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Abstract

Arterial stiffness is an independent risk factor for cardiovascular
morbidity/mortality. It has been demonstrated that arterial stiffness is linked to
arterial fibrosis manifested by increased synthesis of collagen and other
extracellular matrix components. Integrins, Transmembrane receptors
mediating cell-cell and cell-matrix signaling pathways, are involved in tissue
fibrosis. Galectin-3, a novel marker for diagnosis and prognosis of heart failure
patients, also plays an important role in fibrosis. However, the molecular
mechanisms whereby galectin-3 induces vascular fibrosis are still unclear. We
studied the role of integrin av in Ang ll-induced VSMCs arterial fibrosis and
stiffness via a SMC specific knock-out of integrin av mouse model (av SMKO),
induced in adult mice by injection of tamoxifen. We could not find any
difference in vascular fibrosis in basal conditions between control and mutant
mice. However, decreased arterial fibrosis was observed in av SMKO mutant
mice 28-day after Ang Il perfusion. Analysis of RNA from aorta of control and
mutant mice by Affymetrix microarrays indicated alteration of TGF- pathway
in Ang lI-treated mutant mice. In order to examine the mechanism associated
to the decreased fibrosis in VSMCs of avSMKO mice, we used integrin
av-floxed VSMCs in culture and biochemical methods to analyze the
phosphorylation of signaling components and fibrosis-related proteins
synthesis following integrin av inactivation and/or treatment of TGF-p1, Ang-ll
or galectin-3. Our results indicated that TGF-f1 or Ang-ll increased the
expression of collagen and fibronectin at the protein level as well as the
phosphorylation of ERK and smad2/3 in the control cells, while inactivation of
integrin av partly inhibited the TGF-B1- and Ang-ll-induced effects above.
Integrin av was required for Ang ll-induced expression of galectin-3 in the
VSMCs. Duolink method demonstrated that galectin-3 interacted directly with
integrin av. We also showed that galectin-3 activated AKT, ERK, and
Wnt/B-catenin signaling components. The activation of AKT and Wnt/3-catenin
signaling pathways, but not ERK signaling pathway, by galectin-3 was inhibited
by the knock-down of integrin av. At cellular level, galectin-3-induced an
increase in cell proliferation, migration and synthesis of several fibrosis-related
proteins were also significantly inhibited by knock-down of integrin av. The
specific inhibitor of AKT signaling pathway (LY294002) inhibited the activation
of downstream Wnt/B-catenin signaling pathway and decreased the response
of VSMCs to galectin-3 treatment. Our study indicates a role of integrin av in
the Ang Il or TGF-B1 induced arterial fibrogenesis. Galectin-3, interacting with
integrin av, depends on integrin av/AKT/Wnt/B-catenin signaling pathway to
regulate the proliferation, migration and expression of fibrosis-related proteins
in VSMCs.

Keywords: integrin av, galectin-3, fibrosis
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Visual abstract
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Pho-AKT

\ Pho- Active
GSK3) -catenin
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Proposed model in vitro, integrin av mediates galectin-3 induced activation of Wnt/B-catenin signaling in VSMCs. integrin
av/AKT/B-catenin axis mediates galectin-3 induced proliferation and migration in VSMCs. Galectin-3 interacts with integrin av
directly on the cell surface of VSMCs, inducing the phosphorylation of AKT and, consequently, GSK-3B phosphorylation.
Activation of AKT signaling pathway could phosphorylate several targets including GSK-33 and lead to the degradation of
GSK-3B. In turn, the inactivation of GSK-3B reduces the B-catenin degradation and increases the expression of active
B-catenin. Thus, B-catenin translocate to the nucleus and induces gene expression leading to the proliferation and migration of

VSMCs.
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Proposed model in vivo. Hypothetic scheme for the influence of integrin av on the vascular fibrosis in the Ang Il treatment. Red
arrows indicate the transport of TGF- between media and adventitia. Possible further interaction with endothelial and

circulating/resident leukocytes are not considered
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Abbreviations

AA arachidonic acid

AFM atomic force microscope
ALK activin receptor-like kinase
Aldo aldosterone

Ang Il angiotensin Il

AP activator protein

AT1R angiotensin type | receptor
AT2R angiotensin type Il receptor
AF atrial fibrillation

Bcl-2 B-cell lymphoma-2

bFGF basic fibroblast growth factor
BM basement membrane

BMP bone morphogenetic protein

CADASIL Cerebral autosomal dominant arteriopathy with subcortical infarcts and
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CM cardiac myocytes

Col collagen

CRBP cellular retinol binding protein

CTGF connective tissue growth factor

DVT deep venous thrombosis

ECM extracellular matrix
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EGFR epidermal growth factor receptor
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ERK extracellular signal-regulated kinases
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MT membrane type

MTT Thiazolyl Blue Tetrazolium Bromide
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PAI-1 plasminogen Activator Inhibitor-1

PAR-1 protease-activated receptor 1
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PDGFR platelet-derived growth factor receptor
PG proteoglycans
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PLAZ2 phospholipase A2
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ROCK rhoassociated coiled-coil forming protein kinase
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a-SMA a-smooth muscle actin
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SLC short latent complex

SMC smooth muscle cell

Smurf smad ubiquitination-related factor
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TGF transforming growth factor
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TNF-a tumor necrosis factor alpha

TRPM transient receptor potential melastatin
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VANGL2 transmembrane protein Vang-like 2
Vcl vinculin

VEGF vascular endothelial growth factor

14



Introduction

Part | Integrins are related to fibrosis

1.1 Integrins and integrin-related proteins

Integrins are cell surface receptors which are able to sense mechanical forces
such as vascular wall stress, through the binding to ECM components (Chao, et
al., 2011). These receptors were named integrin because they had an integral
membrane nature and they have a role in maintaining integrity of the cellular
ECM-—cytoskeletal connection (Tamkun, et al., 1986). In human beings, there
are about 18 integrin a subunits and 8 integrin B subunits which combine to
make up 24 different integrin combinations. The integrin subunits have a
molecular weight of 90-160 kDa and generally consist of a large extracellular
domain, a single transmembrane spanning domain, and a short cytoplasmic tail
(Nermut, et al., 1988). The cytoplasmic domain of many of the 8 subunits is
highly homologous, while the a subunit sequences vary significantly.

Integrins themselves do not possess enzymatic or actin-binding activity,
therefore, various adaptor proteins that bind to the cytoplasmic tails of a and 3
subunits are required to mediate structural or scaffolding properties, and to
produce catalytic activity (i.e. outside-in signalling), or, vice versa, to activate
integrins to affect ECM binding (inside-out signalling). Some of these proteins
are crucial for integrin function in the fibrotic process, including, ILK, FAK, Pax,
Vcl, TIn, Kindlin, PINCH, Parvin, actinin and actin (Figure 1) (Chen, et al., 2016,
Israeli-Rosenberg, et al., 2014).

It is through the cytoplasmic tail, mainly made of 8 subunits, that the integrins
bind both cytoskeletal linkers and activate intracellular signalling (Figure 1)
(Chen, et al.,, 2016). The extracellular and cytoplasmic domains of both
subunits are required for proper heterodimerization, which, in turn, is needed to
form a functional integrin receptor (Campbell, et al., 2011).
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Figure 1. Integrins and Integrin-related proteins. Integrins are surface receptors spanning the cell membrane; they connect and
aggregate a range of adapter and signalling proteins such as ILK, FAK, Pax, Vcl, Tin, Kindlin, PINCH, Parvin, actinin and even
actin. This allows both bridging of ECM to the intracellular cytoskeleton, and also allows propagation of signals bidirectionally

across the cell membrane (Chen, et al., 2016).

1.2 The role of integrins in fibrosis

Integrins have been implicated in the development of fibrosis (Chen, et al.,
2016, Shen, et al., 2017). Upregulation of integrins stimulates cellular
proliferation and migration and, more importantly, integrins are activated by
their binding to ECM proteins (Jessen, et al., 2017, Murray, et al., 2017),
however, diffusible factors are also potent integrin activators. Ang Il plays a
critical role in cardiac and vascular remodelling and it could also accelerate the
pathological process of cardiac fibrosis (Ren, et al., 2017). In the process of
driving cardiac fibrosis, Ang Il increases the expression of TGF-31 through the
AT1R (Chen, et al., 2016). TGF-B1 has been regarded as a major factor in the
development of fibrosis in several organs (Mackinnon, et al., 2012). Integrin av
has indirect effects on mediating some signalling pathways of TGF-1,
meanwhile, it has also been shown to play an important role in the activation of
TGF-B1 itself (Campbell, et al., 1997, Chen, et al., 2016).

Integrin signalling, mechanotransduction, and integrin-related proteins in the
ECM have been reviewed by Israeli-Rosenberg et.al (Israeli-Rosenberg, et al.,
2014). Integrins have a wide variety of functions that are related to cardiac
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fibrosis, including non-cardiac-specific ones such as adhesion, formation of
ECM-cytoskeletal junctions, signalling or viral uptake (Figure 2)
(Israeli-Rosenberg, et al., 2014). There are also integrin functions that are not
yet well understood and are important in the CM, such as modification of ion
channel function, or stem cell growth and engraftment, hypertrophic growth,
mechanotransduction, and ischemic protection. ERKs play a pivotal role in
mediating downstream signalling upon integrin activation (Israeli-Rosenberg, et
al., 2014).

T oo

lon Channel and Adhesion / Focal Adhesion /
Ca2*Regulation Costamere Formation

Mechanotransduction

\ ) /
\ ) /
— s 74

Ischemic Protection Stem Cell Growth, Homing, Growth, Hypertrophy
Differentiation, and Engraftment

Figure 2. Some of the multiple functions of integrins in the cardiac myocyte (CM). Integrins can have a wide variety of functions
including adhesion, formation of extracellular matrix—cytoskeletal junctions, signalling or viral uptake, modification of ion
channel function, or stem cell growth and engraftment; hypertrophic growth, mechanotransduction, and ischemic protection

(Israeli-Rosenberg, et al., 2014).

Being at the interface between cells and ECM, integrins are also involved in
different remodelling processes (Chen, et al., 2016). For example, a431, a5p1
as well as avp3 integrins can mediate expression and activity of MMPs and
their effectors in different cellular systems. In turn, some ECM components are
able to regulate expression and activity of several MMPs, through interaction
with integrin receptor and modulation of downstream signalling. For example,
fibronectin regulates MMPs expression by bounding to a431 and a581 integrins
in rabbit synovial fibroblasts (Huhtala, et al., 1995). The interaction between
MMP-2 and integrins also regulate cell migration: for instance, MMP-2 is
up-regulated in invasive colorectal tumours; also, shedding of B1 integrin
followed by subsequent integrin degradation, leads to decreased adhesion and
enhanced cell motility (Kryczka, et al., 2012).

In particular, integrin av plays an important role in fibrosis. Integrin av mediates
Ang Il or TGF- induced cardiac fibrosis. Selective depletion of av integrin on
17



PDGFRB+ cells are protected from Ang ll-induced cardiac fibrosis, while
integrin av blockade also reduces TGF-f activation in cardiac PDGFRB+ cells
(Murray, et al., 2017). VANGL2 regulates cell surface integrin avf3 expression
which influence cell adhesion to fibronectin, laminin, and vitronectin, Tammy
et.al also found that integrin avp3 was a novel VANGL2 binding partner and
was required for increased MMP-2 by VANGL2 (Jessen, et al., 2017). The
transcription factor FOSL1-dependent negative regulation of integrin av@3
expression in HUVEC is required for angiogenesis, increases cell adhesion,
and decreases cell mobility (Evellin, et al., 2013).

Part Il VSMCs play an important role in vascular fibrosis

2.1 Microanatomy of arteries

The cells of the three layers of the vascular wall, intima, media and adventitia,
lie on or are embedded in their ECM (Figure 3). Endothelial cells are widely
spread in the intima. Endothelial cells lie on their basement membrane,
including, type IV collagen, laminins, perlecan. There is an internal elastic
lamina between the intima and the media in small and large arteries. Between
these elastic laminae, VSMC and some ECM components (collagen fibers,
structural glycoproteins, PGs) are present. Collagen fibers and fibroblasts are
mainly found in the adventitia (Jacob. 2003).

Endothelial cells > ————— Intima
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Figure 3. Schematic structure, including main cell types and ECM components in small and large arteries. adapted from

(Jacob. 2003).
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2.2 VSMCs is one of the main cell types in the atrial wall

The structure of blood vessels based on lamellar units (an elastic lamella and
adjacent VSMCs) varies along the arterial tree (Intengan, et al., 2000). The
aorta and proximal branches contain the greatest number of medial elastic
layers. The contents of VSMCs decrease from the thoracic aorta to distal
arteries (Dinardo, et al., 2014, Greenwald. 2007). VSMCs decrease in
arterioles, and only ECs and pericytes are found in the capillaries (Lacolley, et
al., 2017).

SMCs are one of the most important cell types in the atrial wall, since they are
essential for a good performance of the vasculature. By contraction and
relaxation, they alter the luminal diameter, which enables blood vessels to
maintain an appropriate blood pressure. However, VSMCs also play an
important role in vessel remodeling in physiological and pathophysiological
conditions such as pregnancy, exercise, and vascular injury. In these cases,
VSMCs synthesize large amounts of ECM components and increase their
proliferation and migration (Rensen, et al., 2007). Because of these properties,
VSMCs are important not only for short-term regulation of the vessel diameter,
but also for long-term adaptation, via structural remodeling by changing cell
number and connective tissue composition (Lacolley, et al., 2017, Rensen, et
al., 2007). Vascular fibrosis is a risk factors for atherosclerosis, and the latter
represents an example of VSMCs role in vascular pathology (Figure 4). The
transformation of macrophages into foam cells contributing to fatty streaks in
atheroma is a key event during plaque formation (Figure 4). Foam cell and its
apoptosis release a variety of cytokines and chemoattractant to induce
inflammation in the plaque; on the other hand, apoptotic foam cells, the
essential hallmark of vulnerable plaques, constitute the physical center of the
plaque that critically impacts plaque progression, destabilization, and rupture
(Domschke, et al., 2018, Wu, et al., 2018).

In this pathological process VSMCs are, therefore, one of the major sources of
foam cells. VSMCs enter the intima of artery and endocytose LDL; to do so,
VSMCs have a high ability of proliferation and migration which could
deteriorate the stability of atherosclerosis plaque and induce plaque rupture.
Inflammatory cytokines play an important role in the transformation of VSMCs,
since inflammation factors promote the migration of VSMCs from the media to
the intima of artery (Figure 4). All these changes have also an influence on the
vascular stiffness and fibrosis (Part Il for further details).
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Figure 4. VSMCs are one of the most important cell types involved in atherosclerosis. In the pathological process of
atherosclerosis, VSMCs are an important sources of foam cells. VSMCs enter the intima of artery and endocytose the
Low-Density Lipoproteins (LDL) which accumulate locally. More importantly, these VSMCs have a high ability of proliferation
and migration which could deteriorate the stability of atherosclerosis plaque and induce plaque rupture. Inflammation plays an
important role in the transformation of VSMCs in atherosclerosis plaque, since it promotes the migration of VSMCs from the

media to the intima of artery. http://sphweb.bumc.bu.edu

2.3 Two important phenotypes of SMCs: contractile and

synthetic SMCs

Traditionally, there are two populations of SMCs, with a spectrum of
intermediate phenotypes: contractie and synthetic SMCs, which are
characterized by clearly different morphologies. Contractie SMCs are
elongated, spindle-shaped cells (Chamley-Campbell, et al., 1979, Hao, et al.,
2003) and have contractile filaments, whereas synthetic SMCs possess a
cobblestone morphology and contain a high number of organelles involved in
protein synthesis. In addition, synthetic SMCs exhibit higher proliferation and
migration activity than contractile SMCs (Hao, et al., 2003). There are a variety
of SMC marker proteins which can be used to define SMCs phenotypes
(Figure 5): a-SMA, SM-MHC, and smoothening-A/B are usually considered as
the contractile SMC phenotype markers. SMemb/non-muscle MHC isoform-B,

CRBP-1, h-caldesmon, meta-vinculin can be used to indicate a synthetic
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phenotype (Glukhova, et al., 1988, Kuro-o, et al., 1991, Neuuville, et al., 1997).
In fact, these so-called contractile and synthetic phenotypes are just an
oversimplification : it is now being recognized that there is a variety of SMC
phenotypes, ranging from contractile to synthetic (Hao, et al., 2003, Matsushita,
et al., 2007, Rensen, et al., 2007). Actually, recent studies proved that different
synthetic and contractile markers could be upregulated at the same time (Hao,
et al., 2003, Nangia-Makker, et al., 2000). In some cases, contractile
differentiation can be observed in the ‘synthetic’ phenotype and contractile
differentiation markers may be expressed along with with matrix synthesis
(Carthy, et al., 2012, Rama, et al., 2006, Tian, et al., 2017).

M
ER
ECM  Extr

o8
oP

CF

Synthetic Contractile

Figure 5. Ultrastructural characteristics of contractile and synthetic SMCs. Contractile SMCs are elongated, spindle shaped
cells and have contractile filaments, whereas synthetic SMCs have a cobblestone morphology and contain a high number of

organelles involved in protein synthesis (Rensen, et al., 2007).

2.4 ECM plays an important role in vascular fibrosis

ECM plays an important role in vascular fibrosis, since the absolute and
relative quantities of collagens and elastin largely affect the biomechanical
properties of vessels, particularly of the major arteries and veins (Figure 6)
(Arteaga-Solis, et al., 2000, Hartner, et al., 2009, Lan, et al., 2013). Lack of

elastin or increased collagen in the vascular wall lead to vascular fibrosis and
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increased stiffness (Arribas, et al., 2006). The primary sources of the tensile
strength of the vessel wall are collagen fibers around fibroblast of the
adventitial layer (Arteaga-Solis, et al., 2000). Among the 26 different collagen
types, type | and lll collagens are the major fibrillar collagens in vessels,
representing 60% and 30% of vascular collagens, respectively (Jacob. 2003).
However, only mutations in collagen Il have been associated so far with
vascular diseases. Type lll collagen fibrils are relatively more abundant in
tissues subjected to periodic stress, such as the vasculature (Jacob. 2003).
Type Il molecules participate in the tridimensional organization of type |
collagen networks (Arteaga-Solis, et al., 2000). In the arterial wall, the
structure and function of the ECM are also affected by several other structural
glycoproteins, including fibronectin, vitronectin, laminin, entactin/nidogen,
tenascin and thrombospondin these glycoproteins have a multidomain
structure, potentially mediating interactions between cells and other ECM
components (Chothia, et al., 1997, Labat-Robert. 1998).

«—

Figure 6. Pathogenesis and risk factors of vascular fibrosis in atherosclerosis. Vascular fibrosis involves proliferation,
migration, hypertrophy and fibrotic features of VSMCs, accumulation of ECM and inhibition of matrix degradation adapted

from (Lan, et al., 2013).

Part Ill Ang Il or TGF-B induces vascular fibrosis

3.1 Ang Il is an important factor in cardiovascular fibrosis
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3.1.1 Ang Il induces cardiovascular fibrosis

Arterial stiffness and atherosclerosis-related hypercoagulability increase the
risk of stroke. As shown above, VSMCs play a pivotal role in the onset of
atherothrombotic diseases. The ability of VSMCs to adapt to environmental
cues is related to their high plasticity to reprogram their expression pattern in
response to acute stimuli, mainly mediated by ligand-receptor interactions.
Ang Il has emerged as an important hormone that affects cardiovascular
physiology, and long-term exposure to Ang Il plays a critical role in cardiac
hypertrophy and remodeling (Geisterfer, et al., 1988, Mehta, et al., 2007, Xi, et
al.,, 1999). In the pathogenesis of atherosclerosis, alteration in ECM
composition is an important component in the regulation of VSMCs activities,
including migration and secretion. Ang Il could not only increase the production
of collagen, but also regulate fibronectin and TGF-B synthesis by EGFR
(Moriguchi, et al., 1999). A series of in vitro and in vivo experiments have
shown that Ang Il is a pivotal growth factor for VSMCs, causing VSMCs cell
proliferation, hypertrophy, and migration (Bumpus, et al., 1991, Dzau. 2001). In
Ang ll-treated VSMCs, CDK2 activity was suppressed (secondary to failure of
p27kip1 repression), leading to G1-phase arrest and cell hypertrophy. In a
murine model of atrial fibrillation, Kai et.al found Ang Il induced atrial fibrosis
depends on the integrins (Friedrichs, et al., 2014).

3.1.2 Ang Il and its receptors in cardiovascular fibrosis

Ang |, II, 1ll and their receptors (AT1R, AT2R, Mas and MrgD) have been
regarded as the principle components in RAS, an important hormonal cascade
regulating blood pressure and heart functions. Ang Il, the primary effector
molecule of this system, regulates the function of several organs, including
heart, kidney and the vasculature. Ang Il binds to both AT1R and AT2R, which,
in turn have opposite effects. Ang Il induces cell proliferation, myocyte
hypertrophy, myocardial remodeling, fibrosis, and oxidative stress via AT1R
(Mehta and Griendling. 2007). In contrast, stimulation of AT2R produces an
anti-fibrotic, anti-proliferative and pro-apoptotic effects (Mehta and Griendling.
2007).

Ang lI-mediated cardiovascular responses largely depend on the activation of
AT1R (Figure 7) (Lan, et al.,, 2013). AT1R, which belongs to the
seven-membrane superfamily of G protein-coupled receptors, is widely spread
in all organs, including liver, adrenals, brain, lung, kidney, heart, and
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vasculature (Mehta and Griendling. 2007). On the extracellular region of AT1R,
the four cysteine residues form disulfide bridges and are essential for Ang Il
binding (Mehta and Griendling. 2007, Ohyama, et al., 1995). AT1R cytoplasmic
tail contains many serine/threonine residues, which are phosphorylated by G
protein receptor kinases or GRKs (Mehta and Griendling. 2007). In VSMCs,
numerous growth factors and cytokines regulate the expression of AT1R
(Table 1).

Table 1. Growth factors and cytokines involved in expression of AT1R

Factors that Upregulate Factors that downregulate
LDL(Nickenig, et al., 1997) Angiotensin Il (Gunther, et al., 1980)
Insulin (Takayanagi, et al., 1992) Interferon-y (lkeda, et al., 1999)

Progesterone(Nickenig, et al., 2000) Estrogen (Nickenig, et al., 2000)
Erythropoietin(Barrett, et al., 1998) Vitamin A (Takeda, et al., 2000)
HMG CoA reductase inhibitors (Ichiki, et al., 2001)
Epidermal growth factor (Guo, et al., 1994, Howard, et al., 2000)
Platelet-derived growth factor (Nickenig, et al., 1996)
Thyroid hormone (Fukuyama, et al., 2003)
Nitric oxide(Ichiki, et al., 1998)
Forskolin (Griendling, et al., 1994)

HMG, 3-hydroxy-3-methyl-glutaryl. (Mehta and Griendling. 2007)

Ang lI-mediated AT1R activation is one of the main pathogenesis mechanisms
of hypertension (Figure 7). Ang Il binds to the AT1R activating a series of
signaling cascades, including c-Src family kinases, Ca?*-dependent Pyk2, FAK,
JAK, PKC, MAPKs and transactivation of EGFR, PDGFR and insulin receptor
(Hunyady, et al., 2006, Suzuki, et al., 2005). The activation of AT1R by Ang Il
induces cell proliferation, myocyte hypertrophy, myocardial remodeling and
fibrosis. Importantly, Ang Il increases the expression of TGF-B1 via AT1R,
which, in turn, drives fibrosis. Ang Il could also induce NADPH oxidase to
generate excessive superoxide anion (O2""), which plays an important role in
the vascular fibrosis (Sakurada, et al., 2013).
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Figure 7. Role of Ang Il role in cardiovascular pathology. The octapeptide Ang Il exerts its numerous effects in modulating
cardiovascular physiology and pathology by inducing signaling pathways in vascular smooth muscle cells, endothelial cells,

and cardiac fibroblasts, and by affecting their interaction with the ECM adapted from (Mehta and Griendling. 2007).

In contrast to the effect of AT1R, the majority of experimental data show that
AT2R stimulation produces an anti-fibrotic effect. AT2R also belongs to the
seven-membrane superfamily of G protein-coupled receptors. AT2R plays an
critical role in fetal development, and is highly expressed in fetal tissue, and its
expression decreases after birth (Shanmugam, et al., 1996). In adults, the
AT2R has been localized to the heart, kidney, adrenal gland, brain, uterus,
pancreas, retina, skin, and both endothelial and VSMCs of the vasculature
(Roulston, et al., 2003, Wang, et al., 1999, Wheeler-Schilling, et al., 1999). In
the central nervous system, AT2R is expressed in neurons (Steckelings, et al.,
2017).

Several cardiovascular pathologies can increase AT2R expression (Jones, et
al., 2008). In contrast to AT1R, the activation of AT2R receptors induces
vasorelaxation by increasing the production of nitric oxide and cGMP (Jones,
et al., 2008). The stimulation of AT2R directly counteracts the dysregulation of
sympathetic outflow in neurogenic hypertension. Selective activation of brain
AT2R causes moderate decreases in blood pressure in vivo (Steckelings, et al.,
2017). AT2R activates the NO/cGMP pathway, and has vasodilatory effects in
the vasculature (Savoia, et al., 2006). NO/cGMP activates a cGMP dependent
protein kinase causing decreased RhoA activity and AT1R-mediated
vasoconstriction (Savoia, et al., 2006, Savoia, et al., 2005).

In the sites of Ml and Ml repair, ACE, AT1R and AT2R are all expressed at high
levels (Jones, et al., 2008, Weber, et al., 1997). There is also a link between
upregulation of AT2R expression and fibrosis present in hypertrophied and
failing hearts, the increased expression of AT2R was specifically localized to
cardiac fibroblasts (Jones, et al., 2008). TGF-B1 and its receptors, and type |
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and Il collagens, are also expressed in AT2R-rich fibroblasts and
myofibroblasts (Jones, et al., 2008, Katwa, et al., 1997, Lijnen, et al., 2003).
However, the majority of the studies indicate an inhibitory effect of AT2R on
cardiac fibrosis. AT2R has also been found in endothelial cells and in VSMCs
of vessel (Nora, et al., 1998). In AT2R deficient mice, the antifibrotic effect of
AT1R inhibition was not obvious (Wu, et al., 2002, Xu, et al., 2002). Specific
over-expression of AT2R in heart decreased the amount of both perivascular
and interstitial fibrosis induced by Ang Il infusion (Jones, et al., 2008). Recently,
it has been shown that AT2R antagonizes the function of AT1R by directly
binding to AT1R, but, agonist-induced activation of AT2R could not inhibit
AT1R signaling (AbdAlla, et al., 2001).

While the effect of AT1R on collagen synthesis is well established, AT2R
seems to have no effect on collagen secretion. Indeed, AT1R blockade, but not
AT2R inhibition, suppressed Ang Il stimulation of collagen production in
cultured rat and porcine cardiac fibroblasts, as well as rat mesenteric VSMCs
(Lijnen, et al., 2000, Touyz, et al., 2001, Warnecke, et al., 2001). In VSMCs,
AT2R could produce anti-proliferative and pro-apoptotic effects (Mehta and
Griendling. 2007). Resveratrol protection against arterial fibrosis is associated
with increased expression of AT2R (Kim, et al., 2018). In cultured cardiac
fibroblasts, Ang Il stimulation induces the decrease in collagenase activity
which could be abolished by AT2R blockade but not influenced by AT1R (Brilla,
et al., 1994).

AT2R stimulation may also activate lipid-signaling pathways. Ang Il increases
PLAZ2 activity and AA release via AT2R (Lokuta, et al., 1994) in rabbit proximal
tubule epithelia (Jacobs, et al., 1996) and cultured neurons (Zhu, et al., 1998).
Long-term AT2R stimulation by Ang Il could also increase synthesis of
ceramides, which may then activate stress kinases and caspases involved in
the induction of apoptosis (Gallinat, et al., 1999, Lehtonen, et al., 1999)

Ang Il could also affect the fibrosis through the cross-talk with other receptors
and pathways. TRPM is a group of receptors that could mediate the influx of
Ca?* and Mg?*. Zhong et.al found Ang Il could regulate SAN fibrosis through
TRPM7 (Zhong, et al., 2018). TRPM7 mediated both calcium and magnesium
homeostasis in the CFs, 2-APB (TRPM7 inhibitor) inhibited Ang ll-induced
CTGF, SMA expression and CFs proliferation which contribute to fibrosis
progress (Yu, et al., 2014).

PAR-1 which is primarily known as the receptor of thrombin also mediates the
Ang ll-induced vascular and cardiac fibrosis. Knock-out of PAR-1 effectively
attenuated the increasing medial wall thickening and perivascular fibrosis
which were increased by Ang-Il (Antoniak, et al., 2017).
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TNF has been found to regulate the cardiac structure and function in health
and disease (Kleinbongard, et al., 2010, Mann. 2001, Meldrum. 1998). TNF
has two distinct TNF receptors, TNFR1 and TNFR2. Duerrschmid et.al found
that TNFR1 mediated the Ang-ll-induced development of cardiac fibrosis and
adverse cardiac remodeling (Duerrschmid, et al., 2013).

Cba, a potent chemotactic and inflammatory mediator, activated monocytes in
many remodeling processes. PMX53 is a specific C5aR (receptor of C5a)
antagonist that effectively suppressed inflammation and perivascular fibrosis
and increased cardiac function in mice treated with Ang Il (Zhang, et al., 2014)
The transactivation of EGFR, plays a crucial role in the development of
atherosclerotic lesion. In VSMCs, Ang Il promotes the proliferation and
migration of SMCs through the release of HB-EGF and transactivation of
EGFR, MMPs also plays an indispensable role in this process (Yang, et al.,
2005).

3.1.3 Downstream of Ang Il Receptors: signaling pathways in

cardiovascular fibrosis

Ang Il activates a series of signaling cascades by binding to its different
receptors, which in turn regulate the physiological and pathological effects of
Ang Il in the cardiovascular system (reviewed by Mehta and Griendling. 2007).
Here, we just briefly review some signaling pathways related to fibrosis. Ang Il
mediates cardiovascular fibrosis primarily via TGF-B-dependent smad2/3
signaling pathway (see the dedicated section in the next chapter). However,
many other mediators could also play a role in Ang ll-induced activation of
TGF-B/smad2/3 signaling pathway (Bhattacharjee, et al., 2016, Chung, et al.,
2010). Ang Il could also activate smad 2/3 signaling pathway through activin A
and its specific downstream component ALK4 (Wang, et al., 2017). Ang |l
increases ECM production by activating smad signals through the AT1R and
ERK/p38MAPK-Smad pathway (Figure 7). Similarly, in diabetes AGE could
activate smad2/3 via ERK/p38MAPK-dependent mechanism instead of
TGF-B1-pathway (Li, et al., 2004).

MAPKSs regulate a plethora of cellular responses, including protein synthesis
and metabolism, intracellular transport, cell volume regulation, gene
expression, and growth. The signaling cascades including ERK1/2, JNK, and
p38MAPK, are implicated in VSMCs differentiation, proliferation, migration,
and fibrosis (Srivastava. 2002, Taniyama, et al., 2004). In particular, the MAPK
signaling pathway mediates Ang Il induced cardiac fibrosis. In atrial fibroblasts,
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MAPKs are be activated by Ang Il, inducing upregulation of TRAF6 and,
ultimately, fibroblast proliferation (Gu, et al., 2012). In skeletal muscle cells,
Ang Il induces the pro-fibrotic factors (TGF-B1 and CTGF) through P38 MAPK
activity, instead of ERK1/2 signaling pathway (Morales, et al., 2012, Wong, et
al., 2018). Ang Il activates P38 MAPK and JNK through TNF-a, and these
effects are associated with Ang llI-induced hypertension and adverse cardiac
remodeling (Sriramula, et al., 2015). P38 MAPK is a downstream target of
TGF-B in the pathogenesis of renal fibrosis (Stambe, et al., 2004). Ang Il
increases the expression of MAPKs/TGFB1/TRAF6 pathway which is an
important signaling pathway in Ang ll-induced CTGF expression (Gu, et al.,
2017). Ang Il activates CaSR, and activates MEK/ERK pathways; interesting,
pretreating the cells with CaSR inhibitor (Calhex231) or PD98059 (ERK
signaling pathways inhibitor) partially decreased Angll-induced cardiac fibrosis,
suggesting the relevance these pathways have in fibrosis (Chi, et al., 2018).
G-CSF is a key mediator of neutrophil infiltration and induces fibrosis in
infarcted heart; interestingly, it has been shown that Ang Il activates ERK1/2
signaling pathway in G-CSF in the heart (Jiang, et al., 2013).

The JAK/STAT signaling pathway plays an important role in Ang Il induced
expression of granulocyte G-CSF and increases cardiac fibrosis via STAT3
signaling pathway (Jiang, et al., 2013). Accordingly, the proteasome inhibitor
bortezomib decreased Ang Il-induced hypertrophy by inactivation of
AT1R-mediated p38MAPK and STAT3 signaling pathways (Li, et al., 2015).
STAT3 is also necessary in Ang ll-induced cardiac remodeling, since, Ang Il
could not increase the mass of myofibrils in STAT3 knock-out mice in contrast
to WT mice (Zouein, et al., 2013).

The adaptor molecule CIKS (connection to IKK and SAPK/JNK) played an
important role in the IkB kinase/nuclear factor (NF)-kB and JNK/AP-1
pathways. Knock-down CIKS attenuated Ang-ll-induced IKK/p65 and
JNK/c-Jun phosphorylation, NF-kB and AP-1 activation, and MMP-9
expression (Valente, et al.,, 2012). ILK, a serine/threonine protein kinase,
interacts with B1 and B3 integrin cytoplasmic domains, Ang Il stimulated
pro-fibrotic process involving crosstalk between ILK and NF-kB activation in
cardiac fibroblasts (Thakur, et al., 2014).

Notch proteins share a highly conserved domain architecture (Chillakuri, et al.,
2012,Ni, et al., 2018). Notch proteins are a family of transmembrane receptors
(300-350 kDa), including an extracellular domain (NECD), an intracellular
domain (NICD), and a transmembrane domain. Upon activation the NICD is
released and will translocate to the nucleus, based on the presence of an NLS.
Binding of Notch ligands trigger the y-secretase complex to release the NICD
into the cytoplasm and the nucleus (Couturier, et al., 2014, Guruharsha, et al.,
2012, High, et al., 2008, Ozasa, et al., 2013). In the latter, the NICD regulates
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transcription of the target genes, HES and HEY (Jarriault, et al., 1995, Maier,
et al., 2000, Meester, et al., 2018). Notch signaling pathway play an important
role in cell proliferation, differentiation, and apoptosis. Through the AT1R, Ang
Il increases the expression of NICD, promotes the proliferation and migration
of VSMCs, and contributes to the progression of vascular fibrosis (Ozasa, et
al., 2013). In mammals, there are four Notch proteins (Notch 1—4). Notch 3 is
predominantly expressed in VSMCs of the small arteries (Joutel, et al., 2000,
Prakash, et al., 2002), where it plays an important role in their maturation and
differentiation (Domenga, et al., 2004, Meester, et al., 2018). Mutations in
notch 3 leads to the CADASIL (Joutel, et al., 1996, Meester, et al., 2018). In
pathological process of CADASIL, the small cerebral and leptomeningeal
arteries show thickening of the arterial wall, which is accompanied by lumen
stenosis, destruction of VSMCs, and abundance of ECM proteins (Chabriat, et
al., 2009, Meester, et al., 2018, Miao, et al., 2004).

AMPK and some downstream signaling pathways are also related to the Ang Il
induced fibrosis. Alamandine activates AMPK, induces NO production, and
produces the protective effects in cardiomyocytes (Zhang, et al., 2017). Sirtuin
6 increases the expression of pAMPKa-ACE2 signaling and suppress
CTGF-FKN pathway, an effect which diminishes Ang ll-induced myocardial
fibrosis (Jesus, et al., 2018).

NF-kB is a nuclear transcription factor, NF-kB is related to the production of
some inflammatory cytokines and its role in inflammation is well established
(Zhao, et al., 2018). The NF-kB mediated pathways have been found to be
involved in MMPs and EMMPRIN expression in previous study (Cao, et al.,
2017, Huang, et al., 2012). Inflammation has also been shown to play a major
part in development and progression of atherosclerotic lesion formation (Pant,
et al., 2014). In monocytes, macrophages, VSMCs, and endothelial cells, Ang
Il induces the production of cell adhesion molecules such as VCAM-1, ICAM-1,
and E-selectin, and chemokines such as MCP-1, IL-6, IL-8 and IL-18
(Ruiz-Ortega, et al., 2001, Ruiz-Ortega, et al., 2000, Schieffer, et al., 2000)
depending on NF-kB.

3.2 TGF-B1 is a crucial determinant in cardiovascular fibrosis
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321 TGF-B1 interacts with integrins via LAP and induces

cardiovascular fibrosis

There are three structurally similar isoforms of TGF-@3, including TGF-B1, 2 and
3 in mammals. All three isoforms share the same cell surface receptors and
have similar cellular targets. TGF-B1 is the prevalent isoform and is widely
spread in mammalian tissues, whereas the other isoforms are expressed in a
more limited spectrum of cells and tissues (Biernacka, et al., 2011). Although
all three isoforms are expressed in fibrotic tissues, TGF-B1 plays the major role
in the development of tissue fibrosis (Ask, et al., 2008).

TGF-B1 associates with LAP, SLC, and LTBP-1, participating in a Large Latent
Complex, LLC (Chen, et al., 2016). The covering of TGF- by LAP prevents it
from binding to its receptors and activating related downstream pathway (see
below) (Figure 8). Integrin avB3, avf5, avB6 and avB8 bind to the
integrin-recognition motif (arginine—glycine—aspartic acid) of LAP and mediate
the activation of TGF-B (Pozzi, et al., 2011) (see Figure 8). Latent TGFB1 is
converted into its active form by various mechanisms, including integrins, bone
morphogenetic protein 1, several MMPs (MMP-2 and MMP-9), plasmin,
elastase, thrombin, and cathepsin. Interaction between LAP and TSP-1 also
promote latent TGFB1 activation (Chen, et al., 2016). Integrin avp6 interacts
directly with TGF-B1-bound LAP of and induces a spatially restricted activation
of the TGF-B1 singaling. Anti-B6 integrin blocking antibodies completely inhibit
the activation of TGF-B (Annes, et al., 2002). Integrin 6 knock-out mice are
protected from bleomycin-induced pulmonary fibrosis (Munger, et al., 1999).
TGF-B-dependent and -independent pathways of induction of tubulointerstitial
fibrosis were reported in integrin $6- mice (Ma, et al., 2003). The interaction
between integrin avf8 and an RGD of TGF-1 results in the
MT1-MMP-dependent release of active TGF-B1 which produces autocrine and
paracrine effects on cell growth, matrix production and fibrogenesis in lung
cancer tumor xenografts (Mu, et al., 2002).

Two main models have been proposed to explain how integrins contribute to
the activation of TGF-B. In the first model, integrins simultaneously bind the
latent TGF-B1 complex and MMPs. This allows the latent TGF-B1 complex and
proteases to come close together and facilitates the enzymatic cleavage and
release of active TGF-B1. The second mechanism requires the interaction
between the latent complex and ECM, and is independent from proteolysis.
Integrin av can change the conformation of the latent TGF-B1 complex by
transmitting cell traction forces (Chen, et al., 2016).
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Figure 8. Model of mechanical activation of latent TGFB1. TGFB1 participate in LLC that consists of TGFB1 associated with
LAP, SLC, and LTBP-1. LAP contains the amino acid sequence motif RGD (Arg-Gly-Asp) which serves as a recognition site
for several integrins. Actin / myosin-mediated cell contraction force can be transmitted to an RGD binding site in LAP through

the av integrins and induces a putative conformational change that liberates TGF1, activating it (Chen, et al., 2016).

TGF-B induction and activation are consistently observed in experimental
models of tissue fibrosis (Biernacka, et al., 2011, Leask and Abraham. 2004,
Pohlers, et al.,, 2009). There are extensive evidences demonstrating
upregulation of TGF-B and its key role in the pathogenesis of renal fibrosis in
both animal models and humans with kidney diseases (Chen, et al., 2018, Lan.
2011, Meng, et al., 2016). The activated HSC have significant increase in
TGF-B expression that acts as an autocrine positive regulator for ECM
production. TGF-B signal is associated with the accelerated ECM
accumulation (Kisseleva, et al., 2008), TGF-f1 mRNA expression is increased
predominantly in alveolar macrophages, but also in pulmonary endothelial
cells, mesenchymal cells, fibroblasts, and mesothelial cells in
bleomycin-induced pulmonary fibrosis in human patients and experimental
animals (Chen, et al., 2016). TGF-B also contributes to fibrogenesis through
inflammation in chronic liver disease (Dooley, et al., 2012). TGF-3 plays a
pivotal role in the development of fibrosis in heart and consistently is involved
in a variety of cardiac pathologies (Leask, et al., 2004). In a model of
myocardial fibrosis, Ang Il increases the expression of TGF-B (Wong, et al.,
2018). TGF-B inhibition reduced hepatic (Nakamura, et al., 2000), renal
(Fukasawa, et al., 2004) and cardiac fibrosis (Teekakirikul, et al., 2010)
highlighting the role of TGF- in a wide range of fibrotic conditions (Biernacka,
et al., 2011). Serum TGF-B31 level is upregulated in AF patients and could be
used as an independent predictor of AF recurrence (Zhao, et al., 2014).
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3.2.2 TGF-B1 and its receptors

There are three types of TGF-B-receptors (TGF-BRI, TGF-BRII and TGF-BRIII).
TGF-B signals require a heteromeric complex of type | and type |I
transmembrane serine/threonine kinase receptors (TGF-BRI and TGF-BRII).
TGF-B binds to TGF-BRII, thus recruiting TGF-BRI. The formation of this
heteromeric complex of type | and two type Il receptors seems to be necessary
for signaling (Luo, et al., 1996, Weis-Garcia, et al., 1996, Yamashita, et al.,
1994). Phosphorylation of serine and threonine residues in glycine—serine rich
(GS)-domain of TGF-BRI could be phosphorylated by TGF-BRII which results
in a conformational change of TGF-BRI, Subsequently, phosphorylation of
smads transfers the signal into the nucleus (Wieser, et al., 1995). There are
two distinct isoforms of the TGF-BRI: the endothelium restricted ALK1 and the
widely expressed ALKS5. The activation of ALK1 induces smad1, smad5, and
smad8 phosphorylation, while ALK5 promotes the phosphorylation of smad2
and smad3 (Lebrin, et al., 2005).

In contrast to the type | and Il receptors, our knowledge about the role played
by TGF-BRIII in TGF-B biology remains poorly understood. The TGF-BRIII, the
most abundant and ubiquitously expressed TGF- superfamily co-receptor,
binds each of the three TGF-B isoforms with high affinity. TGF-BRIII is
classically thought to function as a co-receptor, adjusting the TGF-p
superfamily ligands to their respective signaling receptors (Cheifetz, et al.,
1990). TGF-B has low affinity for TGF-BRII in the absence of TGF-BRIII, and
overexpression of TGF-BRIII increases the binding of TGF-f to their receptors
and in some cases have been shown to augment TGF- actions, particularly
those of TGF-B2 (Esparza-Lopez, et al., 2001, Lopez-Casillas, et al., 1993,
Sankar, et al., 1995).

3.2.3 TGF-B1 and its signaling pathways in cardiovascular fibrosis

In general, TGF-B1 is known to signal through smad signaling pathways, which,
accordingly, play an important role in fibrosis. The smad family members are
well conserved and widely spread in almost all vertebrates (Figure 9). This
family has eight members, two TGF-B R-smads (smad2 and 3), three BMP
R-smads (smad1, 5 and 8), one Co-smad (smad4) and two I-smads (smad6
and 7). Smad proteins have two globular conserved N-terminal MH1 and

C-terminal MH2 domains connected by a linker region. R-smads and Co-smad
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share two conserved MH1 and MH2 domains (Heldin, et al., 2012, Massague,
et al., 2005, Moustakas, et al., 2001, Ross, et al., 2008), whereas |-smads
have only a MH2 domain. Both the MH1 and the MH2 domains can interact
with cytoplasmic adaptors, transcription factors, co-activators, co-repressors,
and chromatin-remodeling factors (Zhang, et al., 2015).

The linker regions between the MH1 and MH2 domains also play an important
function in smad regulation. Since this region contains PY motifs and flexible
binding sites for Smurf ubiquitin ligases, sites of phosphorylation targeted by
various kinases phosphorylation of protein (Moustakas, et al., 2009, Shi, et al.,
2003), the R-Smad linker region is involved in pathways including, MAPKs,
CDKs (Figure 9) (Zhang, et al., 2015).

MH1 domain Linker MH2 domain
DNA binding MAPK pathway Smad Oligomerization
Protein-protein SMURF pathway Trancriptional activation
interaction Receptor Interaction

Smad 2

Smad 4

Smad 7

Figure 9. Functional and structural characteristics of Smad family members. Smad proteins consist of two conserved globular
domains (MH1 and MH2) and a variable linker region R-Smads and Smad4 have a MH1 domain that contains a B-hairpin
structure for DNA binding and protein—protein interactions. The R-Smad linker region is involved in pathways for MAPKs and
Smurf pathway. The MH2 domain is responsible for Smad oligomerization, transcriptional activation and receptor interaction.
Abbreviations: A: acetylation, NES: nuclear export signal, NLS: nuclear localization signal, NPS: nucleopore signal, P:
phosphorylation, pA: poly-ADP-ribosylation, S: sumoylation, SAD: Smad activation domain, U: ubiquitination. Adapted from
Zhang, et al., 2015.

TGF-B signaling is initiated with serine/threonine kinase receptor
oligomerization and R-smad phosphorylation (Derynck, et al., 1998,
Moustakas, et al., 2001, Whitman. 1998). Subsequently, a R-smad/Co-smad
complex is generated to translocate to the nucleus and regulates downstream
gene transcription. I-smads (smad6 and smad7) could block TGF- signaling
pathway by preventing R-smads from interacting with the TGF-3 receptor or
competing with Co-smad for the generation of R-smad/Co-smad complexes
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(Figure 10) (Zhang, et al., 2015).

Smad 2/3 signaling pathway has been proved to be related to vascular fibrosis.
Some fibrogenic genes have been shown to be the downstream targets of
TGF-B/smad3 signaling, including, collagen type 1 a 1, collagen type 1 a 2,
collagen type 5 a 2, collagen type 6 a 1, collagen type 6 a 3, CTGF, tissue
inhibitor of metalloproteinase-1 (Verrecchia, et al., 2001).
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Figure 10. Signaling crosstalk in vascular fibrosis. TGF-B1/TGF-B1R activation phosphorylates R-Smads, Smad2 and 3.

o

Activated R-Smads form a complex with Co-Smad4 which then translocate to the nucleus and regulates gene transcription.
The ECM deposition is also mediated through Angll/AGEs—mediated ERK/p38 MAP kinase-Smad crosstalk. Adapted from
(Zhang, et al., 2015)

The activation of TGF-B/smads signaling plays a pivotal role in the
pathogenesis of cardiac fibrosis and hypertrophy (Flevaris, et al., 2017, Gao,
et al., 2017, Jeong, et al., 2015, Xiao, et al., 2018). ALKS5 inhibitor inhibited
fibrogenesis in a rat model of progressive TGF-B1-induced pulmonary fibrosis
(Bonniaud, et al., 2005). Smad3 null mice exhibit attenuated cardiac fibrosis
(Bujak, et al., 2007, Dobaczewski, et al., 2010) and are resistant to
bleomycin-induced pulmonary fibrosis (Zhao, et al., 2002), dermal fibrosis
following irradiation (Flanders, et al., 2002), unilateral ureteral obstruction
induced renal interstitial fibrosis (Biernacka, et al., 2011, Sato, et al., 2003).
Through binding to the membrane-bound type | and Il receptors, TGF-
increases the phosphorylation of smad2 and smad3. Once activated by TGF-f,
smad3 and smad4 form a complex, translocate to the nucleus, and recruit
some co-activators such as p300 (Xiao, et al., 2018). The smad3/4 complex
then binds to the promoter regions of target genes and increases the
expression of some fibrosis related protein (Derynck, et al., 2003, Liu, et al.,
2017, Wu, et al., 2015). TGF-B1 is not the sole mediator that could activate the
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smad2/3 signaling pathway. We have mentioned alternative triggers in the Ang
Il part.

Smad 7, a downstream inhibitory smad in TGF- signaling (Kavsak, et al.,
2000, Rodriguez-Vita, et al., 2005, Wang, et al., 2006), acts in a negative
feedback loop. Smad 7 competes with R-smads for receptor binding, thus
inhibiting their phosphorylation; in addition, it recruits ubiquitin ligases to the
receptors thus promoting their ubiquitination and proteasomal degradation; it
also recruits phosphatases to the receptors thus promoting their
dephosphorylation and deactivation, and interferes with the binding of smad
complexes to DNA (Lorenzen, et al., 2015). For these reasons, Smad 7 stops
the progression of cardiac injury via blocking TGF-B/smad3-mediated cardiac
fibrosis and NF-kB-driven inflammation (Wei, et al., 2013). Johan M et.al also
found that smad 7 is required by Ang Il to induce ERK activation as well as
AKT signaling pathway and reduced expression of PTEN in the heart
(Lorenzen, et al., 2015). In summary, TGF-f signaling activates multiple smad
signaling, leading to fibrosis as a main response, in the presence of a finely
tuned regulatory feedback.

Recently, there are also some non-smad signaling pathways which are proven
to mediate the TGF-B induced vascular fibrosis (Lan, et al., 2013). The
JNK/p38, ERK/MAPK, Rho-like GTPase, and PI3/AKT pathways have been
found to reinforce, attenuate or modulate downstream cellular responses,
accounting for the varying effects of TGF-$ (Lan, et al., 2013). ERK, FAK, Src
and B-catenin have been proven to be related with integrin signaling (Chen, et
al., 2016), further regulating smad-independent TGF- effects. Worth noting,
TGF-B uses non-smad signaling pathways i.e. MAPK pathways, to convey the
same fibrogenic signals (Zhang. 2009). MAPK family is a well-known
serine/threonine-specific protein kinase which regulate extracellular mitogenic
and stress stimuli and regulate cell differentiation, proliferation, survival and
apoptosis. TGF-B activates all three known MAPK pathways: ERK, p38 and
JNK (Biernacka, et al., 2011). MAPK pathways may further regulate smad
proteins or mediate smad-independent TGF-B responses. p38 and JNK
usually potentiate TGF-B/smad-induced responses, in contrast, ERK activation
either increases or decreases smad signals depending on the cell type
(Biernacka, et al., 2011). p38 MAPK mediates TGF-B-induced GO/G1 cell cycle
arrest without smad proteins (Seay, et al., 2005). In a mouse model of
scleroderma-like fibrosis, activation of a fibrotic gene program was dependent
on smad1 and ERK1/2, and not on smad2/3 (Biernacka, et al., 2011, Pannu, et
al., 2007). Besides, both in vitro and in vivo findings have suggested that p38
MAPK may play a role in the pathogenesis of renal fibrosis acting downstream
of TGF-B (Biernacka, et al., 2011). JNK and ERK could mediate TGF-31
induced upregulation of fibronectin and a-SMA in pancreatic stellate cells (Xu,
et al., 2018). TGF-B1 induced the phenotypic changes in fibroblasts to become
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myofibroblasts, which have a high ability of production of ECM components
and cytokines via AKT/S6K signaling (Narikawa, et al., 2018). Increasing AKT
phosphorylation suppress TGF-B1-induced smad3 phosphorylation by
promoting the interaction between AKT and smad3 (Zhang, et al., 2018).
TGF-B has been shown to activate AKT, Abelson non-receptor tyrosine kinase
(c-Abl), and Rho GTPase pathways and cooperate with Wnt and Notch
signaling cascades (Derynck and Zhang. 2003). Activation of c-Abl kinase is
involved in TGF-B-mediated renal and pulmonary fibrosis (Biernacka, et al.,
2011). For what concerns kinases, one can summarize TGF-induced
responses by saying that all three major MAPK pathways are activated by
TGF-B, in addition to other kinases, leading to cell cycle entry and fibrosis.

CTGF, a cysteine-rich peptide, has also been regarded as a target gene of
TGF-B/smads signaling (Figure 11) (Sun, et al., 2018). TGF-B also increases
CTGF production which is involved in other several signal pathways, including
Ras/MEK/ERK, Ap-1/JNK, PKC, and Tyr (Leask, et al., 2003). CTGF is
coexpressed with TGF-B at sites of tissue fibrosis and stimulates ECM
production by fibroblasts (Branton, et al.,1999, Frazier, et al.,1996, Kothapalli,
et al., 1997). CTGF also induces the expression of MMP-2 via AP-1 activation
in VSMC culture (Fan, et al., 2002). The addition of CTGF promotes fibronectin
production, cell migration, and cytoskeletal rearrangement in primary
mesangial cells (Crean, et al., 2002).
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Figure 11. Vascular signaling mediating ECM remodeling, fibrosis, and arterial stiffening in aging and hypertension (Harvey, et

al., 2016).
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Part IV Galectin-3: a novel factor involved in fibrosis and

cardiovascular diseases

4.1 Structure and expression of galectin-3

Galectin-3, a member of the B-galactoside-binding lectin family (Dumic, et al.,
2006), displays a similarity in its sequence with Bcl-2. Galectin-3, which is a
29-35 kDa protein, is composed of a C-terminal carbohydrate-recognition
domain, a collagen-like internal R-domain, and a N-terminal domain that
promotes lectin oligomerization (Dumic, et al., 2006, Markowska, et al., 2010).
A 21-kD C-terminal domain of galectin-3 contains the entire CRD and retains
its ability to bind to lactosamine-containing glycans, but C-terminal domain is
unable to form dimers or higher order oligomers because of lacking the
N-domain (Markowska, et al., 2010).

Galectin-3 is widely expressed, with differential expression levels in
hematopoietic tissue, brain, circulatory systems, thymus, lymph nodes, skin,
the respiratory, digestive tract, reproductive and urinary apparatuses (Figure
12) (Dumic, et al., 2006, Suthahar, et al., 2018). Galectin-3 plays an important
role in embryogenesis, growth and development, and also in maintaining
tissue homeostasis (Dalton, et al., 2007). The expression of galectin-3 varies
depending on tissue-type and is modulated in some pathophysiological
process (Suthahar, et al., 2018).

At cellular level, galectin-3 is present in the cytoplasm, nucleus, extracellular
space, and also bounds to the cell surface (Dumic, et al., 2006). There are
numerous biological ligands of galectin-3 which are structurally and
functionally very different, including Bcl-2 (Yang, et al., 1996), Gemin4 (Park,
et al., 2001), B-catenin (Shimura, et al., 2004), K-Ras, AKT, Alix/AIP1, Synexin,
Nucling (Dumic, et al., 2006). Intracellular galectin-3 interacts directly with the
GSK-3B/B-catenin complex and increases the stability of B-catenin. Axin, a
regulator protein of Wnt pathway, forms a complex with 3-catenin, enhances its
GSK-3B-dependent phosphorylation, and promotes GSK-3B-dependent
phosphorylation of galectin-3 (Shimura, et al.,, 2005). All these effects
eventually activate the Wnt/B-catenin signaling pathway (Dumic, et al., 2006).
Extracellular galectin-3 also acts as an interpreter of glycocodes by binding to
glycan-rich molecules in cell-surface glycoproteins and glycolipids (Suthahar,
et al., 2018). Galectin-3 can be secreted into the extracellular matrix and

serum, where it binds to the laminin, fibronectin, tenascin and collagen IV
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(Suthahar, et al., 2018)
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Figure 12. Western blot analysis of different tissues reveals differential expression levels of galectin-3. adapted from (Suthahar,

etal., 2018).

4.2 Galectin-3 Is related to fibrosis

Galectin-3 is a protein related to fibrosis in many different organs, including
heart, vessels, lung, liver and kidney. In pulmonary fibrosis, galectin-3 is a
crucial regulator by activating macrophages and fibroblasts (Mackinnon, et al.,
2012). In a kidney injury animal model, macrophages secret galectin-3 which is
a main driver of renal fibrosis (Desmedt, et al., 2016). Galectin-3 is sufficient to
promote fibrosis independently from TGF-B under certain circumstances
(Figure 13) (Henderson, et al., 2008, Martinez-Martinez, et al., 2015).
Knock-out of galectin-3 could produces a protective effect against renal
interstitial fibrosis, resulting in reduced collagen | and a-SMA expression,
further supporting its foundamental role in this process (Dang, et al., 2012).
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Figure 13. galectin-3 induces fibrosis through TGF- dependent and independent mechanisms. The role of galectin-3 in
fibrosis is well-established, and increased galectin-3 levels contribute to (myo)fibroblast activation through a TGF-f

independent pathway and also through a TGF-3 dependent pathway adapted from (Suthahar, et al., 2018)

4.3 The role of galectin-3 in a variety of cardiovascular

diseases

Several clinical researches have shown that galectin-3 played an important
role in cardiovascular diseases (Figure 14). In the general population, elevated
plasma galectin-3 can be used to predict all-cause mortality, cardiovascular
mortality, and HF (Imran, et al., 2017). Galectin-3 has been found to be
upregulated in HF, MI, and AF patients, and the serum level of galectin-3 is
predictive of bad prognosis (Chen, et al., 2015, Fashanu, et al., 2017, Sharma,
et al.,, 2017). Recently, some rare cardiovascular diseases have also been
associated to an increase in the expression of galectin-3, including,
hypertrophic cardiomyopathy, chronic Chagas disease, aortic valve stenosis
and Kawasaki disease (Numano, et al., 2015, Souza, et al.,, 2017, Yakar
Tuluce, et al., 2016, Zhou, et al., 2016)

The clinical use of galectin-3 for HF has been widely explored, as a marker for
the diagnosis and accurate estimate of prognosis in HF patients (Chen, et al.,
2015). Although in some clinical studies, NT-proBNP might be better than
galectin-3 to diagnose heart failure, galectin-3 is also widely considered as a
novel biomarker to diagnosis heart failure (Chen, et al., 2013, Gullestad, et al.,
2012). In addition, serum level of galectin-3 could be used to predict all-cause
mortality and cardiovascular mortality in HF patients (Chen, et al., 2015). The

combination of galectin-3 with NT-proBNP is the best predictor for all-cause
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mortality and cardiovascular mortality in subjects with acute HF (van
Kimmenade, et al., 2006). Aldosterone likely mediates myocardial damage via
galectin-3 in a murine model of heart failure, and specific inhibition of
galectin-3 prevents isoproterenol-induced cardiac fibrosis (Vergaro, et al.,
2016).

In addition to HF, galectin-3 has been regarded as an important prognostic
biomarker in Ml and AF. To some extent, MACE after Ml and AF also depend
on the level of cardiac fibrosis. Galectin-3 levels are increased in patients with
ischemic heart disease, and there is a significant relationship between
galectin-3 level, M| size and LV remodeling (Sharma, et al., 2017). In the
coronary heart disease patients, AMI increases galectin-3 level which shows a
positive correlation with the number of criminal vessels (Martinez-Martinez, et
al., 2015) and LVEF (Bivona, et al., 2016), Sharma et.al analysed the serum
galectin-3 level in STEMI patients, and found that if galectin-3 is upregulated
after acute MI it is positively associated with the development of MACO
(Sharma, et al., 2017). Even though there is no statistically significant
correlation of galectin-3 and LVEF in the STEMI patients, galectin-3 value is
significantly correlated with mid-term infarct size (Mayr, et al., 2013). In AMI
patients, Szadkowska et al. found that baseline galectin-3 value is a significant
predictor of in hospital new-onset atrial fibrillation (Szadkowska, et al., 2013).
The mean serum galectin-3 level is significantly higher in non-valvular atrial
fibrillation cases than in controls (Sonmez, et al., 2014). High galectin-3 serum
level during acute period of STEMI is an independent predictor of increased
myocardial ECV at 6-month follow-up (Perea, et al., 2016). Coronary
computed tomography angiography is usually used to detect the coronary
plaque burden, serum galectin-3 positively correlates with the total number of
coronary plaques (Pusuroglu, et al., 2017). Galectin-3 could be a useful
biomarker of the atherosclerotic plaque destabilization (Salvagno and Pavan.
2016).

Galectin-3 also plays an important role in AF. In the Atherosclerosis Risk in
Communities (ARIC) study, an increased plasma galectin-3 is associated with
an increased risk of AF (Fashanu, et al., 2017). Diana et.al measured
galectin-3 in the cardiac surgery patients describing that the galectin-3 serum
levels are higher in controls with permanent AF than patients without previous
known AF (Hernandez-Romero, et al., 2017). The galectin-3 level in patients
with persistent AF is significantly higher than that in patients with paroxysmal
AF, galectin-3 is an independent predictor of left atrial volume index (Gurses,
et al., 2015). Patients with new onset of AF have elevated galectin-3 levels in
contrast to those with preexisting chronic AF (Chen, et al., 2016). In
symptomatic atrial fibrillation patients, serum level of galectin-3 is a significant
predictor of reduced LVEF; besides, galectin-3 is positively correlated with the
CHA2DS2-VaSC score (Clementy, et al., 2016). Galectin-3 serum levels
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predict atrial fibrosis of the atrial appendage (Hernandez-Romero, et al., 2017).
A significant correlation between serum galectin-3 level and extent of left
atrium fibrosis is found in paroxysmal atrial fibrillation patients who undergo
delayed-enhancement magnetic resonance imaging prior to
cryoballoon-based atrial fibrillation ablation (Yalcin, et al., 2015). In persistent
atrial fibrillation patients without structural heart disease, plasma galectin-3
concentrations can be used to predict AF recurrence after ablation (Clementy,
et al., 2016, Wu, et al., 2015)

In the Ang ll-induced hypertension model, the cardiac inflammation and
fibrosis induced by Ang Il partly depend on galectin-3 (Gonzalez, et al., 2016).
In experimental hyperaldosteronism, galectin-3 is increased in cardiac
fibroblasts and mediates aldosterone induced cardiac inflammation and
fibrosis (Martinez-Martinez, et al., 2015). In inflammatory cardiomyopathy
patients, myocardial galectin-3 expression significantly correlates with
inflammatory cell count on endomyocardial biopsy, and there is an inverse
association between myocardial galectin-3 expression and cardiac fibrosis
(Besler, et al., 2017).

Galectin-3 levels are increased and correlate with the degree of left ventricle
hypertrophy in HCM patients, even though the relationship between galectin-3
and myocardial left ventricle diastolic and systolic functions is not significant
(Yakar Tuluce, et al., 2016). In chronic chagas disease, T. cruzi infection
increases the expression of galectin-3, which plays a role in favoring
inflammation and fibrogenesis (Souza, et al., 2017). Galectin-3 positively
correlates with fibrosis and RWT, thus, it could be used as a valuable
prognostic predictor in patients with aortic valve stenosis (Zhou, et al., 2016).
In KD patients with giant aneurysms, increasing of galectin-3 may help to
identify a subset of KD patients at highest risk of myocardial and vascular
fibrosis (Numano, et al., 2015). Galectin-3 plasma concentration is significantly
higher in PAH patients, and galectin-3 increases the proliferation,
differentiation and extracellular matrix deposition of PAFs (Luo, et al., 2017). In
obese patients, galectin-3 could deteriorate the cardiac damage
(Martinez-Martinez, et al., 2015).
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Figure 14. Galectin-3 is upregulated in a variety of cardiovascular diseases

4.4 Galectin-3 is related to fibrosis in cardiovascular system

4.4.1 Galectin-3 mediates the fibrosis in several different cell types in

the cardiovascular systems.

Galectin-3 affects the functions of several cell types in the cardiovascular
systems (Figure 15). Galectin-3 is expressed in VSMCs and mediates the
oxLDL-induced phenotypic transformation of VSMCs. Silencing galectin-3
reduces the oxLDL-induced proliferation and migration of VSMCs (Tian, et al.,
2015). Galectin-3 promotes the phenotype transformation of VSMCs by
activating Wnt/B-catenin signaling pathway (Tian, et al., 2017). In a series of
cardiovascular diseases, galectin-3 level is upregulated in serum, which in turn
contributes to accumulation and activation of inflammatory cells in cardiac
tissue, and promotes activation and proliferation of fibroblast and VSMCs, thus
leading to cardiac fibrosis and remodeling (Lippi, et al., 2015). Galectin-3 is an
important player in Aldo-induced vascular inflammation and mediates
Aldo-induced vascular fibrosis, since galectin-3 silencing blocks Aldo-induced
collagen type | deposition both in vivo and in vitro (Calvier, et al., 2013). In
HUVEC, galectin-3 plays an important role in VEGF-and bFGF-mediated
angiogenesis (Markowska, et al., 2010). Recombinant galectin-3 could
promote proliferation, differentiation and increased production of collagen in
cardiac fibroblasts (He, et al., 2017). oxLDL can promote the expression of
galectin-3 in macrophages (Kim, et al., 2003). M2 macrophages have an
important role in collagen turnover affecting wound remodeling (Henderson, et
al., 2008, MacKinnon, et al., 2008). More importantly, in myocardial biopsies
from failure-prone rats, galectin-3 co-localizes with activated macrophages.
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These evidences suggest that macrophage-derived galectin-3 could be an
important player in cardiac remodeling (Sharma, et al., 2004). Cardiomyocytes
could also secret galectin-3 which may also affect collagen secretion. In a
different study investigating effects of PKC in cardiac hypertrophy, exposure of
to PDBu, a PKC activator, promotes hypertrophy and increases galectin-3
protein expression as well as collagen production in rat cardiomyocytes; a
galectin-3 inhibitor (B-lactose) blocks collagen production in HL-1 cells. (Kim,
et al., 2003, Suthahar, et al., 2018)

Galectin-3 could increase the production of ECM in several different cell types
in the cardiovascular systems. The activation of PKC-a increases galectin-3
expression which subsequently promotes cardiac fibrosis and HF (Song, et al.,
2015). Cardiomyocytes could secrete galectin-3 which has a paracrine effect
on cardiac fibroblasts, inducing their activation (Asensio-Lopez, et al., 2018).
Hypertensive cardiac remodeling is associated with molecular inflammation
and fibrosis, and aldosterone-induced cardiac inflammation and fibrosis also
depend on galectin-3 (Martinez-Martinez, et al., 2015). In a HF mice model,
galectin-3 triggers cardiac fibroblast proliferation, collagen deposition, thus,
eventually causing ventricular dysfunction (Sharma, et al., 2004).
Recombinant galectin-3 promotes angiogenesis and migration of HUVEC
(Markowska, et al., 2010). Overexpression of galectin-3 in macrophage prompt
fibroblasts to synthesize some fibrosis-related factors (Lin, et al., 2014).
Galectin-3 is upregulated in AF patients, where it activates the
TGF-B1/a-SMA/Col | pathway in cardiac fibroblasts, which may enhance atrial
fibrosis (Shen, et al., 2018). In the process of pulmonary fibrosis, galectin-3
induces the profibrotic process via smads and AKT signaling pathway (He, et
al., 2016). In the heart tissue, galectin-3 could increase macrophage and mast
cell infiltration, enhance interstitial and perivascular fibrosis, thus ultimately
leading to cardiac hypertrophy (Liu, et al., 2009). Galectin-3 levels positively
correlate with the ECM markers TIMP-1 and HA, but not with N-terminal
propeptide of PIIINP in pulmonary arterial hypertension patients (Fenster, et al.,
2016). The all above clearly point to a role for galectin-3 in cardiovascular
diseases.
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Figure 15. Galectin-3 affects the functions of several cell types in the cardiovascular systems.

4472 Galectin-3 is involvememnt in mechanisms of cardiovascular

fibrosis suggests its potential as a therapeutic target

Two RAAS effector hormones (Ang Il and Aldo) induce cardiovascular fibrosis
via galectin-3. In Ang ll-induced cardiac remodeling and hypertension mice
model, galectin-3 knockout mice have less LV dysfunction and fibrosis than
WT mice (Gonzalez, et al., 2016, Yu, et al., 2013), while Galectin-3 is required
for fibrotic responses to Aldo in vascular smooth muscle cells. Hypertensive
Aldo-treated rats show vascular hypertrophy, inflammation, fibrosis, and
increased aortic galectin-3 expression; on the other hand, galectin-3 inhibition
by modified citrus pectin or small interfering RNA suppressed Aldo-induced
collagen type | synthesis (Calvier, et al., 2013). Exogenous galectin-3 induces
the expression of fibrosis-related proteins, including a-SMA and connective
tissue growth factor in corneal fibroblasts, small molecule inhibitor, 33DFTG,
reduced galectin-3 induced expression of a-SMA (Chen, et al., 2017).

Several studies showed that inhibition of synthesis or activity of galectin-3
could be regarded as a therapeutic option to decrease fibrosis in
cardiovascular systems. The knocking down of galectin-3 effectively reduced
the increased synthesis of type | collagen induced by aldosterone in heart
(Calvier, et al., 2013), Knockout galectin-3 or galectin-3 inhibitor MCP could
prevent aldosterone induced cardiac fibrosis (Calvier, et al., 2015). Galectin-3
may also play a role in maintaining the integrity of cardiac tissue after necrosis
and is essential for normal wound healing in the initial phases of cardiac repair.
In a Ml mouse model, knockout galectin-3 has a high rate of mortality, mainly
due to ventricular rupture (Gonzalez, et al., 2014). The excessive proliferation
and differentiation of PAFs play a crucial role in the pathogenesis of PAH,
TGF-31 increases  galectin-3  expression in PAFs,  whereas
N-Acetyl-D-lactosamine (galectin-3 inhibitor) significantly suppresses TGF-31-
induced proliferation, differentiation, and collagen synthesis of PAFs (Luo, et
al., 2017).Inhibition of galectin-3 effectively decreases production, processing,
cleavage, cross-linking and deposition of collagen, thus limiting or even
reversing the cardiac remodeling (Yu, et al., 2013). Galectin-3 inhibition
effectively reduces fibrosis and inflammatory biomarkers in cardiac tissue (Lax,
et al., 2015). Galectin-3—-/- mice has a dramatically reduced number of
infiltrating macrophages, CD4+ T lymphocytes, and CD8+ T lymphocytes in
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heart during Chagas disease, accompanied by a diminished cardiac fibrosis
(Pineda, et al., 2015).

4.5 The relationship between galectin-3 and integrins

There are many integrins which have been identified as the major
galectin-3-binding proteins, for example, integrin avf3 (Markowska, et al.,
2010), integrin a3p1(Saravanan, et al., 2009), integrin f1 (Lakshminarayan, et
al., 2014), integrin a1B1 (Ochieng, et al., 1998). This binding triggers a series
of intracellular signaling, including FAK signaling and ILK signaling (Wesley, et
al., 2013). Galectin-3 plays an important role in the process of cellular uptake
of the CLIC cargo CD44 and endocytosis of B1-integrin (Lakshminarayan, et
al.,, 2014). Furthermore, it mediates endocytosis of integrin p1 via a
caveolae-like pathway (Furtak, et al., 2001) as well as endocytosis of AGE
products and acetylated low-density lipoproteins (Wang, et al., 2017). Integrins
have been found to mediate the functions of galectin-3 in many different cells.
Galectin-3 increases lateral mobility of integrin receptors, cluster size of
integrins, and cell migration in HelLa cells (Yang, et al., 2017). Integrin B1 also
mediated galectin-3 induced production of inflammatory cytokines in PSCs
(Zhao, et al., 2018). Galectin-3 activates outside-in integrin signaling
promoting cell migration and matrix remodeling in metastatic cancer cells
(Boscher, et al., 2013). Integrin av3 is the major galectin-3-binding protein in
endothelial cells, and anti-av, anti-B3 and anti-avB3 integrin antibodies
significantly inhibit galectin-3-induced cell migration and capillary tubule
formation (Markowska, et al., 2010).

Part V Vascular stiffness is a multifactor process

5.1 The importance of vascular stiffness in cardiovascular

diseases

Vascular stiffness plays an important role in aging and in many cardiovascular
diseases, including myocardial infarction, heart failure, and atherosclerosis
(Safar, et al., 2003). Arterial stiffness is also an independent predictive risk
factor for major adverse cardiovascular events. The elasticity, distensibility,
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and compliance of the arterial system affects blood pressure which in turn
leads to increased cardiac work load, followed by cardiac hypertrophy and
adverse cardiovascular events. The principle of PWV, used to assess the
arterial stiffness, is measuring the speed of pressure pulse from the heart to
the arteries; in the presence of arterial stiffness pressure pulse takes less time
to travel the defined distance (Van Bortel, et al., 2012). PWV can be measured
by various approaches, including applanation tonometry, oscillometry, doppler
echocardiography, and magnetic resonance imaging (Laurent, et al., 2006,
Van Bortel, et al., 2012). Carotid-femoral PWYV is now considered as the gold
standard for evaluation the aortic stiffness in clinical practice (Laurent, et al.,
2006, Van Bortel, et al., 2012).

5.2 Factors regulating vascular stiffness

Many mechanisms contribute to the regulation of arterial; their nature may be
systemic  (blood  pressure, hemodynamics), vascular (vascular
contraction/dilatation, ECM remodeling), cellular (cytoskeletal organization,
inflammatory responses, endothelial dysfunction, phenotype of VSMC), and
molecular  (oxidative  stress, calcification, intracellular  signaling,
mechanotransduction, “extrinsic factors” such as hormones, salt, and glucose
regulation) (Harvey, et al., 2016).

Oxidative stress

Oxidative stress is an important factor which contributes to arterial stiffness.
The formation of ROS including free radicals, hydrogen peroxide. The
increasing ROS leads to oxidation of proteins and DNA affecting cell signaling
and inducing inflammation, vascular fibrosis, and calcification (Harvey, et al.,
2015). Importantly, oxidative stress can be altered by the imbalance between
antioxidant defenses and ROS that are produced in vessel walls and regulate
cell functions and cellular senescence. Decreased NO accentuates vascular
injury and/or impairs vascular repair (Steppan, et al., 2014).

Calcification

Calcification of the arterial media is proposed to be involved with stiffening of
the aorta. Oxidative stress, apoptosis, mitochondrial dysfunction, mechanical
stress and inflammation are the known drivers in arterial medial calcification
(Durham, et al., 2018). It is currently believed that VSMCs phenotype switching
during calcification varies depending on the location of calcification.
Calcification is likely to happen in both medial (arterial medial calcification) and
intimal (arterial intimal calcification). There may be pronounced differences for
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the mechanisms driving calcification at either site, inflammation is more
important in the process of arterial intimal calcification (Durham, et al., 2018).
ENPP1 is a gene whose expression is associated with calcification: higher
ENPP1 is also related to the increasing brachial-ankle PWV (Pierce. 2017).
MGP is a strong inhibitor of soft tissue calcification. The inactive form of MGP
and dephospho-uncarboxylated MGP could be used to predict the higher
aortic stiffness, however, in some clinical researches, the correlation between
aortic stiffness and uncarboxylated MGP without phosphorylation is failed to
identify (Pivin, et al., 2015).

ECM

ECM maintains vascular structural stability and is essential for the mechanical
and biological properties of vessel walls. Excessive ECM protein deposition
leads to vascular fibrosis and increased stiffness. Collagens are especially
important in these processes, because collagen types | and Ill are the
predominant isoforms in the vascular ECM. The absolute and relative
quantities of collagen and elastin regulate the biomechanical properties of
vessels, in which an elastin deficiency/collagen excess leads to vascular
fibrosis and increased stiffness (Alpert. 2005, Nicolson. 1976). Upregulation of
collagen content and decreased elastin together with a proinflammatory
microenvironment contribute to ECM remodeling, increased intima-media
thickening and vascular stiffness in human and experimental hypertension
(Nicolson. 1976). ECM is degraded with advancing age, which facilitates
VSMCs migration.

Endothelial dysfunction

Endothelial integrity is of great importance to a normal vessel. The
endothelium is one of the largest endocrine organs in the human body.
Vascular ECs secrete a series of biologically vasoactive molecules (through
both autocrine and paracrine processes) that play important roles in
maintaining vascular structural and functional stability (Kalaria. 2002). Healthy
endothelium maintains vascular structure and regulates vascular tone, which
has the potential to directly lower vascular resistance. Endothelial dysfunction
may also contribute, at least in part, to the development of aortic stiffness
through chronic increases in VSMCs tone(Pierce. 2017). By using AFM,
DeMarco et al., found that a HFS diet increased the surface stiffness of
endothelial cell and VSMCs in aorta (DeMarco, et al., 2015).

Ang Il
Many hormones have been proved to modulate vascular stiffness. Ang Il could

stimulate collagen formation, trigger matrix remodeling and vascular
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hypertrophy, depresses nitric oxide-dependent signaling, increases oxidant
stress, and reduces elastin synthesis.

Inflammation mediated by Ang Il plays an important role in the arterial stiffness.
Atherosclerosis has been regarded as a inflammatory reaction. Ang I
increases the expression of IL-6 (Kranzhofer, et al., 1999), MCP-1, and TNF-a
in monocytes (Hahn, et al., 1994), which deteriorate the progression of
atherosclerosis. In vascular inflammation, Ang Il provides a positive feedback
loop via recruitment of inflammatory cells, which then produce more Ang I,
and deteriorate vascular inflammation (Neves, et al., 2018). Pro-inflammatory
and pro-fibrotic effects furtherly promote insulin resistance and vascular
remodeling in VSMCs, and therefore influence the development of
atherosclerosis (Cascella, et al., 2010).

There is also a positive feedback loop between Ang Il and ROS generation in
the oxidative stress. Ang Il stimulates the expression and activation of NADPH
in endothelial and vascular smooth muscle cells (Harvey, et al., 2015), Ang |l
increases ROS formation by activating mitochondrial protein kinase C and
ATP-dependent potassium channel opening (Yung, et al., 2015); on the other
hand, ROS increases the expression of AT1 receptor (Leong, et al., 2010). Ang
Il increases the expression of MCP-1 which, in turn, can stimulate VSMCs
migration (Chen, et al., 1998, Tsuchiya, et al., 2006). Finally, RAAS activation
reduces the production and activity of natural anti-oxidants, such as SOD and
glutathione (McNulty, et al., 2005). These mechanisms have been pointed out
as the main reasons why RAAS inhibition is a key step in reversing the
processes of vascular aging.

Ang |l could increase the vascular stiffness which is assumed to be attributable
to changes in ECM (Miner, et al., 2006, Nanthakumar, et al., 2015). There are
more and more researches showing that the treatment of large artery stiffening
in patients involves the utilization of calcium channel blockers and Ang Il
receptor antagonists which are usually thought to primarily affect the tone of
VSMCs but not the ECM (Chen, et al., 2016).

MFG-E8

MFG-ES8 increases the proliferation and invasion capacity of VSMCs. Since
Ang Il enhances the expression of MFG-E8, and through MCP-1 stimulates
VSMCs invasion. MFG-E8 is an important relay factor within the Ang
[I/MCP-1/VSMCs invasion-signaling cascade. In ECs, overexpression of
MFG-E8 induces apoptosis through increasing the Bax/Bcl-2 ratio and
caspase-9 and caspase-3 activation (Li, et al., 2011).

MMPs
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MMPs comprise the M10 family of the zinc-containing MA clan of
metallopeptidases. They are ubiquitous enzymes, with an active site where a
Zn atom, coordinated by three histidines, can play a catalytic role to degrade
the vascular ECM (Sbardella, et al., 2012).

MMPs are involved in ECM and BMs degradation. MMPs play important roles
in the physiology of fibrosis, including atherosclerosis, liver cirrhosis, fibrotic
lung disease, otosclerosis, and multiple sclerosis. MMPs play a key role in
mediating the progression of stable atherosclerotic lesions to an unstable
phenotype that is prone to rupture through the destruction of strength-giving
ECM proteins (Amalinei, et al., 2010). MMPs involved in vascular ECM
remodeling consist of five groups: interstitial collagenases (MMP-1 and MMP-8,
expressed by ECs and SMCs) mainly degrade primarily interstitial matrix
collagens, particularly collagen |, 1, and lll; gelatinases (MMP-2, expressed by
SMCs and macrophages; MMP-9, expressed in macrophages and vascular
cells) degrade collagens IV and V, denatured collagens, and elastin;
stromelysin degrade basement membrane proteins such as collagen IV and V,
laminin and fibronectin; MT-MMPs degrade collagen | and Ill, fibronectin,
laminin, entactin/nidogen, tenascin and perlecan (Galis, et al., 2002,Jacob.
2003, Xiao, et al., 2014) and elastases (MMP-7, expressed at a low level in the
vascular wall, MMP-12, synthesized by macrophages) (Birkedal-Hansen. 1993,
Davies, et al.,, 1992, Norman, et al., 1996). In addition, MMP-1, MMP-2,
MMP-3, MMP-8 and MMP-9 can promote the migration and proliferation of
VSMCs (Amalinei, et al., 2010, Xiao, et al., 2014).

The expression of most MMPs is mediated by a variety of inflammatory
cytokines, hormones, and growth factors, including IL-1, IL-6, TNF-a, EGF,
PDGF, bFGF, and CD40 (Moon, et al., 2004, Schonbeck, et al., 1997, Sheu, et
al., 2004). MMPs are involved in ECM and BMs degradation. MMP-1, MMP-2,
MMP-3 and MMP-9 induce plaque rupture, acute thrombosis, and SMC
proliferation and migration via weakening the connective tissue matrix in the
intima (Amalinei, et al., 2010). MMP induces EC basement membrane
degradation destroying endothelial barrier function with diapedesis of
inflammatory cells (Lan, et al., 2013).

VSMCs stiffness

VSMCs stiffness is an important component that contributes to arterial
stiffening (Zieman, et al., 2005). There are many factors which could affect the
stiffness of VSMCs. Mechanical properties of VSMCs maybe play a more
significant role in hypertension than the ECM proteins elastin and collagen.
Moreover, VSMCs and ECM seem to contribute synergistically to vascular
stiffness (Figure 16).
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Figure 16. Large artery stiffness: cross-talk between local and systemic stiffness in large arteries. adapted from (Lacolley, et

al., 2017)

The stiffness of VSMCs can be a mechanism contributing to the overall
increased aortic stiffness. Hypertension could increase the stiffness of
individual VSMCs. Increased VSMCs stiffness is an important part of the
disease process and plays a critical role in the stiffening of the process taking
place in the vascular wall (Sehgel, et al., 2015), on the other hand, arterial
stiffness induces remodeling of artery smooth muscle cells (Dieffenbach, et al.,
2017). Thus, there is a feedback between vascular stiffness and VSMCs
stiffness.

In SHRs, aortic and VSMCs stiffness are increased, compared with WKY rats.
Also, expression of some cytoskeletal proteins (actin, phosphorylated myosin
light chain and myosin light chain kinase) are elevated in SHRs, compared
with WKY rats, the inhibitors of these cytoskeletal proteins could dramatically
reverse the increase in VSMCs stiffness (Sehgel, et al., 2013). Sehgel et.al
also found that the VSMC:s stiffness in old SHR is higher than that in the young
mice (Sehgel, et al., 2015). Even though the aging WKY have no change in
blood pressure, they do show an increase in VSMCs stiffness in contrast to the
young mice. This demonstrates that intrinsic changes in VSMCs mechanical
properties indeed contribute to vascular stiffening (Sehgel, et al., 2015).
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Aim of the thesis

The main objective of this thesis is to gain a better understanding of the role of
integrin av expressed by VSMCs in vascular fibrosis and stiffness. Integrin
avB3 has been implicated in the mechanosensitive proliferative response and
in the prevention of mechanical stretch-induced apoptosis of VSMCs (Cheng,
et al., 2007., Sedding, et al., 2005, Zhou, et al., 2005), however, the role of
integrin av expressed by VSMCs in vascular fibrosis is still unclear. A full
understanding of the role of VSMCs in arterial fibrosis requires not only the
knowledge of individual receptor involved in cell-matrix attachment and the
binding of coagulation factors but also the influence of cell differentiation.

For the all above, we wanted to determine the role of integrin av on vascular
fibrosis and stiffness. Specifically, until now, the role of integrin av in vascular
fibrosis is still unclear, in particular, we still do not know how galectin-3, a
fibrosis-related protein, induces the vascular fibrosis and if its effects are
integrin-mediated. Here we show that Galectin-3 binds integrin av inducing
VSMCs proliferation, migration and ECM deposition, and the underlying
signaling pathways are analyzed.
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Results

Part | Ang Il or TGF-B1 induces the vascular fibrosis via

integrin av

1.1 Knock-out integrin av in smooth muscle cell reduces

Ang ll-induced vascular fibrosis

In collaboration with Drs. Véronique Regnault and Patrick Lacolley (INSERM
U1116 Nancy), we obtained the mouse model of conditional inactivation of
integrin av. Two transgenic mice lines were used in this study. One line
contains the inducible recombinase cre (Cre-ER™) in the locus of SM22 gene
in C57/B6 mice (Kuhbandner, et al., 2000), the other contains two
Cre-recognized LoxP sites that were inserted into intron 3 and intron 4 of
integrin av gene in the C57/B6 mice (Lacy-Hulbert, et al., 2007). These two
kinds of mice were bred to get our inducible knockout mice. Tamoxifen was
injected into the mice to activate the cre (Figure 17) to inactivate integrin av
gene (abbreviation for mutant mice : avSMKO), The control and mutant mice
were analysed at the baseline and some of them were further treated with the
mini-pomp that was implanted under the skin of mouse, and diffused Ang Il at
two kinds of dose (0.3mg/kg/d or 1.5mg/kg/d) for 28 days. The systolic blood
pressure of mutant mice is slightly lower than the control mice. Carotids were
dissected and stained with Sirius red to characterize fibrosis (Figure 18), no
difference of fibrosis in the media region was observed between control and
mutant mice at baseline, however, less fibrosis was found in the mutant mice
treated by Ang Il, compared with control mice treated by Ang Il at histological
level.
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Figure 17. Specific knock-out integrin av gene in smooth muscle cells of mouse. Schematic presentation of specific knock-out
integrin av gene in smooth muscle cells of mouse (upper part) and immunofluorescence staining of integrin av (in green) of
carotids (down part). The red arrows indicate the LoxP Sites; E3, E4, E5 represent the exon 3, 4 and 5 of integrin av gene.
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Figure 18. Decrease of fibrosis in Ang ll-treated avSMKO mice. Left: Sirius Red Staining of carotids, Right: systolic blood
pressure (upper panel) and relative collagen content in media regions (lower panel). WT: wild-type mice. avSMO: knockout
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Electronic microscopy analysis of carotids of control and avSMKO mutant mice
confirmed that there was no significant difference between the control and
mutant mice at baseline at histological level (Figure 19). However, more
collagen fibers (blue arrows, Figure 19) were observed between the elastin
layer and smooth muscle cells in the media of Ang ll-treated control and
avSMKO mutant mice compared to the non-treated mice. In addition, less
vesicles containing fiber-like materials (indicated by blue stars, Figure 19)
were found in the smooth muscle cells of avSMKO mutant mice compared to the
control mice. There is no significant difference in finger-like structures
observed between the smooth muscle cells and extracellular matrix. In the
adventitia, the content of collagen fibers was decreased in the avSMKO mutant
mice when compared to control mice, the collagen fiber beam and fibroblasts
are smaller in the avSMX© mutant mice than that in the control mice (Figure 19).
This observation of electronic microscopy analysis is correlated with the
results of the histological analysis. In addition, immunofluorescence staining
experiments indicated that the expression of TGF-B1 and TGF-31 receptor
was decreased in the adventitia of Ang Il-treated avSMKO mutant mice
compared to control mice (Figure 20).
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Figure 19. Electronic microscopy analysis of mice carotids. (A) Four representative images from the media region of carotids
are presented in the upper panel and four representative images from the adventitia region in the lower panels. (B) Four
representative images from the media region of carotids are presented in the upper panel and six representative images from
the adventitia region in the lower panels. Blue arrows indicate the collagen fibers in the media, and blue stars the vesicle

containing fiber-like materials in the smooth muscle cells. Abbreviations: EL: elastin, En: endothelial cell, Col: Collagen,
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SMC: smooth muscle cell, Fib: fibroblast.
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Figure 20. Decreased TGF-f1 and its receptor in Ang ll-treated carotids of avSMKO mice. Confocal microscopy analysis of

TGFB1

TGFp1

receptor

TGF-B1 and TGF-B1 receptor of carotids from Ang ll-treated control and aV mutant mice. TGF-31 and TGF-B1 receptor are

shown in red and nuclei in blue.

1.2 Transcriptomic analysis of o,”"° and WT mice.

With the aim to identify the alteration in gene expression due to lack of integrin
av, we used the method of microarray to analyse the gene expression of
integrin avSMKO and WT. Four groups mice were used: 1: WT (wild-type); 2:
Integrin a,SMKO (inactivation of integrin avin SMC); 3: WT+Ang IlI; 4: Integrin
avSMKO +Ang Il. Mice aged 3-4 months were treated with tamoxifen injection
each day for three days (1 mg/day/mouse). 15 days after tamoxifen injection,
mice included in group 3 and 4 mice were treated with Ang Il for 28 days. At
the end of treatment, thus 45 days after tamoxifen injection, mice were killed.
Thoracic aorta was isolated and RNAs were prepared. RNAs were reverse

transcripted into cDNA and hybrided to Affymetrix arrays at genomic platform
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of Cochin Institute. Profile of expression change was obtained (FC (fold
change)> 1,2 p< 0,05).

Table 2. Number of genes that have been differently expressed

Group up-regulated genes down-regulatd genes
a,SMKO ys WT 169 519
oy SMKO L ANGII vs WT+ANGII 459 91
oy SMKO L ANGII vs a,SMKO 674 446
WT+ANGII vs WT 2323 2277

The result of microarray indicated that the number of down-regulated genes
was higher than that of upregulated genes in avSMKC mice. Moreover, the
treatment with Ang Il induces more changes in gene expression in WT mice
compared to mutant mice (Table 2).

Table 3. The genes whose expression is increased by knock-out of integrin av

aySMKO ys WT oy SMKO +ANGII vs aySMKO  , SMKO L ANGII vs WT

Gene Fold change Fold change Fold change
Ttn 6,157 -6,161 -0,004
Ckmt2 3,933 -3,681 0,252
Actn2 3,029 -2,628 0,401
Sin 2,874 -2,81 0,064
Cox6a2 2,737 -2,339 0,398
Nrap 2,394 -1,974 0,42
TxInb 2,109 -2,191 -0,082
Xirp2 2,089 -2,011 0,078
Ppplr3a 1,998 -2,011 -0,013
Myh? 1,939 -1,698 0,241
Lrrc2 1,852 -1,743 0,109
Trdn 1,848 -1,863 -0,015
Fsd2 1,678 -1,531 0,147
Asb15 1,521 -1,432 0,089
Kihl41 1,425 -1,527 -0,102

We identified a group of 16 genes (Table 3) whose expression was increased
in avSMKO mice (avSMKC vs WT column), indicating that integrin av could be
involved in the negative control pathway of expression of these genes. This
inhibitory effect was abolished by Ang Il treatment of mutant mice for the
genes such as Ttn, Txinb, Ppp1r3a, Trdn et KIhl41 (ovSMKO + ANGII vs a,SMKO
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column) so that the difference of expression of these genes between a,SVKO +
ANGII and WT mice is near zero (last column). This inhibitory effect was
abolished partially for genes like Ckmt2, Actn2, Sin, Cox6a2, Nrap, Xirp2,
Myh7, Lrrc2, Fsd2, et Asb15 (last column).

Table 4. The genes whose expression is decreased by knock-out of integrin av

aySMKO yg WT WT+ANGII vs WT aySMKO ys WT+ANGII

Gene Fold chage Fold chage Fold chage
Slc22a3 -2,683 -2,749 0,066
Scn3b -1,52 -1,51 -0,01
Efempl -1,491 -1,904 0,413
Glol -1,439 -1,635 0,196
Russfg -1,428 -1,409 -0,019
Zfg960 -1,374 -1,767 0,393
Ndn -1,37 -1,644 0,274
C19tnt3 -1,368 -1,428 0,06
Smc4 -1,36 -1,418 0,058
Whbp5 -1,356 -1,445 0,089
Zfg97 -1,341 -1,617 0,276
Rps25 -1,302 -1,489 0,187
Adamts15 -1,293 -1,559 0,266
Rpl36a -1,245 -1,465 0,22
Rps4x -1,244 -1,405 0,161
Npm1l -1,241 -1,491 0,25

We also identified a group of 16 genes (Table 4) whose expression was
decreased in a,SMK© mice (avSMKOvs WT column), indicating that integrin av
could be involved in the positive control pathway of expression of these genes.
It is interesting to note that the treatment of Ang Il in the wild-type mice
resulted in similar effect on the expression of these genes (WT + ANGII vs WT
column), suggesting that the pathways linked to integrin av on the expression
of these genes could be inhibited by the treatment of Ang Il. Last column
compared the value obtained from aSMKC and ANG Il-treated WT mice,
indicating the similar value in the mice of these two groups.

By using software « Ingenuity Pathway Analysis » provided by affyletrix
company, we identified five pathways that were more implicated in the change
of gene expression in the groups of avSMKOvs WT, WT + ANGII vs WT and
avSMKO + ANGII vs avSMKO (Table 5). The pathway “Hepatic Fibrosis/Hepatic
Stellate Cell Activation” is the common pathway found in these three groups
(yellow in Table 5).
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Table 5. The five pathways more implicated in the change of gene expression

aySMKO ys WT WT+ANGII vs WT aySMKO +ANGII Vs aySMKO

Cholesterol Biosynthesis

ILK Signaling Hepatic Fibrosis / Hepatic
Stellate Cell Activation Cholesterol Biosynthesis
T Cell Receptor Signaling 11 (via 24,25-
Hematopoiesis from PAK Signaling dihydrolanosterol)
Pluripotent Stem Cells Adipogenesis pathway Cholesterol Biosynthesis
Primary III (via Desmosterol)
Glioblastoma Multiforme
Immunodeficiency Signaling Hepatic Fibrosis / Hepatic
Signaling Stellate Cell Activation
Neuregulin Signaling
Hepatic Fibrosis / Hepatic Pathway of Cholesterol
Stellate Cell Activation | Biosynthesis

Note: common pathway is colored in yellow.

We examined the genes involved in fibrosis pathway. 56 of 176 genes in this
pathway are changed in the group WT+ANG Il vs WT (first column in Table 6);
28 genes in the group av*MKO+Ang Il vs a,SMKO (second column in Table 6) and
8 genes in the group oMK vs WT (third column in Table 6). The 20 of 28 genes
indicated by yellow colour in the group avSMKO +ANG Il vs avSMKO (second
column) were present in the group WT+Ang Il vs WT (first column). The change
on the expression of these 20 genes is similar between these two groups,
suggesting that the expression of these genes is less dependent on the
pathways linked to integrin av under the Ang Il treatment. On the other hand,
the expression of genes that is increased only in the group WT+ANG Il vs WT
(first column), but not in avSMKO +ANG Il vs a,SMKO (second column), such as
COL11A2, COL13A1, COL16A1, COL22A1, COL24A1, COL25A1, COL27A1,
COL4A1, COL4A3, COL4A4, COL5A3, COL6AG, COL7A1, COL8A2, COL9A2Z,
COL9A3, FGF2, FGFR1, IFNGR2, IL1B, LHX2, MYL6B, PDGFA, TGFB1, TNF,
TNFRSF1B and SERPINE1, could be dependent directly or indirectly on the
pathways relayed by integrin av. Higher fibrosis-related genes activation by
Ang Il in the WT mice is consisted with the more fibrosis in WT mice compared
to avSMKO mice.
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Table 6. Genes involved in fibrosis pathway
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a,**"°+ANGII

WT+ANGII vs Itgav- a, M Cys
vs WT SMKO WwT
Fold Fold Fold
Gene Change Gene Change Gene Change
Agtrib 1.204 BAMBI -1.339 COL3A1 -1.254
CD40 1.223 BCL2 -1.352 FIGF -1.255
COL11A2 1.275 COL15A1 1.739 IGF1 -1.385
COL13A1 1.276 COL18A1 1.327 MYH7  1.840
COL15A1 1934 COL1A1 1.641 MYL3  1.564
COL16A1 1.256 COL1A2  1.300 PGF 1.211
COL18A1 1.749 COL3A1  1.431 ISERPINET 1.926
COL1A1  1.291 COL4A2 1.409 VEGFB 1.215
COL22A1 1.264 COL5SA1 1.254
COL24A1 1.224 COLSA2 1.433
COL25A1 1.239 COL6A3  1.597
COL27A1 1.252 COLS8A1 1.727
COL4A1 1.297 CSF1 -1.277
COL4A2 1.511 EDN1 -1.403
COL4A3 1.267 FAS -1.416
COL4A4 1.207 FN1 1.669
COLSA1 1373 IGF1 1.353
COL5A2 1.336 KDR 1.743
COLSA3 1.295 LEPR -1.755
COL6A3 1.492 MMP2 1.363
COL6A6 -1.333 MYH7 -1.662
COL7A1 1.279 MYH10 -1.323
COL8A1 2139 MYH11 -1.235
COL8A2 1.289 PDGFB 1.460
COL9A2 1.306 PDGFC 1.478
COL9A3 1.260 PGF 1.260
CSF1 -1.215 TIMP1 1.363
EDN1 -1.537 TNFRSF11B 2.010
EGFR -1.301
FAS -1.435
FGF2 1.352
FGFR1 1.202
FN1 2.059
IFNGR2 1.219
IL1B 1.202
LEPR -2.280
LHX2 1.208
MYH10  -1.292
MYH11 -1.222
MYH7B  1.208
MYL6E -1.248
MYL6B 1.322
PDGFA  1.330
PDGFB  1.688
PDGFC  1.954

PDGFD  -1.488
PDGFRA  -1.530

PGF 1.572
FSERPINEAN 2.481
SMAD4  -1.279
TGFB1 1.329
TIMP1 1.559
TNF 1.265

TNFRSF11B 2.452

Note: Common genes between the groups are colored in yellow, three genes with opposite
expression profile between column two and three are colored in green. One gene common to

column one and three in red.

The TGF-B pathway is the major pathways for the tissue fibrosis. We compared
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the different groups. Among the 23 genes involved in this pathway in the
comparison of WT+ANG Il vs WT, there are only 4 genes which are changed in
the comparison aSMKO+ANG Il vs ovSMKO. One gene Serpinel in the
comparison avSMKO vs WT. Overall, these results indicate that the activation of
TGF-B pathway is less important in the mice lacking integrin av in SMCs in
response to the Ang Il treatment (Table 7).

Table 7. Genes involved in TGF-B pathway

a

WT+ANGI| vs WT a,SM%0 +ANGII Vs Sk @S0 vs WT
gene Fold Change Fold Change Fold Change
ACVR2A -1.327
AMHR2 1.206
BMPR1A -1.621 -1,34
CREBBP -1.303 -1,279
EP300 -1.260
GSC 1.213
HOXC9 1.212
INHBB 1.244
IRF7 1.209
MAP2K3 1.316 1,219
MAPKS8 -1.312
NKX2-5 1.298
NODAL 1.273
NRAS -1.276
PITX2 1.210
PMEPA1 1.310
RAF1 -1.292

SERPINEL 2481 . 193
SMAD4 -1.279

SOSs1 -1.219

S0s2 -1.258

TGFB1 1.329 1,104

TLX2 1.405

Note: Common genes between the column two and three are colored in yellow, One gene
common to column two and four in red.

The capacity of contraction/relaxation is a character of smooth muscle cells.
Therefore, we also examined the genes involved in the actin cytoskeleton
pathway. We found that the expression of 45 genes over 216 of this pathway
was altered in the comparison WT+ANG Il vs WT, 17 genes in the comparison
avSMKO +ANG Il vs avSMKO and 6 genes in the comparison aSMXC vs WT (table
8). We observed 9 of 17 genes (in yellow) in the comparison avSMKC +ANG Il vs
avSMKO were presented in the group WT+ANG Il vs WT. The change trend of
these genes is similar between these two groups, indicating that their
expression is not dependent on the pathway relayed by integrin av in response
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to Ang Il treatment. On the other hand, the genes whose expression is
increased only in the comparison WT+ANG Il vs WT, such as APC2,
ARHGEF4, BCAR1, FGF2, FGF3, FGF8, FGF16, FGFR1, FGFR4, INS,
IQGAP3, ITGA3, ITGAS5, LIMK1, MATK, MYH7B, MYL10, MYL6B, MYLK2,
PAKS, PAKG6, PDGFA et TIAMZ2, could be directly or indirectly on the integrin av
related pathways. The expression of other genes like IRS1, MYL6, MYL12A,
NRAS, PAK2, PDGFD, PIK3C3, PIK3R1, PPP1CB, RAF1, RDX, SOS1 and
SOS2, is decreased only in the comparison WT+ANG Il vs WT, suggesting that
their expression could be linked directly or indirectly to the inhibition of the
integrin av related pathway by Ang Il treatment. Involvement of these genes in
the phenotype of contraction/relaxation in the mice requires to be further
studied. Four genes (ACTN2, MYH7, PIK3R3 et TTN in green) have the
opposite trends between the comparison of avSMKO +ANG Il vs avSMKO and
avSMKO yvs WT (Table 8).

Table 8. The genes involved in the actin cytoskeleton pathway
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a,*"*° +ANGII

WT+ ANGII vs vs Itgav-
wT SMKO a, """ vs WT
Fold Fold
Gene Change Gene Change Gene Fold Change
APC2 1.252 ACTG2 -1.353 ACTN2 3.595
ARHGEF4 1.246 ACTN2 -3.066 MYH7 1.840
BCAR1 1.301 CRKL <1205 MYL3 1.564
CRKL -1.229 FN1 1.669 PIK3R3 -1.257
FGF2 1.352 GSN -1.242 1.211
FGF3 1.243 KNG1 2,753 TIN 6.900
FGF8 1.204 MYH7 -1.662
FGF16 1.502 MYH10 -1.323
FGFR1 1.202 MYH11 -1.235
FGFR4 1.229 PDGFB 1.460
FN1 2.059 PDGFC 1.478
GSN -1.376 PIK3R3 1.331
INS 1.396 PIPSK1B -1.511
IQGAP3 1.257 PPP1R12A  -1.547
IRS1 -1.324 Pppiri2b  -1.267
ITGA3 1.323 ROCK1 -1.802
ITGAS 1.807 TIN -6.922

LIMK1 1.203
MATK 1.244
MYH10 -1.292
MYH11 -1.222
MYH7E 1.208
MYL6E -1.248
MYL10 1.209
MYL12A  -1.334
MYLEB 1.322
MYLK2 1.496
NRAS -1.276
PAK2 -1.203
PAK3 1.301
PAK6 1.217
PDGFA 1.330
PDGFB 1.688
PDGFC 1.954
PDGFD -1.488
PIK3C3 -1.203
PIK3R1 -1.319
PPP1CB  -1.360
PPP1R12A -1.688
RAF1 -1.292
RDX -1.342
ROCK1 -1.853
S0s1 -1.219
SOS2 -1.258

[ TIAM2 1418

Note: Common genes between the groups are colored in yellow, four genes with opposite
expression profile between column two and three are colored in green. One gene common to
column one and three in red.
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1.3 Ang Il or TGF-B induces the wupregulation of

fibrosis-related proteins by integrin av in vitro

With the aim to investigate in detail integrin av role in TGF-mediated fibrosis
and the underlying signaling pathway, we exploited an in vitro model consisting
of VSMCs. A primary culture of mouse VSMCs was established by enzymatic
digestion of aorta of the loxP-floxed integrin av mice in which exon 4 was
flanked by two loxP sequences, and then we transfected the cells with
adeno-cre-GFP to knock down integrin av, or adeno-GFP as control.
Adeno-cre reduced the protein expression of integrin av by 85% (Figure 21).
Following 48h of Ang Il treatment, we found that Ang Il increased the
expression of fibrosis-related proteins such as fibronectin, collagen1A1,
collagen3A1 and galectin-3. However, when integrin av was knocked down,
Ang Il could not increase the expression of these fibrosis-related proteins
(Figure 21). These data indicate that integrin av is involved in the increasing
expression of these fibrosis-related proteins induced by Ang Il in VSMCs.

Control Integrin av KD
Collagen 1A1
Collagen 3A1 ————
fibronectin
Galectin-3

Integrin av s e o= o o= -

GAPDH wwan o o . e S D GD e G S

Adenovirus GFP GFP GFP GFP GFP GFP Cre Cre Cre Cre Cre Cre
Ang Il nM 0 100200 200 500 1000 0 100 200 200 500 1000
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Figure 21. Western blot analysis of control and integrin av knock-down (KD) VSMCs at the baseline and under Ang Il
treatment. Ang Il-induced upregulation of fibrosis-related proteins is decreased by integrin av knock-down. GAPDH is used as
the loading control. Densitometric measurements of replicate results are given in the down panel. Band density of VSMCs

infected with GFP adenovirus was chosen as reference for relative expression and set to 1. *P<0.05 compared with control.

We also treated VSMCs with TGF-31 for 48h, and the expression of fibronectin,
collagen1A1, collagen3A1 and galectin-3 was analysed by Western blot. As
expected, TGF-B1 could increase the expression of fibronectin, collagen 1A1
and galectin-3 in control cells, while in integrin av knockdown cells, TGF-31

could not upregulate the expression of these fibrosis related proteins (Figure
22).
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Figure 22. Western blot analysis of control and integrin av knock-down (KD) VSMCs at the baseline and TGF-B1 treatment.
TGF-B1 induces the upregulation of fibrosis-related proteins is inhibited by integrin av knock-down. GAPDH is used as the
loading control. Densitometric measurements of replicate results are given in the down panel. Band density of VSMCs

infected with GFP adenovirus was chosen as reference for relative expression and set to 1. *P<0.05 compared with control.

1.4 Ang Il or TGF-B induces the activation of ERK and

smad-2/3 signaling pathways via integrin ov.

In order to characterize the signal transduction pathways activated by Ang Il in
VSMCs, we used the most effective Ang Il concentration (200 nM) to deal with
VSMCs for a relatively short time (30 min to 8h). The phosphorylation of
smad-2 and ERK1/2 was detected by Western blot. As expected, Ang Il could
obviously activate ERK signaling pathways after 30 min treatment with a
maximal effect after 1h. The phosphorylation of smad-2 was observed 1h after
the treatment of Ang Il and reached to the highest level at 2h, indicating slightly
lower kinetics. The knock-down of integrin av effectively reduced Ang I
induced activation of these two signaling pathways (Figure 23).
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Figure 23. Western blot analysis of phosphorylation of ERK1/2 and smad-2 in control and integrin av knock-down (KD)
VSMCs in response to Ang Il treatment. Ang Il induces the phosphorylation of ERK1/2 and smad-2 is decreased by integrin av
knock-down. GAPDH is used as the loading control. Ang Il concentration used in experiment is 200 nM. Densitometric
measurements of replicate results are given in the down panel. Band density of VSMCs infected with GFP adenovirus was

chosen as reference for relative expression and set to 1. *P<0.05 compared with control.

TGF-1 was also applied to deal with VSMCs, we find that TGF-1
significantly increases the phosphorylation of smad-3 and ERK1/2. The
phosphorylation of smad-3 and ERK1/2 reaches a peak after the treatment of
TGF-B1 for 2h. In integrin av knock-down cells, phosphorylation of smad-3 and
ERK1/2 induced by TGF-31 is decreased (Figure 24).
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Figure 24. Western blot analysis of phosphorylation of ERK1/2 and smad-3 in control and integrin av knock-down (KD)
VSMCs in response to TGF-f1 treatment. TGF-1 induced the phosphorylation of ERK1/2 and smad3. Knock-down integrin
av abolishes the early TGF-B1 induces P-ERK peak and diminishes TGF-31 induced smad3 phosphorylation. GAPDH is used
as the loading control. The concentration of TGF-B1 used in the experiments is 2 ng/ml. Densitometric measurements of
replicate results are given in the down panel. Band density of VSMCs which is transfected with GFP chosen as a reference for

relative expression and set to 1. *P<0.05 compared with control.
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Part || Galectin-3 induces the activation of VSMCs via integrin

av/AKT/Wnt/B-catenin signaling pathway

2.1 Integrin av interacts with galectin-3 and mediates
galectin3-induced synthesis of fibrosis-related proteins

in VSMCs

Galectin-3 is a member of the B-galactoside-binding lectin family, integrin av is
a cell surface receptor. It has been reported that galectin-3 and integrin av play
an important role in cardiac fibrosis (Chen, et al., 2016, Dumic, et al., 2006).
The observed co-regulation of gal3 and integrin av prompted us to further
explore a possible interaction of these two proteins. By using the Duolink
method, we found that integrin av is a galectin-3 binding protein (Figure 25).
By the comparison of the same experiment in the absence or presence of
Triton-100, we did not observe any difference in the signal, which suggests
that such interaction occurs at the cell surface (Figure 25A and B).
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Figure 25. Galectin-3 interacts with integrin av. The cells were incubated with 10 ug/ml his-tagged galectin-3 for 30min (gal3 +
integrin) or not (control). The interaction between his-tagged galectin-3 and integrin av was detected by Duolink (CD3 and
myoD antibody were used as negative control): the green signal represents interaction, while nuclei were counterstained in
blue. After fixing, cells were treated by 0.5% Triton X-100 for 20min (A) or not (B) before using blocking buffer. Representative

images of the cells are shown.

Some ECM proteins (col1A1, col3A1, fibronectin and laminin) are well known
for their role in the process of vascular fibrosis and contribute to arterial
stiffness in aging and hypertension (Harvey, et al., 2016), therefore, we
explored the effects of galectin-3 on the expression of these proteins. We
found that all of these proteins are upregulated by gal-3, in addition,
knock-down of integrin av significantly inhibites the expression of the ECM
proteins in the absence or presence of gal-3 (Figure 26)
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Figure 26. Galectin-3 induces expression of ECM proteins via integrin av. 48 h after infection with either GFP (control) or cre
(knock-down) adenovirus, VSMC were incubated for 48 h in the absence or presence of galectin-3 (10ug/ml), the expression
of col1A1, col3A1, fibronectin and laminin were measured by Western blot (upper panel). The GAPDH expression was used
for protein level normalization. Densitometric measurements of replicate results are given in the down panel. Band density of
VSMCs infected with GFP adenovirus was chosen as reference for relative expression and set to 1. *: P<0.05 compared with

any other treatments. Data (means+SEM) were obtained from three independent experiments.

73



2.2 Integrin av mediates galectin-3-induced activation of

AKT and Wnt/B-catenin signaling pathways

While it has been reported that components of the galectin family could affect
integrin clustering and function (Lakshminarayan, et al., 2014), the observation
of a direct interaction between gal3 and integrin av was quite striking, and
suggested us to verify whether gal3 could induce the activation of an
integrin-dependent signal transduction. Therefore, we analysed the activation
of the AKT-, ERK- and B-catenin signaling pathways in VSMCs. As shown by
the accumulation of the phosphorylated forms of AKT and ERK by 30 min of
galectin-3 treatment in VSMCs, these pathways were transiently activated,
since the phosphorylated forms of AKT and ERK reached a peak by 30 min
and was back to control (untreated) cells at 60 min (Figure 27). Galectin-3 also
activated the Wnt/B-catenin signaling pathway, as shown by GSK-3f3
phosphorylation and by the accumulation of the active (nuclear) form of
B-catenin in a more persistent manner, i.e. at 30 and 60 min of treatment
(Figure 27).
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Figure 27. Time-dependence of galectin-3-mediated activation of ERK, AKT and Wnt/B-catenin signaling pathways. Cells were
treated with 10 pg/ml of galectin-3 over a range of times (0-60min), and the expression of p-AKT, AKT, p-GSK3p, GSK3p,
p-ERK, ERK, active B-catenin and -catenin were measured by Western blot (upper panel). GAPDH protein expression was
used as a loading control. Densitometric measurements of replicate results are given in the down panel. Band density of
native VSMCs was chosen as a reference for relative expression and set to 1, *: p<0.01 compared with any other time-points.

#: p<0.01 compared with the native VSMC. Data (means+SEM) were obtained from three independent experiments.

In order to demonstrate whether integrin av is necessary to mediate the
activation of the signaling pathways above in the presence of galectin-3, we
infected the cells with adeno-GFP or adeno-cre to knock down integrin av
expression in VSMCs before galectin-3 treatment. After this treatment,
galectin-3 was used to treat VSMCs for the shortest time (30 min) proven to be
effective in the previous experiments. In these conditions, we found that the
knock-down of integrin av effectively reduces the phosphorylation of AKT, but
not that of ERK and that galectin-3 increases the phosphorylation of AKT in a
integrin av-dependent fashion (Figure 28). We also analysed major effectors of
Whnt signaling pathways, including B-catenin and GSK-3B. We found that
galectin-3 increases the phosphorylation of GSK-3B, and inhibits the
phosphorylation  of [(-catenin  (active B-catenin is present in
non-phosphorylated form) in a integrin av-dependent fashion (Figure 28).
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Figure 28. Integrin av-mediated galectin-3-induced activation of AKT and Wnt/B-catenin signaling pathways. After infection

with either adeno-GFP or -cre for 48h, VSMC were incubated for 30min in the absence or presence of galectin-3(10ug/ml), the
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expression of p-AKT, AKT, p-GSK3B, GSK3, p-ERK, ERK, active B-catenin and B-catenin were measured by Western blot
(upper panel). The GAPDH expression was used for protein level normalization. Densitometric measurements of replicate
results are given in the down panel. The cells infected with adeno-GFP was chosen as a reference for relative expression and
set to 1. *: P<0.05 compared with any other treatments. Data (means+SEM) were obtained from three independent

experiments.

2.3 Integrin av mediates the proliferation and migration

induced by galectin-3 in VSMCs

Exogenous galectin-3 is known to promote VSMC proliferation and
migration(Tian, et al., 2017). that play an important role in atherosclerosis and
vascular remodeling. Wnt/B-catenin signaling pathway is a well-known
regulator of cell migration and proliferation. Proliferation and migration assays
were performed to determine the effects of integrin av silencing on cell motility
and proliferation in the presence of galectin-3. Cell migration was increased by
galectin-3 treatment and decreased by integrin av knock-down, both in the
absence and presence of galectin-3, indicating that integrin av expression is
dominant over galectin-3 effect (Figure 29A and B). Similarly, we found that
silencing of integrin av decreases VSMCs proliferation in respect to control,
untreated cells and totally abolishes galectin-3-induced increase of cell
proliferation (Figure 29C).
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Figure 29. Integrin av mediates gal3-induced VSMCs activation. Cell migration was tested by a transwell method: the cells
migrated to the lower surface of each chamber in response to the indicated treatment are shown (A); in particular, after
infection with either adeno-GFP or -cre for 48h, VSMCs were incubated for 12h in the absence or presence of galectin-3
(10pg/ml)., migration was tested by a transwell method. Migrated cells from the upper chamber to the lower chamber were
counted in five non-overlapping fields under a microscope (100x). Data are represented as the mean+SEM in B (n=5). Turkey
HSD was used as a post-hoc test, *: P< 0.05 vs any other treatments. Cell proliferation was detected by MTT assay (C). After
infection with either adeno-GFP or -cre for 48h, VSMCs were incubated for 12h, 24h or 48h in the absence or presence of
galectin-3 (10ug/ml) and the cell number assessed. Cells infected with adeno-GFP were defined as control. *: P< 0.05 vs any

other treatments.

2.4 Integrin av does not mediate the endocytosis of

galectin-3

Integrin av has been proven to mediate endocytosis (Lakshminarayan, et al.,
2014), It will be interesting to observe the effects of integrin av in regulating the
endocytosis of galectin-3. After knock down of integrin av using Adeno-cre, the
VSMCs were incubated with his-tagged galectin-3 for 2h, and then anlysed by
immunofluorescence staining using anti-his antibody, we observed that the
endocytosis of his-tagged galectin-3 in VSMCs was not affected by integrin av
knock down (Figure 30).

Gal3+control

- -
0

integrin av knock down

30min 1h 2h
Figure 30. Integrin av does not mediate endocytosis of galectin-3. After infection with either adeno-GFP (control) or -cre
(knock-down) for 48h, VSMCs were incubated with his-tagged galectin-3 (10pg/ml) for up to 2 h, the confocal images of

VSMCs used anti his-tag (red) antibodies, followed by DAPI nuclear counter staining (blue) are shown. The merged images

are shown.
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2.5 Galectin-3 induces activation of Wnt signaling

pathway through AKT signaling pathway

AKT signaling pathway has been implicated in the process of [-catenin
activation and we observed the co-activation of both pathways in the presence
of galectin-3 treatment (Liu, et al., 2018, Majewska, et al., 2017). In order to
determine whether phosphorylation of AKT is required for galectin-3-induced
activation of Wnt/B-catenin signaling pathway, VSMCs were incubated with the
AKT inhibitor LY294002 before the treatment with galectin-3. As expected
LY294002 per se inhibited AKT, but not ERK phosphorylation (Figure 31).
Interestingly, LY294002 also inhibits the B-catenin pathway (Figure 31). We
found that LY294002 prevented galectin-3-induced activation of AKT, GSK-33
and B-catenin (Figure 31). However, LY294002 did not interfere with the
activation of ERK signaling pathway induced by galectin-3. In conclusion,
galectin-3 could activate the Wnt/B-catenin signaling pathway through AKT
signaling pathway but not through ERK signaling pathway.
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Figure 31. Gal3-induced activation of Wnt signaling pathway through AKT signaling pathway. After the addition of a specific
AKT signaling pathway inhibitor (LY294002) for 1h, VSMCs were incubated for 30 min in the absence or presence of
galectin-3 (10pg/ml), the relative quantity of p-AKT, AKT, p-GSK3B, GSK3B, p-ERK, ERK, active B-catenin and B-catenin were
measured by Western blot (left panel). The GAPDH expression was used for protein level normalization. Densitometric
measurements of replicate results were given in the right panel. Band density of native VSMCs was chosen as a reference for
relative expression and set to 1. *: P< 0.05 vs any other treatments. Data (meanstSEM) were obtained from three

independent experiments.
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2.6 Galectin-3 induced the proliferation and migration of

VSMCs through AKT signaling pathway

The role of AKT signaling pathway in vascular cell proliferation is still
controversial (Yu, et al., 2015). We wanted to explore the role of AKT signaling
pathway in cell proliferation and migration in response to galectin-3. We used
increasing concentrations of LY294002 (up to 50 nM) to pre-treat the cells for 1
h, and then galectin-3 was added to the cells for 24 h. We measured cell
proliferation by using the MTT assay. We found that the proliferation of VSMCs
was significantly inhibited by LY294002 in a concentration-dependent manner
(Figure 32A); in addition, we confirmed that galectin-3 induced cell proliferation
and LY294002 significantly inhibited galectin-3 effect in a dose-dependent
manner, with significant effects at all the concentration tested (Figure 32A)

The transwell migration assay was used to investigate the effect of LY294002
on cell migration at the 50 nM concentration, since this was proven effective in
the previous experiment. As shown in Figure 32B and C, LY294002 inhibits
and galectin-3 enhanced VSMCs migration.
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Figure 32. AKT signaling pathway mediates galectin-3 induced proliferation and migration. (A) Proliferation assays. Cells were
treated with LY294002 over a range of concentration (1-50uM) for 1h, VSMCs were incubated for 24h in the absence or
presence of galectin-3 (10ug/ml). MTT was used to detect cell proliferation. Bars are represented as the mean+SEM. Turkey
HSD was used as a post-hoc test, *: P< 0.05 vs any other treatments. (B and C) Cell migration was tested by a transwell

method: the cells migrated to the lower surface of each chamber in response to the indicated treatments are shown. After
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treatment with LY294002 or not, VSMC were incubated for 12h in the absence or presence of galectin-3 (10ug/ml), migration
was tested by a transwell method. Migrated cells that migrated from the upper chamber to the lower chamber were counted in

five non-overlapping fields under a microscope (100x). *: P< 0.05 vs any other treatments.

Part Ill Knock-down integrin av increases VSMCs stiffness

3.1 Knock-down integrin ov affects the stiffness of

VSMCs.

VSMCs were isolated from the aortas of integrin av-floxed mice, we used the
adeno-cre to specifically knock down integrin av in VSMCs for 48h, then AFM
was used to detect the VSMCs stiffness. In contrast to control cells, integrin av
mutant cells have relatively high Young’s modulus, indicating reduced flexibility
and increased stiffness compared to control cells.

Table 9. Summary of Young's modulus of control and integrin av knock down cells

control Integrin av knock down
Young's modulus (Mpa) | 0.06910.012 | 0.314%0.113

3.2 Knock-down integrin av increases the expression of

B-tubulin

In our first part, knock-down integrin av reduced the expression of some
fibrosis-related proteins, however, here, we find that integrin av knock-down
cells have increased stiffness. In order to highlight possible intracellular
mechanisms explaining this phenomenon, we also analysed the expression of
some cytoskeleton proteins, knock-down integrin av has little effect on the
expression of vinculin and a-tubulin (Figure 33), however, knock-down integrin
av increased B-tubulin expression in the immunofluorescence staining
experiments (Figure 34). We further explored the expression of B-tubulin
isoforms in the integrin av knock-down VSMCs by qRT-PCR (Figure 34). We
found that B-tubulin-3 was upregulated in the integrin av knock-down VSMCs,
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while, other isoforms of B-tubulin (B-tubulin-4A, B-tubulin-4B, and B-tubulin-5)
did not significantly changed (Figure 34).

a-tubulin DAPI merge

control

Knock-down integrin av

Vinculin DAPI merge

control

Knock-down integrin av

Figure 33. Knock-down integrin av has little effect on the expression of vinculin and a-tubulin. After transfection with either
GFP or cre for 48h, the expression of a-tubulin and vinculin was measured by immunofluorescence. The images of VSMCs

used anti a-tubulin or vinculin (red) antibodies, followed by DAPI nuclear counter staining (blue) are shown. The merged

images containing all markers are also shown.

82



B-tubulin DAPI merge

control

Knock-down Integrin av

B-tubulin-3 B-tubulin-4A B-tubulin-4B B-tubulin-5
1000 * 300- 200 150-
T W T b
g 200- 1 100
T 600 | |
= 100
<
=" 100- 50
£ m
o NN T o 5
Integrin av knockdown - + - + - + - +

Figure 34. Knock-down of integrin av could obviously increase B-tubulin. After transfection with either GFP or cre for 48h, the
expression of B-tubulin was measured by immunofluorescence. The images of VSMCs used anti B-tubulin (red) antibodies,

followed by DAPI nuclear counter staining (blue) are shown. The merged images are also shown. gRT-PCR was used to

analyse the expression of B-tubulin isoforms.
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Discussion

Organ fibrosis is often the consequence of tissue response to pathological
conditions or injuries. In particular, vascular fibrosis is one of the multiple
factors affecting arterial stiffness that is an independent cardiovascular risk
factor (Lacolley, et al., 2017, Harvey, et al., 2016). The accumulation of ECM
components such as collagen, fibronectin, and laminin in the vasculature is
associated with vascular fibrosis. My PhD project was undertaken to examine
the role of integrin av in the occurrence of VSMCs-mediated fibrosis. Ang Il
and TGF-B1 have been proven to play an important role in vascular fibrosis.
Recently, galectin-3 has been regarded as an important fibrosis marker, but its
potential role in this phenomenon is unknown (Kang, et al., 2018). Ang Il
increases the expression of galectin-3, Both Ang Il and galectin-3 are potent
humoral mediators of cardiovascular fibrosis (Harvey, et al.,, 2016). We
demonstrated integrin av involvement in Ang IlI- or TGF-B1-induced activation
of fibrosis-related signaling pathways (ERK and smad) and increased
synthesis of fibrosis-related proteins (col1A1, col3A1 and fibronectin). We also
demonstrated that galectin-3 increased the synthesis of fibrosis-related ECM
proteins, as well as the proliferation and migration of VSMCs in an integrin
av-dependent manner. This action is associated with an integrin
av/AKT/Wnt/B-catenin signaling pathway, following the interaction between
integrin av and galectin-3 and accounting for the phenotype change of VSMCs.
By using AFM, we found that integrin av knock-down VSMCs have a relatively
higher cellular stiffness. In collaboration with the group of Drs Patrcik Lacolley
et Véronique Regnault a Nancy, we found that Ang llI-induced vascular fibrosis
was decreased in the avSMKO mutant mice (in which integrin av gene is
inactivated specifically in SMCs) when compared to the Ang ll-treated control
mice, although no significant difference in vascular fibrosis was observed at
baseline between these two types of mice. Electron microscopy analysis
confirmed the observations done at histological and molecular level. The
integrin av gene is inactivated in the SMCs of the vessel media, but the
difference of fibrosis between Ang ll-treated control mice and mutant mice is
observed in the adventitia of carotids. The result of transcriptomic analysis
(Affymetrix array) indicated the fibrosis pathway is affected in avSMKO mutant
mice.

The RAS plays a vital role in the cardiovascular system. Ang Il is not only an
endocrine factor, but it also plays local paracrine and autocrine functions in
tissues and organs. During process of vascular fibrosis, Ang Il activates the
TGF-B/smad2/3 signaling pathway, resulting in increased expression of
fibrosis-related proteins. ERK has also been implicated in Ang ll-induced
cellular growth and protein synthesis (Rocic, et al., 2003). In addition, Ang
lI-mediated ERK1/2 activation could also be involved in VSMC contraction and
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hypertension that could result in micro- and macrovascular target-organ
damage (Ishida, et al., 1998, Ishida, et al., 1999, Touyz, et al., 1999). (Based
on our findings Ang Il activates ERK and smad2/3 in VSMCs depending on
integrin av. deleted) We demonstrated the expression of several
fibrosis-related proteins (col1A1, col3A1, galectin-3 and fibronectin) is
upregulated by Ang Il in VSMCs. This increased expression is dependent on
integrin av, since knock down of integrin av prevents Ang Il from inducing
upregulation of these fibrosis-related proteins. However, the mechanisms
underlying this phenomenon are not clear. One the mechanism could be linked
to the fact that integrin av plays an important role in the process of TGF-31
activation (Chen, et al., 2016). It is possible that knock down integrin av could
reduce the activation of TGF-1 and its downstream signaling pathways,
hereby reducing the effects of Ang Il.

TGF-B is a major factor in VSMCs fibrosis. TGF-f induction and activation are
consistently observed in experimental models of tissue fibrosis. TGF- also
induces the synthesis of inhibitors such as PAI-1 and TIMPs to promote ECM
accumulation (Biernacka, et al., 2011). TGF-B/smad signaling pathway plays
an important role in the development of fibrosis and in a variety of
cardiovascular pathologies. Smad3 null mice exhibit attenuated fibrosis and
are resistant to bleomycin-induced pulmonary fibrosis (Zhao, et al., 2002).
Although the key role of smad3 in TGF-B-induced fibrous tissue deposition is
well known, activation of smad-independent pathways may also play an
important role in certain fibrotic conditions. Activation of a fibrotic gene
program was dependent on ERK instead of smad2/3 in a mouse model of
scleroderma-like fibrosis (Pannu, et al., 2007). In our study, we found that
TGF-B1 could not only activate smad2/3, but also increase the phosphorylation
of ERK. When we specifically inhibit the expression of integrin av in VSMCs,
activation of these signaling pathways by TGF-B1 is decreased. In normal
conditions, the degradation and remodeling of ECM are in balance: excessive
ECM protein deposition results in vascular fibrosis and increases vascular
stiffness. TGF-B1 stimulates the expression of matrix components such as
fibronectin, collagens, and matrix proteoglycans (Bassols, et al., 1988, Kahari,
et al., 1991). Integrins mediate cell-ECM connections and, indirectly, cell-cell
interactions. Upon binding with their ligands, integrins sense both the chemical
composition and the mechanical status of the ECM outside the cell (Chen, et
al., 2016). Our results indicate that the treatment of TGF-B1 increases the
expression of col1A1, col3A1 and fibronectin required the participation of
integrin av in VSMC.

Galectin-3 has been reported to affect the functions of almost all the cells in
the wall of blood vessel. Galectin-3 was also found to be upregulated in many
kinds of cancers. Galectin-3 is a mediator of VEGF- and bFGF-induced
angiogenesis (Markowska, et al., 2010). Galectin-3 can also induce migration
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of macrophage in mouse (Jia, et al., 2013). Atherosclerosis is characterized by
the activation and accumulation of smooth muscle cells in the intimal layer of
blood vessels where they internalize lipids (Carthy, et al., 2012). Galectin-3
was also found play an important role in the phenotype transformation of
VSMCs (Tian, et al., 2007). In adult vessels, smooth muscle cells are thought
of being exist in two different phenotypes: contractile and synthetic phenotype
(Matsushita, et al., 2007, Rensen, et al., 2007). VSMCs can be categorized
based on two main morphological phenotypes, spindle-shaped (contractile
phenotype), and epithelioid (synthetic phenotype) cells, to which can be added
the thin elongated and the senescent cells (Rensen, et al., 2007). Phenotypic
plasticity of VSMCs is a well-known major contributor to the progression of
several vascular diseases. Mature VSMCs usually has a quiescent and
contractile phenotype. However, mature VSMCs can be activated and
transformed into the synthetic phenotype in some pathological processes,
including atherosclerosis and aging-related pathologies. The synthetic VSMCs
have a high capacity of proliferation and migration; they could secrete a series
of proteins and play a major role in ECM remodeling and vascular fibrosis
(Yang, et al., 2018). We think that galectin-3 induces the transformation of
VSMCs to be the synthetic phenotype based on the following observation: 1)
Galectin-3 increases the expression of some fibrosis-related proteins (col1A1,
col3A1, fibronectin and laminin); 2) the treatment of galectin-3 promotes the
cell migration and proliferation.

Integrin av is one major integrins involved in the development of fibrosis and
an increase in its activity is associated with the increased fibrosis in different
tissues (Chen et al 2015, Sun, et al., 2016, Henderson, et al., 2013, Murray, et
al., 2017). The significance of integrin av in mediating the fibro genic actions of
galectin-3 remains poorly understood. Galectin-3, as an ECM, interacts with a
series of cell surface receptors, and then activate some downstream signaling
pathways. We find that galectin-3 can bind to integrin av in the cell surface and
trigger a series of intracellular signaling. The expression of galectin-3 in
VSMCs is increased by Ang Il treatment, and this effect of Ang Il is decreased
by knocking-down integrin av, which do not only prevents galectin-3-induced
expression of fibrosis-related proteins, but also inhibits the proliferation and
migration abilities of VSMCs induced by galectin-3.

The enhanced proliferation and migration of SMC are classical signs of early
pathology of atherosclerosis. Galectin-3 could induce proliferation, migration,
and phenotype transformation of VSMCs, and this effect depends on
Whnt/B-catenin signaling pathway (Tian, et al., 2017) whose role in regulating
proliferation and migration is well established (Liu, et al., 2018, Zeng, et al.,
2017). Accordingly, we find that galectin-3 increases the expression of active
B-catenin through integrin av and the AKT signaling pathway. The role of AKT

signaling pathway in cell proliferation is still controversial, AKT has been
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reported to play a role in skeletal muscle cells in which proliferation upon
activation is particularly important (Moriya, et al., 2018, Yu, et al., 2015) and
AKT is frequently observed to be activated during proliferation and invasion in
cancer cells; however, AKT1 phosphorylation (Ser473) is decreased in VSMCs
in human atherosclerotic plaques and , consistently, upregulation of AKT1 in
VSMCs has been reported not to induce VSMC proliferation in normal
arteries, after carotid ligation, or in atherosclerosis (Tucka, et al., 2014). Our
result indicates that AKT signaling pathway is necessary for in vitro VSMC
proliferation as well as migration at the baseline and upon galectin-3
stimulation. Although the ERKs signaling pathway has already been shown to
mediate proliferation of SMC (Liu 2017,), our results indicate that
phosphorylation of ERK is poorly influenced by the knocking-down of integrin
av and AKT inhibiting in galectin-3 treated cells, suggesting an
ERK-independent, but AKT-dependent activation of the B-catenin pathways in
VSMC proliferation. This is a novel, original observation, underlining the
importance of AKT as a regulator of these processes.

In summary, here we show that the integrin av/AKT/B-catenin axis mediates
galectin-3 induced proliferation and migration in VSMCs. Galectin-3 interacts
with integrin av directly on the cell surface of VSMCs, inducing the
phosphorylation of AKT and, consequentlyy, GSK-3B phosphorylation.
Activation of AKT signaling pathway could phosphorylate several targets
including GSK-3B and lead to the degradation of GSK-3B. In turn, the
inactivation of GSK-3B reduces the B-catenin degradation and increases the
expression of active 3-catenin. Thus, B-catenin translocate to the nucleus and
induces gene expression leading to the proliferation and migration of VSMCs.
Since Galectin-3 expression is induced by Ang Il treatment, the latter could
activate a positive feedback loop, ultimately resulting in VSMCs activation
contributing to ECM remodeling and increased vascular stiffness.
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Figure 35. Proposed model in which integrin av mediates galectin-3 induced activation of Wnt/B-catenin signaling in VSMCs.
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Given the important role of galectin-3 in the process of vascular osteogenesis
in atherosclerosis (Menini, et al., 2013), our research could contribute to clarify
the role of galectin-3 in the pathological process of atherosclerosis. Galectin-3,
as well as components of the integrin av/ AKT/B-catenin axis may be used as a
valuable target for future therapeutic strategies designed to inhibit VSMCs
activation.

Multiple interacting factors affect arterial stiffness: blood pressure, oxidative
stress, calcification, endothelial dysfunction, VSMCs stiffness and ECM
remodeling (Harvey, et al., 2016). The intrinsic mechanical properties of
VSMCs play a key role in aortic stiffening in both aging and hypertension
(Hays, et al., 2018). VSMCs derived from the aged animals showed a tense
internal network of the actin cytoskeleton than those derived from the adult
animals (Zhu, et al., 2018). The accumulation of collagen, fibronectin and
laminin could increase vascular stiffness. In our research, knock-down of
integrin av indeed reduces Ang Il, TGF-B1 or galectin-3-induced upregulation
of some fibrosis-related proteins, but increases the VSMCs stiffness in vitro.
The classical mechanism is an increase in collagen deposition and a
breakdown of elastin, which could contribute to increases in vascular stiffness.
However, in some cases, ECM changes alone cannot provide a mechanistic
explanation for the acceleration of vascular stiffness in hypertensive aging, e.g.
the expression of collagen was downregulated in vascular vessel in the
pathological process of hypertension (Cox. 1981, Mizutani, et al., 1999).
Sehgel et.al found that aging and hypertension could increase individual
VSMCs stiffness, which may play a key role in hypertensive vascular stiffness.
However, when these authors analyzed certain ECM proteins and elastin
density, they found that the total content and density of collagen or elastin were
no different between SHR and WKY rats (Sehgel, et al., 2015). In the SHR,
hypertension could induce the hypertrophy of VSMCs and then contribute to
increases in VSMCs stiffness (Sehgel, et al.,, 2015). VSMCs hypertrophy
contributes an increased medial thickness (Imanishi, et al., 2014). In some
clinical researches, collagen content in the aorta was unchanged with
hypertension (Hoshino, et al., 1995, Schlatmann, et al., 1977), some other
types of ECM remodeling, such as changes in ECM protein type, cross-linking,
glycation, and structural or architectural rearrangement, may contribute to
altering the stiffness of the vascular wall (Sehgel, et al., 2015).

Cytoskeletal proteins are more likely to determine VSMCs stiffness.
Cytoskeletal network contributes to age-associated changes in the mechanic
properties of VSMCs (Zhu, et al., 2018). Expression of actin, phosphorylated
myosin light chain, and MLCK was found to be increased in SHRs, compared
with WKY rats (Sehgel, et al., 2013). This suggests that cytoskeletal proteins
involved in the VSMCs contraction, the cross-bridging components myosin and
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actin and/or cytoskeletal remodeling, contribute to the increase in VSMCs
stiffness. In our research, we also analyzed some cytoskeletal proteins,
including vinculin, vimentin, fibronectin, a-tubulin and B-tubulin. We found that
knock-down of integrin av could increase the expression of B-tubulin. This
increase of B-tubulin could be linked to the increased cellular stiffness in
VSMCs lacking integrin av.

The most prominent feature of the phenotype of avSMKO mutant mice is the
decreased vascular fibrosis under the treatment of Ang Il. This result agrees
with our results obtained in vitro in which knock-down of integrin av decreases
the effect of Ang Il, TGF-B1 or galectin-3 on the synthesis of fibrosis-related
proteins. Interestingly, although the integrin av gene is inactivated in the SMC
of vessel media layer, the difference of fibrosis is observed in adventitia
between Ang ll-treated control and mutant mice. This suggests the possible
media-adventitial coupling. Based on the fact that decreased collagen
deposition is observed both in the media and in the adventitia in response to
Ang Il in mutant mice, and an increased TGF-1 and its receptor is observed in
the adventitia of Ang Il treated control mice compared to mutant mice, we
hypothesize that in mice lacking integrin av in VSMCs, the impairment in
TGF-B signaling at high blood pressure is due either to a decrease in TGF-f3
synthesis and/or activation dependent of integrin av or a reduction in the
diffusion of secreted TGF-B from medial cells to adventitia (or both). It has
been suggested that transmural flow is affected in large part (in elastic arteries)
by the sizes of the pores (fenestrations) in the elastic lamina (Shi, et al., 2011).
The pressure gradient driving the transmural flow increases in the case of Ang
Il treatment. If we suppose that the increase of transmural flow under Ang Il is
the same in both groups, we could exclude hemodynamic role in TGF-3
gradient changes. In the study of smooth muscle specific knock-out of Tgfbr2
gene, it has been suggested that there is a layer-to-layer (media -> adventitial)
coupling (Li, et al., 2014). It is possible that there is cytokine diffusion between
the media and adventitia, particularly in the sense of media verse adventitia. In
Ang ll-treated avSMKO mutant mice, due to the inactivation of integrin av
inactivation in SMCs, the synthesis and/or maturation of TGF-§ is affected in
the media. In addition, the expression of other fibrosis-related factors such as
galectin-3 or the factors-induced signaling pathways such as ERK and smad
could be affected by integrin av inactivation. All these changes could have an
impact on the quantity of mature TGF-B molecules transfer from the media to
the adventitia, furthermore influencing the synthesis of collagen in the
adventitia (this model is summarized and schematized in the following Figure).
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Figure 36. Hypothetic schema for the influence of integrin av on the vascular fibrosis in the Ang Il treatment. Red arrows
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Perspective

Integrins, as a cell surface receptor, could mediate the process of endocytosis
and exocytosis, however, the effects of different subtypes of integrins in
affecting endocytosis and exocytosis are variety. Endocytosis of integrin 31
depended on galectin-3 which triggered the glycosphingolipid
(GSL)-dependent biogenesis of a morphologically distinct class of endocytic
structures, termed clathrinid-independent carriers (CLICs) (Lakshminarayan,
et al., 2014). In immature rat Sertoli cells, calcium uptake and exocytosis
depended the integrin avB3 (Zanatta, et al., 2013). Integrin avf3 mediated
exocytosis of mucin which was induced by the Entamoeba histolytica Cysteine
Proteinase 5 in Colonic Goblet Cells (Cornick, et al., 2016). Active Matrix
metalloproteinase-2 (MMP-2) induced secretion of VEGF-A via integrin av35
instead of integrin B1 in the vascular endothelium (Desch, et al., 2012). Integrin
avB3 could also mediate internalization of cRGDfK modified gold nanoparticles
(cCRGDfK-PEG-AuNPs), but it has little effect on the endocytosis of PEG
conjugated gold nanoparticles (PEG-AuNPs) (Cui, et al., 2017), however, our
knowledge about the endocytosis and exocytosis of galectin-3 in Ang |l
induced upregulation of galectin-3 was still limited, and the role of integrin av in
this process should also be furtherly determined.

MMP-9 is a member of the MMPs, which are enzymes that can degrade ECM,
including collagens IV and V, denatured collagens, and elastin. MMP-9 also
regulates numerous cell activities, involving in cell-cell contact, tissue
remodeling, cell migration and cellular differentiation (Vandooren, et al., 2013).
EMMPRIN, also termed CD147 or M6 antigen, is a 58-kDa cell surface
glycoprotein described first in tumor cells. It has been found participates in
numerous physiological processes, play a central role in tumor metastasis, cell
adhesion, angiogenesis, chemo resistance and atherosclerosis (Joghetaei, et
al.,, 2013,Zhu, et al., 2014). EMMPRIN has been reported to stimulates
secretion of MMP-9 in monocytes (Kim, et al., 2009), and activates MMP-9 in
atherosclerotic plaque (Yoon, et al., 2005). Recent data showed that increased
MMP-9 and EMMPRIN expression deteriorates plaque stability (Joghetaei, et
al., 2013,Yoon, et al., 2005), and accelerates the transition from a stable
plague to an unstable plaque by affecting coronary smooth muscle
cells(Cipollone, et al., 2003).

Integrin receptor and its downstream signaling are able to regulate expression
and activity of several MMPs. o431, a51 and avB3 integrins can mediate
expression and activity of MMPs and their effector responses, in different
cellular systems, fibronectin could regulate MMP expression by binding to
0431 and a5B1 integrins in rabbit synovial fibroblasts (Chen, et al., 2016,
Huhtala, et al., 1995). The interaction between MMP-2 and integrins also
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regulate cell migration, for example, MMP-2 is up-regulated in invasive
colorectal tumors and mediated shedding of (1 integrin followed by
subsequent integrin degradation, this led to decreased adhesion and
enhanced cell motility (Kryczka, et al., 2012).

Until now, the role of integrin av in vascular fibrosis is still unclear, in particular,
we still do not know how galectin-3, a fibrosis related protein, induces the
vascular fibrosis and the role of integrin av in this process should also be
further determined. In addition, the results obtained by Nancy team indicate
that the vascular rigidity between control and avSMKO mutant mice is similar at
the baseline and under Ang Il treatment. However, in cell culture, knock-out of
integrin av increases the cellular rigidity. As the vascular rigidity is determined
by multiple factors, it will be interesting to examine the contribution of different
elements such as the fibrosis, cellular rigidity, focal adhesion, contractility to
vascular rigidity. In this register, it will be interesting to examine the contribution
of titin smooth muscle isoform on vascular rigidity, because its expression is
increase 6 times by SMC specific knock-out of the integrin av and it is an
elastic molecular with spring structure. The giant protein titin plays a critical
role in regulating the passive elasticity of muscles, mainly through the
stochastic unfolding and refolding of its numerous immunoglobulin domains in
the |-band of sarcomeres of striated muscles. It’s role in SMCs is not known.
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Materials and Methods

Reagents.

The Dulbecco’s modified eagle's medium (DMEM) was purchased from Lonza,
fetal bovine serum (FBS)and penicillin/streptomycin (pen/strep, 10,000 U/ml
each) were purchased from Gibco. Recombinant galectin-3 was purchased
from ATGen (Los Angeles, CA, USA). The Thiazolyl Blue Tetrazolium Bromide
(MTT) was purchased from Sigma. The primary antibody against
phospho-AKT (no.CST-4060), AKT (no. CST-9272), phosphoGSK3p (no.
CST-9322), GSK3B (no. CST-9315), nanophosphor (active) B-catenin (no.
CST-8814), B-catenin (no. CST-8480), phosphor ERK (no. CST-4370), ERK
(no. CST-9102) and GAPDH (no. CST-2118) were acquired from Cell
Signaling Technology, Inc. (Danvers, MA, USA). The primary antibody against
laminin (no. L9393) was purchased from sigma. Anti-galectin-3(no. ab76245),
anti-integrinav (no. ab179475) and anti-fiboronectin (no. ab45688) were
obtained from Abcam (Cambridge, UK). The antibody against collagen 1A1 (no.
GTX 112731) was obtained from Gene Tex (Irvine, CA, USA). The collagen
3A1 (no. sc-28888) antibody from Santacruz Biotechnology, Inc. (Dallas, TX,
USA). His-tagged antibody was purchased from invitrogen. All other chemicals
were from commercial sources.

Generation of SMC-specific integrin av mutants

Generation of loxP-floxed integrin av mice (avF/ avF) in which exon 4 was
flanked by two loxP sequences.) and SM22-CreERT2ki (SmCreki/+) mice have
been described previously ([Lacy-Hulbert A et al.,, 2007; Kuhbandner et al.,
2000). To generate smooth muscle specific integrin av knockout, 4-month-old
avF/ avF; SmCreki/+ mice (abbreviated a,5MKO) were injected i.p. with 1mg of
tamoxifen (TAM) (Sigma, Saint Louis, MO) in 100 ml of peanuts oil for 3 days.
Similar doses of TAM were also injected to wild type (avF/ avF) mice as control.
Mice were treated with the mini-pomp that was implanted under the skin of
mouse, and diffused Ang Il at two kinds of dose (0.3mg/kg/d or 1.5mg/kg/d) for
28 days. Male and female mice were sacrificed by a lethal dose of
pentobarbital sodium. Following the experiments, the carotid (CA) or aortic
artery was used. The animal use confirmed with the principles of the
declaration of Helsinki and was authorized by the local ethical committee
Prevention and Wellbeing of Animals of Institut National de la Santé et de la
Recherche Médicale (INSERM) and the Comité d’Ethique Lorrain en Matiére
d’Experimentation Animale (CELMEA).

Cell culture

93



A primary culture of mouse VSMCs was established by enzymatic digestion of
aorta of loxP-floxed integrin av mice. Primary cultures were maintained in
DMEM with 1g/L glucose supplemented with 10% FBS and 1%
penicillin/streptomycin. Cells between 5th and 10th passages were used in
these experiments.

Adeno-Cre interference

Adenovirus containing recombinase Cre and GFP was used to excise the exon
4 of integrin av. Integrin av expression was decreased to less 15% compared
to the cell infected with adenovirus containing only GFP. Briefly, 5x10°VSMCs
per well were cultured in 6-well plates to 75% confluence. The cells were then
infected with 0.5 pl/well Adeno-GFP or Adeno-cre-GFP/well. The cells were
used for experiments 48h after adenovirus infection.

Cell proliferation assay

The effect of galectin-3 on cell proliferation was measured using the Thiazolyl
Blue Tetrazolium Bromide (MTT) assay. In brief, 5,000 cells/well were plated in
96-well plate and allowed to attach for 12h. VSMCs were incubated for Oh, 12h,
24h or 48h in the presence of galectin-3 or in combination with AKT pathway
inhibitor LY294002. Subsequently, the plate was incubated with MTT for 4h at
37 °C and the absorbance at 570 nm was taken after dissolving the cells in
dimethyl sulfoxide.

Migration assay

The migration of VSMCs was assayed in 24-Well Transwell plates (VWR,
Fontenay-sous-Bois, France). Upper surface of the polycarbonate with 8 mm
pores coated with 0.2% gelatin). Suspensions of cells (5%x10* cells / 200 ul
serum-free DMEM medium) were loaded into the upper chambers. The lower
chambers were filled with 400 ul of DMEM in the presence or absence of 10
pMg/ml recombinant galectin-3 or in combination with AKT pathway inhibitor
LY294002. The lower side of the filter was washed with PBS 12 h after
treatment at 37°C and fixed with 4% paraformaldehyde for 5 minutes. Nuclei
were stained with 4',6-Diamidino-2-Phenylindole (DAPI 1:3000 Sigma) for 5
min at room temperature. The cells were counted in five random fields in each
well.

Duolink assay

The interaction between recombination galectin-3 and integrin av were
performed with the Duolink assay kit (Sigma-Aldrich). The cells (5x10%) were
seeded onto coverslips and incubated with his-tagged galectin-3 for 30 min.
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The cells were washed with PBS, and subsequently fixed with 4%
paraformaldehyde for 15 min, permeabilized or not with 0.5% Triton X-100 for
20 min, the samples were then blocked with 5% bovine serum albumin (BSA)
for 1 h in a humid chamber. Cells were incubated overnight at 4 °C with rabbit
anti-integrin av and mouse anti-his-tagged antibodies. Cell were washed 3
times with PBS buffer for 10 min each and then incubated with two PLA probes
(anti-mouse and anti-rabbit) for 1 h at 37 °C in a wet chamber. After incubation,
cells were washed twice for 5 min each, and ligation solution was added.
Subsequently, bound antibody-oligonucleotide conjugates were ligated
together for 30 min at 37 °C. Amplification solution was added to the cells after
two 5-min washes, and ligated templates were amplified for 100 min at 37 °C.
The nuclei were stained with the DAPI. Cells were then washed twice for 10
min each, mounted on slides with mounting medium and observed with Zeiss
fluorescence microscopy.

Histomorphometry and immunohistochemical staining.

Histological studies of the arteries were performed on carotids fixed in situ with
10% buffered formalin at a constant pressure of 90 mm Hg for 1 hour to
provide conditions of fixation close to the physiological in situ state of the
vessel. For morphological analysis, all arterial samples were embedded in
paraffin and 5 pm sections were stained with hematoxylin and eosin for nuclei
and Sirius red F3B for collagen. For immunofluorescence, 5 ym sections were
incubated with primary antibody in BSA 2% in PBS overnight at 4°C. After
repeated washing in PBS, sections were then incubated with the appropriate
secondary antibody in BSA 2% in PBS for 60 minutes at room temperature.
Image acquisition was made on a Leica TCS SP5 confocal microscope (Leica,
Wetzlar, Germany). Images were captured at the same depth and with
identical settings for laser, gain and offset intensity.

Immunofluorescence of cell culture

Immunofluorescence staining and confocal laser microscopy. The cells (5x10°%)
were seeded on the flame-sterilized coverslips and placed into 24-well tissue
culture plates. The integrin av were knocked down by adeno-cre for 48 h. and
then the cells were incubated with his-tagged galectin-3 for different times (0.
30min, 1h, 2h). The cells were subsequently fixed with 4% paraformaldehyde
for 15 min, permeabilized with 0.1% Triton X-100 for 20 min, blocked with 1%
bovine serum albumin for 1 h, and incubated with specific primary antibody
overnight at 4°C. The cells were incubated with Alexa Fluor 488-conjugated
goat anti-rabbit immunoglobulin G (Invitrogen Life Technologies) for 1 h at
room temperature. The nuclei were stained with DAPI (1:1,000) for 5 min at
room temperature.
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Western blot

Cells were lysed in a lysis buffer containing 50 mM Tris (pH 7.6), 250 mM NaCl,
3 mM EDTA, 3 mM EGTA, 0.5% NP40, 2 mM dithiothreitol, 10 mM sodium
orthovanadate, 10 mM NaF,10 mM glycerophosphate and 2% of protease
inhibitor cocktail (Sigma-Aldrich, Saint-Quentin Fallavier, France) for 30 min on
ice. Protein concentrations were measured with the Bio-Rad Protein Assay
(Bio-Rad). The lysates (20 pg) were electrophoresed on 4-15% SDS-PAGE
(Bio-Rad) and transferred to nitrocellulose membranes (Amersham
Hybond-ECL, GE Healthcare, Velizy-Villacoublay, France). The membrane
was blocked with 5% nonfat dry milk in TBST buffer (100 mM NaCl, 10 mM
Tris-HCI, pH 7.4, and 0.1% Tween-20) for 1 h at room temperature. The blots
were then incubated with diluted primary antibodies in TBST at 4°C overnight,
and then washed three times 10 min each with TBST buffer at room
temperature and incubated for 1 h with the appropriate peroxidase-conjugated
secondary antibody (1:3000 dilution). To quantity the protein, band intensity
was assessed by Image J software.

Microarray analysis

45 days after the first injection of TAM, total RNA was isolated and purified
from the aorta of avSMKC and control mice with the RNeasy fibrous tissue kit
(Qiagen), according to the manufacturer's instructions. Total RNA quality was
assessed on the basis of the A260/A280 ratio from the Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). Microarray analysis for
each genotype was performed with four individually derived 3 RNA samples,
each being hybridized to one Affymetrix GeneChip MOE 430 2.0 array
(Affymetrix, Santa Clara, CA) with a coverage of 45,000 transcripts,
corresponding to over 30,000 mouse genes. All technical microarray
procedures were carried out by genomic platform of Cochin institute ((Paris,
France) under Affymetrix guideline. All gene chips were scanned on an
Affymetrix GeneChip 3000 scanner, and data were extracted from scanned
images using AFX GCOS 1.4 software. Background intensities were adjusted
and normalized using GC-RMA method implemented in R. Two-tailed,
unpaired t-tests were performed comparing mutant (n = 3) and wild-type (n = 3)
log2 expression values. The probe sets with a P value of <0.05 were
considered differentially expressed. « Ingenuity Pathway Analysis » software
is used to analyze the signaling pathway.

Quantitative RT-PCR assay

Total RNA was extracted from each aorta as described above and reverse
transcribed with random hexamers (Roche Diagnostics, Mannheim, Germany),
according to the manufacturer's instructions. Relative quantification of gene
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expression level was performed in duplicates on a Light Cycle 480 Real-Time
PCR Detection System (Roche Diagnostics) using SYBR green PCR
technology (Roche Diagnostics). Relative quantification was achieved with the
following equation: R = 2Cutargety (cOntrol - sample) - Ct (ref) (control - sample),
where Ct is threshold cycle (www.gene-quantification.de) and the
housekeeping gene HPRT was used as a reference gene to normalize
expression level.

Electron microscopy

The carotid artery was isolated from mice and fixed in a Carson solution of pH
7.2 (3.5% formaldehyde, 110 mM Na2HPO4). All samples were transferred to
2% osmium tetroxide in 0.1 mol/L of phosphate buffer pH 7.2. This was
followed by rapid dehydration using a series of graded concentrations of
alcohol and acetone and embedded in Epon. Semithin sections (1 ym) stained
with toluidine blue were observed under a light microscope to select areas of
interest. Ultrathin sections, stained with uranyl acetate and lead citrate, were
observed with a Zeiss omega TEM microscope.

AFM analysis

AFM is ideal for measuring alterations in adhesive force (a proxy of
aggregation), and rigidity (a proxy of deformability) (Loyola-Leyva, et al., 2018).
The Peak Force mode, as a recent development, permits to obtain
nanomechanical properties, as Young's modulus and adhesion. The Peak
Force mode covers a wide range of Young’s modulus values, between 1 MPa
and 50 GPa, and adhesion values, between 10 pN and 10 pN
(Torrent-Burgues, et al., 2014). The mechanical properties of VSMCs were
investigated by using AFM in Peak force mode. Each cell sample was placed
in a sample holder and facing upward. Measurements were performed with the
samples immersed in DMEM. The spring constant and detector sensitivity
were measured by each tip and sample.

Statistical analysis

All data are expressed as the mean + SEM. Statistics were performed using
the SPSS 13.0 software. One-way or two-way ANOVA followed by the
Turkey-HSD post hoc analyses was used when appropriate. A value of P<0.05
was considered statistically significant. All experiments were performed at
least three times in a triplicate assay.
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