as Flk-1/KDR) (Chen et al. 1999). VEGFR-2 can act
as a mechanosensor in cell-to-cell junctions (Tzima et al. 2005; Shay-Salit et al.
2002; Osawa et al. 2002). Shear stress rapidly induces VEGFR-2 oligomerization,
tyrosine phosphorylation, and association with different adaptor proteins, resulting
in the transduction of signals and the activation of cellular functions. Several studies
showed that shear stress transiently induced tyrosine phosphorylation of VEGFR-2,
VEGFR-2-Shc association, or VEGFR-2-casitas B-lineage lymphoma (CDI) asso-
ciation, leading to the activation of ERK, c-Jun N-terminal kinases (JNK), or IkB
kinase (IKK), respectively (Chen et al. 1999; Wang et al. 2004). This shear stress-
induced activation of VEGFR-2 was not affected by treatment with an anti-VEGF
antibody, suggesting that the shear stress-induced activation of VEGFR-2 was
independent of its ligand. Jin et al. reported that shear stress induced the ligand-
independent activation of VEGFR-2 and caused the recruitment of phosphatidylino-
sitol 3-kinase (PI3K) and consequent Akt activation and NO production (Jin et al.
2003). Wang et al. showed that shear stress induced the activation of integrins to
transactivate the association of VEGFR-2 and Cbl, leading to the tyrosine phos-
phorylation of Cbl and creating potential docking sites for downstream signaling
molecules. These results indicate that integrin interacts with VEGFR-2 in response
to shear stress (Wang et al. 2002).
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2.2.6 BMPRs

BMPRs are a family of transmembrane serine/threonine kinases, including the type
I receptors BMPR1A and BMPR 1B and the type II receptor BMPR2, both of which
are required for Smad signal transduction and transcriptional activity (Miyazono
et al. 2005). In the canonical bone morphogenetic protein (BMP) pathway, the type
I and I BMPRs do not associate, and Smad remains in the cytoplasm in the absence
of BMP binding. Upon BMP binding, the type I and II BMPRs associate into
dimers, leading to the phosphorylation of BMPR type I by BMPR type II. This
phosphorylation of BMPR type I results in the phosphorylation of downstream
Smads and their subsequent translocation into the nucleus. Different combinations
of type I and Il BMPRs are expressed in ECs, and their responses to the binding of
various BMPs have been studied. For example, BMP2/4 induce the activation of
BMPR1A or BMPR 1B and BMPR2, leading to Smad1/5/8 phosphorylation and the
regulation of cell proliferation, inflammation, and angiogenesis (Dyer et al. 2014).
Ankeny et al. showed that Smad1/5 were highly activated in the calcified fibrosa
endothelia of human aortic valves, which experience disturbed flow (Ankeny et al.
2011). These results suggest that Smad molecules may be regulated by oscillatory
flow and contribute to shear stress-associated vascular disorders. Using a combina-
tion of in vitro/in vivo studies and clinical specimens, Zhou et al. demonstrated that
BMPRs served as mechanosensors and that BMPR-specific Smadl/5 acted as
important mechanosensitive molecules for vascular EC cycle progression in
response to oscillatory flow (Zhou et al. 2012, 2013). This oscillatory flow induced
the activation of BMPRII through its intracytoplasmic kinase domain to induce the
BMPR1B-integrin o,f; association, resulting in Smad 1/5 phosphorylation and
Smad1/5-Runx2 association (Zhou et al. 2013). This oscillatory flow-induced sus-
tained activation of BMPR-specific Smadl/5 was mediated by the Shc/FAK/ERK
pathway. This activation led to the activation of Runx2, mTOR, and p70S6K and the
subsequent upregulation of cyclin A and the downregulation of p21! and p27X!
and, hence, EC cell cycle progression (Fig. 2.1a). Pretreating these ECs with the
BMP ligand inhibitor Noggin and BMP2/4-specific siRNAs could not abolish the
oscillatory flow-induced activation of Smad1/5, indicating that the oscillatory flow-
induced activation of BMPR-specific Smadl/5 was BMP ligand independent. The
study of experimentally stenosed abdominal aortae in rats further substantiated that
the activation of BMPR-specific Smad1/5 and cell cycle progression in vascular
ECs in response to the oscillatory flow occurred in a manner similar to that observed
in vitro. The force specificity of BMPR-specific Smad1/5 activation was induced in
the EC layer of post-stenotic sites that experienced disturbed flow (Fig. 2.1b).
However, Smad1/5 activation was not inhibited by intra-arterial injection of Noggin
into the stenosed rat abdominal aortae. BrdU-positive cells were highly prevalent in
the region of BMPR-specific Smadl/5 activation, and the percentage of BrdU-
positive cells was reduced by a lentiviral Smad5-specific ShRNA. These data sug-
gest that BMPR-specific Smadl/5 may serve as promising hemodynamic-based
targets for therapeutic intervention against EC dysfunction-associated vascular dis-
orders, such as atherosclerosis.
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Fig. 2.1 Oscillatory flow induces EC cycle progression through the activation of BMPR-specific
Smad1/5 in a BMP-independent manner. (a) Oscillatory flow induces BMPRII activation through
its intracytoplasmic kinase domain to induce the BMPR1B-integrin «,f; association, resulting in
Smad1/5 phosphorylation and its association with Runx2. Smad1/5 activation is mediated by the
Shc/FAK/ERK pathway, leading to Runx2, mTOR, and p70S6K activation and the consequential
upregulation of cyclin A and downregulation of p21°™" and p27¥"*! in ECs. (b) The panoramic
examination of Smad1/5 phosphorylation levels in stenosed rat abdominal aortae from the upstream
through midpoint to downstream of the constriction. Auto, autofluorescence of the vessel wall.
Pictures modified from Zhou et al. (2012, 2013)

2.3 Cell-to-Cell Junctions

Endothelial junctions are formed by tight junctions, vascular endothelial cadherin
(VE-cadherin), and their intracellular components (Dejana 2004). ECs also express
the platelet endothelial cell adhesion molecule (PECAM), which promotes hemo-
philic adhesion at sites of intercellular contact. The mechanosensory complex of
cell-to-cell junctions is composed of PECAM-1, VE-cadherin, and VEGFR-2
(Tzima et al. 2005). This mechanosensory complex is necessary for the activation of
shear stress-induced signal pathways.

2.3.1 PECAM-1

PECAM-1 (also known as CD31) is a glycoprotein with six Ig-like loops. It is a
transmembrane protein with a short cytoplasmic domain that is expressed by ECs,
platelets, and leukocytes (Newman et al. 1990). In EC monolayers, PECAM-1 is
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located at intercellular junctions and utilizes hemophilic binding to neighboring
ECs to form calcium-independent cell-to-cell adhesions (Ayalon et al. 1994). The
cytoplasmic tail of PECAM-1 contains two tyrosine residues (Y663 and Y686),
each of which is located in an immunoreceptor tyrosine-based inhibitory motif.
These residues can be phosphorylated by Src family kinases, leading to binding to
SH2-domain-containing protein tyrosine phosphatase-2 (SHP-2) domains (Jackson
et al. 1997). PECAM-1 has been demonstrated to serve as a mechanosensor in ECs
exposed to shear stress (Tzima et al. 2005; Osawa et al. 2002; Chiu et al. 2008).
Shear stress induces the rapid phosphorylation of PECAM-1, resulting in SHP-2
binding, and mediates nuclear factor (NF)-kB and ERK/mitogen-activated protein
kinase (MAPK) activation (Tzima et al. 2005; Osawa et al. 2002). Knockdown of
PECAM-1 reduced the extent of lesions at the aortic arch and the aortic sinus, sug-
gesting that PECAM-1 played an important role in the regulation of atherosclerotic
progression (Goel et al. 2008; Stevens et al. 2008).

2.3.2 VE-Cadherin

VE-cadherin is an endothelial cell-specific main adhesive protein that is critical for
the control of vascular permeability. VE-cadherin is mediated by transmembrane
proteins that promote the homophilic interaction with neighboring ECs and form
calcium-dependent cell-to-cell adhesion sites (Dejana et al. 1995). In the cytoplas-
mic domain, VE-cadherin forms complexes with a- and f-catenin, plakoglobin, vin-
culin, and cingulin that directly or indirectly bind to the actin cytoskeleton and
signaling proteins, allowing the transfer of intracellular signals inside the ECs
(Dejana 2004; Lampugnani et al. 1995). These cadherin complexes are actively
involved in force-dependent junction remodeling. For example, vinculin has been
demonstrated to not be necessary for cell-to-cell junction formation or maintenance
but is needed for force-dependent junction remodeling to protect junctions from
opening by leukocyte extravasation or angiogenic sprouting (Huveneers et al. 2012).
Tolbert et al. demonstrated that Y1065 phosphorylation in vinculin regulated
mechanical force-induced F-actin bundle formation (Tolbert et al. 2014). These
results indicated that vinculin might serve as a mechanosensitive molecule in
response to mechanical forces. Shear stress induced the alignment of ECs with the
flow direction and altered the protein levels of VE-cadherin and its complexes; how-
ever, the partial disassembly of VE-cadherin was localized at EC junctions (Noria
et al. 1999). These results imply that VE-cadherin controls the endothelial permea-
bility barrier and is necessary for EC responses to shear stress. Although VE-cadherin
is essential for the EC response to shear stress, it does not serve as a major mecha-
nosensor for ECs in response to shear stress. PECAM-1 depletion abolished the
shear stress-induced activation of PI3K-dependent events and Src family kinases.
However, VE-cadherin depletion did not inhibit the activation of Src family kinases.
A previous study showed that shear stress-induced activated VEGFR-2 formed a
complex with VE-cadherin/B-catenin that was required for PI3K activation



2 Vascular Endothelial Mechanosensors in Response to Fluid Shear Stress 41

(Shay-Salitet al. 2002; Carmeliet et al. 1999). These results suggest that VE-cadherin
primarily functions as an adapter molecule in association with PECAM-1, whereas
VEGFR-2 plays a role in transducing shear stress-dependent signals into ECs.

2.4 Cell Matrix Receptor

2.4.1 Integrins

Integrins are transmembrane receptors that function in cell adhesion to extracellular
matrix (ECM) proteins. Integrins play important roles in cell-cell adhesion and com-
munication with the ECM. Integrins are composed of o and p subunits that form 24
distinct heterodimers from a combination of 18 a and 8 f subunits (Hynes 2002).
Each subunit has a large extracellular domain, a transmembrane-spanning region,
and a short cytoplasmic domain. The extracellular domain typically binds to an Arg-
Gly-Asp (RGD) sequence that is present in various ECM ligands, such as collagen,
fibronectin, laminin, and vitronectin. The cytoplasmic domains of both the o and f
subunits are the sites of interaction with cytoskeletal and signaling proteins, includ-
ing talin, a-actinin, focal adhesion kinase (FAK), and c-Src. This important linkage
modulates cell motility, cytoskeletal organization, signal transduction, and transcrip-
tion via integrin activity (Hynes 1999). The unique structural features of integrins
enable them to use bidirectional (outside-in and inside-out) signaling to integrate the
intracellular and extracellular environments. In outside-in signaling, extracellular
stimuli induce the intracellular signaling cascade via integrin activation. In inside-
out signaling, intracellular signals trigger the cytoplasmic domains that induce the
affinity of integrins for extracellular ligands (Schwartz and Ginsberg 2002; Takagi
et al. 2002; Campbell and Humphries 2011). Evidence for integrins functioning as
mechanosensors was provided by the finding that pulling integrins using RGD-
coated microbeads or micropipettes resulted in cytoskeletal filament reorientation
and nuclear distortion and redistribution along the axis of the applied forces (Maniotis
et al. 1997). This evidence also provides a molecular connection between the integ-
rin, cytoskeletal filaments, and nuclear scaffolds. Shear stress also induces FAK,
MAPK, and IkB kinase (IKK) activation in a manner that can be attenuated by the
anti-ovB3 antibody LM609. These results show that the shear stress-induced activa-
tion of signaling molecules is integrin dependent (Li et al. 1997; Bhullar et al. 1998).
The direct activation of integrin activity in ECs by shear stress was confirmed by
immunostaining with the WOW-1 antibody, which specifically recognizes the acti-
vated integrin avp3. Shear stress rapidly activates the cluster of integrins into a high-
affinity state and induces their association with the adaptor protein Shc (Tzima et al.
2001; Wang et al. 2002). FAK and Shc are major molecules that mediate the integrin-
dependent activation of downstream MAPKSs in response to shear stress (Shyy and
Chien 1997, 2002). In the FAK-dependent pathway, FAK is autophosphorylated at
Tyr397 and associates with the Src homology 2 (SH2) domain of c-Src, leading to
paxillin and p130“?S phosphorylation by c-Src and the recruitment of various
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adaptor proteins as a result of ERK activation (Geiger et al. 2009). Cav-1 and the
Fyn tyrosine kinase are critical molecules in the Shc-dependent pathway. Cav-1 con-
stitutively associates with the Src family member Fyn and interacts with the integrin
o subunit within the lipid bilayer. Following integrin activation, Fyn is activated and
binds to Shc, leading to the phosphorylation of Shc at Tyr317 and the recruitment of
the adaptor protein Grb2. This sequence of events leads to the activation of the Ras-
ERK pathway (Hynes 2002; Geiger et al. 2009).

2.5 Cytoskeleton and Nucleus

2.5.1 Cytoskeleton

Maniotis et al. demonstrated that mechanical tugging on the integrin receptors
caused reorientation of the cytoskeletal filaments, nuclear distortion, and nucleolar
redistribution along the axis of the applied tension field. These effects were specific
for integrins and were mediated by the direct linkage between the cytoskeleton and
the nucleus (Maniotis et al. 1997). The cytoskeleton is composed of three major
types of protein filaments: microfilaments, intermediate filaments, and microtu-
bules. Microfilaments are actin polymers, which are the most abundant molecules in
the cell and form a continuous dynamic connection between cellular structures. The
assembly of actin filaments is controlled by the Rho family of small GTP-binding
proteins, including Rho, Rac, and cdc42, which dynamically remodel themselves in
response to mechanical stimuli (Goehring and Grill 2013). Intermediate filaments
contain eight protofilaments wound around each other in a ropelike structure.
Intermediate filaments include class I, II, III, IV, and V proteins. The class III protein
vimentin regulates the focal contact size to stabilize cell-matrix adhesion and is
displaced by shear stress (Tsuruta and Jones 2003; Helmke et al. 2000). Recent stud-
ies suggested that the class V protein lamin also contributes to the mechanosensing
pathway to propagate mechanical forces to the nuclear surface (Fedorchak et al.
2014; Alam et al. 2014; Osmanagic-Myers et al. 2015). Microtubules are assembled
by protofilaments surrounding a hollow center, and the microtubule organizing cen-
ter (MTOC) mediates the nucleation of the tubulins into microtubules. Under stimu-
lation by shear stress, the MTOC is located posterior to the nucleus and helps to
orient EC polarity (Masuda and Fujiwara 1993; Tzima et al. 2003). The cilia and
flagella are composed of microtubules, and primary cilia have been identified as an
important mechanosensor (Pazour and Witman 2003). These filaments themselves
are interconnected and are also linked to membrane proteins throughout the cell.
The linkages between external cellular contacts, adhesion receptors, and the cyto-
skeleton serve as mechanotransmitters for bidirectional communication between the
interior and exterior of the cell. Furthermore, the cytoskeleton is “hardwired” to
propagate mechanical forces to the nuclear surface, leading to nuclear deformation
and gene expression (Thomas et al. 2002; Ingber 1997, 2003a, b).
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2.5.2 Primary Cilia

There are two types of cilia in eukaryotic cells: motile cilia and nonmotile cilia
(primary cilia). Primary cilia function as sensory organelles in response to chemical
and physical stimuli and regulate tissue morphogenesis (Pazour and Witman 2003).
In human aortic ECs, primary cilia were first observed by electron microscopy
(Bystrevskaya et al. 1992). Single endothelial primary cilia protrude 1-5 pm from
the apical surface and consist of a 9+0 bundle core of microtubule doubles. They
extend from the basal body of the cell, where they connect to the cytoskeleton
microtubules in the cytoplasm (Egorova et al. 2012). Using immunostaining with
acetyl-a-tubulin, Iomini et al. (2004) found that endothelial primary cilia were dis-
assembled by laminar shear stress at 15 dynes/cm? Nauli et al. (2008) demonstrated
that cytosolic calcium and eNOS were induced in ECs by shear stress at 1.1 dynes/
cm?. Knockdown of endothelial primary cilia resulted in an inability to transmit the
shear stress stimulus into intracellular calcium signaling and NO synthesis.
Additionally, the loss of primary cilia promoted a shear stress-induced endothelial-
to-mesenchymal transition (EMT) in ECs and a fibroblast-like phenotype (Egorova
etal. 2011). The in vivo zebrafish model demonstrated that endothelial primary cilia
could sense extraordinarily low shear stress in a polycystin-dependent manner and
transduce the shear stress stimulus into intracellular calcium signaling (Goetz et al.
2014). These results demonstrated that endothelial primary cilia served as mecha-
nosensors and modulated cellular functions. In vivo observations from C57BL/6
and apolipoprotein-E-deficient mice demonstrated that endothelial primary cilia
were found in increased numbers in the area of atherosclerotic predilection where
the shear was low and oscillatory, whereas endothelial primary cilia were absent in
the areas of the atheroprotective region where the shear had a high and uniform
direction (Van der Heiden et al. 2008). Thus, it is exciting to postulate that endothe-
lial primary cilia may contribute to the formation of atherosclerosis.

2.5.3 Nucleus

The nucleus is encapsulated by the nuclear envelope, a double lipid membrane com-
posed of the inner and outer nuclear membranes. Lamins are subjacent to the inner
membrane of the nuclear envelope and tether the nucleus to the surrounding cyto-
skeleton via linker of nucleoskeleton and cytoskeleton (LINC) complexes. The
LINC complexes are composed of SUN (Sadlp, UNC-84) domain proteins that
span the inner membrane and KASH (Klarsicht/ANC-1/Syne Homology) domain
proteins on the outer membrane (Crisp et al. 2006). The nucleus is connected to the
rest of the cell through the LINC complexes. Mechanosensory complexes are known
to transduce mechanical stimuli from the extracellular environment to the inside of
the nucleus, where these stimuli are converted into biochemical signals and conse-
quently result in gene expression and cellular functions. Whether the capacity of the
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nucleus to directly sense mechanical stimuli from the extracellular environment is
dependent on the cellular geography and unique features of the mechanotransensing
pathway requires further investigation. The nucleus was suggested to function as an
intracellular mechanical force-bearing organelle in studies by Deguchi et al. and
Dahl et al. (Deguchi et al. 2005; Dahl et al. 2005). Indeed, EC nuclei were signifi-
cantly elongated after exposure to shear stress at 20 dynes/cm? for 24 h. The micro-
pipette aspiration technique on the isolated nuclei revealed that the elastic modulus
of the shear stress-induced elongated nuclei was significantly higher compared to
the control nuclei. These results suggested that the structure of the nuclei could be
directly remodeled by the shear stress. Tkachenko et al. demonstrated that shear
stress rapidly displaced the EC nuclei forward to downstream of the flow direction,
resulting in a planar cell polarity and relocation of the MTOC by cytoskeletal motors
(Tkachenko et al. 2013). The distance of the displaced nuclei by shear stress was
8 pm on average within 5 s; this rapid movement of the nuclei was unlikely to be
caused by intracellular signaling events. These results suggest that EC nuclei may
serve as mechanosensory organelles and that the shear stress-induced displacement
of the nuclei contributes to the triggering of intracellular signaling events and even-
tually the relocation of the MTOC (Tzima et al. 2003; McCue et al. 2006).

Recent studies indicated that several nuclear envelope proteins were involved in
the mechanosensing pathway, including nuclear lamins, emerin, and the LINC com-
plexes (Fedorchak et al. 2014). The A-type lamins are the major nuclear mechano-
sensors of the mechanosensing pathway from the ECM into the nucleus (outside-in)
and are key molecules of the nucleocytoskeletal coupling machinery. Poh et al.
demonstrated local dynamic forces based on the matrix elasticity of transmitted
forces from the ECM into the nuclear body; these forces were transmitted to the
nuclear envelope via the F-actin/LINC/nuclear lamina structural pathways.
Moreover, the forces triggered the dissociation of the SMN protein and coilin from
the nuclear body. Lamin A knockout abolished the force-induced dissociation of
SMN and coilin from the nuclear body, indicating an essential role for lamin A in
the transmission of force to the nuclear body (Poh et al. 2012). The cells not only
adjusted to the increase of mechanical forces by remodeling the structure of the
nucleus and lamin A but also increased the level of lamin A in response to mechani-
cal forces (Swift et al. 2013). Matrix elasticity directs the lineage specification of
human bone marrow-derived mesenchymal stem cells (MSCs) in culture towards
bone, fat, or other tissue types. A soft matrix promotes increased adipogenesis and
decreased lamin A expression. Overexpression of lamin A in MSCs on the soft
matrix led to an increase in osteogenesis, suggesting that lamin A enhanced matrix
elasticity-directed differentiation. These studies showed that lamin A served as a
nuclear mechanosensor for both the outside-in signal and the inside-out signal in the
mechanosensing pathway. Transmission of mechanical forces into the nucleus
requires the mechanical connection of the nucleus to the cytoskeleton; these con-
nections are mediated by the LINC complexes. The LINC complexes consist of
SUM domain proteins and KASH domain proteins, and intact LINC complexes are
required for nuclear position, cell polarization, and force propagation (Jaalouk and
Lammerding 2009; Lombardi and Lammerding 2011). There are five SUM domain
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Fig. 2.2 The mechanosensing system in the endothelial nucleus. LINC complexes include the
SUN (Sadlp, UNC-84) domain proteins that span the inner membrane and the KASH (Klarsicht/
ANC-1/Syne Homology, nesprins 1-4, LRMP, and KASHS5) domain proteins on the outer
membrane. Nesprin-1 and nesprin-2 connect F-actin, whereas Nesprin-3 connects the intermediate
filament to the outer nuclear membrane

proteins and six KASH domain proteins (nesprins 1-4, LRMP, and KASHSY) in
mammals, although only SUN1 and SUM2 have been demonstrated to associate
with the nuclear lamina and nesprin 1-3 by directly binding to the cytoskeleton
(Fig. 2.2) (Jaalouk and Lammerding 2009; Wang et al. 2012; Sosa et al. 2012).
Disruption of these LINC complexes results in impaired cell motility, shear stress-
induced cell polarization, defects in nuclear positioning and centrosome orientation,
and disrupted perinuclear organization of actin and vimentin. The LINC complexes
have been suggested to play prominent roles in force transmission between the
nucleus and the cytoskeleton (Chancellor et al. 2010; Chambliss et al. 2013; Morgan
et al. 2011; Lombardi et al. 2011). Interestingly, depletion of nesprin-1 caused an
increase in the nuclear height, focal adhesion assembly, and traction in ECs.
Actomyosin tension has been suggested to be balanced by the nucleus due to
mechanical links mediated by nesprin-1. In the absence of these connections, acto-
myosin forces are assumed to be balanced by an additional number of focal adhe-
sions, resulting in a decrease in cell motility. This evidence implies that nesprin-1
functions as a nuclear mechanosensor by linking mechanical force transmission
between the nucleus and the cytoskeleton.
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In addition to the nuclear envelope proteins, transmembrane actin-associated
nuclear (TAN) lines, which are assembled from nesprin-2G and SUN-2, act as link-
ers between the actin bundles on the top of the nuclear surface and the nucleus. TAN
lines are anchored by lamin A and allow the forces generated by the actin cytoskel-
eton to be transmitted to the nuclear envelope, consequently resulting in the move-
ment of the nucleus. Super-resolution microscopy revealed that the structure of the
TAN lines across the nuclear membrane was similar to the focal adhesions that
crossed the cellular membrane. It is likely that the TAN lines are composed of addi-
tional cytoplasmic and nucleoplasmic proteins (Luxton et al. 2011). The perinuclear
actin cap (actin cap) is composed of thick, parallel, and highly contractile actomyo-
sin filament bundles that are anchored to the apical surface of the nucleus by LINC
complexes and terminate at actin cap-associated focal adhesions (ACAFAs) at the
basal surface of the adherent cell (Kim et al. 2013). Chambliss et al. showed that the
conventional basal stress fiber reformed and organized in response to fluid shear
stress at 0.5 dyne/cm?. The actin cap formed at shear stress 50 times lower (as low
as 0.01 dyne/cm? within 5 min) than the formation of the conventional basal stress
fiber. This evidence suggests that the actin cap plays a key role in the fast and effi-
cient transmission of mechanical forces from the ECM to the nucleus (Chambliss
et al. 2013).

2.6 Summary and Conclusion

Most endothelial mechanosensors are located at the plasma membrane and serve as
primary sensors in response to shear stress (Fig. 2.3). The cytoskeleton and the
nucleus act as secondary sensors to accomplish the mechanotransduction. These
mechanosensors activate upstream signaling molecules and mediate intracellular
signaling through phosphorylation cascades via their associated adaptor proteins or
elicited signaling proteins, eventually leading to the maintenance of endothelial
homeostasis (Table 2.1). In this manuscript, we listed the endothelial mechanosen-
sors and mechanosensing systems involved in the EC response to shear stress.
Although these mechanosensors were identified one decade ago, the detailed mech-
anisms of the effects of ion channels in response to shear stress remain unclear. Ion
channels are fast mechanoresponsive molecules and may play a role in the regula-
tion of atherosclerosis. Due to the limitations of technical approaches and in vivo
studies, little is known about which ion channels have the most important functional
impacts on vascular physiology/pathophysiology in health and disease. Recent
studies indicated novel mechanosensing in the nucleus. Several nuclear proteins,
such as lamin A and the LINC complexes, have been identified as molecules that
serve as nuclear mechanosensors and regulate signaling pathways in the nucleus.
The mechanisms by which these nuclear mechanosensors regulate gene expression
by transmitting signals into the nucleus and inducing a nuclear conformational
remain unclear. These issues deserve further investigation.
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Fig. 2.3 The endothelial primary mechanosensors in response to shear stress. In ECs, shear stress
is sensed by the primary mechanosensor on the membrane, including the ion channels, GPCRs,
glycocalyx, caveolae, primary cilia, RTKs, BMPRs, mechanosensory complexes of cell-to-cell
junctions (PECAM-1, VE-cadherin, and VEGFR-2), and integrin. The shear stress-induced activ-
ity of ion channels results in a Ca®* influx and leads to NO production. G proteins are rapidly
activated within 1 s by shear stress, leading to Ras activation and NO production. Activation of the
glycocalyx and primary cilia results in NO production. Shear stress induces the phosphorylation
and activation of caveolae and triggers NO production and ERK activation. The oscillatory flow
induces the activation of BMPR-specific Smad1/5. The activation of RTKs and mechanosensory
complexes of the cell-to-cell junction by shear stress induces PI3K/Akt activation, leading to NO
production. PECAM-1 is phosphorylated by shear stress, resulting in SHP-2 recruitment and ERK
activation. Activated integrins associate with the adaptor protein Shc and FAK and mediate the
integrin-dependent activation of downstream MAPKs

There is evidence indicating that different mechanosensors can interact with one
another to transmit mechanical stimuli into the cell interior. Integrins and the ECM
are highly interactive, and this interaction causes integrin activation. Computational
models predict that the glycocalyx largely mediates the interaction of integrins and
the ECM, suggesting that the glycocalyx may be a key regulator of integrin func-
tions (Paszek et al. 2009). Cilia sense mechanical forces through polycystins and
trigger intracellular calcium signaling and nitric oxide synthesis. Recent studies
showed that the ECM and integrins surrounded the primary cilia, implying that inte-
grins might be involved in shear stress-induced cilia activation (McGlashan et al.
2006; Drummond 1812). The oscillatory flow induces the association of BMPR1B-
integrin a,f; with the intracytoplasmic kinase domain of BMPRII, resulting in the
activation of BMPRII and phosphorylation of Smad1/5. PECAM-1 can interact with
VE-cadherin and VEGFR-2 to form a mechanosensory complex that transduces
shear stress-dependent signals into cells. The GPCRs, G-protein subunits Gy, and
PECAM-1 form a mechanosensory complex in response to shear stress. The shear
stress-induced activation of integrins is required for the involvement of VEGFR-2
and Cav-1 to transduce signaling pathways. These results indicate that integrins are
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Table 2.1 Mechanosensor proteins elicited by shear stress in ECs

Location Mechanosensor | Elicited molecules Reference
Membrane Ton channels Ca’+, K*, Na*, CI-, Kohler et al. (2006),
NO Hartmannsgruber et al. (2007),
North (2002), Olesen et al. (1988),
Lieu et al. (2004), Wang et al.
(2009)
G Ras, NO Ohno et al. (1993), Kuchan et al.
proteins/GPCRs (1994), Gudi et al. (2003)
Glycocalyx PKC-a, PIP2, NO Weinbaum et al. (2007), Thi et al.
(2004), Tarbell and Pahakis (2006)
Caveolae G protein a-subunit, | Park et al. (2000), Yu et al. (2006),
Ras, Src family Fujioka et al. (2000), Sun et al.
tyrosine kinases, (2002), Radel and Rizzo (2005)
eNOS, PKC, ERK
RTK ERK, JNK, IKK, Jin et al. (2003), Chen et al. (1999),
Akt, NO Wang et al. (2004)
BMPRs Smad1/5, mTOR, Zhou et al. (2012), Zhou et al.
p70S6K (2013)
Primary cilia NO, Ca** Egorova et al. (2011), Goetz et al.
(2014)
Cell junction | PECAM-1 SHP2, NF-kB, Tzima et al. (2005), Osawa et al.
ERK, MAPK (2002), Jackson et al. (1997)
VE-cadherin o/p-Catenin, Shay-Salit et al. (2002), Tolbert
plakoglobin, et al. (2014), Carmeliet et al. (1999)
vinculin, PI3K
Matrix Integrin FAK, Shc, Src, Hynes (2002), Shyy and Chien
receptor paxillin and (2002), Shyy and Chien (1997),
p130¢AS, Cav-1, Geiger et al. (2009)
Fyn, ERK, Ras
Cytoplasm Cytoskeleton Rho, Rac, cdc4?2, Goehring and Grill (2013), Masuda
MTOC and Fujiwara (1993), Tzima et al.
(2003)
Nucleus LINC F-actin, MTOC Tkachenko et al. (2013), Chancellor
complexes et al. (2010), Chambliss et al.

(2013), Morgan et al. (2011),
Lombardi et al. (2011)

able to associate with other mechanosensors to transduce mechanical stimuli into the
cell interior. Nuclear envelope proteins, such as nuclear lamins, emerin, and LINC
complexes, and cytoskeleton molecules, such as TAN lines and the actin cap, are
involved in the nuclear mechanosensing systems. These findings indicate that mul-
tiple endothelial mechanosensors work together to accomplish mechanosensing and
mechanotransduction rather than a single mechanosensor. Indeed, a single endothe-
lial mechanosensor is unlikely to exist.

In vivo studies revealed that these mechanosensors are involved in atheroscle-
rotic formation. PECAM-1 and cilia were suggested to contribute to atherosclerotic
progression. PECAM-1 was required for the activation of NF-kB and the down-
stream inflammatory responses induced by shear stress. PECAM-1 knockdown
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reduced lesion formation. Single-nucleotide polymorphisms in the human
PECAM-1 gene revealed links to early atherosclerosis and cardiovascular diseases
because these polymorphisms influenced the tyrosine phosphorylation of PECAM-1
and leukocyte transmigration (Elrayess et al. 2003, 2004). Primary cilia were
located in increased numbers in the atheroprone region and were disrupted by high
shear stress. Moreover, primary cilia are unlikely to play a role in the atheroprotec-
tive region, which is characterized by high shear stress and a uniform flow. These
results strongly imply the correlation of atherosclerotic formation with PECAM-1
and cilia. Whether other mechanosensors in addition to PECAM-1 and cilia, such as
ion channels and nuclear mechanosensing systems, are involved in atherosclerosis
deserves further investigation.
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