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I Introduction/Scientific background

I.1. Atherosclerosis

I.1.a Physiopathology of atherosclerosis

Atherosclerosis is a chronic physiopathological condition that starts early in the childhood
and evolves asymptomatically throughout aging, with atherosclerotic plagues accumulating in the
arteries. These lipid laden plaques can rupture in late stages of the pathology, leading to
thrombosis. Depending on the location of the thrombus, this can cause a variety of complications,
including events like stroke or myocardial infarction.

The vascular wall

To understand how the pathology progresses, one should first consider the organization of the
vascular wall. The vascular wall is composed of three different layers (also called tunica), from the
inner- to the outermost layer: the tunica Intima, the tunica media and the tunica externa
(adventitia) (Figure 1).

Tunica media

Tunica externa Tunica intima

Smooth muscle Endothelium

External elastic
membrane Internal elastic

membrane

Figure 1. Structure of the vascular wall (Adapted from Wikipedia). Disposition of the three vascular layers,
tunica intima,tunica media and tunica adventitia (tunica externa) that form the vascular wall.

Each of these layers is composed of different cells and plays a unique role in the vessel. Those
layers communicate with one another through various small molecules transiting between them via
gap junctions’. Consequently, vascular layers should not be considered as isolated players, as they
cooperate together to allow the vascular wall to fulfill its functions.
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The tunica Intima, the innermost tunica of the vascular wall, is composed exclusively of endothelial
cells organized as a monolayer, lying on a fibro-elastic connective tissue. The cells are in direct
contact with the blood flow and as a consequence, regulate the permeability of the vascular wall.
They are also regulating the vascular tone and prevent smooth muscle cells from activating.

The tunica media, located between the intima and adventitia, is the thickest layer of the vascular
wall. It is composed of smooth muscle cells organized in concentric layers wrapped by an
extracellular matrix composed of fibrous and elastic proteins as well as mucopolysaccharides. The
media produces the mechanical force that allows vasoconstriction and vasodilatation.

The tunica externa (also known as adventitia), the outmost layer of the vascular wall, is composed
mostly of connective tissue (collagen and elastic fibers) in which you can find few fibroblasts and
adipocytes. The cells are irrigated by a network of vessels called the vasa vasorum. The role of the
adventitia is to limit the expansion of the vascular wall and to allow the anchoring of the vessels to
nearby organs or structures.
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The lipoproteins as triggering factor of the pathology

Lipoproteins are considered as the most robust risk factors for the pathology. Plasma lipoproteins
are particles containing proteins, cholesterol and other lipids which allow their distribution through
the body until their metabolization or degradation. The plasma lipoproteins are traditionally
separated between high density lipoproteins (also known as “good cholesterol”) and the low
density lipoproteins (LDL) (the infamous “bad cholesterol”).
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Figure 2. Simplified overview of the atherosclerotic plaque formation. From left to right, LDL infiltrate in the
intimal space where they are modified. Modified LDL activate endothelial cells which allow recruitment of
monocytes. After infiltration, monocytes differentiate into macrophages and capture modified LDL, hence
becoming lipid laden foam cells. Foam cells activate smooth muscle cells that switch from a quiescent state
to dedifferentiated phenotype. Foam cells undergo necrosis, freeing lipids and cholesterol into the intimal
space. Free lipids and cholesterol crystallize and form the necrotic core. Activated smooth muscle cells
migrate to the neo intimal space where they proliferate and secrete extracellular matrix that leads to the
formation of a fibrous cap between the intima and intimal space.

The onset of atherosclerosis (Figure 2) starts when LDL transmigrate through the endothelial
monolayer into the intimal space (a space between the intima and the media). Those LDL are
trapped in the intimal space and undergo oxidative or enzymatic modifications. These altered LDL
cause an inflammatory reaction that activates the endothelial cells. The activated endothelial cells
express vascular cell adhesion protein 1 (VCAM1), Intercellular adhesion molecule 1 (ICAM1) and
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selectin (SELE) adhesion molecules which participate in the recruitment of the monocytes from the
circulation into the intimal space and their differentiation into macrophages. Those macrophages
express at their plasma membrane, among others, a panel of receptors called the scavenger
receptors (SRB1, CD36, CD68...). Those scavenger receptors recognize modified LDL and allow their
uptake by the macrophages. The macrophages accumulate the LDL in their cytoplasm, transforming
them into foam cells. Small conglomerates of foam cells are considered as the first stage of
atherosclerosis as described first by Stary in 19942 and 1995 (all stages of plaque formation are
presented in Figure 3).

; 1ML (preatherama) Type IV (atheroma,
lceos’ig‘nl?}')ryor?erl 1aj(t>n TypelL lesion Dipellip ) ypeli ma)

o0
o

gf =, 5mall pools of

Adaptive ~Macroph
thickening o Celk
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/extracellvlar extracellvlar

lipid

Figure 3: Original representation of the various stages of atherosclerosis from Stary et al, 1994. Description
of the different type of atherosclerotic lesion throughout atherosclerosis development. Early atherosclerotic
events (type Il and Ill) precedes the formation of the plaque (type IV and V) that can then become
complicated plaque (type VI) prone to rupture.

Foam cells secrete various inflammatory cytokines that further activate endothelium permitting
increased recruitment of monocytes and thus leading to the formation of additional foam cells
which form the fatty streaks, visible as a yellow linear protrusion in the intima (stage Il). At this
stage, the inflammation triggered by the foam cells also modifies the phenotype of the smooth
muscle cells (SMC) in the intima. These SMC are quiescent and contractile under normal
physiological condition, but after activation by PDGF (Platelet Derived Growth Factor) released by
the foam cells they start to migrate into the intimal space, where they proliferate and secrete
cytokines. The fatty streaks are mostly localized at the arterial bifurcations, where the shear stress
is lower and oscillatory, and can in turn become pre-atherosclerotic lesions, in which small pools of
extracellular lipids accumulate in the neointimal space (stage Ill). The accumulation of monocyte-
derived macrophages is irreversible as they cannot return to circulation, thus they die directly in the
plague either by necrosis or apoptosis (both have been observed within the plaque) and ultimately
liberate their lipid content in the intimal space. This leads to the formation of the necrotic core, an
acellular accumulation of crystalized cholesterol and dead cells debris, surrounded by numerous
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living foam cells (stage IV). Dedifferenciated smooth muscle cells secrete an important quantity of
fibrous proteins that form the fibrous cap, a layer of connective tissue that separate the necrotic
core from the intima. The result is a fribro-lipid plaque (stage V). At this stage the intima is still
present but the initial connective tissue on which it was lying is already degraded. Stage V plaques
can have disruptions at their surface, such as hematoma or hemorrhage, in that case they are
considered complicated lesions (stage VI).

Some of the plaques may calcify (stage VII) which impairs the contractile function of the vessels.
Finally there are plaques which are highly fibrotic with very low lipid content and are then classified
as stage VIII.

I.1.b cell types involved in the plaque progression
The endothelial cells

The endothelial cells that form the Intima are organized as a monolayer, forming the innermost
tunica in direct contact with the blood flow. The endothelial cells are considered the guardians of
the vascular homeostasis, maintaining the balance between vasodilatation and vasoconstriction.
These effects are mainly regulated through the nitric oxide (NO) production, a gas produced by the
endothelial NO synthase (eNOS) which expression is regulated by prostacyclin and bradykinin®. NO
diffuses easily within the vascular wall, its actions includes inhibiting platelet activation”, leukocytes
transmigration, smooth muscle cells proliferation6 and inhibits LDL oxydative modifications’. All of
these mechanisms can be considered as anti-atherogenic, nevertheless, endothelial cells also
expresses vasoconstrictive hormones such as endothelin® and angiotensin 11° which promote
various proatherogenic pathways, including smooth muscle cells proliferation’®. In atherosclerosis,
endothelial cells are activated, switching from a quiescent NO producing phenotype, to an activated
phenotype producing reactive oxygen species (ROS) and recruiting monocytes. The mechanisms of
endothelial activation are similar to a normal immune response to infection, where ROS production
aim at killing the pathogens. However, a steady production of ROS also damages the nearby tissues
and increases inflammation™. In addition, activated endothelial cells express adhesion proteins
such as ICAM1, VCAM1 and various members of the selectin family12 along with leukocytes
chemoattractant such as monocyte chemoattractant protein 1 (MCP-1 also known as CCL2). This
results in a constant influx of leukocytes into the vascular wall where they are trapped and
ultimately participate to plaque formation®™. Endothelial cells are also known to have anti-
thrombotic properties via the production of prostaglandin 12 (PGI2), anti-thrombin Il and the
plasminogene activator (t-PA) which either directly inhibits thrombin or degrades thrombotic
proteins like fibrin'.

In summary endothelial cells are considered as key regulators of plague formation and their
activation (also referred to as “endothelial dysfunction”) is considered to be the first step of plaque
formation. Indeed correlations have been found between endothelial activation and cardiovascular
disease and more specifically with cardiac events linked to atherosclerosis. Alteration of the
endothelial function has been observed in patients with coronary artery risk factors, however
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ultrasound measurement showed no evidence of the presence of plaques in their arteries*,

indicating that endothelial activation is indeed the prequel to the plaque formation.
The smooth muscle cells

Smooth muscle cells provide the required force for the arterial wall contraction, allowing the
vasoconstriction. Under normal physiological condition, they are quiescent and contractile however
they may switch to a pathological, dedifferentiated phenotype characterized by increased
migration and proliferation as observed in atherosclerosis’’. Smooth muscle cells are the main
producers of extracellular matrix within the vascular wall. In the normal vascular wall, they mainly
express Type | and Type lll fibrillar collagen, while under atherosclerotic conditions they produce
scattered type | collagen fibrils and fibronectine™®. This new composition of the extracellular matrix
can trap more modified LDL particles within the wall*?
express the scavenger receptors at their surface and are thus able to internalize oxidized LDL and

become foam cells®®. Smooth muscle cells in the atherosclerotic lesions also produce monocytes

. Like macrophages, smooth muscle cells also

chemoattractants, such as CCL2, and express adhesion proteins VCAM1 and ICAM1?* that allow
them to directly attract and bind to monocytes and to macrophages. This interaction is thought to
regulate apoptosis in macrophages, which implies that smooth muscle cells play a role in
accumulation of foam cells within the plaque®’. The smooth muscle cells only express those specific

adhesion proteins in atherosclerosis and not in the normal vascular tissue®***#

. Finally smooth
muscle cells also secrete a number of cytokines involved in inflammation, including platelet derived
growth factor (PDGF), transforming growth factor beta (TGFB) and interferon y (IFNy)?°. While the
role of smooth muscle cells is well established in advanced atherosclerotic lesions, many recent
studies aimed to determine whether or not they are also major actors in the early onset of the
pathology. For instance it was recently demonstrated that SMC express VCAM1 and ICAM1 prior or
concomitantly to monocytes transmigration?’ indicating that they could also participate in the
recruitment of monocytes, further into the plaque. In summary SMC are the main proliferative cell
type in atherosclerosis, the main producers of extracellular matrix component and share the LDL

internalization processes with macrophages.
Monocytes and macrophages

Monocytes and macrophages are normally absent from the vascular wall, their presence in this
tissue always imply ongoing local inflammation that amplifies the recruitment of monocytes from
the blood stream into the vascular wall. Monocytes which transmigrate into the inflamed tissue
ultimately differentiate into macrophages. Once in the intima, macrophages scavenge the modified
LDL and the cellular debris from the extracellular compartment. Under normal physiological
conditions, macrophages may leave the tissue (phenomenon known as egress) when inflammation
is resolved, however in atherosclerosis, inflammation is chronic and macrophages stay within the
vascular wall*®. Under normal conditions, after their uptake by the LDL receptor (LDL-R), the LDL are
eliminated via the LXR nuclear receptor pathway that triggers the expression of transporters such
as ABCA1 and ABCG1 allowing cholesterol efflux from the cells?**°. Modified LDL follow the same
efflux pathways but are internalized through different receptors, the scavenger receptors SR-Al
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and SR-A2 . The difference between scavenger receptors and LDLR is that LDLR is not recycled to
the membrane in case of overaccumulation of intracellular lipids, whereas the scavenger receptors
keep importing the oxidized lipids. This ultimately leads to macrophages apoptosis and the
liberation of apoptotic bodies within the plague. The mechanisms by which macrophages enter
apoptosis involve excessive intra cellular lipid accumulation leading to the stiffening the ER
membrane*’ leading to unfolded protein response32, a highly conserved mechanism that aim at
restoring the endoplasmic reticulum function. When this mechanism fails, and the unfolded protein
response remains active for a prolonged period, apoptosis is activated. As macrophages are
overwhelmed they cannot clear the apoptotic bodies which leak their content in a processes known
as post apoptotic necrosis>>. Macrophages and foam cells secrete an important number of pro-
inflammatory and anti-inflammatory cytokines. Macrophages are phenotypically diverse, they are
typically distributed in a wide range between two extreme phenotypes referred to as M1 (pro
inflammatory macrophages) and M2 (anti inflammatory macrophages)®*. The M1 macrophages,
refer to the classically activated monocyte usually by either interferon gamma (IFNy) or granulocyte
macrophage colony stimulating factor (GM-CSF)*>.The M1 macrophages secrete pro inflammatory
cytokines such as IL-6 and IL-8 and are thus considered as pro-inflammatory. The M2 macrophages,
refer to an alternative activation of the monocytes, usually achieved by either IL-4 or macrophages
colony stimulating factor (M-CSF) stimulation. They secrete TGFB and IL-10 and are therefore
considered as anti-inflammatory.

Overall, monocytes and macrophages are by far the most studied cell types in atherosclerosis as
they hold the key to the lipid accumulation in the plaques and are among the main cell types that
modulate inflammation within the vascular wall. Current studies on those cells include restoring the
cholesterol efflux pathways in foam cells and studying macrophages egress from the plaques to
understand why the macrophages are unable to leave the lesions>®*’.

While this part focused on the “main” cell types involved in atherosclerosis, it is important to
underline the fact that other cell types are also involved in plague formation, including lymphocytes
and neutrophils. However, those cells where not a part of our study thus their contribution to
atherosclerosis will not be described here.

1.2 High-Throughput technologies and atherosclerosis

Atherosclerosis is a multifaceted pathology that involves a wide and diverse range of pathological
mechanisms. Identification of relevant therapeutic targets therefore requires an integrated
approach. Most of biological studies focus on a single candidate or a pathway, while most
pathologies are usually multi-factorial and results from complex cross talk between different
pathways. High throughput technologies (also known as —OMICs) allow to investigate all the
pathways involved in the pathology in a single experiment. They can be divided into several
categories: the genome wide association studies (GWAS) focusing on the correlations between DNA
mutations (such as single nucleotide polymorphisms, SNP) and a given phenotype (e.g. disease,
body mass index, age...), genome wide expression studies (GWE) establishing the relations between
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genes expression (RNA levels) and a given phenotype, finally proteomics approach is used to
determine the link between protein expressions and a phenotype. There are also a number of other
—omic technologies such as metabolomics, studying the metabolites or epigenomics that focuses on
DNA non sequential modification such as methylation. As the omics are less accurate than
conventional, targeted studies, high throughput methods are often used in combination, for
example performing a GWE after a GWAS allows to assess whether the detected SNP in regulatory
sequences in the DNA affects the RNA expression of the gene. Candidates selected by these
methods are then further studied by more specific methods (real time PCR, Western blot...). The
aim of those new global approaches is usually to find new therapeutically important targets or
biomarkers, thus improving prognosis and patient care. This thesis study was done in the continuity
of a GWE?, performed in the frame of a population base study (see §1.5).

1.3 Smoking and atherosclerosis

I.3.a The pathophysiology linking smoking and atherosclerosis

The link between smoking, both active and passive, and atherosclerosis is well established.
Cigarette smoking affects all stages of atherosclerosis contributing to endothelial dysfunction®,
increasing low density lipoproteins (LDL) oxidation”’, monocyte recruitment*’ and thrombus
formation following plaque rupture42. In line with these findings, smoking aggravates many
cardiovascular diseases including coronary artery disease leading to myocardial infarction and is
implicated in sudden death****. Cigarette smoke is usually divided in two phases, first phase is
called the tar-phase and regroups the particles with a size superior to 0.1 um, and the second one is
the gas-phase that contains the smaller particles. Both phases contain a high amount of free
radicals, however the half-life of these free radicals are different between the two phases. Free
radicals from the tar-phase are long lived and can last hours to month in the body, while the gas-
phase contains free radicals that usually persist for only a few seconds after inhalation®*®.
Furthermore, there is a difference between the mainstream smoke that is inhaled by smokers and
the sidestream smoke, that comes from the burning end of the cigarette®’. The later contains much
more toxic compounds than the first one. Environmental tobacco smoke, to which both passive and
active smokers are exposed is composed of 85% sidestream smoke and only 15% of mainstream
smoke”®.

It is still a matter of debate whether or not cigarette smoke affects the CVD risk in a dose
dependent fashion. Indeed, Passive smoking increases the risk of CVD of 30%, while active smoking
increases it by 80%"%*°. Passive smokers are exposed roughly to an equivalent of 1% of what an
active smoker, smoking 20 cigarette per day, would inhale®®, however their CVD risk increases by
30%, thus the dose-response to cigarette smoke is not linear. In the case of atherosclerosis, it has
been demonstrated that intimal-medial thickness, a routine measurement to determine the
advancement of atherosclerosis, is increased in both passive and active smokers>. Furthermore,
both active and passive smoking are associated with decreased vasodilatation in various vascular
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23354 Finally, cigarette smoking significantly increases, LDL

56,57,58

beds (in different sites in the arteries)
levels®>, lipid oxidation, leukocyte counts and inflammatory markers in humans (see section

1.3.b), all of these processes being known to favor plaque growth.

1.3.b Molecular pathways linking smoking to atherosclerosis

Cigarette smoke contains thousands of active components, most of which have unknown impact on
the human body. Since atherosclerosis itself is a complex, multifactorial disease, the impact of
cigarette smoke is likely to be a combination of various factors, most of which are still unknown.
Listed below are the main current research topics linking smoking to atherosclerosis as illustrated in
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Figure 4. Pathways linking smoking to atherosclerosis. (from Ambrose et al 2004)
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Effect of smoking on inflammation

Inflammation plays a key role in atherosclerosis as it promotes plaque growth. It increases the
recruitment of monocytes into the intimal space of the arteries and thus the number of
macrophages that, in turn become foam cells and accumulate in the lesions>°. Cigarette smoke
increases inflammation, however the cellular and molecular pathways by which it aggravates
atherosclerosis are still under scrutiny.

Smoking increases the blood leukocytes counts by 20% °°, consequently more monocytes are
available for recruitment to the plaques. Additionally, it was shown that cigarette smoke increases
the expression of adhesion proteins known to be involved in atherosclerosis by increasing

monocyte recruitment, such as VCAM1, ICAM1 and E-selectin®®®?

. Monocytes accordingly show a
70 to 90% increased adherence to human endothelial cells62, as well as a 200% increased
transendothelial migration when they are stimulated with cigarette smoke extracts® (this in vitro
model will be described further in the next part). Similar results were found when exposing human
endothelial cells and monocytes to smokers’ serum®. Markers of inflammation (C-reactive protein
(CRP), interleukin-6 (IL-6), tumor necrosis factor alpha (TNFa) and fibrinogen) were also significantly
increased in the serum from smokers when compared to the non-smokers, regardless of the

>73885 The main pathway by which cigarette smoke is believed to exacerbate inflammation

gender
is oxidative stress due to its high content of free radicals which saturate the defensive antioxidant
mechanisms leading to cell stress. The latter may explain the increased adhesion molecules
expression at the monocyte and endothelial cell surface and thus result in a higher number of
inflammatory cells recruited to the plaques. Several studies have focused on the effects of
individual component of the cigarette smoke on inflammation. For example, nicotine triggers
inflammatory response in human monocyte derived dendritic cells®®, including the secretion of the
pro-inflammatory cytokine IL-12. In mice models stimulation by nicotine increases the monocyte-
endothelial cell interactions resulting in increased rolling and adhesiveness of monocytes in the
cerebral microcirculation®’. In the same study the authors showed, using a common mice model of
atherosclerosis CD57/BL6 ApoE knock-out mice, that intravenous injection of nicotine increased the
number of dendritic cells recruited to the atherosclerotic plaques.

Effect of cigarette smoking on the endothelium

Endothelial activation (also referred to as endothelial dysfunction) is the early step of
atherosclerosis. It is characterized by the increased expression of surface adhesion proteins, but
also by a decreased production of nitric oxide (NO). NO is the main stimulus for vasodilatation, it
also inhibits platelet aggregation, leukocyte adhesion and thrombosis®. It is therefore considered
to be atheroprotective. Both active and passive smokers show decreased vasodilatation®**, which
corroborates many studies that have shown that cigarette smoke is associated with decreased NO

>489  Several studies investigated the molecular pathways leading to decreased NO

availability
availability in smokers. It was demonstrated that exposure to smokers serums, increased
endothelial nitric oxide synthase (eNOS) expression but decreased its enzymatic activity in human

endothelial cells’®. In this context, the increase in eNOS expression could be seen as a
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compensation mechanism for decreased eNOS activity. Furthermore, the free radicals contained in
cigarette smoke react with NO, which also leads to a lowering of its availability. It is noteworthy
that the expression of other molecules with known vasodilatation effects, such as tissue
plasminogen activator (tPA) and plasminogen activator inhibitor-1 (PAI-1) have also been shown to
be altered by cigarette smoke’™. Interestingly, impairment of vasodilation in smokers has been
demonstrated to be partially reversed by administration of vitamin C (known to have anti oxidative
properties), which suggests that it is mainly due to the oxidative stress’?.

These modifications of endothelial functions leads to differential response to vascular injury
between smokers and non-smokers, with visible morphologic differences. Indeed, the
intimal/medial thickness of carotids measured by echo Doppler was consistently increased in both
passive and active smokers, as compared to non smokers’>. More surprisingly, nicotine alone
increased neointimal thickening in a rat model of balloon-induced endothelium injury74. This
corroborates a study on ApoE knockout mice, where a treatment with nicotine stimulated
angiogenesis and plaque formation”.

Effect of cigarette smoking on lipid levels and oxidation

Lipid composition and their modifications are important issues in atherosclerosis. This is due to the
fact that LDL and modified lipids are considered the major triggering factors of the pathology.
Interestingly cigarette smoke affects the balance between HDL considered as atheroprotective and
LDL considered as pro atherogenic, by decreasing the blood concentration of the former and
increasing the blood concentration of the latter®. This switch in LDL/HDL ratio is clearly in favor of
an atherogenic lipoprotein profile in smokers. Interestingly, this profile has been shown to be
reversible, with increased HDL concentration within two weeks after smoking cessation’®. The
pathway by which cigarette smoke switches the lipoprotein balance in favor of LDL is unknown, but
could be due to insulin resistance. Indeed cigarette smoking is considered to be a risk factor for
type 2 diabetes and intravenous infusion of nicotine in type 2 diabetic patients significantly reduces
the insulin secretion’”’®,

Not only does cigarette smoke increases LDL concentration but it also increases lipid modification
through increased oxidation”’, mainly because of its high content in free radicals. Those oxidized
lipids activate the endothelium and thus increase inflammation. Furthermore, among those
oxidized lipids, are PAF-like lipids that bind the PAF receptor (Platelet Activating Factor receptor)
which triggers leukocytes adhesion and platelet activation and aggregation®. The latter effect was
reversed by the use of vitamin C pointing out the implication of the oxidative stress in these
processes. However, when using serum from smokers to trigger leukocyte adhesion to human
endothelial cells, another study could only reverse the process with L-arginine but not vitamin c®
suggesting that NO levels play a central role in this interaction. Therefore further studies are
required to characterize the pathways involved in leukocyte-endothelial interactions.
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Effect of cigarette smoking on thrombosis

Thrombosis is the consequence of the plaque rupture. When the integrity of the plaque is
compromised, it causes the exposure of the highly pro-thrombotic lipid core to the blood stream
triggering platelet activation/aggregation and the formation of a blood clot that obstructs the
arteries leading to various pathological consequences (M, stroke...) depending on the localization
of the thrombus in the vascular tree. Cigarette smoke increases thrombosis by several synergic
actions that alter the balance between antithrombotic and prothrombotic factors. Fibrinogen, a
thrombotic agent converted by thrombin into insoluble fibrin strands, is increased in smokers as

82’83, this increase is reversed in the ex smokers to the level of non

compared to non smokers
smokers. Tissue plasminogen activator (tPA), a protein involved in the breakdown of the blood clot,
is present at lower levels in serum from smokers®*, suggesting an impaired reaction to blood clot
formation. Accordingly tPA inhibitor (PAI-1) is present in higher levels in the serum from smokers
and has been shown to be upregulated by nicotine in human endothelial cell from the brain
vasculature®. Furthermore the tissue factor (TF) and the TF pathway inhibitor (TFPI-1), two major
proteins involved in the formation of thrombin from pro thrombin show the same pattern of
altered expression in both human® and mice®’. Moreover, cigarette smoke contains carbon
monoxide (CO), a gas which competes with oxygen to bind hemoglobin and thus decreases the
oxygen supply. This creates hypoxemia (abnormally low amount of oxygen transported by the
blood) in both passive and active smokers and leads to an increased number of circulating red

blood cell®®

that also are a major components of the blood clot formation. Finally, cigarette smoke
induces platelet dysfunction as platelets from smokers aggregate spontaneously and in greater
proportion following oxidative stress®®, suggesting that they are hyper activated even at basal
conditions. This was further demonstrated by exposing platelets from the non smokers to a serum
from the smokers, resulting in an increased aggregationgg, that was explained by the decreased NO

level. To summarize, the cigarette smoke creates hypercoagulation.
Concomitant action of smoking and genetic polymorphisms

Genetics plays an important role in the susceptibility to cigarette smoke exposure. Indeed, it is very
surprising that despite the large number of deleterious compounds present in the cigarette smoke,
about 50% of the smokers do not die prematurely of their addiction. This suggests a strong
implication of the genetic background in the susceptibility of smokers to develop cardiovascular
diseases (CVD). For example, in the CYP1A1l gene, coding for a member of the cytochrome P450
protein family known to be involved in the metabolism of xenobiotics, the presence of the rare C
allele in the 3’-flanking region of the CYP1A1 gene in smokers may enhance predisposition to severe
CAD and type 2 diabetes™. Surprisingly, this was observed only in light smokers but not in heavy
smokers, highlighting the fact that there is no obvious evidence for a dose response linking
cigarette smoke and CVD. Another polymorphism in the NOS3 gene coding for the nitric oxide
synthase (eNOS) has been shown to be associated with increased coronary stenosis in smokers and

91,92

ex smokers as compared to non smokers®”“. A few other mutations were also characterized in

proteins involved in blood coagulation, including factor V in which the allele FV:Q506 allele was
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found to increase the risk of myocardial infarction in smokers®®. In summary, there are some
genetic evidences linking smoking and atherosclerosis, suggesting that combination of genetic
background and cigarette smoke can impact the risk for CVD.

I.3.c Modeling cigarette smoke exposure in vitro

As previously described, cigarette smoke contains over 5000 thousand active compounds unevenly
distributed between mainstream smoke and sidestream smoke. Those compounds enter the body
via the lungs, then diffuse to the blood stream which allow them to spread throughout the whole
body. Several of these compounds like the benzo(a)pyren, are not toxic until they are processed in
the liver or kidney94. Because of that, modeling cigarette smoke in vitro can be a challenge. The
most common approach, and the one used in this study, is to filter the cigarette smoke through a
Cambridge filter and then resuspend the particles trapped in the filter by soaking it with an organic
solvent (typically DMSO)®. The resulting solution, called cigarette smoke extract (CSC), is then
applied to the cells in culture. This method has the advantage of allowing reproducible testing, as
one can aliquot, freeze the solution and use the same extract for many experiments. However, the
vapor phase molecules are lost by this procedure. To solve this issue, another method consists of
bubbling the whole cigarette smoke into the culture media or PBS, using a system (usually custom
made) of pumps and tubing or simple syringe®. This approach has the advantage of containing both
compounds from the vapor phase and the particulate phase, however it also comes with a number
of drawbacks. First the reproducibility may be poor, as the extract can only be used within 24h, and
must be prepared freshly for each experiment. The main issue to obtain each time a similar extract
is that cigarettes from different suppliers or even from different batches of the same supplier may
differ in composition. Thus, using this mode of smoke extraction requires the use of standardized
research cigarettes such as the 3R4F cigarette produced by the University of Kentucky (USA), and
specially designed for research purpose. However, those cigarettes are not easy to obtain,
especially for a research group outside of the USA. Another issue concerning the reproducibility of
this model is that bubbling of the smoke through the medium gives uneven concentrations of the
compounds contained in the smoke. Thus adjustment on a reference (typically by absorbance
measurement at 320 nm to quantify turbidity) is required to ascertain that the amount of
compounds is similar in all preparations. Several commercial systems have been created over the
years to ensure reproducible extraction (reviewed by David Thorne and Jason Adamson?’). Those
commercial systems all follow the same pattern: a first device burns the cigarettes, then in a second
compartment the resulting smoke is bubbled in the culture medium, and finally the cells are
exposed to the medium in a third compartment, the culture chamber. These systems are expensive,
thus only few laboratories are equipped with them.

All previously mentioned models lack a major component of the cigarette smoke toxicity, the
metabolization of the compounds by the human body. As previously stated, many compounds from
cigarette smoke only acquire their toxicity after metabolization by the organism which mostly
occurs in the liver and kidney, but also in the lungs. A number of solutions have been suggested to
circumvent this issue. The first is to incubate the cigarette smoke extract with microsomes, prior to
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the incubation with the cells. Microsomes are fragments of endoplasmic reticulum obtained by cell
fractionation which contain several enzymes involved in the detoxification of xenobitics. By adding
them with their co-factors in the media with cigarette smoke extracts, it allows a partial
metabolization of the extract®. However this method can only be used for a short lasting
stimulation, as the microsomal preparations are highly cytotoxic. Another possibility is to use
conditioned media obtained by the exposure of cells with high metabolic activity, such as
hepatocytes, to cigarette smoke extract and then to use their media to stimulate the cells of
interest™. Another version of this method is to co-culture directly those two cell types in the same
compartment. Nevertheless, cultivating both cell types together usually requires physical
separation of the cells in the culture compartment (using a culture insert to create a sub-
compartment) as they have different growth rates'®. For example, cultivating hepatocytes with
smooth muscle cells would result in the hepatocyte occupying the whole compartment before the
smooth muscle cells had a chance to grow. However, both these approaches only give a fraction of
the metabolites derived from cigarette smoke. To increase the number of different metabolites
present in the smoke extract, another model consists of stimulating the cells with either plasma
from smokers or non smokers. The main drawback of this model is that it requires an access to a
constant source of well characterized plasma with known smoking records. All the described in vitro
methods are summarized in Figure 5.
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Figure 5. in vitro models for cigarette smoke exposure. (from Fearon et al, Toxicology in vitro, 2012) (A)
Cigarette smoke condensate (CSC) stimulation, CFP=cambridge filter pad. (B) Cigarette smoke extract
stimulation. (C). Stimulation with serum from smokers.

Regardless of the model, in vitro models of cigarette smoke exposure all lack at least one critical
parameter, which is the chronic exposure to cigarette smoke. Indeed, in vitro settings limit the
exposure from few seconds to 96h to a single dose of cigarette smoke extract. While those models
provide a valuable insight into the cigarette smoke effects, in vivo confirmation of the results they
provide is required. /n vivo model will not be detailed here, as they are outside the frame of this
study, but they usually involve exposing mice to a massive amount of environmental smoke either
by using direct exposure to cigarette smoke in a close compartment or by forcing them to inhale
smoke through a small gas mask. It is surprising to note the paucity of the literature on cigarette
smoke models. Indeed very few reviews are available on this subject, underlying the lack of
harmonization in modeling of cigarette smoke exposure. This greatly impairs the ability of
newcomers to choose a pertinent in vitro model.
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1.4 SASH1

l.4.a SASH1 gene

SASH1 gene, standing for SAM and SH3 domain containing 1 gene, was first described by Zeller et al
in 2003, It is located on the chromosome 6 at the position 6q24.3, has a size of 210kb and
contains 20 exons (Figure 6). The SASH1 gene sequence shows 85% homology between human and
mouse, suggesting a high conservation of the sequence between species. Despite its big size, only
two polyadenylation signals were found, both in the 3’UTR region, at positions 4407 and 7685
respectively, suggesting that alternative splicing would only affect the length of the 3’UTR region.
The 3’UTR region is known to contain a variety of regulatory regions that affects stability,
localization, and translation efficiency of the transcript’®'®. Consequently, while the two
transcripts should result in the same protein sequence, their level of translation may differ. Indeed,
Northern blot experiments on a collection of human tissues showed the presence of two ubiquitous
transcripts of approximately 4.4 and 7.5kb. The smaller transcript was expressed in higher levels in
lung, placenta, thymus and spleen. The longer transcript showed the same tissue repartition for
high expression with the exception of the thymus.
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Figure 6. Schematic view of the genomic organization of SASH1. (from Zeller et al 2003). SASH1
gene have 20 exon and two poly A signals, both localized in the 3’UTR region of the gene,

suggesting that both isoforms codes for the same protein and differ only by post transcriptional
regulations.

1.4.b SASH1 protein

The SASH1 gene codes for a protein of an expected molecular weight of 137kDa (1247 amino acid).
The protein contains 4 different protein interaction domains: one coiled-coil, two SAM domain
(sterile alpha motif) and one SH3 domain. This pattern is typical of signal transduction proteins, and
thus SASH1 was added to this category by default. The repartition of SAHS1 has been shown in the
literature'® and in our experiments to be both cytoplasmic and nuclear. However, while SASH1
possesses indeed two nuclear localization signals (NLS) in its N-terminus along with one nuclear
export signal (NES) in its sequence, it lacks a DNA binding domain.
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Figure 7. SLY family mRNA transcripts and SASH1 protein schematic representation. (from the Atlas of
Genetics and Cytogenetics in Oncology and Hematology). SASH1, SASH2 (Samsnl) and SASH3 (SLyl)
transcript and the SASH1 protein structure. The conserved SLY domain that encompasses the SH3 domain and
one Sam domain (coded by exon 14 to 16) is between position 500 and 750 in the protein.

SASH1 is a member of the SLY protein family along with two other genes, SLY (also known as
SASH3) and Sly2 (also known as SASH2). The latter 2 genes are mainly expressed in hematopoietic
tissue, whereas SASH1 is ubiquitous. The three proteins share a common domain (sometimes called
SLY domain) that encompass the SH3 domain and one of the SAM domain (Figure 7). A study using
a SASH1 protein construct containing only this conserved domain was sufficient to change the
morphology of human cancer cells to similar extent as the full SASH1 protein'®, indicating that this
conserved domain is of critical importance for SASH1 function. Little is known regarding potential
post translational modification of the SASH1 protein, however, a study on the effect of ionizing
radiation performed in human skin fibroblasts revealed that SASH1 was differentially
phosphorylated following exposure to ionizing radiation®. Thus phosphorylation is likely to play a
role in SASH1 function.

I.4.c SASH1 in the literature, the quest for SASH1 function

Since its formal characterization in 2003, SASH1 has been the main focus of a small dozen of
publications and also made a few appearances in more general papers. The main field in which
SASH1 was studied is cancer, but it was also shown as an important actor of the skin function. As
SASH1 bibliography is not abundant, this part will be organized by theme, each of them being
organized chronologically to give a brief overview at the evolution in the SASH1 field.
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SASH1 in cancer

SASH1 was first shown to be down-regulated in breast cancer in a first study in 2003. In this study
Zeller et al studied the 6q23-25 region, a known site for allelic loss in breast Cancer™ and
examined the expression of the genes present in this locus. They found that the mRNA expression
of SASH1 was reduced in primary breast cancer tumors. Using a cancer expression profiling array,
which contained cDNA from normal and tumor tissues from different organs and donors, the
authors also showed that SASH1 expression was also down regulated in a number of other cancers,
including colon cancer, thyroid cancer and lung cancer. These findings gave the first evidence for
SASH1 implication in cancer.

In 2006, Rimkus et al'% published additional evidence of SASH1 down regulation in colon cancer.
They analyzed by RT-qPCR samples of normal and tumor tissues from patients (113 cases compared
to 15 controls) and showed that SASH1 expression was lower in advanced and late stages of colon
cancer and in liver metastases, but not in early stages and pre-cancerous tissues. The authors thus
speculated that SASH1 plays a protective role against tumor invasion and dissemination, rather
than in tumor initiation. Since the correlation of SASH1 expression and cancer was clearly
established, the following studies focused on SASH1 function in order to determine by which
mechanisms SASH1 affect the cell cycle regulation.

The first study on the subject was an extensive work on the SASH1 protein performed by Martini et
al in 2011"* using cancerous cell lines. In this publication the authors first showed that SASH1 was
present in both nucleus and cytoplasm with an enrichment in the peripheral membrane
protrusions. Using different constructs derived from SASH1 coding region they also showed that the
N-terminal part of SASH1 (SASH1 protein construct with the deletion of its C-terminus) that
contains the NLS, accumulated in the nucleus, while the C-terminal part (construct of SASH1 protein
with the deletion of its N-terminus) accumulated in the cytosol. They also showed that SASH1 over-
expression affected cell morphology by increasing the overall membrane ruffling. While N-
terminally and C-terminally truncated SASH1 constructs did not affect the cell morphology, the SLY
domain SASH1 construct (conserved domain of the SASH1 family proteins containing one SAM and
the SH3 domain of SASH1) over-expression affected the cell morphology in comparable levels to
that of the full SASH1 protein. This study also showed that SASH1 was enriched in the lamellipoda
and co-precipitated with cortactin (CTTN), a regulator of the actin cytoskeleton. Thus the authors
tested the effect of SASH1 expression on Hela cells and found that SASH1 over-expression inhibited
cell migration. Finally they showed that SASH1 over-expression in HEK cells increased adhesion to
fibronectin and laminin but not to gelatin coated plates. This study is still the most complete to date
on the SASH1 protein and showed for the first time that SASH1 affected cell migration and
adhesion, two mechanisms critical for cancer invasion and dissemination.

Recent studies from 2012 focusing on SASH1 function in cancer, *°1%109110 ¢howed that SASH1
over-expression in different cancer cell lines lead to accumulation of cells in GO/G1 phase,
indicating an inhibitory effect of SASH1 on cell proliferation. Accordingly, cyclin D1 levels were
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found lowered in all but one cell line and cell invasiveness in vitro assays showed that SASH1 over-
expression lead to decreased invasiveness of the cancerous cells.

The same year SASH1 was used for the first time in a clinical study focusing on the risk assessment
of metastasis by biological markers in patients with stage Il colon cancer™!. The study, performed
by Nitsche et al on 232 patients, showed that SASH1 expression was decreased in tumor tissues and
that low level of SASH1 correlated with decreased survival rate.

As SASH1 implication in cancer was now clearly established, the question of its regulation in cancer
tissue was beginning to emerge. Two similar studies focused on the methylation of the SASH1
promoter in breast cancer’* and in the hepatocellular carcinoma™®. Using methylation microarrays
they found several methylation sites in the SASH1 promoter to be increasingly methylated in
tumors than in normal tissues. Additionally treatment with 5-aza deoxy cytosine, that results in
demethylation of DNA, increased SASH1 expression in cell lines from breast and hepatic cancer.

Overall, cancer studies on SASH1 revealed that its expression was reduced in several human
cancers and was correlated with poor survival of the patients. The in vitro experiments showed that
SASH1 expression affected the migration and proliferation of the cells, however the pathways
involved in those processes are yet to be uncovered. Decrease of the SASH1 expression in tumors
appears to be regulated through the differential methylation of the promoter region. All those
discoveries potentially point out to SASH1 as a new tumor suppressor gene.

SASH1 in dermatology

The first occurrence of SASH1 in the dermatology field in 2010 was in a study focusing on the effect
of ionizing radiation on protein phoshporylation in human skin fibroblasts by Yang et al 195 Indeed,
the SASH1 protein possesses three phosphorylation sites on serine residues S407, S837 and S839,
the residue S407 being specific to the low levels of ionizing radiation. Most importantly the authors
showed that the exposure of fibroblasts to low ionizing radiation induced phosphorylation of 2566
phosphoproteins with SASH1 being the most phosphorylated at S407. This result already suggested
an implication for SASH1 in the cell response to UV exposure.

In 2013 a Chinese group working on Dyschromatosis universalis heredita (DUH), a pathology that
results in abnormal repartition of the melanocytes in the skin, discovered a mutation in SASH1 in
14 The mutant protein had higher half life (8h) than the
wild-type protein (5h). SASH1 mutation also enhanced melanocytes mobility both in vivo and in

three non-consanguineous DUH families

vitro. As these effect could account for theabnormal distribution of the melanocytes in the DUH
patients, the authors decided to investigate the molecular mechanisms by which SASH1 could affect
this cellular process. As in vivo cell migration usually requires extracellular matrix degradation, they
investigated the expression and the secretion of metalloproteinases and showed that SASH1 over-
expression reduced the secretion of MMP1, MMP2 and MMP8. Furthermore, a GST-pulldown was
also performed in a melanoma cell line over-expressing wild type SASH1, and showed that IQGAP1,
calmodulin 1 and MAP2K2 co-precipitated with SASH1. All those proteins being involved in actin
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cytoskeleton polymerisation and cell-cell adhesion, the authors focused their attention on E-
cadherin, an adhesion molecule that is required for the adhesion of Langerhans cells to
keratinocytes (a cell type involved in melanocyte repartition throughout the skin). They showed
that SASH1 expression indeed down-regulated E-cadherin in a calmodulin 1 dependent fashion.
Taken together, the results from this study established the first link between SASH1 mutations and
a human pathology of the skin, suggesting a strong involvement of SASH1 in cell dissemination and
invasiveness through the regulation of their actin cytoskeleton and adhesiveness.

1115 published a study on a consanguineous family in which individuals,

Lastly, in 2014, Courcet et a

with severe skin dysfunction, shared a homozygous variant (c.1849G>A; p.Glu617Lys) for SASH1".
The major symptoms included recurrent skin cancers, loss of hair, abnormal skin pigmentation and
palmoplantar keratoderma (excessive keratin production under the foot). Although this publication
is mostly descriptive and focused on the patient phenotypes, the authors also performed in vitro
studies and demonstrated that fibroblasts with mutated SASH1 migrated faster than fibroblasts
with the wild type SASH1. Surprisingly, proliferation levels of the fibroblasts with the SASH1
mutation did not differ from those of control fibroblasts. Furthermore, survival assays performed
using normal and SASH1 mutated fibroblasts showed no difference for exposure to UV or ionizing
radiation. This study confirmed that SASH1 has an important role in skin function, besides its role in

cancer.

In summary, studies in the field of dermatology revealed that SASH1 was implicated in the
repartition of the melanocytes in the human skin. While in vitro studies on human fibroblasts
showed that SASH1 phosphorylation was affected by ionizing radiation, however subsequent
studies failed to find a difference in the fibroblasts survival between wild type and mutated SASH1
exposed to UV. SASH1 was also found to regulate human melanocytes invasiveness and human
fibroblasts migration which corroborates the findings made by cancer studies. Furthermore these
works found several other partners for SASH1, including IQGAP1, calmodulin 1 and MAP2K2. The
latter three proteins are involved in the actin cytoskeleton and adhesiveness regulation in cells,
comforting a role for SASH1 in those cellular processes.

Other significant findings regarding SASH1 in the literature

While the previously described studies on SASH1 are quite consistently pointing out SASH1 as a
regulator of the actin cytoskeleton, an extensive study, by Daupinee et al'?® regarding a potential
role for SASH1 in the immune response, shed a new light on SASH1. This study focused on
identifying the downstream signal proteins of toll like receptor 4 (TLR4) in the lipid rafts from
mouse embryonic fibroblasts after lipopolysaccharide (LPS) stimulation. Comparing FADD (a
negative regulator of TLR4) knockdown mice to wild type they found SASH1 to be present following
LPS stimulation in the lipid rafts of the FADD KO mice but not in the lipid rafts from wild type. Using
Human Microvascular Endothelial Cells (HMEC) they showed that SASH1 positively regulated LPS
signal transduction. Using SASH1 over-expression followed by immune-precipitation in HMEC they
showed that SASH1 co precipitated with several members of an NFkB activating complex, TRAF6,
IkBkB, IkBKA and TAK1. Thus they hypothesized that SASH1 was a scaffold protein for this
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transduction signal pathway and was a positive regulator of the TLR4 mediated NFkB activation.
This work has opened several interesting perspective on SASH1 function, but so far stands rather
isolated within the SASH1 literature.

Other studies showed correlation between SASH1 expression and various pathologies. SASH1 was
found up-regulated in the placenta from women with severe pre-eclampsia **’, and down-regulated
in the medial temporal lobe in patients with Alzheimer disease'®
polymorphism (SNP), it was shown that SNP rs6930576, located in an intronic region of SASH1, was

. Regarding single nucleotide

strongly associated to diabetic nephropathy in a GWAS study in an Afro-American populationm.
Still in the field of diabetes, a study by Huang et al*® found through a genome wide screening that
SASH1 was a negative regulator of insulin-mediated inhibition of FOXO1A. All these results place
SASH1 as an actor in diverse pathologies, however those results are mostly correlative and require
further studies to determine the exact implication of SASH1 in human pathologies.

1.5 Thesis project: from Genome Wide Analysis in the Gutenberg Health
Study to in vitro experiments

The present study is in the continuity of the collaboration between our laboratory (Dr Francois
Cambien/Dr Laurence Tiret and Dr Ricardo Verdugo) and Pr Tanja Zeller and Pr Stefan Blankenberg
(from the Molecular cardiology group of the UKE in Hamburg, Germany). This study is designed as a
community-based, prospective, observational single-center cohort study in the Rhein-Main region
in Germany. Its main aim is to identify new genetic and non-genetic risk factors contributing to
cardiovascular disease, with a particular focus on atherosclerosis, thus allowing better individual
cardiovascular risk prediction. Inclusion criteria to participate in this cohort were an age ranging
from 35 to 74 years old, and giving a written consent. Exclusion criteria were restricted to
insufficient knowledge of the German language or mental disability that would impair examination,
instructions and explanations at the study center. Individuals received clinical examinations where
known CVD risk factors were acquired and blood samples collected. Circulating monocytes were
then negatively selected from the blood samples and processed for DNA/RNA extractions. Among
the subjects, 1500 had both RNA and DNA available, allowing transcriptomic measurements.
Among the cardiovascular risk factors were smoking status and the number of carotid plaques

(measured by echo Doppler). Zeller et al*®

studied by microarrays the correlations between gene
expression and cardiovascular risk factors and showed that in circulating monocytes the expression
of several genes and especially that of SASH1, was positively correlated to the smoking status. In
the same study, the authors also found SASH1 expression was positively correlated to the number
of plaques. SASH1 was still associated with plaques after adjustment for smoking, suggesting that it
may affect atherosclerosis independently of smoking. Following this study, Verdugo et al**
performed new statistical analyses using the GHS transcriptome data to predict the pathways

linking cigarette smoking to atherosclerosis (Figure 8).

30



HDL

sex

99 88

sbp 99 GpcPD)

00

89 C200r123) 100

87 K smoking
KAREE=

<\

100

4T

plaques

Figure 8: SASH1 predicted network linking smoking to atherosclerosis (from Verdugo et al 2013).
This graph represents a consensus network from 1000 bootstraps. Edges among variables are
drawn if detected in at least 60% of bootstrapped samples. The recovery percentages are indicated
to the right of the medial section of each edge. Line thickness is proportional to the edge’s partial
correlation. Plaques and risk factors are in blue. Genes directly connected to smoking are in green.
Other genes are in gray.

In this latter study, in which | am also a co-author, SASH1 was found to be the most correlated gene
to smoking. The largest reduction in co-variation between smoking and plaques was also observed
when adjusting for SASH1 expression, suggesting that SASH1 plays an important role in cigarette
smoking-driven aggravation of atherosclerosis. Another gene SLC39A8 (also known as ZIP8), a
divalent metal ion transporter, also came up in this study as the most significantly correlated with
the number of plaques (Figure 16).

This thesis project aimed at investigating whether or not these in silico predicted candidates and
their related pathways could be confirmed in cellular models and to further characterize the
mechanisms linking these candidate genes to smoking and to atherosclerosis.

31



1.6 Aim of the thesis and experimental strategy

This study aimed to assess the link between SASH1, smoking and atherosclerosis. For this, several questions
were raised at the beginning of the study:

What is SASH1 vascular expression?

As SASH1 expression was to be characterized in vascular tissue at the beginning of this study, we used RNA
extraction, quantitative RT-PCR, immunohistochemistry and immunocytochemistry to determine SASH1
mMRNA and protein expression in the vascular wall

Is the increased SASH1 expression previously observed in human monocytes from smokers also present in the
vascular wall?

After confirmation of SASH1 expression in vascular tissue, quantitative RT-PCR was used to test, whether
increased SASH1 expression observed in human monocytes was also present in the vascular wall.

Which cellular and molecular pathways link SASH1 expression and atherosclerosis?

Subsequently it was plan to determine by which cellular and molecular processes SASH1 could be linked to
atherosclerosis. As we wanted to investigate the effect of SASH1 on proliferation we choose to focus our
study on human aortic endothelial cells (HAECs), a cell type that is able to proliferate and that is in direct
contact with the blood stream. This makes endothelial cells a direct target for cigarette smoke derived
metabolites. We first performed immunocytochemistry and fractionated lysis of cells followed by western
blot to determine the subcellular localization of SASH1 in HAECs.

To determine in which molecular pathways SASH1 is involved different strategy at the RNA and protein level
were used:

-We performed a transcriptomics analyses by using a series of microarrays on SASH1 silenced HAECs, to
identify the genes and pathway affected by the disappearance of the SASH1 protein. siRNA silencing was
confirmed by the diminution of the protein after 48h by western blot analyses.

-After identification of potential SASH1 interacting protein by the yeast two hybrid technique, SASH1 co-
immunoprecipitations were performed in HAECs to confirm the candidate interacting proteins. As the
available antibodies targeting these proteins were quite unspecific and therefore did not allow us to confirm
any candidate, we went for a different approach and used mass spectrometry to identify candidate proteins
that where precipitated with SASH1 in HAECs. In order to ensure specificity of the proteins we compare
SASH1 silenced HAECs to HAECs transfected with control siRNA.

- Finally, we tested the in vitro effect of SASH1 knockdown on proliferation, migration and angiogenesis in
HAECs using tetrazolium salt (MTT), wound healing and matrigel assay respectively. As those processesare
involved in plaque formation and rupture, these results could form the first trail of evidence to explain
SASH1 implication in atherosclerosis.
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Abstract

Objective: We have previously reported that SASHI expression is increased in circulating human
monocytes from smokers and was positively correlated with the number of carotid atherosclerotic
plaques. The aim of this study was to further validate the link between smoking, SASH1 and
atherosclerosis within the vascular wall and to assess the impact of SASH1 expression on endothelial

cell functions.

Method: Human carotids with atherosclerotic plaques were obtained from 58 patients (45 of them
with known smoking status: smoker, non-smoker, ex-smokers) , and were processed for gene
expression analyses and immunostaining. To investigate its function, SASH1 was silenced in human
aortic endothelial cells (HAECs) using two different siRNA and subcellular localization of SASH1
was determined by immunostaining and subcellular fractionation. Subsequently the transcriptomic
analyses and functional experiments (wound healing, WST-1 proliferation or Matrigel assays) were

performed to characterize SASH1 function.

Results: SASH1 was expressed in human vascular cells (HAECs, smooth muscle cells) and in
monocytes/macrophages. Its tissue expression was significantly higher in the atherosclerotic carotids
of smokers compared to non-smokers (p<0.01). In HAECs, SASHI was expressed mostly in the
cytoplasm and SASH1 knockdown resulted in an increased cell migration, proliferation and
angiogenesis. Transcriptomic and pathway analyses showed that SASHI silencing results in a

decreased CYP1AT1 expression possibly through the inhibition of TP53 activity.

Conclusion: We showed that SASH1 expression is increased in atherosclerotic carotids in smokers
and 1its silencing affects endothelial angiogenic functions; therefore we provide a potential link

between smoking and atherosclerosis through SASH1 expression.

Word count: 245
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Introduction

Atherosclerosis is the leading cause of death in developed countries. It is characterized by an
excessive accumulation of lipids in the arterial wall, which leads to endothelial dysfunction, the first
step towards the early onset of fatty streaks and subsequent plaque formation'?2. Both fatty streak
and plaque are composed of macrophages, dedifferentiated smooth muscle cells and foam cells
derived from these cell types. Plaque rupture causes stroke, myocardial infarction or ischemia of

inferior limbs.

Endothelial cells play an important role in the onset of atherosclerosis as their dysfunction triggers
leukocyte transmigration into the intima of the vessels leading to foam cell formation'?, a hallmark
of fatty streak and plaque'*®. Furthermore by playing an important role in intra-plaque
neovascularization, endothelial cells contribute to intra-plaque hemorrhages and plaque instability.
Among the factors influencing plaque formation, it has been established that smoking increases
lesion size and number and is correlated with earlier cardiovascular events'*'**'*’_ Cigarette smoke
is composed of more than 5.000 different compounds, including approximately a 100 known to have
carcinogenic, cardiovascular or pulmonary adverse effect'*®. Its action on atherosclerosis is exerted
through multiple pathways, implicated in a wide range of cellular processes such as inflammation,

cell migration and proliferation'*"'*°.

Previously, we showed in a large population based study that the expression of SASH1 (SAM and
SH3 domain containing 1) in circulating monocytes was markedly increased in smokers when
compared to non-smokers and was also positively correlated with the number of carotid plaques,
indicating a potential role of SASH1 in atherosclerosis'>""**. SASHI1 is a member of the SLY signal-
adapter protein family and encodes an ubiquitously expressed signal transducing protein'>. It
contains one SH3 domain, one coiled-coil and two SAM domains, all involved in protein-protein
interactions'**. SASH1 expression is down-regulated in colorectal and breast cancer'>>'*>'*® and
SASH1 overexpression is known to decrease proliferation and invasiveness of various cancerous cell
lines while increasing their apoptosis rate'?”"**!*° At the molecular level, SASHI has been
suggested to be involved in the regulation of the cytoskeleton polymerization'**, to be a scaffold
protein downstream of the TLR4 receptor leading to an increased NFkB activation after
liposaccharide (LPS) stimulation'*’ as well as a being part of the Gas-IQGAPI-E-Cadherin
pathway'*'.

The present study was conducted to investigate the potential role of SASH1 in atherosclerosis. Our

data support a possible implication of SASH1 in the pathology of atherosclerosis. We show that
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SASHI is expressed in the arterial tissues and that SASH1 expression is increased in carotid plaques
from smokers. In primary human aortic endothelial cells (HAECs), SASH1 siRNA silencing

resulted in an increased proliferation, migration and angiogenesis.
Materials and methods
Human tissue samples

Fragments of fresh human full-thickness carotid resections (n=58) were obtained from the
Department of Vascular Surgery at the Pitié-Salpétricre Hospital in compliance with institutional
ethical guidelines and in accordance with the Helsinki Declaration of 1975 as revised in 1983. All
patients (age 51 to 91; 19 females and 39 males) signed written informed consent. Briefly, plaques
were dissected; and total RNA was immediately extracted using the trizol method (Life
Technologies, 15596). Patients were separated in three groups: “non smokers” including individuals
that never smoked (n=25), “ex-smokers” including individuals that stopped smoking prior to the
surgery (from 6 month up to 40 years, n=9) and “smokers” including individuals still smoking at the

time of surgery (n=11).
Cell isolation and culture

Human Aortic Endothelial Cells (HAECs) and Human Coronary Artery Smooth Muscle Cells
(HCASMC:s) were purchased from PromoCell. Cells were cultured in EGM2 medium (Lonza, CC-
3156 & CC-4176) and smooth muscle cells growth medium (PromoCell, C-22162), respectively. All
experiments were performed using cell passages 3 to 7. Human monocytes were isolated from
human buffy coats (Etablissement Francais du Sang, Rungis, France) and differentiated into
macrophages as previously described'*?. Macrophages were cultured for 6 days in RPMI 1640
medium with, 50 pg/ml gentamycin, 10% of fetal calf serum and 10ng/ml MCSF (Life Technologies,
11875-093

siRNA-mediated silencing of SASH1

Transfection of HAECs was performed using RNAIMAX (Life Technologies, 13778). Briefly, using
RNAIMAX transfection reagent (Life technologies, 13778-100), two different siRNA targeting
SASH1 (Ambion, S23572 and S23574) at a concentration of 20 nM were applied separately and
compared to control siRNA (Ambion, 4390843). The medium was changed after 24h, total RNA and

proteins were harvested 48h after transfection.
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Efficiency of siRNA transfection and SASH1 knockdown was assessed by RT-qPCR and western
blotting as described below.

Wound healing, proliferation and angiogenesis assays

Transfected HAECs were cultured for 48h to reach 90% confluence and were treated with 20 uM
mitomycine-C (Sigma-Aldrich, M4287) for 90 min. Two linear scratches per well were performed in
the cell monolayer using a 200 pl pipette tip and were incubated at 37°C and 5% CO?2 for next 24h.
Images of the gap were obtained at time Oh and 24h with fully motorized inverted microscope
(Nikon Eclipse TiS) using bright field and 4X magnification. The wounded area was analysed using
Image] software (NIH) by quantification of the surface of wounded area at 24h as compared to time
Oh.

HAECs proliferation was evaluated using a colorimetric tetrazolium salt WST-1 (4-[3-(4-
iodophenyl)-2H-5-tetrazolio]-1-3-benzene disulfonate) assay, based on the conversion of WST-1 into
formazine by mitochondrial dehydrogenase enzyme in viable cells. After 48h of transfection, cells
(5,000 cells/well) were seeded in 96-well plates and cultured for further 24h in 100 pl medium. Then
10 pl of WST-1 solution were added to each well, followed by 3h incubation. Absorbance was

measured at 450 nm in a microtiter plate reader.

HAEC:s transfected with siRNA targeting SASH1 or control siRNA were cultured on Matrigel (BD
Bioscience, 354234) and tubular formation network was evaluated at 24h. Briefly, 10 pl of Matrigel
were pipetted into 15 wells slides (Ibidi, 81506) and brought to 37°C for 30 min to induce
polymerization of the matrix. Subsequently, cells were seeded at a density of 50,000 cells per well.

Tubular structures were quantified by manual counting on imageJ.
RNA extraction, reverse transcription and quantitative polymerase chain reaction (PCR)

Total RNA was extracted using the mirVana kit (Life Technologies,AM1560) and RNA quality was
assessed by a 2100 Bioanalyzer (Agilent Technologies). Synthesis of cDNA was carried out using
the Super Script II Reverse Transcriptase (Life Technologies, 18064-014). Real-time PCR was
performed using Mx3005P QPCR System (Agilent Technologies) and SYBR Green (Thermo
Scientific, AB-1158/B). The amplification program was: 95 °C for 15 min, 40 cycles of 95°C for 30
s and one cycle of 95°C for 1 min, 60°C for 30 sec and 95°C for 30 sec. Data were analyzed using
MxPro® software using the AACT method'* and normalized to the ubiquitin or GAPDH control

genes. The sequence of primers is listed in Table 1.
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Genome-wide expression analysis and pre-processing of expression data

Total RNA was extracted from HAECs using the mirVANA kit (Life Technologies, AM1560).
Transcriptome analysis of total RNA was performed using the Illumina HT-12 v4 BeadChip
(http://www.Illumina.com). Briefly, RNA samples were processed in batches of 24 samples. 250 ng
of total RNA was reverse transcribed, amplified and biotinylated using the IlluminaTotalPrep RNA
Amplification Kit (Ambion/Applied Biosystems, AMIL1791). Each biotinylatedcRNA (750 ng) was
hybridized to a single BeadChip at 58°C for 16-18h. BeadChips were scanned using the

IlluminaHiscan array.

The summary probe-level data delivered by the Illumina scanner (mean and SD computed over all
beads for a particular probe) was loaded in Genomestudio. The pre-processing was done by the
Illumina software, at the level of the scanner and by Genomestudio included: correction for local
background effects, removal of outlier beads, computation of average bead signal and SD for each
probe and gene, calculation of detection P-values using negative controls present on the array,
quantile normalization across arrays, check of outlier samples using a clustering algorithm, check of
positive controls. Analyses were carried out on the mean level for all probes in each gene. To
stabilise variance across expression levels, we applied an arcsinh transformation to the expression
data. Compared to a log transformation, this transformation has the advantage not to discard negative
expression values which can occur in Illumina data. A gene was declared significantly expressed in
the dataset, i.e. expressed above background (as measured by the negative controls present on each
array), when the detection p-value calculated by genome studio was <0.05 in more that 5% of the
samples. Microarray analysis was performed using the lllumina HT-12 v4 BeadChip. To limit batch
effect, each samples treated with the SASH1 siRNA was processed on the same beadchip as its
siRNA control.

Western blotting

Cells were washed 3 times with PBS and lysed on ice with RIPA (Thermo scientific, 89900)
supplemented with EDTA and protease inhibitors (Thermo Scientific, 78410). Equal amounts of
protein were loaded and separated on an SDS-PAGE gel of 6, 8 or 12%. Proteins were transferred
onto nitrocellulose 0.2 pm membrane (Biorad) using wet transfer (Tris/glycine, 20% ethanol)
overnight (15h) at 30V. Detection was performed with ECL Plus detection kit (GE-Healthcare) using
either the digital camera (GE Healthcare, LAS 4000) or the Agfa Gevaert, CURIX 60 system.
Primary antibodies for detection were as follows: anti-SASH1 (Novus, NBP1-26650), anti-CCND3
(Santa Cruz Biotechnologies Sc-182), anti-CCND1 (Cell Signaling, # 2926), anti-GAPDH (Cell
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Signaling #21185), anti-tubulin (Invitrogen, 322500). The following secondary antibodies: anti-goat
(Santa Cruz Biotechnology, Sc-2020), anti-rabbit (Vector laboratories, PI1000) and anti mouse

(Vector Laboratories, P12000) coupled with horseradish peroxidase were used for detection.
Immunostaining of cells and tissues

HAECs were fixed with paraformaldehyde (4%), permeabilized with Triton-X100 (0.5%) and
incubated at room temperature with phalloidin-Alexa 488 (1:1000; Life Technologies, A12379) for
1h at room temperature. Subsequently, SASH1 antibodies, 1:400 (Novus Biological, NBP1-26650 or
NBP1-26651), 1:800 (Sigma Aldrich S8073) or 1:50 (Santa Cruz Biotechnology Sc-169253) were
added for 2h at room temperature. Secondary anti-rabbit and anti-goat Alexa 594-conjugated
antibodies were used for detection (Life Technologies, A11036 and A11037). Nuclei were
counterstained with DAPI. Microphotographs were obtained with a confocal microscope (Zeiss,

LSM 710).

For SASHI1 expression in vascular tissue, the immunostaining was performed on formalin-fixed,
deparaffinized 3-pum thick sections. The antigen retrieval reaction was carried out in a water bath for
20 min at 97°C using EDTA buffer (pH 8.0) for all antibodies. The slides were then incubated with
the primary antibodies for 60 min at room temperature. Thereafter, the procedure was performed
according to manufacturer instructions by using a biotin-free polymeric visualization system
(Ultravison LP ref TL-015-HD, Lab Vision, Fremont, CA) for SASHI antibodies from Novus
Biological (1:300, NBP1-26650).

Statistical analysis

All data are presented as mean + standard deviation (SD) from at least 5 independent experiments of
different donors. Comparison between groups was performed using Wilcoxon or Mann-Whitney test,
depending on the experiment, with a significance threshold at p<0.05 using Graphpad Prism 6
(version 6.05).

Statistical analysis of microarray data was performed in the R environment (version 3.0.1) using the

1% The variance stabilizing transformation'*’ was applied to raw data.

lumi package of Bioconductor
A variance-based filtering of gene expressions was further performed using the nsFilter function
from the genefilter package with default parameters (interquartile range and variance cutoff of 0.5).
Differential expression analysis was performed using the limma package of Bioconductor. To

account for the pairing of each siRNA sample with its control, the difference between gene
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expressions of both samples was considered as the variable to be tested to 0. Analysis was further

adjusted for beadchip. The Benjamini-Hochberg procedure was applied to adjust for multiple testing.

Results
SASH1 mRNA is expressed in vascular cells and in human carotid tissues

We first investigated SASH1 expression in human aortic vascular cells and carotid tissues by RT-
qPCR. SASH1 transcript was present at detectable levels in all samples (Figure 1). The expression
levels were similar in all tested cell types (HAECs, HCASMCs, monocytes and macrophages), as

well as in healthy tissue (mammary arteries), fatty streaks and plaques. To ensure the specificity of

the qPCR amplicon, SASH1 siRNA silencing was performed on HAECs using two different siRNA.
Both siRNA showed a >85% decrease of the detected SASH1 transcript.
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Figure 1A. SASH1 mRNA expression in human vascular cells (A). SASHI mRNA expression in human
macrophages (Macro, n=4), monocytes (Mono, n=4), human aortic endothelial cells (HAECS, n=5) and human
coronary artery smooth muscle cells (HCASMC, n=4); (B) SASH1 mRNA expression in the vascular wall,
healthy tissue (mammary arteries), n=11, fatty streak, n=36 and plaque, n=53. Ct value for ubiquitin were

between 17-22, for SASH1 22-27).

To characterize the distribution of SASHI in the arterial wall, we performed an immunostaining on
human atherosclerotic carotid tissues and showed that SASH1 was expressed in the media, intima
and in macrophages within the vascular wall (Figure 2). SASH1 staining was also present in the intra

plaque capillaries. Thus, SASH1 is ubiquitously expressed in all cell types present in human arteries

and in the atherosclerotic plaque.
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Figure 2. SASH1 protein expression in the human carotid plaque. Human atherosclerotic carotid
immunostaining with anti-SASH1 (Novus NBP1-26650), with anti-CD68 (macrophages/foam cells), a-actin
(smooth muscle cells) and CD34 (endothelial cells).

SASH1 protein localization in human aortic endothelial cells

The subcellular distribution of SASH1 in HAECs, determined using SASH1 antibody and confocal
microscopy analysis, was shown to be mainly cytoplasmic, with a weak nuclear staining (Figure 3A).
Immunostaining was performed with four different commercial antibodies that gave similar results
(Suppl Fig 1) and was confirmed using fractionated lysis of HAECs followed by western blotting
which showed a strong signal at the expected 180kDa size for SASH1 in the cytoplasm and a weaker
signal in the nucleus. The specificity of this signal was validated using two different siRNA targeting
SASH1.Transfection of both siRNAs reduced the expression of SASH1 protein to a similar extent

(Figure 3B).
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Figure 3. Subcellular localization of SASH1 in HAECs. (A) Confocal micrographs of HAECs stained for
SASH1 (Novus Biological NBP-1 26650, red), actin cytoskeleton (Phalloidine-488, green) and nucleus (DAPI,
blue) and negative control rabbit IgG (Supplementary Figure 1); (B) Western blots of HAECs either transfected
for 48h with siSASH1 (sil and si2) or siCtrl (ctrl) and fractionated into nuclear (Lamin A/C) and cytosolic
compartment (GAPDH).
As SASHI1 contains a nuclear localization sequence (NLS) and a nuclear export signal (NES), we
tested a possible translocation of SASH1 into nucleus using various inflammatory stimuli in HAECs:
LPS (100 ng/ml), cigarette smoke condensate (40 pg/ml), TNFa (10 ng/ml) or VEGF (50 ng/ml) and
incubation for 1, 6 and 24h. We did not observe SASHI1 translocation in these various experimental

settings (data not shown).
SASH1 mRNA expression is increased in carotids from smokers

To determine if the increase of SASH1 mRNA expression observed in monocytes of smokers in our
previous study'”' was also present in the arterial wall, SASH1 expression was tested in human carotid
plaques from smokers (n=11), ex-smokers (n=9) and non-smokers (n=25). SASH1 mRNA expression
was significantly increased in carotids from smokers when compared to non-smokers (p<0.01) and
ex-smokers (p<0.001) (Figure 4). No difference was observed between non-smokers and ex-smokers

(p=0.38), suggesting that cigarette smoke-induced increase of SASH1 expression can be reverted.
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Figure 4. SASH1 expression in human carotids depending on the smoking status.
Expression of SASHI mRNA in human atherosclerotic carotids from non-smokers, ex-
smokers and current smokers.

**indicates a p<0.01

To investigate the acute effect of smoking on SASH1 mRNA expression, HAECs were incubated
with cigarette smoke condensate at 10 and 40 pg/ml. Expression CYP1A1 and CYP1B1 was used as
the positive controls for cigarette smoke condensate exposure as previously described'*®. Expression
of these control genes was significantly increased; however, the expression of SASH1 mRNA was
not modified by the addition of cigarette smoke condensate, suggesting that SASH1 expression is not

affected by the acute exposure to cigarette smoke (Suppl Fig 2).
SASH1 siRNA-silencing affects cell cycle in human aortic endothelial cells

In order to determine the molecular pathways potentially linking SASH1 to vascular pathology, a
transcriptomic analysis was performed using SASHI1 siRNA-silenced HAECs from ten different
individuals. The cells were transfected either with siSASH1 S23572 (sil), siSASH1 S23572 (si2) or
a control siRNA (siCtrl). Analysis of the results revealed that 182 genes were differentially
expressed (FDR<0.10) in both sil- and si2-silenced HAECs as compared to siCtrl-transfected cells
(Suppl. data Table 1). Among these genes, CYP1Al, a major player in the cigarette smoke
metabolism'*’, was shown to be down-regulated upon SASHI knockdown; this decrease was
confirmed independently by the RT-qPCR experiments (Figure 5A). Pathway analysis using the
Ingenuity Pathway Analysis tool (IPA) performed on the 182 differentially expressed genes, showed

that pathways involved in regulation of the cell cycle were over-represented (Table 2). IPA analysis
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prediction of established transcription factor activity, based on the list of differentially expressed
genes upon SASH1 knockdown, showed a potential inhibition of the tumor suppressor TP53 (Suppl
Fig 3), and in parallel an activation of FOXMI; the latter is strongly associated with cell
proliferation'**. Taken together, those results suggest an implication of SASH1 in the regulation of

the cell cycle.

BH
Ingenuity Canonical | corrected

Pathways FDR Ratio Nb of genes

Mitotic Roles of polo-

Like Kinase 71100 | 1.84B-01 6

Cell cycle: G2/M DNA
Damage Checkpoint

4
Regulation 2.110 1.59E-01 5

Table 2. Pathway analysis of the genes affected by SASH1 silencing. Statistically significant
pathways are involved in the cell cycle. BH: Benjamini-Hoechberg, Ratio: number of gene
differentially expressed upon SASHI1 knockdown divided by total number of genes from the
pathway. Nb of genes: number of genes differentially expressed upon SASH1 knockdown involved
in the pathway.

Previously, overexpression of SASH1 protein has been shown to increase the expression of cyclin
D1', a major protein involved in the cell cycle control, especially the G, phase. While cyclin D1 did
not show statistically significant change of expression in our microarrays analysis, the quantification
of mRNA by RT-qPCR of SASH1 siRNA-silenced HAECs showed that cyclin D3 (CCND3),
usually co-expressed with CCNDI1, was significantly up regulated by 1.75 fold (p<0.005).
Interestingly, Western blot analyses showed an increased protein expression of both CCNDI1 and
CCND3 (Figure 5B). As these cyclins are Gi/S phase specific, an increase of their expression
suggested that SASH1 siRNA-silencing may increase the proliferation rate of HAECs.
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Figure 5. Transcripts affected by SASH1 silencing in HAECs. HAECs (n=6
individuals) were transfected for 48h with either siCtrl (ctrl) or siSASH1 (sil and si2 used
separately); (A) mRNA expression of CYP1A1 and SASHI (B) mRNA expression and
protein expression of CCND3 and CCND1

* Indicates a p<0.05 ** Indicates a p<0.001

SASHI1 siRNA-silencing increases proliferation and migration of human aortic endothelial cells

Our transcriptomic results suggested an implication of SASH1 in the cell cycle regulation. Therefore,
we further investigated the effect of SASH1 on proliferation and migration of HAECs by using
WST-1 and cell migration assay (wound healing assay, using mitomycin C to block proliferation).
Two different siRNAs were used to silence SASH1 in HAECs as described above and the wound
area or formazan formation was compared to that of HAECs treated with control siRNA. The closure

of the wound and formazan concentration were significantly higher in both SASH1 siRNA-silenced
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HAECs than in control HAECs (Figure 6A and 6B), indicating that SASH1 represses migration and

proliferation.
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Figure 6. Proliferation, migration and angiogenesis of SASH]1 silenced HAECs. HAECs (n=6 to 8 individuals) were
transfected for 24h with either control siRNA (ctrl) or siSASH]1 (sil and si2 used separately); (A) the proliferation rate was
measured using the WST-1 assay and the absorbance at 450nm was measured after 24h of incubation at 37°C, (B) the
wound healing assay was performed on HAECs treated with mitomycin C by comparing the area of the wound at t0 vs t18h
of incubation at 37°C; (C) Angiogenesis on Matrigel was performed by comparing the number of tubular structures at t0

and after t18h ofincubation at 37°C.
* Indicates a p<0.05

SASHI1 siRNA-silencing increases angiogenesis of human aortic endothelial cells

Since both proliferation and migration were increased by SASH1 knockdown, we hypothesized that

SASH1 would also affect angiogenesis. To test this hypothesis, the angiogenic capacities of SASHI

silenced HAECs were assessed using a Matrigel assay by comparing the number of tubular structures

to control. As expected, an increased number of tubular structures upon SASHI1 silencing were

formed (Figure 6C), indicating an inhibitory effect of SASH1 on angiogenesis.

Discussion

Recently, SASHI expression has been linked to a number of diseases such as pre-ecclampsia'®,

Alzheimer diseaselso, colorectal and breast cancer

133,135,136

, skin carcinoma'®' and Dyschromatosis
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universalis hereditaria (DUH) ™. While little is known about the role of SASH1 in the vascular

physiopathology, an in vitro study has reported SASH1 to be up-regulated following VEGF receptor

152 An involvement of SASH1 in such

blockade in human pulmonary microvascular endothelial cells
a broad range of diseases could be explained by the fact that SASH1 expression has an important
impact on basic cellular mechanisms, such as proliferation and migration. Nevertheless, these
observations are mostly based on correlations, and the molecular mechanism by which SASH1 affect

those pathologies is widely unknown.

In the present study we showed for the first time that SASH1 is ubiquitously expressed in human
arterial wall, and that SASH1 mRNA expression was increased in the carotid plaques of smokers,
thus extending the results from our previous work showing an increased expression in circulating

131 Furthermore, our results indicate that SASH1 acts as an inhibitor of

monocytes from smokers
proliferation, migration and angiogenesis in HAECs possibly through a TP53 inhibition mechanism.
These results suggest that an up-regulation of SASHI in smokers could be a cellular defense
mechanism, specifically directed against the cigarette smoke-induced migration and proliferation.
Accordingly, earlier observations have indicated that SASH1 has tumor-suppressive properties. The
fact that smoking increases SASH1 expression in carotids, while SASH1 expression was found to be
stable throughout the plaque development, may imply that some of the inflammatory and
proliferation pathways activated by smoking through SASH1 expression are distinct from the ones

triggered by the lipid accumulation in atherosclerosis and could therefore aggravate the already

existing inflammation.

In previous studies on breast and liver cancer, the SASH1 promoter region was shown to be

differentially methylated'>>'>*

. In our data, an increased SASH1 mRNA expression in carotid plaques
was observed when comparing smokers to non-smokers. Interestingly, the level of expression in
carotid plaques of ex-smokers was similar to that of non-smokers, suggesting that the increase in
SASH1 mRNA expression is transient and may be reversed. One hypothesis to explain this
phenomenon could be that the variation of SASH1 expression in the carotids from smokers might be
driven by differential methylation pattern in the SASH1 promoter region. Cigarette smoke is known
to affect methylation'> in a long-term reversible manner'>®. Consistent with this hypothesis, in vitro
stimulation of HAECs with cigarette smoke condensate to investigate an acute response of SASH1 to

smoking, did not alter SASH1 expression at the mRNA level, suggesting that SASH1 expression is

only affected by mid-to-long term exposure to cigarette smoke.

48



Nevertheless, those in vitro models for acute cigarette smoke exposure have several limitations, such
as the lack of cigarette smoke metabolites or poor mimicking of chronic exposure to cigarette
smoke'””. Tt is likely that testing the impact of acute cigarette smoke exposure on SASH1 requires an
in vivo model to take into account the chronic exposure and the metabolism of inhaled smoke.
Alternatively in vitro experiments could also be done using a combination of cigarette smoke extract
and microsomes that contain numerous enzymes involved in the metabolisation of xenobiotics'®. It
is noteworthy that the cigarette smoke condensate used in our study only contained the lipophylic
part of the cigarette smoke. Aqueous extract have been used in the literature, but our attempts to
stimulate human umbilical vein cells (HUVEC, n=2) with such extracts failed to affect SASH1

expression (data not shown).

We demonstrated that SASH1 silencing increased cell proliferation, migration and angiogenesis, all
processes being implicated in atherosclerosis'>'®. Accordingly, SASH1 silencing resulted in an
increased CCNDI1 protein expression, as previously shown in A549 cells'', as well as the increased
CCND3 mRNA and protein levels. Both cyclins are part of the cyclin-dependent kinase protein

161,162 163
7 and are known to be co-expressed . However, as

complex required for the G,/S transition
SASHI over-expressing cells have been shown to be arrested in the G, phase"’, it is likely that the
increase of CCND1 and CCND3 expression reflects an indirect effect due to SASHI silencing thus

favoring the G,/S transition rather than a direct effect of SASH1 increasing their expression.

Our transcriptomic results pointed out the implication of SASH1 in the cell cycle regulation, as the
two statistically significant pathways (FDR<10), namely “Mitotic Roles of polo-Like Kinase” and
“Cell cycle: G2/M DNA Damage Checkpoint Regulation” are both involved in cell replication.
Interestingly those results predicted the inhibition of TP53 and activation of FOXMI1 transcription
factors. Since TP53 is known to negatively regulate the FOXM]1 pathway'®, it is possible that the
effect of SASH1 on FOXMI is indirect and mediated by its primary effect on TP53. Little is known
about the function of FOXMI1 in atherosclerosis, while it could be considered pro-atherogenic
because of its mitogenic properties'®, it was also demonstrated to play a critical role in endothelial

repair following vascular injury'® and therefore could also show some atheroprotective function.

CYPIA1, a member of the cytochrome P450 family was found to be down-regulated upon SASHI
silencing in our experiments. CYP1AT1 is up regulated in a TP53-dependent fashion by the polycyclic
aromatic hydrocarbons'®’, present in cigarette smoke, thus the link between the expression of SASH1
and CYPIALI could be explained by the fact that SASH]1 participate to the activation of TP53. The

cigarette smoke condensate used in our study to activate HAECs contains high levels of polycyclic
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aromatic hydrocarbons and consequently it increased CYP1A1 expression; however SASHI1
expression remained unchanged. A possible explanation could be that SASHI intervenes in the
increase of CYP1A1 expression rather at the protein-protein level. However more studies will be

required to validate these hypotheses.

As the SASH1 sequence includes both NLS and nuclear export signal (NES), and as a C-terminus
deleted construct of SASH1 accumulates in the nucleus'*, it is likely that SASH1 also plays a role in
the regulation of gene transcription. However there is no evidence or known protein domain in the
SASHI protein for a direct binding to DNA, although SAM domains may bind to RNA'®®,
suggesting that this action requires SASH1 binding to other proteins which interact with DNA. The
nuclear translocation of SASH1 could be regulated either by protein conformation or by chaperone
protein(s). Our data from fractionated cell lysates showed that SASH1 is mainly cytoplasmic and to a
lesser extent found in the nuclear fraction in quiescent HAECs. When HAECs were stimulated by
pro-inflammatory factors or cigarette smoke condensate we could not observe significant
translocation of SASHI to the nucleus, suggesting that SASH1 translocation requires a more specific

stimulation, or is not related to inflammation.

In summary, we confirmed the link between expression of SASH1, smoking and atherosclerosis in
humans and provide the first evidence of a possible role for SASHI1 in endothelial dysfunction

leading to atherosclerotic lesions formation.
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FC FC
ID geneSymbol | geneName sil |qgval_sil|si2 |qval_si2
ILMN_2185984 | SASH1 SAM and SH3 domain containing 1 0,35| 1,3E-03| 0,15 | 4,8E-08
ILMN_1800912 | ZNF106 zinc finger protein 106 0,77 | 5,7E-02 | 0,43 | 4,8E-08
ILMN_1697597 | EFCAB14 EF-hand calcium binding domain 14 0,58 | 5,9E-03 | 0,25 6,1E-07
transmembrane emp24 protein transport domain
ILMN_1803279 | TMEDS5 containing 5 0,61| 3,8E-02 | 0,31 1,6E-06
ILMN_3236945 | PTPMT1 protein tyrosine phosphatase, mitochondrial 1 2,73 | 4,7E-05| 3,19 | 1,8E-06
ILMN_1807969 | SNCAIP synuclein, alpha interacting protein 0,75| 3,8E-02| 0,49 | 5,1E-06
synuclein, alpha (non A4 component of amyloid
ILMN_1701933 | SNCA precursor) 2,45 | 8,8E-04 | 2,17 | 9,4E-06
ILMN_1777066 | NIF3L1 NIF3 NGG1 interacting factor 3-like 1 (S. cerevisiae) 1,25| 3,9E-02 | 1,65| 1,2E-05
ILMN_1808789 | MYO5C myosin VC 0,75| 2,8E-02 | 0,44 | 1,9E-05
ILMN_2243308 | ACVR1B activin A receptor, type IB 1,42 | 3,4E-02| 1,65 | 2,0E-05
translocase of outer mitochondrial membrane 20
ILMN_1679796 | TOMM20 homolog (yeast) 2,14 | 3,2E-04 | 2,45| 2,4E-05
ILMN_2093027 | MYO1B myosin IB 0,64 | 3,0E-02| 0,51 | 2,8E-05
ILMN_1716730 | BOD1 biorientation of chromosomes in cell division 1 1,73 | 3,0E-02| 1,96 | 2,9E-05
ILMN_1812902 | CYYR1 cysteine/tyrosine-rich 1 0,73 | 7,1E-02 | 0,23 | 4,1E-05
ILMN_1724789 | CD59 CD59 molecule, complement regulatory protein 2,27 | 1,9E-03 | 2,04 | 4,3E-05
ILMN_1809590 | GINS2 GINS complex subunit 2 (Psf2 homolog) 1,65| 2,1E-02 | 2,43 | 4,4E-05
ILMN_1709750 | SUSD1 sushi domain containing 1 1,76 | 7,8E-03 | 1,62 | 4,9E-05
proteasome (prosome, macropain) assembly
ILMN_3224204 | PSMG4 chaperone 4 1,45| 5,7E-02 | 1,73 | 5,3E-05
ILMN_1654653 | KLC1 kinesin light chain 1 1,56 | 2,9E-03 | 1,60 | 9,6E-05
ILMN_1786065 | UHRF1 ubiquitin-like with PHD and ring finger domains 1 1,39 | 4,1E-02 | 1,98 | 1,0E-04
ILMN_1754272 | GINS3 GINS complex subunit 3 (Psf3 homolog) 1,57 | 6,2E-03 | 1,63 | 1,2E-04
ILMN_1691506 | NGRN neugrin, neurite outgrowth associated 1,62 | 1,4E-02| 1,59 | 1,5E-04
ILMN_1688103 | CTNNBIP1 catenin, beta interacting protein 1 0,75| 1,0E-01| 0,56 | 1,5E-04
ILMN_1732923 | SIPA1L2 signal-induced proliferation-associated 1 like 2 0,66 | 1,4E-02| 0,68 | 1,7E-04
ILMN_2077550 | RACGAP1 Rac GTPase activating protein 1 1,30 | 6,6E-02 | 1,49 | 1,7E-04
ILMN_1761808 | MCFD2 multiple coagulation factor deficiency 2 1,75| 5,8E-02 | 1,78 | 2,0E-04
ILMN_1727043 | COLGALT1 |collagen beta(1-O)galactosyltransferase 1 0,68 | 5,7E-02 | 0,45 | 2,2E-04
ILMN_1772821 | KIAA1671 KIAA1671 0,72 | 3,3E-02| 0,49 | 2,4E-04
ILMN_1757845 | SPIRE1 spire-type actin nucleation factor 1 1,58 | 2,7E-02 | 1,59 | 2,4E-04
ILMN_1733535 | ZNF366 zinc finger protein 366 0,80 | 3,4E-02 | 0,75 2,5E-04
ILMN_1670238 | CDC45 cell division cycle 45 1,59 | 3,4E-02| 1,73 | 2,5E-04
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ILMN_1787345 | FKBP11 FK506 binding protein 11, 19 kDa 1,40 | 3,4E-02 | 1,58 | 2,6E-04
ILMN_1694140 | AFAP1L1 actin filament associated protein 1-like 1 0,59 | 2,5E-02| 0,53 | 2,9E-04
ILMN_1738554 | ADH5 alcohol dehydrogenase 5 (class Ill), chi polypeptide 1,45| 1,3E-02 | 1,76 | 3,1E-04
ILMN_1743714 | CARD10 caspase recruitment domain family, member 10 0,70 | 4,5E-02 | 0,60 | 3,8E-04
ILMN_2209748 | DERL1 derlin 1 1,32 | 3,9€-02 | 1,42 | 3,8E-04
ILMN_1802669 | PPP3CB protein phosphatase 3, catalytic subunit, beta isozyme [ 1,61 | 1,1E-02 | 1,53 | 4,0E-04
ILMN_1711470 | UBE2T ubiquitin-conjugating enzyme E2T (putative) 1,50| 3,4E-02| 1,64 | 4,4E-04
ILMN_1720889 | MSMO1 methylsterol monooxygenase 1 1,44 | 3,1E-02 | 1,45| 4,4E-04
ILMN_1807291 | CYP1Al cytochrome P450, family 1, subfamily A, polypeptide 1 [ 0,69 | 2,7E-02 | 0,29 | 4,7E-04
ILMN_1738955 | ANAPC16 anaphase promoting complex subunit 16 0,80| 3,7E-02| 0,70 | 4,8E-04
ILMN_1708672 | ACAT2 acetyl-CoA acetyltransferase 2 1,55| 2,8E-02 | 1,89 | 5,0E-04
ILMN_1785284 | ALDH6A1 aldehyde dehydrogenase 6 family, member Al 0,61 1,7E-02 | 0,58 | 5,2E-04
solute carrier family 36 (proton/amino acid
ILMN_2124471 | SLC36A1 symporter), member 1 1,22 | 8,2E-02| 1,38 | 6,7E-04
ILMN_1749213 | SDF2L1 stromal cell-derived factor 2-like 1 1,34 | 8,3E-02| 1,64 | 7,1E-04
ILMN_1668540 | ZNHIT6 zinc finger, HIT-type containing 6 1,54| 1,3E-02| 1,39 | 7,2E-04
ILMN_1763907 | CENPW centromere protein W 1,46 | 7,2E-02| 1,79 | 7,2E-04
Ras association (RalGDS/AF-6) domain family member
ILMN_1709683 | RASSF2 2 0,55| 1,7E-02 | 0,45 | 7,3E-04
ILMN_3248094 | ANO2 anoctamin 2, calcium activated chloride channel 0,56 | 3,8E-02| 0,51 7,4E-04
ILMN_1687978 | PHLDA1 pleckstrin homology-like domain, family A, member1 | 0,51 | 1,3E-02 | 0,61 | 7,7E-04
ILMN_1777397 | MSX1 msh homeobox 1 0,72 | 7,3E-02| 0,62 | 7,8E-04
ILMN_1673129 | PCDH12 protocadherin 12 0,50 2,9E-02 | 0,55| 8,2E-04
ILMN_1727194 | CALU Calumenin 2,41 | 3,9E-02 | 1,60 | 8,3E-04
ILMN_1737205 | MCM4 minichromosome maintenance complex component4 | 1,43 | 2,2E-02 | 1,65 | 8,6E-04
ILMN_1696622 | SLC38A6 solute carrier family 38, member 6 1,33 | 5,6E-02| 1,34| 9,1E-04
ILMN_2362549 | ZWINT ZW10 interacting kinetochore protein 1,34| 6,1E-02 | 1,49| 9,2E-04
ILMN_1790354 | RABGGTB Rab geranylgeranyltransferase, beta subunit 2,00 | 6,0E-02 | 2,02 | 9,9E-04
ILMN_1659364 | RFC5 replication factor C (activator 1) 5, 36.5kDa 1,31| 4,0E-02 | 1,37 | 1,1E-03
carbohydrate (keratan sulfate Gal-6) sulfotransferase
ILMN_1677719 | CHST1 1 0,63 | 1,4E-02| 0,51 | 1,1E-03
ILMN_1715175 | MET MET proto-oncogene, receptor tyrosine kinase 1,81 | 5,9E-03| 1,64 | 1,2E-03
ILMN_2334296 | IL18BP interleukin 18 binding protein 0,70 | 9,1E-02 | 0,61 | 1,2E-03
ILMN_1793770 | DNAJB6 Dnal (Hsp40) homolog, subfamily B, member 6 0,79 | 3,7E-02| 0,74 | 1,2E-03
ILMN_2401978 | STAT3 signal transducer and activator of transcription 3 0,75 | 8,6E-02 | 0,63 | 1,2E-03
ILMN_2139970 | ALDH1A3 aldehyde dehydrogenase 1 family, member A3 0,61| 5,8E-02| 0,61 | 1,2E-03
ILMN_1745954 | CORO1C coronin, actin binding protein, 1C 0,72 | 8,2E-02| 0,69 | 1,3E-03
ILMN_1712803 | CCNB1 cyclin B1 1,41| 2,8E-02 | 1,48 | 1,3E-03
ILMN_1720124 | RCC2 regulator of chromosome condensation 2 1,77 | 1,7E-02| 1,60 | 1,3E-03
ILMN_2399893 | RPS24 ribosomal protein S24 1,56| 1,5E-02| 1,74 | 1,5E-03
ILMN_1703955 | FBX032 F-box protein 32 1,53 | 6,1E-02 | 0,70 | 1,5E-03
ILMN_1734229 | SPPL2A signal peptide peptidase like 2A 1,34| 6,7E-02 | 1,50 | 1,5E-03
ILMN_1716382 | C120rf75 chromosome 12 open reading frame 75 1,29| 7,6E-02| 1,41 | 1,5E-03
ILMN_1676088 | MSRB3 methionine sulfoxide reductase B3 1,92 | 4,7E-05| 1,72 | 1,6E-03
ILMN_1753745 | HDDC2 HD domain containing 2 1,46 | 5,9E-03| 1,67 | 1,6E-03
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ILMN_2181432 | PAPL iron/zinc purple acid phosphatase-like protein 1,34| 4,0E-02| 1,76 | 1,7E-03
ILMN_1668863 | LYPD1 LY6/PLAUR domain containing 1 1,57| 7,8E-03| 1,61 | 1,7E-03
ILMN_1713751 | ADAM19 ADAM metallopeptidase domain 19 0,54 | 2,5E-02| 0,53 | 1,7E-03
ILMN_1747344 | IL3RA interleukin 3 receptor, alpha (low affinity) 0,78 | 9,1E-02 | 0,72 | 2,2E-03
ILMN_1800958 | TMEM237 |transmembrane protein 237 1,25| 1,0E-01| 1,52 | 2,3E-03
LSM3 homolog, U6 small nuclear RNA associated (S.
ILMN_1719032 | LSM3 cerevisiae) 1,46 | 3,9E-02| 1,83 | 2,4E-03
ILMN_2051373 | NEK2 NIMA-related kinase 2 1,32| 5,7E-02 | 1,42 | 2,6E-03
ILMN_1657796 | STMN1 stathmin 1 1,79 | 3,9E-02| 1,68 | 2,7E-03
ILMN_1714397 | CRYL1 crystallin, lambda 1 0,81 | 3,3E-02| 0,71 2,7E-03
ILMN_2120695 | TSPAN7 tetraspanin 7 0,58 | 3,9E-02| 0,46 | 2,7E-03
ILMN_1684227 | GPR146 G protein-coupled receptor 146 0,77 | 5,2E-02 | 0,66 | 2,7E-03
cleavage stimulation factor, 3' pre-RNA, subunit 3,
ILMN_2397880 | CSTF3 77kDa 1,35| 1,9e-02| 1,48 | 2,8E-03
ILMN_1890614 | FAM212B | family with sequence similarity 212, member B 0,78 | 6,9E-02 | 0,75 | 3,0E-03
ILMN_1747303 | DDX39A DEAD (Asp-Glu-Ala-Asp) box polypeptide 39A 1,29| 7,3E-02| 1,77 | 3,1E-03
signal peptidase complex subunit 3 homolog (S.
ILMN_3307700 | SPCS3 cerevisiae) 1,26 | 5,2E-02 | 1,43 | 3,2E-03
ILMN_2202948 | BUB1 BUB1 mitotic checkpoint serine/threonine kinase 1,48 | 6,9E-02 | 1,60 | 3,3E-03
ILMN_1691339 | CLEC1A C-type lectin domain family 1, member A 0,74 | 4,8E-02| 0,70 | 3,9E-03
ILMN_1703906 | HIURP Holliday junction recognition protein 1,38 | 2,1E-02 | 1,38 | 4,0E-03
ILMN_1721868 | KPNA2 karyopherin alpha 2 (RAG cohort 1, importin alpha 1) |1,38 | 4,7E-02 | 1,62 | 4,2E-03
ILMN_1810228 | TTF2 transcription termination factor, RNA polymerase I 1,29 | 3,7E-02 | 1,25 | 4,3E-03
ILMN_1786125 | CCNA2 cyclin A2 1,47 | 6,3E-02 | 1,69 | 4,3E-03
ILMN_1765701 | TUBA1B tubulin, alpha 1b 1,68 | 9,8E-02| 1,92 | 4,4E-03
glycosylphosphatidylinositol anchored high density
ILMN_1726210 | GPIHBP1 lipoprotein binding protein 1 0,40 2,1E-02 | 0,36 | 4,5E-03
ILMN_1798030 | XPR1 xenotropic and polytropic retrovirus receptor 1 0,79 | 4,0E-02 | 0,75 | 4,5E-03
ILMN_2100689 | MAP2K4 mitogen-activated protein kinase kinase 4 1,32 | 4,2E-02 | 1,35| 4,7E-03
ILMN_1656501 | DUSP5 dual specificity phosphatase 5 0,76 | 5,7E-02 | 1,40 4,9E-03
ILMN_1691156 | MT1A metallothionein 1A 1,54 | 6,9E-02 | 1,78 | 4,9E-03
ILMN_1789123 | PLK4 polo-like kinase 4 1,34 | 5,6E-02 | 1,42 | 5,0E-03
ILMN_1674243 | TFRC transferrin receptor 1,60 | 4,0E-02| 1,96 | 5,0E-03
ILMN_1670353 | RAD51AP1 | RAD51 associated protein 1 1,34 | 3,9E-02| 1,44 | 5,0E-03
ILMN_1784227 | MCRS1 microspherule protein 1 1,40| 3,7E-02| 1,51 | 5,1E-03
ILMN_1732799 | CD34 CD34 molecule 0,67 | 2,2E-02| 0,56 | 5,5E-03
ILMN_1737728 | CDCA3 cell division cycle associated 3 1,29 | 6,9E-02| 1,31 | 5,7E-03
transcription elongation factor B (Slll), polypeptide 3
ILMN_1808110 | TCEB3 (110kDa, elongin A) 1,30| 1,8E-02| 1,21 | 5,8E-03
ILMN_1702301 | DOCK10 dedicator of cytokinesis 10 1,34 | 8,8E-02| 1,28 | 5,9E-03
ILMN_1699980 | TSPAN18 tetraspanin 18 0,61| 1,2E-02| 0,51 | 6,1E-03
checkpoint with forkhead and ring finger domains, E3
ILMN_1653828 | CHFR ubiquitin protein ligase 1,53| 6,7E-02 | 1,37 | 6,5E-03
serpin peptidase inhibitor, clade B (ovalbumin),
ILMN_1679133 | SERPINB1 member 1 0,48 | 1,2E-02| 0,39 6,7E-03
ILMN_1802257 | PCTP phosphatidylcholine transfer protein 0,81| 2,9e-02 | 1,28 | 6,8E-03
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ILMN_1771051 | RPL29 ribosomal protein L29 1,40| 7,5E-02 | 1,66 | 7,2E-03
low density lipoprotein receptor-related protein 8,
ILMN_1677765 | LRP8 apolipoprotein e receptor 1,44 | 3,0E-02| 1,20| 7,3E-03
ILMN_1747911 | CDK1 cyclin-dependent kinase 1 1,73 | 1,4E-02| 1,63 | 7,7E-03
ILMN_1756220 | DDX18 DEAD (Asp-Glu-Ala-Asp) box polypeptide 18 1,46 | 5,4E-02 | 1,26 | 9,0E-03
ILMN_1784005 | RAB13 RAB13, member RAS oncogene family 0,72 | 4,4E-02 | 0,68 | 9,0E-03
ILMN_1754660 | ZCCHC24 zinc finger, CCHC domain containing 24 0,81 | 9,9E-02| 0,71 | 9,2E-03
ILMN_1768271 | SMAP1 small ArfGAP 1 1,28 | 4,3E-02 | 1,23 | 9,4E-03
ILMN_1728934 | PRC1 protein regulator of cytokinesis 1 1,66 | 2,2E-02| 1,69 | 9,5E-03
ILMN_1663390 | CDC20 cell division cycle 20 2,11| 7,8E-03 | 1,75| 9,5E-03
ILMN_1788955 | PDLIM1 PDZ and LIM domain 1 0,57 | 5,3E-02 | 0,60 | 9,7E-03
ILMN_1776490 | C170rf53 chromosome 17 open reading frame 53 1,23 | 8,6E-02| 1,38 | 1,0E-02
ILMN_1743635 | ALG14 ALG14, UDP-N-acetylglucosaminyltransferase subunit | 1,27 | 8,8E-02 | 1,24 | 1,0E-02
ILMN_1756326 | CKS2 CDC28 protein kinase regulatory subunit 2 1,58 | 9,3E-03| 1,70 | 1,0E-02
ILMN_1654563 | EFNB1 ephrin-B1 0,72 | 3,4E-02 | 0,65 | 1,0E-02
ILMN_1719344 | NRBF2 nuclear receptor binding factor 2 1,55| 1,2E-02 | 1,26 | 1,1E-02
ILMN_1771966 | BCCIP BRCA2 and CDKN1A interacting protein 1,69| 2,1E-02| 1,45| 1,1E-02
ILMN_1796216 | VASH1 vasohibin 1 0,68 | 3,7E-02 | 0,55 | 1,1E-02
ILMN_1681591 | PTPN1 protein tyrosine phosphatase, non-receptor type 1 1,84 | 1,1E-02 | 1,33 | 1,2E-02
ILMN_1815261 | PDIA4 protein disulfide isomerase family A, member 4 1,49 | 2,9E-02 | 1,28 | 1,3E-02
ILMN_1728197 | CLDN5S claudin 5 0,52 | 2,9E-02 | 0,53 | 1,3E-02
ILMN_1668125 | MYRIP myosin VIIA and Rab interacting protein 0,78 | 3,8E-02| 0,56 | 1,4E-02
ILMN_1768480 | VGLL4 vestigial-like family member 4 1,45| 2,7E-02 | 1,27 | 1,4E-02
ILMN_1771026 | GARS glycyl-tRNA synthetase 1,45| 2,9-02 | 1,48 | 1,4E-02
ILMN_2370624 | COL13A1 collagen, type Xlll, alpha 1 1,67 | 3,5E-02 | 1,44 | 1,5E-02
ILMN_1734486 | TSEN15 TSEN15 tRNA splicing endonuclease subunit 1,22 | 8,4E-02| 1,27 | 1,5E-02
polymerase (RNA) lll (DNA directed) polypeptide F, 39
ILMN_1673966 | POLR3F kDa 1,26 | 3,9E-02| 1,16 | 1,5E-02
ILMN_1681103 | AQP1 aquaporin 1 (Colton blood group) 0,69 | 2,2E-02| 0,61 | 1,6E-02
sterile alpha motif and leucine zipper containing
ILMN_1768110 | ZAK kinase AZK 1,34 | 4,3E-02 | 1,26 | 1,7E-02
ILMN_1785158 | HERPUD2 HERPUD family member 2 0,78 | 3,8E-02| 0,80 | 1,7E-02
ILMN_1749829 | DLGAP5S discs, large (Drosophila) homolog-associated protein 5 | 1,65 | 3,8E-02 | 1,66 | 1,7E-02
ILMN_1733811 |JUP junction plakoglobin 0,60| 7,3E-02 | 0,64 | 1,8E-02
ILMN_1702487 | SGK1 serum/glucocorticoid regulated kinase 1 1,53 | 9,3E-02 | 1,34 | 1,9E-02
ILMN_1769245 | GLIPR1 GLI pathogenesis-related 1 1,51 | 1,4E-02| 1,28 | 1,9E-02
proteasome (prosome, macropain) 26S subunit,
ILMN_1809010 | PSMC3 ATPase, 3 1,35| 7,3E-02 | 1,40 | 2,0E-02
ILMN_1801257 | CENPA centromere protein A 1,36 3,0E-02| 1,33 | 2,1E-02
sparc/osteonectin, cwcv and kazal-like domains
ILMN_1746013 | SPOCK1 proteoglycan (testican) 1 1,52 | 7,5E-02| 1,29 | 2,1E-02
ILMN_2230892 | ILIORB interleukin 10 receptor, beta 1,38 | 2,2E-02| 1,20 | 2,2E-02
ILMN_1727055 | PARPBP PARP1 binding protein 1,38 | 6,0E-02 | 1,28 | 2,3E-02
ILMN_1695658 | KIF20A kinesin family member 20A 1,65| 6,9E-02 | 1,57 | 2,3E-02
ILMN_1673673 | PBK PDZ binding kinase 1,47 | 3,4E-02 | 1,37 | 2,4E-02
ILMN_1651719 | MBTPS1 membrane-bound transcription factor peptidase, site [1,44 | 2,2E-02 | 1,35 | 2,5E-02
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ILMN_1693882 | TAPT1 transmembrane anterior posterior transformation 1 1,20 | 6,9E-02| 1,13 | 2,5E-02
ILMN_1733931 | PDCD6 programmed cell death 6 1,94 | 1,4E-02| 1,24 | 2,8E-02
ILMN_1752914 | ARHGAP31 | Rho GTPase activating protein 31 0,78 | 9,8E-02 | 0,79 | 3,0E-02
ILMN_1664511 | NDC80 NDC80 kinetochore complex component 1,34 | 1,3E-02| 1,33 | 3,2E-02
ILMN_1747016 | CEP55 centrosomal protein 55kDa 1,61 | 9,1E-02 | 1,56 | 3,2E-02
ILMN_1713124 | AKR1C3 aldo-keto reductase family 1, member C3 1,64 | 1,1E-02 | 1,24 | 3,2E-02
ILMN_1777564 | MAD2L1 MAD?2 mitotic arrest deficient-like 1 (yeast) 1,40 | 3,8E-02 | 1,52 | 3,3E-02
ILMN_1697024 | STYX serine/threonine/tyrosine interacting protein 0,67 | 4,2E-02 | 0,79 | 3,4E-02
ILMN_1686097 | TOP2A topoisomerase (DNA) Il alpha 170kDa 1,68| 3,9e-02 | 1,77 | 3,6E-02
ILMN_2313672 | IL1RL1 interleukin 1 receptor-like 1 1,77 | 7,3E-02 | 1,42 | 3,8E-02
ILMN_1760201 | DNMT1 DNA (cytosine-5-)-methyltransferase 1 1,42 | 3,7E-02 | 1,47 | 4,0E-02
ILMN_1711408 | ANXA4 annexin A4 0,77 | 4,3E-02| 0,87 | 4,0E-02
ILMN_1733562 | TFB1M transcription factor B1, mitochondrial 1,20 | 5,3E-02 | 1,23 | 4,1E-02
ILMN_1738784 | PPP2R5A protein phosphatase 2, regulatory subunit B', alpha 0,79 | 6,1E-02 | 0,86 | 4,9E-02
ILMN_1815705 | LZTFL1 leucine zipper transcription factor-like 1 1,39| 1,7E-02 | 1,15| 5,0E-02
ILMN_1764769 | VWASA von Willebrand factor A domain containing 5A 0,75| 3,4E-02 | 0,81 | 5,2E-02
recombination signal binding protein for
ILMN_1708537 | RBPJ immunoglobulin kappa J region 1,25| 2,9e-02 | 1,15| 5,3E-02
ILMN_2405018 | PPP1CB protein phosphatase 1, catalytic subunit, beta isozyme [ 1,36 | 4,0E-02 | 1,25 | 5,4E-02
ILMN_1801584 | CXCR4 chemokine (C-X-C motif) receptor 4 0,49 | 1,7E-02 | 0,55 | 5,4E-02
ILMN_2209180 | RPRD1A regulation of nuclear pre-mRNA domain containing 1A [ 1,39 | 2,9E-02 | 1,23 | 5,8E-02
ILMN_1779228 | CDH2 cadherin 2, type 1, N-cadherin (neuronal) 1,47 | 8,3E-02 | 1,20 | 6,5E-02
ILMN_1684982 | PDK4 pyruvate dehydrogenase kinase, isozyme 4 0,78 | 7,3e-02| 0,81 | 6,6E-02
ILMN_1764043 | TTL tubulin tyrosine ligase 1,67 | 5,9E-03| 1,19| 7,4E-02
ILMN_1679929 | KLF13 Kruppel-like factor 13 0,81 | 4,3E-02| 0,84 | 8,0E-02
ILMN_1713482 | CWC15 CWC15 spliceosome-associated protein 1,42 | 5,2E-02| 1,30 | 8,1E-02
ILMN_2169089 | C180rf54 chromosome 18 open reading frame 54 1,26 | 3,4E-02 | 1,15| 8,2E-02
ILMN_1802888 | ZNF185 zinc finger protein 185 (LIM domain) 1,33| 6,1E-02 | 1,36 | 8,3E-02
ILMN_1757129 | TMEM88 transmembrane protein 88 0,50| 1,7E-02| 0,83 | 8,9E-02
ILMN_1712452 | KIF20B kinesin family member 20B 1,44 | 3,9E-02 | 1,23 | 9,0E-02

Supplementary Table 1. Genes affected by SASH1 knockdown in HAECs (FDR<10) List of

genes differentially expressed after SASH1 silencing in HAECs (n=9)
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Cell signalling #3900 Novus NBP1 26650 Novus NBP1 26651
rabbit IgG SASH1 SASH1

Sigma 58073 Santa Cruz $¢169253
SASH1 SASH1

Supplementary Figure 1. SASH1 subcellular localisation in HAECs. Confocal microscope
microphotographs of HAECs stained with 4 different antibodies targeting human SASH1 (red),
actin cytoskeleton (Phalloidine-488, green), negative control for SAH1 with rabbit IgG and nucleus
(DAPI, blue).
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Supplementary Figure 2. SASH1 expression in HAECs stimulated with cigarette smoke
condensate (CSC) for 24h. RT-qPCR expression of SASH1 and CYP1A1 and CYP1BI. Results are

expressed as fold change, n=5 different individuals.




Predicted Activation State  Activation z-score  p-value of overlap Target molecules in dataset

CCNA2, CCNB1, CDC20, CDK1, CENPA,
FOXM1 Activated 2.157 7.60E-12 KIF20A, NEK2, PLK4, PRC1, STMN1
ANXA4, BUB1, CCNA2, CCNB1,
CDC20, CDK1, CEP55, DNMT1,
DUSP5, GLIPR1, MAD2L1, MAP2K4,
MCM4, NDC80, NEK2, PBK, PRC1,
TP53 Inhibited -3.359 3.87E-07 PTPN1, STMN1, TOP2A
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Supplementary Figure 3. Predicted activation of transcription factors in microarrays analysis
of HAEC: silenced for SASH1. IPA prediction of the activated or inhibited state of the
transcription factor FOXM1 and TP53 based on the number of target genes affected by SASH1
knockdown.




1.3 SASH1 ongoing experiments and unpublished results

11.3.a Materials and methods

Methylation analysis

The Martha cohort

The MARTHA study is a collection of 1,542 patients with venous thrombosis (VT) recruited from the
169,170178,172 = || subjects had a

documented history of VT, were free of chronic diseases, and were free of inherited thrombophilia

Thrombophilia centre of La Timone hospital (Marseille, France)

including: anti-thrombin, protein C and protein S deficiencies and homozygosity for the Factor V
Leiden and Factor Il G20210A mutations. For the methylation project, 349 MARTHA patients were

randomly selected for DNA methylation analysisl73’174’175’176.

F5L study

The family study is composed of five extended French-Canadian pedigrees, totaling 255 relatives,
ascertained at the Thrombosis Clinic of the Ottawa Hospital through single probands with idiopathic
VT and heterozygote for the Factor V Leiden mutation. Probands were free of acquired VT risk
factors such as cancer, myeloproliferative disease, pregnancy, puerperium, prolonged
immobilization, trauma, surgery and antiphospholipid syndrome, and were free of inherited
thrombophilia. A detailed description of this study can be found in previous work from the group*®.
Only 218 family members for whom DNA was still available were included in the current work.

The Array

From the 485,577 probes available on the Illumina array, were excluded probes that measured
single nucleotide polymorphisms (n = 65), that are either cross-reactive (n = 30,969) or polymorphic
at the targeted CpG site (n = 66,877). Of note, 4,464 probes shared the two last features.

Methylation values were corrected for background by use of the Noob method implemented in the
"methylumi" package177, for dye bias following the manufacturer's recommendation

http://support.illumina.com/downloads/genomestudio m module v18 ug %2811319130 b%29.i
d178

Imn and normalized for design type bias according to the SWAN metho implemented in the
minfi R package'’®. Probes (n = 4,010) with a detection p-value (as described in the "minfi" package)
greater than 0.05 in more than 5% of the total processed samples were then excluded from further
analyses. This led to a final selection of 388,120 probes (among which 1,289 tagged for CpH sites)

that were tested for association with the homocysteine.
Statistical analysis:

In the MWA study, linear regression analyses were used to assess the influence of the tobacco, as
covariates, on each CpG sites, as the outcome. In the F5L pedigree study, a linear mixed-model
accounting for the non-independence between family members was used. All analyses were
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adjusted for age, sex, and batch and chip effects. The two last variables correspond to microarray
plate on which samples were processed and their position on the plate, respectively to account for

experimental variability between position and plates*®°

. Because DNA methylation levels measured
in peripheral blood DNA reflect the average level of DNA methylation in different cell types
including lymphocytes, monocytes, neutrophils, basophils and eosinophils, all analyses were also
adjusted for cell type composition to avoid any contamination bias'®182183 For MARTHA samples
we used available specific biological counts of lymphocytes, monocytes, neutrophils, eosinophils
and basophils to characterize their cell type composition (measured with the cellular hematologic
analyzer ADVIA©®) 120 Hematology System (Siemens Healthcare Diagnostics, Deerfield, IL). In F5L
pedigrees the cell type counts were not available, however we handled adjustment for cell type

composition using the method described in Koestler et al'®,

Mass spectrometry

In-gel digestion of proteins (colored with silver nitrate)

Each lane of the SDS-PAGE gel was cut in 16 strips. The strips were then discolored with a solution
of 15mM potassium ferricyanide and 50 mM thiosulfate and cut down into bits.

After several alternate washing with H20 and acetonitrile the proteins were reduced and alkylated
by immersion in 10mM dithiotreitol (DTT) diluted in 50mM ammonium bicarbonate (30 min at
56°C) followed by immersion in 50mM iodoacetamide diluted in 50mM AMBIC (30 min RT).

After dehydration with acetonitrile and drying under a fume hood, gel strips were re-hydrated for
30 min, on ice, with a solution of trypsin 10 ng/ul diluted in 50mM AMBIC/5% acetonitrile (20ul per
strip). Enzymatic digestion was done overnight at 37°C.

Gel strips were then washed 2 times with a 60% acetonitrile/ 0.1% TFA solution, peptides in the
supernatant were dried using a speed-vac, resuspended in 3 pl of 30%acetonitrile/0.1% TFA and
further diluted to a final volume of 20 pl with 0.1% TFA.

Analysis using LC-MS/MS with ion trap (HTC ultra, Bruker)

The solutions containing the peptides were first concentrated and desalted for 5 min on a RP-C18
pre-column (5 mm, 300 um i.d., 100 A) using a mobile phase of 2%acetonitrile/0.1% formic acid, at
a rate of 20 pl/min. Peptides were then separated on a RP-C18 analytic column (15 cm, 75umi.d., 5
um particles, 100 A) and eluted with a 2-40% gradient of 95% acetonitrile/0.1% formic acid for 60
min at a rate of 300 nl/min. Total acquisition time was 90 min including C18 columns washing and
equilibration.

Peptides were then analyzed by mass spectrometer using positive mode, at a source voltage of
1.9kV. For each MS spectra, the 8 most detected peptides were fragmented in the analyzer by
collision induced dissociation.
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Protein identification using Mascot software

MS/MS data were processed using the Data analysis software (Bruker) to acquire fragmentation
data obtained between 18 and 72 min with a 300’000 (UA) threshold. Peptides were then identified
using the Mascot software (version 2.2.07, Matrix Science, London). The parameters for
identification were as follow:

-Data bank: UniProt Human (21/11/14)

-Digestion enzyme: trypsin

-1 missing trypsin cut accepted

-Constant modifications: Cystein carbamidomethylation (alkylation IAM)
-Variable modification: methionines oxydation, N-terminus acetylation
-Masse error tolerance: 0.5 in MS and 0.5 in MS/MS

-Minimum score for peptide validation: 38 (equivalent to a p<0.05)
-Protein validation: at least 2 unique peptides with a score above 38

Yeast two hybrid screening for SASH1 partners

Yeast two-hybrid screening was performed by Hybrigenics Services, S.A.S., Paris, France
(http://www.hybrigenics-services.com).The coding sequence for Homo sapiens - SASH1 (aa 1-1247)
(GenBank accession number gi: 45935384 was PCR-amplified and cloned into pB27 plasmid as a C-
terminal fusion to LexA (N-LexA- SASH1-C-Fusion). The construct was verified by sequencing the
entire insert and used as a bait to screen a random-primed human placenta cDNA library
constructed into pP6. pB27 and pP6 derive from the original pBTM116185 and pGADGH186pIasmids,
respectively.22.1 millions (pB27_C) + 42.9 (pB27_D) millions clones (2-fold the complexity of the
library and 4 fold the complexity of the library) were screened using a mating approach with
YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mat) and L40AGal4 (mata) yeast strains as previously
described®®’. 175 (pB27_C) + 272 (pB27_D) His+ colonies were selected on a medium lacking
tryptophan, leucine and histidine, and supplemented with 20mM 3-aminotriazole to handle bait
autoactivation. The prey fragments of the positive clones were amplified by PCR and sequenced at
their 5" and 3’ junctions. The resulting sequences were used to identify the corresponding
interacting proteins in the GenBank database (NCBI) using a fully automated procedure. A
confidence score (PBS, for Predicted Biological Score) was attributed to each interaction as

previously described*®.

Description of the Predicted Biological Score:

The Predicted Biological Score (PBS) relies on two different levels of analysis. Firstly, a local score
takes into account the redundancy and independency of prey fragments, as well as the distribution
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of reading frames and stop codons in overlapping fragments. Secondly, a global score takes into
account the interactions found in all the screens performed at Hybrigenics using the same library.
This global score represents the probability of an interaction being nonspecific. For practical use,
the scores were divided into four categories, from A (highest confidence) to D (lowest confidence).
A fifth category (E) specifically flags interactions involving highly connected prey domains previously
found several times in screens performed on libraries derived from the same organism. Finally,
several of these highly connected domains have been confirmed as false-positives of the technique
and are now tagged as F. The PBS scores have been shown to positively correlate with the biological

significance of interactions'***®.

Co-immunoprecipitation

HAECs were transfected at 90 % confluency, with 20 uM of either SASH1 siRNA or siCtrl using
RNAIMAX. After 48h cells were stimulated with 100ng/ml LPS for 20 min and lyzed in modified RIPA
(Thermo scientific, 87787) compatible with co-immunoprecipitation. Cell lysates were then
incubated at a quantity of 300 ug protein per 50 ul of magnetic beads (Life Technologies, 10001D)
coupled with a DMP crosslinked antibody targeting either SASH1 (Novus Biological NBP1-26650) or
targeting SASH1 candidate partner proteins Racl (Lsbio, LS-C9852), IKBKB (Cell signaling #8943,
Novus Biological NBP1-32258, alpha catenin (Cell signaling #3240, Novus Biological NB110-55563),
AFF1 (Novus Biological NBP1-28728), OAS2 (BioCat GmbH TA802773) and C1D (Novus Biological
NBP2-15639). Beads were then washed 3 times with PBS-tween 0.05% and eluted with 50 ul of 50
mM Glycine pH 2.5. Each experiment included co-immunoprecipitation of SASH1 and co-
immunoprecipitation of a SASH1 candidate partner proteins.

11.3.b Detecting the SASH1 protein in HAECs

When this project started, little was known about SASH1 and no experiments had been performed
at the protein levels. We thus tested several antibodies to detect SASH1. The main difficulty
encountered in western blots was that SASH1 had a non-specific signal in its direct vicinity, later
identified by mass spectrometry as myosin heavy chain 9 (MYH9). Signal for MYH9 in western blots
is stronger than SASH1, with just a few KD of difference. Another isoform of MYH9 with a strong
signal also appears about 20-30kDa above SASH1. To separate those two bands we used an
acrylamide 6% gel, and performed migration until the 70KDa marker reached the bottom of the gel
(hence all protein present in the cell lysate with a molecular weight below 70 are lost). When using
the 8 % or gradient gels SASH1 band was in close contact with the non-specific MYH9 band. These
conditions allowed us to obtain SASH1 band as an independent signal (Figure 9).

SASH1
T e
MYHS
Gel Gel Gel
Gradient 8% 6%
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Figure 9. SASH1 detection in HAECs by western blotting. SASH1 (upper band) and the non specific
MYHS9 (lower band) using either a gradient, 8% or 6% polyacrylamid gel.

The efficiencies of antibodies in the test for each experiment are described in the table 1.

clonality wB IF IP
Novus NBP1-26650 polyclonal Yes Yes Yes
Novus NBP1-26651 polyclonal No Yes No
Santa Cruz 169253 polyclonal Yes Yes No
Abcam ab110776 polyclonal No NA No
Ab Nova H00023328-M01 | monoclonal No NA No
Sigma Aldrich $S8073 Polyclonal No Yes No

Table 1. Testing commercial SASH1 antibodies in western blotting (WB), immunofluorescence (IF) and
immunoprecipitation (IP).

While SASH1 has a molecular weight of 137kDa, as calculated in silico from its sequence, it was
detected at around 170-180kDa (as described in the literature). However migration on a 6%
acrylamide gel for a longer period of time resulted in SASH1 signal being detected at around 150
kDa. This suggests that the migration of SASH1 at a higher molecular weight could be due to its
structure being resistant to denaturation and thus slowing down the protein migration in the gel,
rather than the protein itself undergoing post translational modification. Nevertheless, these
observations do not exclude the possibility that both parameters could be involved in the fact that
SASH1 migrates at a higher molecular weight than expected.

11.3.c SASH1 expression in vascular cells

We investigated SASH1 protein expression in several human vascular cells: Human Aortic
Endothelial Cells (HAECs), Human Coronary Artery Smooth Muscle Cells (HCASMC), monocytes and
macrophages (Figure 10). SASH1 expression was found to be mostly cytoplasmic, with enrichment
at the leading edge of the lamellipodia observed in endothelial cells and macrophages (orange
arrows). SASH1 staining was also present in the nucleus of all cell types except in monocytes, where
it was restricted to the cytoplasm.
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3 . .

Figure 10. SASH1 immunostaining in vascular cells. Immunostaining for SASH1 (red), actin
cytoskeleton (Phalloidine-488, green) and nucleus (DAPI, blue). SASH1 expression was mostly
cytoplasmic, with enrichment at the leading edge of the lamellipodia observed in HAECs and
macrophages (orange arrows). SASH1 staining was also present in the nucleus of all cell types
except in monocytes, where it was restricted to the cytoplasm.
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11.3.d Testing the effect SASH1 knockdown on the SASH1 network

To investigate whether the gene expression of key candidates from the SASH1 statistically
predicted network (Figure 8) was affected by the knockdown of SASH1, we performed a series of
knockdown experiments on HAECs. We selected a number of candidate genes from the SASH1
network, either directly connected to SASH1 or directly connected to smoking (PPARg, ADAMDEC,
CD36, PTGDS, TJP2). The SASH1 knockdown lead to a decrease of >90% of the SASH1 transcript as
well as a visible reduction of the protein in western blot, however, no difference in expression of
candidate genes was observed (Figure 11).

1,5 -
1
0,5
0 —— : : : :

SASH1 PPARg ADAMDEC CD36 PTGDS TIP2

mRNA expression
normalized to GAPDH

Figure 11: Gene expression of the main genes from the SASH1 predicted network following SASH1
knockdown in HAECs. Gene expression measured by RT-gPCR in HAECs after a 48h SASH1 knockdown.
Results are expressed as fold change +/- standard deviation of n=9 experiments. No difference in the
expression of these selected genes was observed. ADAMDEC expression had a Ct value above 30 and
was therefore considered null.

It was concluded that the expression of these candidate genes from the network was independent
from the expression of SASH1.

11.3.e Effect of HAECs stimulation with inflammation related compounds on SASH
expression and its sub cellular localization

As no change of SASH1 expression was observed in HAECs incubated with cigarette smoke
condensate,, we investigated whether other stimuli relevant to the pathology of atherosclerosis
could significantly affect SASH1 expression. We first tested the stimulation of HAECs with VEGF, the
main activator of migration, proliferation and angiogenesis of endothelial cells, as SASH1 had been
shown to affect the migration and proliferation of HAECs. Four genes known to be affected by VEGF
stimulation were used as positive controls, CXCR4, ESM1, TGFa and ANGPT2. SASH1 expression
showed no variation upon VEGF stimulation (50 ng/ml), while the expression of all control genes
was significantly affected (Figure 12). Thus, it is likely that the effects of SASH1 on migration,
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proliferation and angiogenesis are not VEGF dependent. However, we cannot exclude the
possibility of a regulation only at the protein level, following VEGF stimulation.

5 _
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SASH1 CXCR4 ESM1 TGFa ANGPT2

mRNA expression
normalized to ubiquitin

Figure 12: Expression of SASH1 and positive control genes in HAECs stimulated with VEGF. Gene
expression measured by RT-qPCR in HAECs stimulated for 24h with VEGF (50ng/ml). Results are
expressed as fold change +/- standard deviation of n=5 experiments. SASH1 expression was unchanged
following stimulation CXCR4, ESM1 and ANGPT2 were increased and TGFa was decreased,
indicating that VEGF stimulation was successful but had no effect on SASH1 expression.

SASH1 has been suggested to be a scaffold protein for the IKBKB/IKBKA complex activated
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downstream of the TLRA receptor after LPS stimulation™". Since LPS affects several TLR receptors,

we searched for a stimulation that could be specific of the TLR4 receptor. The answer came from

I"1 which demonstrated that stimulation by nickel in mice induced

the publication of Schmidt et a
inflammation solely via TLR4. Hence stimulation of human cells with nickel is likely to trigger an
inflammatory response, solely mediated by TLR4, which would confirm the specificity of SASH1 to
this receptor. HUVEC and THP1 cells were exposed to a wide range of nickel sulfate (NiSO4)
treatment (15, 30, 75, 100, 300, 1000 ng/ml) for 6 and 24h. All concentrations above 75ng/ml
induced detectable levels of cytotoxicity (as confirmed by MTT assay) and were thus discarded from

the analysis. No change in SASH1 expression was observed (Figure 13).
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Figure 13: SASH1 expression in THP1 stimulated with NiSO4. SASH1 expression in THP1 after 24h
stimulation with NiSO4 was measured by RT-qPCR. Results are expressed as fold change +/- standard
deviation of n=4 experiments. SASH1 expression remained unchanged following NiSO4 stimulation.

Since SASH1 expression was not affected by 3 tested compounds (CSC, VEGF and nickel), we
explored the possibility that those stimuli could lead to changes in SASH1 subcellular localization.
SASH1 protein sequence includes both NLS and NES, consequently we were interested in searching
for its possible nuclear translocation. A new set of experiments was performed to study SASH1
translocation using immunocytochemistry. We stimulated HAECs with TNFa (5 ng/ml), CSC (40
ng/ml), LPS (100 ng/ml) or VEGF (50 ng/ml) for 1, 6 and 24h; however no change in SASH1
subcellular location was observed in any of the tested conditions (Figure 14).
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Figure 14. Immunostaining of SASH1 in HAECs following stimulation with various
inflammation-related stimuli for 1, 6 and 24h to investigate SASH1 translocation into the
nucleus. SASH1 (red) location was unchanged after stimulation with CSC (10ug/ml) or TNFa
(10ng/ml) or VEGF (50ng/ml) or LPS (10ng/ml).
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I1.3.f Transcriptomic analysis of cigarette smoke condensate stimulated HAECs

To investigate the effect of cigarette smoke on endothelial cells, we performed transcriptomic
analysis of CSC stimulated HAECs. Cells were treated either with 40 ng/ml or 10 ng/ml of CSC, or
with the control vehicle (DMSO). Microarrays were performed on HAECs from two different donors.
Results showed that 19 and 8 genes were differentially expressed upon 40 ng/ml and 10 ng/ml
respectively. Among the differentially expressed genes were the already known members of the
P450 cytochrome family, CYP1A1 and CYP1B1, as well as two major inflammation related enzymes
PLA2G4A and PTGS2. Those genes were significantly affected by both concentrations of CSC along
with two other genes TOP2A (Topoisomerase Il alpha) and ANLN (Anillin, Actin Binding Protein).
Surprisingly MMP1 and HMOX1, two genes which expression is known to be strongly affected by
cigarette smoke exposure, were not significantly up-regulated in our microarrays data. However,
the RT-gPCR analysis of the same samples revealed that MMP1 and HMOX1 were in fact
significantly up-regulated by more than 6 and 3 fold respectively, whereas CYP1A1 and CYP1B1
were both upregulated by more than 50 fold. These results confirmed that CYP1A1 and CYP1B1 are
very sensitive and reliable markers for cigarette smoke exposure. PLA2G4A and PTGS2 (also known
as COX2) being also strongly affected by CSC exposure, it is likely that this stimulation triggers a pro
inflammatory reaction. As SASH1 has been hypothesized to be involved in inflammation™*® using
CSC in our in vitro model to simulate inflammation, seemed relevant. Finally two genes TOP2A and
ANLN came up significantly down-regulated in our experiments, while little is published linking
TOP2A to smoking, nothing, to our knowledge as been shown linking smoking to ANLN in the
literature. As ANLN is an important actor of the cellular process of cytokinesis, it would be
interesting to analyze it further in the context of signaling pathways linking smoking and cellular
proliferation.

11.3.g In silico study of SASH1 methylation

In collaboration with Dylan Aissi and Dr David Tregouet from our team, we investigated SASH1
methylation in silico, using data from the MARTHA and F5L cohort, as our data suggested that it
could affect SASH1 expression following chronic cigarette smoke exposure. These data were
available to the team as we are also participating to a study linking genome methylation pattern to
venous thrombosis. Data on smoking status in Martha study were available for 347 individuals
including 201 non-smokers, 98 smokers and 48 ex-smokers. Linear regression was performed to
compare each group, using the non smoker group as a reference. No CpG sites were found to be
differentially methylated depending on the smoking habit (corrected Bonferonni p<8.33.10'4). We
also checked for the effect of age on SASH1 methylation and found several sites which methylation
levels significantly changed with aging. (Table 2).
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To ensure that cigarette smoke induced CpG island methylation was detectable in our analysis, we
analyzed 3 CpG islands cg05575921, cg19859270, cg21611682, located in the proximity of the of
AHRR, GPR15 and LRP5 gene respectively, which methylation pattern are known to be affected by
192 Indeed these CpG island were found to be significantly less methylated in smokers than
in non-smokers for all tested CpG island (table 3) in Martha and F5L.

smoking

Gene CpG site Comparision Estimate P-value Study
Non-smokers VS smokers -1.11E-002 | 1.70E-09 | F5L-Pedigrees
Non-smokers VS smokers -1.59E-002 | 6.41E-28
GPR15 | ¢g19859270 | Non-smokers VS Ex-smokers | -6.96E-003 | 1.83E-05 MARTHA
Non-smokers VS smokers -1.76E-001 | 5.11E-26 | F5L-Pedigrees
Non-smokers VS smokers -1.72E-001 | 5.94E-40
AHRR | ¢g05575921 | Non-smokers VS Ex-smokers | -4.76E-002 | 5.53E-04 MARTHA
Non-smokers VS smokers -2.99E-002 | 1.16E-06 | F5L-Pedigrees
Non-smokers VS smokers -3.39E-002 | 1.81E-11
LRP5 | cg21611682 | Non-smokers VS Ex-smokers | -5.94E-003 | 3.16E-01 MARTHA

Table 3: Control methylation sites for cigarette smoke exposure in the F5L and Martha cohort.
Estimates and p-values for methylation sites known to be affected by smoking, comparing smokers to non-
smokers and ex-smokers to non smokers. All tested candidates showed differential methylation in smokers
when compared to non-smokers and ex-smokers(corrected Bonferonni p<8.33.10).

11.4 Searching for SASH1 partner proteins

11.4.a Yeast two hybrid (Y2H)

To uncover new partner proteins for SASH1, we decided to perform a Yeast two hybrid
(Y2H) assay. As Y2H may yield many false positive and requires extensive knowledge of the method
for both protocol and analysis, we decided to use the Hybrigenics commercial facility in Paris, a
company specialized in this technique. We first amplified and tested a PBuD-SASH1 plasmid
(provided by Dr Peter Klaus Janssen) containing the full length SASH1. After sequencing of the
SASH1 insert in the plasmid we expressed the recombinant SASH1 protein in HAECs and verified it
by western blotting. The plasmid was subsequently sent to Hybrigenics to perform a screening on a
placental library. The choice of this library was made based on the fact that it contained most of the
transcripts that were significantly affected by SASH1 knockdown in our microarrays analyses.
Additionally placenta contains a broad range of cells and is highly vascularized, which make it an
interesting organ to study SASH1 expression. The bait containing SASH1 was non-toxic to the yeast,
but was self-activating, hence 20mM of aminotriazol was used to inhibit non specific transcriptional
activation. Two screenings were performed, yielding 175 and 272 positive clones out of 22 and 42
millions tested interaction, respectively. The positive clones were then sequenced to identify SASH1
potential partners. The best candidates are listed in the Table 4. For each target a Predicted
Biological Score (PBS) was computed to assess interaction reliability based on the comparison
between the number of independent prey fragments found for an interaction and the chance of
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finding them at random (background noise). Results were then classified in 4 different categories: A
“very high confidence”, B “high confidence”, C “good confidence". The D category mixes false
positive interactions with hardly detectable specific interactions (low levels of mRNA, prey folding,
prey toxicity in yeast) and thus was excluded for further experimentation.

Gene significance | size (kDa)

AFF1 A 131 JADE3 A 93
AKAP10 C 73 KIF3B B 85
ARRB1 A 47 MCRS1 A 51
ASCC2 C 86 OAS2 B 82
BAP1 C 80 PPP4R1 A 107
CiD A 16 RBM12B B 118
CCNDBP1 A 40 SECISBP2L B 121
CNKSR1 B 79 SNX1 C 59
CRK A 33 SPG7 C 88
CRKL C 33 SPTBN1 B 274
CTNNA1 A 100 SYNE2 B 796
EPS8L2 A 80 TNKS2 A 126
IKBKB A 88 UTRN C 394
JADE2 A 87 EXOC8 A 81

Table 4. Candidate SASH1 partners found by Yeast two hybrid. List of the potential SASH1 interacting
proteins found in human placenta library screening for SASH1 using a SASH1-pBud plasmid. A: very
high confidence. B: high confidence. C: good confidence

11.4.b Co-immunoprecipitation

We selected several proteins among the candidate SASH1 partners from the Y2H for
confirmation using co-immunoprecipitation (co-IP) and western blot:

Inhibitor of Kappa Light Polypeptide Gene Enhancer In B-Cells, Kinase (IKBKB): this serine kinase is

part of the IKK complex that activates NF-kB by phosphorylating its inhibitor leading to its

193

degradation™". This protein has already been shown to co-precipitate with SASH1 in Human

Microvascular Endothelial Cells (HMEC) over-expressing SASH1°.

Catenin alpha 1 (CTNNAL1): This protein is known to be involved in the actin cytoskeleton dynamics,

194

by competing with the ARP 2/3 complex at the actin branching points™", thus inhibiting actin

polymerization. As SASH1 was previously shown to precipitate with the cortactin, a major actor of
the actin cytoskeleton polymerization, and actin-F (polymerized actin)’® we were interested in
studying the interaction of SASH1 with CTNNA1 as it was the only candidate on the list that directly

interacts with the actin cytoskeleton.
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2'-5'-Oligoadenylate Synthase 2 (OAS2): This protein is known to be involved in the innate immune
system response to viral infection and to be part of the interferon gamma (IFNy) pathway®. It

activates the latent RNAse L that degrades viral RNA effectively inhibiting the virus replication.

Rho Family, Small GTP Binding Protein Racl (RAC1): This protein belongs to the RAS superfamily of
small GTP-binding proteins. It is involved in many cellular processes, including proliferation and
migration via its effect on the cytoskeleton dynamics. Although RAC1 did not come up in our Y2H
test, SASH1 was found in several cDNA library as a prey for Racl (Communication personnelle, Dr.
Stéphanie Blachon, Hybrigenics Services). Its implication in atherosclerosis has already been

196,197,198
d

demonstrate and it is involved in the actin cytoskeleton polymerization, making it a very

relevant candidate partner protein for SASH1.

Finally, C1D Nuclear Receptor co-repressor (C1D) and AF4/FMR2 Family, Member 1(AFF1) were
also selected to be tested in co-immunoprecipitation. Little is known about those two transcription

199 and

factors, AFF1 is believed to be part of the innate immune system response to viral infection
C1D has been shown to be involved in the activation of apoptosiszoo. SASH1 possesses both NLS and
NES signal, indicating that it can be translocated into nucleus, however its nuclear function is still
unknown. As SASH1 lacks a DNA binding domain, its action should be exerted through binding to
other nuclear proteins. C1D and AFF1 were the only two transcription factors in our Y2H screenings

and thus could be potentially involved in SASH1 interaction in the nucleus.

The first step of our experiments was the immunoprecipitation of SASH1 using different anti-SASH1
antibodies. Out of the 6 tested antibodies, only one (Novus Biological NBP1-26650) was able to
precipitate SASH1. Specificity of the isolated signal was assessed using SASH1 siRNA to inhibit
SASH1 expression. It is noteworthy that, although this antibody did precipitate SASH1, it also
precipitated a number of non specific proteins, including two which were very close to the SASH1
signal, in western blots (Figure 14).

Co-immunoprecipitation of SASH1 partner proteins was hindered by the overall bad quality of the
commercial antibodies directed against the proteins selected from Y2H screening. Out of the 9
tested antibodies, 5 were potentially able to detect by western blotting the specific proteins. Out of
those 5 antibodies only 2, both targeting CTNNA1, had a clear signal. None of the tested antibody
was able to precipitate its target. They are two main reasons for this. First, several antibodies did
not bind to the protein A magnetic beads, despite being rabbit IgG class antibodies, known to have
high affinity for protein A. Second, several antibodies did correctly bind the beads (as confirmed by
denaturing elution), but failed to bind their specific target proteins. Additionally, all tested IgG class
antibodies had high affinity for several non-specific proteins that were detected by western
blotting.
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11.4.c Mass spectrometry

As SASH1 co-immunoprecipitation experiments were rather inconclusive due to the incapacity of
the tested antibodies to detect the specific proteins, it was decided to use 1D electrophoresis,
followed by mass spectrometry analysis to identify SASH1 partner proteins in our protein lysates. In
each experiment, SASH1 co-immunoprecipitation eluates from HAECs either transfected with siCtrl
or siSASH1 were separated on a gradient electrophoresis gels. The gels were then stained with
silver nitrate. Out of the 12 clearly observable signals (blurred or very low intensity signal are
excluded for this particular observation), only two signals showed different intensity between siCtrl
and siSASH1 transfected HAECs. The first one was close to the expected size for SASH1 and showed
a higher intensity in the siCtrl compared to the SASH1 siRNA, it was thus considered that this band
was probably SASH1. The other band showed a higher intensity in the siSASH1 transfected HAECs
than in the siCtrl. It was thus hypothesized that this band was a non-specific protein which bound to
the specific site of the SASH1 antibody, this site being then available because of the absence of the
SASH1 protein. The other bands were considered as non-specific. As some specific signals could be
either too low or hidden by a strong nearby non-specific signal, the gel was cut into slides using a
pattern (Figure 16A ) that aimed at isolating the non-specific bands from the area with either weak
or no visible signal. Results from the mass spectrometry analysis are presented in Figure 16B.
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Mascot score Peptides number sequence coverage (%)
Protein | MW [kDa] pl IgG siCtrl | siSASH1 IgG siCtrl | siSASH1 IgG siCtrl | siSASH1
MYH9 226.4 5.4 1302 3443 3518 20 54 53 12.4 30.8 32.4
VIM 49.6 5 490 498 9 9 21.3 21.1
MYL6 16.9 4.4 388 271 7 5 45.7 39.7
ACTB 41.7 5.2 270 487 5 9 19.2 30.4
MYL12B 19.8 4.5 248 226 4 4 24.4 24.4
TPM1 32.7 4.5 210 3 13.7
RPLPO 15.8 10.2 114 122 2 2 22.5 15.3
RPS25 13.7 10.6 74 2 15.2
CALMLS 15.9 4.1 108 2 25.3
JUP 81.7 5.7 424 7 10.9
RPL12 17.8 10.3 112 2 14.5
TPM3 26.4 4.6 180 3 16.3
ACTB 41.7 5.2 322 6 21.3
TPM4 17.6 4.6 153 3 23.4
S100A8 10.8 6.6 62 58 58 1 1 1 11.8 11.8 11.8

Figure 16. Mass spectrometry identification of SASH1 partner proteins. (A) Gel Cutting pattern for
co-immunoprecipitation experiments (red lines). IgG: immunoprecipitation with a non specific 1gG:
siCtrl SASH1 co-immunoprecipitation in a lysate of HAEC transfected with siCtrl, siSASH1: SASH1 co-
immunoprecipitation in a lysate of HAEC transfected with siSASH1. (B) Mass spectrometry
identification of the SASH1-interacting proteins. MW: Molecular weight, pl: isoelectric point. Protein
only find to precipitates under normal SASH1 expression (siCtrl) are highlighted in green:
tropomyosin 1 alpha (TPM1) and ribosomal protein 25 (rps25).

Only two proteins were identified only in the siCtrl condition, where SASH1 expression is at the
basal level: tropomyosin 1 (TPM1) and 40S ribosomal protein S25 (RPS25). SASH1 protein itself
could not be detected, however, being in very close proximity of MYH9, one of the most abundant
non-specific proteins detected in our gel, it is likely that the SASH1 detection was compromised
because of the very strong MYH9 signal.
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1l Discussion

This study on SASH1 showed for the first time functional evidence for a link between smoking and
atherosclerosis. SASH1 was described only recently, nevertheless it already appears as an important
regulator of crucial cell function. SASH1 expression in the literature is correlated with a wide variety
of diseases, including various cancers, preeclampsia, diabetic nephropathy, Alzheimer disease and
dyschromatosis universalis'***%%7 considering the diverse pathophysiology of these diseases, it
is likely that SASH1 is linked to basic cellular processes that underlie these pathologies. As it was
demonstrated in the literature and in this study, SASH1 negatively regulates cell migration and
proliferation in a wide spectrum of cell types. Alteration of either of these mechanisms may at least
partially account for the development of the above mentioned pathologies. While the role of SASH1
in cancer and dyschromatosis universalis clearly relates to cell migration and proliferation, the role
of SASH1 in the other diseases where it was found differentially expressed is still unknown.

The case of a possible involvement of SASH1 in preeclampsia is particularly interesting, as it could
also involve the effect of SASH1 on the vascular system. Preeclampsia is a complication during
pregnancy characterized by hypertension and proteinuria, leading to vascular and organ damages
h?%. While its exact cause is unknown, an abnormally poor vascularization of
292" As we demonstrated in this study, SASH1

knockdown significantly affected in vitro angiogenesis, probably because of its impact on

and sometimes, deat
the placenta could be the at the origin of this condition

proliferation and migration. Therefore the increased SASH1 expression observed in preeclampsia
could consequently affect the neo-vascularization in the newly formed placenta by inhibiting
angiogenesis. As it was shown in my thesis work that SASH1 expression potentially inhibits FOXM1,
a transcription factor involved in endothelium repair'®, another possible effect is that the
increased SASH1 expression in preeclampsia impairs the healing of vascular injury induced by
hypertension. Consequently, any progress achieved in understanding the precise function of SASH1
in vascular biology will also allow to uncover the mechanisms involved in the pathophysiology of
preeclampsia.

In this study, we found SASH1 to be ubiquitously distributed in the vascular wall. This result was
indeed expected from what we knew about SASH1 at the beginning of the project from the
literature and the available online databases. Indeed, Zeller et al*®* found SASH1 to be expressed in
all available human tissues, albeit at different levels. Additionally, all databases explored (EMBL-EBI,
Human proteome atlas and TIGER) consistently showed a wide distribution of SASH1. Interestingly,
all data corroborate with the fact that SASH1 expression is lower in leukocytes, a cell type where
SLY, another member of SASH1 protein family is highly expresseleG. Since both proteins share a
common domain, which over-expression has been shown to affect cell morphology, there is a
possibility that both proteins, along with the third member of their family SLY2, share a common
function, but are mutually exclusive. SASH1 is the best characterized member of the SLY family and
interestingly the mutations in the SLY protein have been shown to affect cell migration2°3,
comforting the hypothesis that SASH1 and SLY could be involved in similar pathways. SLY2 also
showed strong functional similarities with SASH1, as its expression decreases in multiple myeloma

83



in humans®®*

. In the same study, the authors showed that this change of expression is likely to be
driven by differential methylation of the SLY2 gene and that re-expression of SLY2 in a mice model
of multiple myeloma completely cured the disease. Furthermore, SLY2 was also found to regulate
the actin cytoskeleton dynamics in both human cancer cell lines and in transgenic mice over-

expressing SLy2?%

. In the latter study SLY2 over-expression increased cell spreading and membrane
ruffling in human cancer cell line in a Racl dependent fashion. SLY2 also co-precipitated with
198 Thus the function of the SLY family

proteins is probably redundant, however it is cell type specific as different members of this family

cortactin, a protein also found to co-precipitate with SASH1

are differentially expressed depending of the cell type.

Our results from immunostaining and fractionated cell lysis showed that SASH1 was mostly
cytoplasmic, with a weak nuclear staining, confirming earlier studies'’®****. Indeed, the SASH1
protein sequence contains both nuclear localization signal (NLS) and nuclear export signal (NES),
indicating that it may play a role in gene expression. Due to its important size, SASH1 must require a
transport protein, most likely an importin, to enter the nucleus. Interestingly we found an
upregulation of karyopherin alpha 2 (KPNA2) an importin subunit involved in the recognition of the
NLS complex in our experiments upon SASH1 knockdown. KPNA2 expression affects cell

206,207,208

proliferation and migration in a wide range of human cancer cells , including breast

cancer’®, moreover it is over-expressed in cancer tissues and its expression correlates with poor

survival*®® 211

. KPNA2 was also shown to be a target for p53°°". Hence, by crossing our results with
those from the literature, one can hypothesize that KPNA2 expression increases in cancerous cells
by a SASH1/p53 dependent pathways. If this hypothesis is confirmed, SASH1 would regulate the
cytoskeleton dynamics both by directly binding to the cortactin and F-actin, and indirectly by
inducing transcription of proteins involved in the regulation of the cytoskeleton. Another possibility
exists that KNPA2 participates in the protein complex required for SASH1 translocation into the

nucleus, and its expression is controlled by a feedback mechanism involving SASH1.

Martini et al***

showed that the C-terminus deleted SASH1 construct, accumulates in the nucleus of
1% Thus it is likely that the NLS signal is hidden at basal conditions either

because of the protein folding or because of an interaction with a chaperone protein. However,
104,114,116

the transfected cells
while several co-immunoprecipitation/GST-pull down experiments , including our own,
revealed several potent partner proteins for SASH1, no chaperone proteins where detected.
Protein conformation can be modified by post translational modification such as phosphorylation.
SASH1 is differentially phosphorylated in human fibroblasts exposed to ionizing radiation’® which

damages DNA, and induces DNA repair’*2.

Interestingly, in our experiments, one of the two
statistically significant pathways following SASH1 knockdown in HAECs was the "Cell cycle: G2/M
DNA Damage Checkpoint Regulation". It is thus possible that SASH1 translocation may be induced
by phosphorylation following DNA damage. This would explain why none of the tested stimuli
(TNFa, cigarette smoke condensate, VEGF, LPS) elicited SASH1 translocation, as none of them
induces DNA damage in our experimental settings. On the other hand cigarette smoke contains
several components with DNA damaging properties such as cadmium?*®, which participates to the

214

increased oxidative damage to DNA“~". However, those cigarette smoke components are present at
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a relatively low levels and it is likely that a repeated exposure to smoke is required to accumulate
enough toxic compounds in the tissue in order to induce DNA damage.

In our study, SASH1 expression was shown to be higher in the carotids from smokers compared to
carotids from non-smokers and ex smokers. This result corroborates our previous data, showing an
up-regulation of SASH1 in the human circulating monocytes from smokers, as compared to non
smokers®®. The mechanisms behind this increased expression are yet to be determined, one
hypothesis could be that DNA damage induced by cigarette smoke lead to an increased SASH1
expression, as our results suggest that SASH1 is involved in DNA repair. It could also be that chronic
inflammation leads to increased SASH1 expression. Indeed, Dauphinee et S suggested that
SASH1 could be involved in the TLR4/TRAF6/NF-kB signaling pathway one of the main pathways
involved in inflammation. Cigarette smoke have been shown to regulate TLR4 expression in human

macrophages215 and cigarette smoke also induces pulmonary inflammation via TLR4%®

. As cigarette
smoke also participates in vascular inflammation, it is likely to activate the TLR4/TRAF6/NF-kB
pathway in atherosclerosis. However Dauphinee et al did not study SASH1 expression following LPS
stimulation in HMEC, additionally our data on NiSO4 stimulated THP1 cells showed no change of
SASH1 expression. Moreover, in our experiments where HAECs were stimulated with LPS prior to
SASH1 co-immunoprecipitation, we did not confirm the SASH1 partners found by Dauphinee et
al'*®. However, as the endogenous SASH1 protein is expressed at low levels it is likely insufficient to
co-precipitate all its partners. Indeed, only two proteins, TPM1 and RPS25 were found to co-

precipitate with SASH1 in our experiments.

Acute stimulation with cigarette smoke condensate (CSC) failed to increase SASH1 expression in our
experiments. However, two of the 6 genes most sensitive to cigarette smoke condensate in our
microarray experiments, CYP1Al and TOP2A, were differentially expressed upon SASH1
knockdown. Thus, while CSC do not affect SASH1 expression, SASH1 expression is likely to modulate
the cellular response to this CSC. The SASH1 expression was very stable in our in vitro experiments,
regardless of the stimulation we used. Nevertheless, SASH1 is affected in a wide range of
pathologies. Most of these pathologies such as atherosclerosis, cancer, diabetes and Alzheimer
disease evolve very progressively over several years. DNA methylation has been demonstrated to

- . 217,217,218,21
play a role in those diseases?!’?17218:219

, it could thus be hypothesized that SASH1 expression is
affected by DNA methylation in those pathologies. Consistent with this hypothesis, the SASH1
promoter region has also been shown to be differentially methylated in breast and hepatic

cancerous tiSSU6112'113.

Using data from venous thrombosis cohorts Martha and FL5, we
investigated whether or not the SASH1 promoter region and the coding region were differentially
methylated when stratifying the individuals by smoking habits. Our results did not show any
significant differences in methylation levels, however, only 13 probes were present in the SASH1
between the preceeding gene and SASH1 coding region that includes SASH1 promoter. Other
methylation sites have been characterized in SASH1 promoter region by previous studies, therefore
it could be envisioned that the CpG involved in SASH1 regulation were not present in the

methylation array used for this analysis.
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In our study, the microarray experiments were performed in SASH1 knockdown HAECs with two
distinct siRNAs to determine the possible pathways SASH1 could be involved in. A total of 182
genes were differentially expressed in both SASH1 siRNA when compared to siCtrl. Ingenuity
pathway analysis (IPA) revealed two statistically significant pathways for those genes: “Mitotic
Roles of polo-Like Kinase” and “Cell cycle: G2/M DNA Damage Checkpoint Regulation”. The polo-
like kinases (Plks), are a family of enzymes involved in the regulation of mitosis (Figure 17). They are
necessary for the complete activation of Cdc2 through Cdc25 which is required for the entry into
mitosis. During mitosis, they are also required for the correct alignment of the chromosomes, as
they are involved in the polymerization of tubulin. During metaphase and anaphase, Plks allow
degradation of cyclin B and inactivation of p34 and therefore allow the exit from the M-phase??°
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Figure 17: Members of the Cell cycle G2M DNA damage Checkpoint regulation pathway affected
by SASH1 knockdown. Genes up-regulated by SASH1 knockdown in HAECs are represented in green.
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The "Cell cycle: G2/M DNA Damage Checkpoint Regulation pathway" is a cell cycle checkpoint in
eukaryotic cells, conserved from yeast to mammals (Figure 18). During this step, integrity of the
DNA is checked and potential damages are repaired prior to cell mitosis. Mutations in proteins
crucial for this pathways usually lead to cell death®?. Both pathways have strong ties to the cell
cycle and thus are connected to atherosclerosis and cancer. The microarrays' results further
strengthen the hypothesis for a role of SASH1 in the regulation of the cell cycle.
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Figure 18: Members of the mitotic role of polo-like kinase pathway affected by SASH1
knockdown. Genes up-regulated by SASH1 knockdown in HAECs are represented in green.

Among the genes that were differentially expressed upon SASH1 knockdown, two caught
particularly our attention, as they also were differentially expressed in HAECs exposed to low or
high dose of CSC (microarrays): TOP2A and CYP1A1. Little is known in the literature about a
potential link between TOP2A and cigarette smoke, as there is only one publication on the
subject?”?. In this study TOP2A is shown to be down-regulated following cigarette smoke
condensate exposure, which corroborates with our microarrays' results. TOP2A is involved in the
process of decatenation, in which its ability to cut double strand DNA allows the separation of the
DNA of daughter cells after mitosis. It is over-expressed in most solid tumor cancer such as breast
cancer?®*** and is therefore used as a biomarker. Since SASH1 knockdown increases proliferation
in human aortic endothelial cells, it is not surprising to observe that TOP2A expression increases,

however the question of whether it is a cause or a consequence requires more studies.
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2% thus it could be hypothesized

Nevertheless, TOP2A is known to be negatively regulated by P53
that the increased TOP2A expression in SASH1 knockdown HAECs is a consequence of inhibition of
p53. CYP1A1, another candidate was also altered by both SASH1 knockdown and cigarette smoke
condensate stimulation, although in opposite direction. It is a member of the cytochrome P450
family that is composed of many enzymes involved in the metabolism of xenobiotics. Its expression
is up-regulated in a p53 dependent fashion by the polycyclic aromatic hydrocarbons226 that are
present in the particulate phase of the cigarette smoke. It is thus expected to see its expression
increased in our experiments where HAECs were stimulated with the CSC (particulate phase diluted
in DMSO). The fact that SASH1 is not affected by CSC itself but affects CYP1A1 expression, suggests
that SASH1 exerts its effects at the protein level, possibly through modulation of the p53 activation.
Low expression of CYP1A1 following SASH1 decrease, could be deleterious to the cell cycle, as it
degrades many carcinogenic compounds, including the members of the aryl hydrocarbon family
such as benzo(a)pyren in even more cancerogenic substances®”’. However, some discrepancy
exists, as illustrated by the study performed by Uno et al**® who compared CYP1A1 knockout to
wild type mice and showed that CYP1A1l promotes survival in mice exposed to orally applied
benzo(a)pyren228 . Increased SASH1 expression in smokers could also favor an increase in CYP1A1l
expression, thereby postulating the induction of a defense mechanism against the cigarette smoke
toxic compounds.

Among the transcription factors which were predicted to be activated by SASH1 knockdown,
FOXM1, which is particularly relevant to the vascular field, is negatively regulated by p53*%. FOXM1
controls positively mitosis and migration, and thus could also be activated following p53 inhibition by
SASH1 knockdown. While there are no studies linking directly FOXM1 to atherosclerosis, its
implication in tumorigenesis and poor prognosis has been demonstrated®*°. Interestingly, FOXM1
d®. In the
vasculature, FOXM1 was shown to promote endothelial repair in mice after inflammatory lung

expression is up-regulated in breast tumor®®!, in which SASH1 is down-regulate

injury®®%. In this model, endothelial bone marrow progenitors promote healing of the wound,
however in FOXM1 deficient mice, the protective effect of endothelial bone marrow progenitor
cells after LPS induced vascular injury was abrogated. The same study also showed that the human
endothelial cell line HMEC required FOXM1 for cell cycle progression. Moreover, FOXM1 expression
positively regulates the expression of beta-catenin, an adhesion protein required for endothelium
regeneration and re-annealing of adherent junction after vascular repair®®>. The restoration of the
beta-catenin expression in FOXM1 deficient mice, rescued the defective endothelial barrier
phenotype, indicating that FOXM1 exerts its vascular effects mainly by controlling the expression of
beta-catenin. While beta-catenin was not among the 182 genes affected by SASH1 knockdown in
our experiment, CTNNBIP1 (also known as ICAT), a protein which binds to CTNNB1 was down-
regulated. CTNNBIP1 inhibits the Wnt proliferation pathway, by binding to CTNNB1 and inhibiting
its interaction with the downstream transcription factors of the Wnt pathway (TCF family)®**. Thus
decrease in CTNNBIP1 could also explain partially the increased proliferation observed in SASH1
knockdown HAECs.
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We also searched for SASH1 partners using a yeast two hybrid screening and obtained a list of 29
candidate proteins. We tested in HAECs 6 of those proteins, IkBkB, CTNNA1, OAS2, C1D, AFF1 and
Racl by performing co-immunoprecipitation (co-IP) of either SASH1 or the tested partner proteins
followed by western blot identification. None of those tested candidates could be confirmed
because of weak antibody efficiency for immunoprecipitation. As only the SASH1 co-IP gave reliable
results we thus decided to go for a non-targeted detection method of the co-IP products by mass
spectrometry instead of western blotting. By this procedure, we uncovered two proteins: ribosomal
protein 25 (RPS25) and tropomyosin 1 (TPM1) as possible partners of SASH1. RPS25 is a nucleolar
protein®®> which is involved in p53 regulation by directly binding MDM2 which inhibits its E3 ligase
activity, preventing the degradation of p53*%°
through a negative loop, as p53 directly binds to RPS25 promoter236. Thus, SASH1 directly bind to
RPS25, and for this reason SASH1 knockdown is likely to inhibit p53 activity. It may be thus
suggested that SASH1 promotes p53 activation by promoting inhibition of MDM2 via RPS25. Apart
from the cytoplasm, RPS25 also localizes in the nucleus, and it is thus one the best candidates to

. In addition, RPS25 expression is regulated by p53

explore the nuclear function of SASH1.

The second partner of SASH1 found in our study was TPM1. This protein is involved in the

polymerization of the actin cytoskeleton and protects endothelial cell-cell junctions from the

oxidative stress triggered by aqueous cigarette smoke extract®®’

238

. TPM1 phosphorylation state

regulates endothelial permeability to cancerous cells*™, and TPM1 was also demonstrated to be a

239,24 . ey
39,240 \where it resensitizes cancer cells

tumor suppressor in various cancers, including breast cancer
to anoikis (programmed cell death triggered by detachment from the extracellular matrix). As
SASH1 binds TPM1, it could be envisioned that it preserves endothelial integrity through the
stabilization of the actin cytoskeleton. Consistent with this hypothesis, TPM1 inhibits the activity of
the Arp2/3 complexe241 which is regulated by cortactin (CTTN) another SASH1 partnerm. This study
of the SASH1 partner suggests that SASH1 could exert its vascular effects through the control of cell
proliferation via both RPS25/P53/FOXM1 and TPM1 dependent actin cytoskeleton polymerization

pathways (Figure 19).
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Figure 19. Graphical representation of potential pathways predicted from our co-
immunoprecipitation and microarrays experiments performed on SASH1 knockdown HAECs.
Green arrows represents activation, red lines represent inhibition, cellular processes are circled in
light orange.

After focusing on the molecular aspects of SASH1 knockdown, we investigated the effect of SASH1
on HAECs proliferation and migration. We found that SASH1 knockdown increase both proliferation
and migration in HAECs. This result is in accordance with the literature, as SASH1 knockdown
increases proliferation and migration in various human cancer cell lines'®'%91% and a SASH1
variant (c.1849G>A; p.Glu617Lys) increases proliferation of human fibroblasts'”®. In accordance
with our proliferation results, CCND1 and CCND3 were found to be up-regulated at the protein level
following SASH1 knockdown. While CCND1 had already been shown to be linked to SASH1

108,107,110 thjs is the first evidence for an impact of SASH1 on cyclin D3

expression in the literature
expression. Both cyclins are known to be co—expressed242 and peaks at the G1/S phase243.
Therefore, it is a possibility that the increase of CCND1 and CCND3 expression upon SASH1
knockdown is an indirect effect of SASH1 blocking the cells in the G1 phase rather than a direct
effect of SASH1 specifically targeting the transcription of these two cyclins. Furthermore, CCND1
and CCND3 were shown to be up-regulated in human vascular smooth muscle cells, implicated in

24 Therefore, it may be

atherosclerosis upon plaque formation, when stimulated by oxLDL
expected that the expression of those cyclins will be increased in the plaques. The increase of
SASH1 expression in the carotids from smokers may lead to a decrease of CCND1 and CCND3 which
would point out to an atheroprotective role of SASH1 by inhibiting the proliferation of smooth
muscle cells within the plaque. However, this could also have deleterious effects, as smooth muscle

cells participate in the formation of fibrous cap and for this reason are involved in plaque stability.
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Finally in this study, we showed that SASH1 knockdown increased in vitro angiogenesis of HAECs.
This result was expected as SASH1 affected both migration and proliferation. The contribution of
those two processes to the increase of tubular formation following SASH1 knockdown could be
further characterized by performing experiments using both Matrigel and mitomycin-C. Implication
of SASH1 in proliferation, migration and angiogenesis of HAECs suggests that SASH1 could play a
role in endothelial activation, the first step toward plaque formation, therefore participating in the
early onset of the disease. Plaque neo-vascularization, a feature of the late stage of the plaque
could also be affected by SASH1 expression. As the newly formed vessels are mostly composed of
permeable capillaries, plaque neovascularization is believed to play an important role in intra
plague hemorrhage and therefore in plaque stability>*>**°. Thus SASH1 could also play a role in the
late stage of atherosclerosis by inhibiting intra plague neo-vascularization and therefore increasing
plaque stability.

Taken together our results showed that SASH1 is differentially expressed in smokers and could have
an atheroprotective role, inhibiting cellular proliferation and migration of the cells from the
vascular wall by regulating p53 activity and the actin cytoskeleton dynamics. However SASH1 also
has the potential to impair the healing of vascular injuries by inhibiting FOXM1 in a p53 dependent
manner, which would also give it an atherogenic property. Thus, while SASH1 clearly establish itself
as a link between smoking and atherosclerosis, its effects remain to be further characterize before
it can be decided whether SASH1 is a defense mechanism against cigarette smoke or mediates
cigarette smoke deleterious effects on the vascular wall.
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Annex 1: SLC39A8 (ZIP8) and cigarette smoking, genesis of a new
project

| Introduction

As part of this thesis work, we also studied a second GHS candidate linking smoking to
atherosclerosis, namely SLC39A8 which was found strongly correlated to the number of plaques
and was also correlated with cigarette smoking. The statistically predicted pathway for SLC39A8,
described by Verdugo et al'**, a work to which | have also contributed, linked SLC39A8 expression
to smoking via several other genes. In the present work, one of our main interests was the link
between SLC39A8 and growth arrest specific 6 (Gas6), as the latter possesses a number of
pleiotropic effects both protective and deleterious in atherosclerosis®. In this network, Gas6

expression was directly correlated to smoking in our results from GHS (Figure 1) 14,

Figure 1: SLC39A8 predicted network linking smoking to atherosclerosis, from Verdugo et al
2013, This graph represents a consensus network from 1000 bootstraps. Edges among variables
are drawn if detected in at least 60% of bootstrapped samples. The recovery percentages are
indicated to the right of the medial section of each edge. Line thickness is proportional to the edge’s
partial correlation. Black edges denote positive and pink edges negative partial correlations. Plaques
and risk factors are in blue. Genes directly connected to smoking are in green and those directly
connected to plaques are in orange. Other genes are in gray. Only genes that are involved in the
shortest paths connecting smoking to plaques are shown.

110



We thus decided to study further SLC39A8 expression in human atherosclerotic tissues and vascular
cells to better understand its link to atherosclerosis. A secondary objective was also to confirm in
vitro the interdependence between Gas6 and SLC39A8 expression.

1.1 SLC39A8 gene organisation

Zip8 was first described in 2002 by Begum et al.” in monocytes stimulated with inactivated
Mycobacterium bovis (a bacteria responsible for the bovine tuberculosis, one of the deadliest cattle
disease of the 20" century). The gene coding for Zip8, SLC39A8, is located on the chromosome 4 in
the region q24, having a length of 1383 bp and divided into 8 exons. This gene produces 4 known
alternative transcripts of 2624, 3187, 3309 and 4098 bp (Figure 2).
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Figure 2. ZIP8 transcripts as described in NCBI database.

1.2 SLC39A8 protein (ZIP8)

The SLC39A8 gene encodes the ZIP8 (Zrt- and Irt-like Protein 8) protein with 8 transmembrane
domains, that acts as a membrane divalent metallic ions / HCO3" co—transporter3 (Figure 3).

extracellular intracellular
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In,Fe, Cd

Figure 3. Membrane transport of metal ions through ZIP8.

Zip8 is a symporter that imports simultaneously into the cytoplasm one divalent metal ion (zn%,
Fe?*, cd**...) and 2 HCO3 ions using the HCO3" concentration gradient driving force. It is a member
of the solute carrier (SLC) family of proteins which is composed of more than 300 members divided
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into 52 families. Consequently this group of proteins is involved in the transport of diverse
compounds, including a wide range of organic and inorganic molecules. The name SLC39A8 is
composed of the root name SLC, followed by the family number, followed by a letter defining the
sub-family and ends with the actual number of the member of the family. Hence, SLC39A8 is the
8th member of the sub-family A of the family 39. This family of SLC regroups 14 SLC members, all
involved in the transport of metallic ions”.

1.3 Zip8 in the literature

Unlike SASH1, Zip 8 function is well characterized, as around 60 publications are found in PubMed
as compared to about 20 on SASH1. Zip8 was shown to be a broad-scope metal ion transporters,
but most of the research on ZIP8 focused on its ability to transport zinc (Zn) because of the
importance of this metal in the activation of the immune system and inflammation®’. Cadmium
(Cd) transport through ZIP8 was also well studied, as Cd is a highly toxic metal that damages DNA
and therefore induces cytotoxicitys’g, especially in the vascular tissues. | will focus this brief
overview on the ZIP8 literature on those two points as both activation of the immune system and
cell survival are involved in atherosclerosis.

ZIP8 activation of the immune system and inflammation

As Zn** jons are involved in the activation of the immune system through the modulation of various
inflammatory pathways in immunocompetent cells®, it was expected that ZIP8, that participates in
Zn**transport into the cells, would also be involved in inflammation. Indeed, Aydemir et al®
showed that activation of human T-cells, using antibody coated beads that mimic antigen
presentation, resulted in an increased ZIP8 expression. Similar observations were made in bacterial
lysate activated monocytes and macrophages by Begum et al’. From a mechanistic point of view,
ZIP8 affects both INFy production and cytolytic activity of perforin. Zip8 is also a target and a

regulator for NFkB, through Zn**mediated inhibition of IKK'"*2,
ZIP8, cadmium transport and vascular system

Another aspect of ZIP8 in the literature focuses on its ability to transport cadmium. Cadmium is a
cytotoxic metal that induces DNA damage and inflammation®®. Lethal when inhaled at high dose,
cadmium is present at detectable levels in cigarette smoke™® and cadmium accumulation in the
blood and vascular wall is significantly higher in smokers when compared to non-smokers. The
vascular system is particularly sensitive to chronic cadmium exposure, as it disrupts the endothelial
junctions, thus damaging endothelial barrier'®. Cadmium also activates a wide range of mechanisms
involved in inflammation and atherosclerosis. At the molecular level, it increases TNFa
production®, plasminogen 1 production®®, PKC activity’’ and extracellular matrix production®®. At
the cellular level cadmium increases leukocytes and platelets adhesion to the endothelium™.
Interestingly, at low concentration cadmium increases smooth muscle cells proliferation®, but at

21,22,17

high dose it is cytotoxic . In the latter cells the expression of methallothioneins, which protect

against metal-induced toxicity is weak?>. Additionally cadmium was shown to inhibit several
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2425 |In a mice model of atherosclerosis

atheroprotective mechanisms, notably the NO production
(ApoE knockout mice) cadmium exposure induces expression of the adhesion molecule VCAM1 and
the heat shock protein HSP60, both involved in the early steps of inflammation and
atherosclerosis®®. Exposure to cadmium results in increased atherosclerotic lesions formation in
mice when compared to their untreated littermates. In humans, the presence of cadmium in the
blood circulation of 195 young females was shown to be an independent risk factor for
atherosclerosis?’. In the same study, the authors showed that the exposition of human endothelial
cells to cadmium resulted in increased endothelial permeability and cell cytotoxicity, along with a

reduced proliferation rate.

Taken together, the current knowledge on ZIP8 in the literature points to a role in atherosclerosis
through the cadmium transport into the cells and its subsequent cytotoxic effects.
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1.4 Material and methods

Cell isolation and culture

As previously described p36

siRNA-mediated silencing of Gas6 and ZIP8

As previously described p36-37

RNA extraction, reverse transcription and quantitative polymerase chain reaction (PCR)
As previously described p37

Western blotting

As previously described p38

Immunostaining of cells and tissues

As previously described p39
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Il Results

11.1 ZIP8 expression in vascular cells and in the vascular wall

Figure 4. ZIP8 protein expression in human carotid atherosclerotic plaque. Immunostaining of ZIP8
and specific cell type markers: lymphocytes (CD3, no staining), macrophages (CD68), endothelial
cells (CD34), smooth muscle cells (a-actin). Zip8 staining co-localized mainly with foam cells and
dedifferentiated smooth muscle cells. A weak staining could also be seen at higher magnification in
smooth muscle cells of the media and endothelial cells.
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As ZIP8 protein expression was not previously investigated within the atherosclerotic plaque, we
performed a ZIP8 immunostaining on human carotid plaques (Figure 4). Zip8 staining co-localized
mainly with foam cells and dedifferentiated smooth muscle cells. A weak staining could also be
seen at higher magnification in smooth muscle cells of the media and endothelial cells, indicating
that ZIP8 was also present in those cell types, albeit at lower level.

At the cellular levels, RT-qPCR experiments revealed that ZIP8 was expressed in human monocytes
and monocyte-derived macrophages (Figure 5). ZIP8 expression was significantly different between
these cell types (p<0.05) with the highest levels being in macrophages and the lowest in HAECs.

0.500
L ]

0.050
l

odee

ZIP8 mRNA expression
Normalized to ubiquitin

0.005
1

0.001
|

T T 1
Monocytes Macrophages HAEC

Figure 5. ZIP8 expression in human vascular cells in vitro. Expression of ZIP8 in monocytes
(positively selected from buffy coats, n=4), monocytes derived macrophages (n=4) and HAECs (n=5)
was measured by RT-qPCR. ZIP8 expression is significantly higher in macrophages and weaker in

endothelial cells.
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1.2 ZIP8 expression and the plaque formation

As ZIP8 was found directly correlated to the number of plaques, we decided to investigate its
expression by RT-qPCR in normal vessels (mammary artery, n=11), carotid fatty streaks,(n=28) and
plaques (n=34) (Figure 6). Zip8 expression was significantly higher in fatty streaks and plaques when
compared to normal vascular tissue (p<0.001). Zip8 expression was also higher in plaques
compared to fatty streak (p<0.001).
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Figure 6. ZIP8 expression in normal vascular tissue (mammary arteries, n=11), fatty streaks (n=27)
and plaques from human carotids (n=33). Expression of the ZIP8 measured by RT-qPCR shows that
Zip8 expression is significantly higher in plaques and weaker in normal vascular tissues (mammary

arteries).

These results indicate that ZIP8 expression increases along with the plaque formation.
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11.3 ZIP8 expression in human carotid plaque according to the smoking status

The ZIP8 network (Figure 1) showed an indirect correlation between ZIP8 and smoking, hence we
investigated by RT-gPCR the expression of ZIP8 in human atherosclerotic carotid tissues comparing
non smokers (n=13) with ex-smokers (n=6) and smokers (n=10). No Statistically significant
difference in ZIP8 expression was found between these groups (Figure 7).
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Figure 7. ZIP8 mRNA expression in carotids from non-smokers (NS, n=13), ex-smokers (ES, n=6)
and smokers (S, n=10). RT-qPCR of the ZIP8 transcript show no difference in expression regarding
the smoking status.
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I1.4 Investigating the interdependence of ZIP8 and Gasb6 expression in human macrophages

The statistically predicted pathway linking ZIP8 to the number of plaques and smoking involved
another major candidate, Gas6, which expression was found correlated to smoking. To analyze a
possible interaction between Gas6 and ZIP8 expression in human macrophages, we performed
siRNA mediated knockdown of either Gas6 or ZIP8 and then explored whether it had an effected on
the expression of other members of the pathway. Macrophages silenced for ZIP8 did not show any
significant change in Gas6 expression. Conversely, macrophages knocked down for Gas6 did not
show any changes of ZIP8 expression (Figure 8).
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Figure 8. Members of the Gas6/ZIP8 statistically predicted pathways upon either ZIP8 or Gasé6
knockdown in human macrophages. Results are expressed as fold change +/- standard deviation of
n=5 different individuals (delta delta Ct method). Zip8 knockdown did not alter Gas6 expression or
other tested genes from the statistically predicted network (PLIN3, MAP3K6).
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1.5 Methallothionein and ZIP8 expression

Proteins belonging to the methallothionein family are among the first line of defense against heavy
metal exposure, thus we decided to investigate in our GHS data whether the expression of ZIP8
could affect their expression.Out of the 15 metallothionein whiwh expression was detectable, we
selected MT1E, MT1A, MT1E, MT1G and MT2A on the following criteria: statistically significant p-
value for both ZIP8 probes, and statistically significant p-value for either smoking or the number of
plagues. We additionally selected MT1X, as it had the highest correlation to ZIP8 expression,
despite the lack of significant p-value for a link to smoking or number of plaques (Table 1).

SLC39A8 (ZIP8)
Probel Probe?2 Plaques Smoking
MTI1E 2.2E-11 1.1E-04 3.2E-03 5.6E-01
MT1A 7.9E-02 9.4E-04 3.0E-01 6.8E-07
MT1B 5.6E-01 5.6E-02 8.0E-01 9.0E-01
MTI1E 2.5E-02 6.3E-02 3.6E-04 5.1E-01
MT1F 9.1E-02 7.4E-08 4.6E-06 2.9E-01
MT1G 1.9E-13 4.6E-06 3.8E-02 5.1E-06
MT1H 1.1E-01 8.8E-01 2.1E-03 8.9E-01
MT1H 6.1E-02 1.3E-01 7.8E-01 9.8E-01
MT1M 3.7E-04 3.0E-03 6.7E-01 8.9E-01
MT1M 8.9E-03 8.9E-04 7.5E-02 1.3E-01
MTI1H 3.4E-01 7.6E-01 2.3E-01 2.8E-01
MT1X 2.2E-12 6.0E-18 9.4E-01 1.8E-01
MT2A 8.5E-03 5.8E-02 3.0E-01 1.5E-11
MT3 4.5E-03 8.1E-03 6.9E-01 4.5E-01
MT4 1.8E-01 1.8E-03 1.4E-01 9.6E-01
MTL1IP 1.0E-04 7.4E-01 4.8E-02 2.8E-04
MTL5 3.6E-01 1.5E-03 3.8E-01 1.5E-01
MTL5 3.0E-01 3.2E-01 5.9E-01 6.7E-01
MT1DP 3.8E-05 4.3E-01 2.9E-01 1.8E-01

Table 1. Correlations between metallothioneins, ZIP8, number of plaques and smoking status
from GHS data (p-value). The selected methallothioneins have been marked in red. Significant p-
values are in bold.
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Next, we investigated whether or not the cigarette smoke condensate (incubation for 24h; 4, 10,
20, 40, 80 pg/ml) was able to affect MT1A, MT1E, MT1G and MTX expression in HAECs. As shown
in Figure 9 the expression of these selected metallothioneins did not vary at any studied
concentration. The possible explanation could be that the metallic ions, being hydrophilic, were
probably absent in the cigarette smoke condensate diluted in DMSO.
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Figure 9. Metallothioneins expression in HAECs following cigarette smoke condensate
stimulation. Expression of MT1A, MTI1E, MT1G and MTX after cigarette condensate stimulation
(incubation for 24h at 4, 10, 20, 40 or 80 ug/ml) studied by RT-qPCR. Results are expressed as fold
change +/- standard deviation of n=4 HAECs preparations. No change of expression of those
metallothioneins was observed following stimulation.
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During plague formation, monocytes migrate into the plaque and differentiate into macrophages.
As described previously, ZIP8 expression increases in monocytes activated with antibody coated
beads (a model of antigen presenting cells)'®. As monocyte activation is a pre-requisite for
monocyte migration in the vascular wall and subsequent differentiation into macrophages, we
hypothesized that ZIP8 expression could be increased during this process. Furthermore, such
increase in ZIP8 expression could affect that of methallothioneins which expressions were
correlated to it in GHS data (Table 1). Hence, after isolating monocytes from human blood (buffy
coat, n=4) we measured ZIP8 and methallothionein expression before and after differentiation into
macrophages (Figure 10).
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Figure 10. mRNA expression of ZIP8 (SLC39A8) and metallothioneins in monocytes and monocyte-
derived macrophages. Expression of SLC39A8 and its correlated metallothioneins was measured by
RT-gPCR and the results are log[mean fold change] +/- standard deviation of n=4 monocytes
preparations. The results show an increase in SLC39A8, MT2A and MTX expression and a decrease in
MTI1A, MT1E and MT1G after monocyte differentiation into macrophages.

As expected ZIP8 expression was significantly increased in monocyte-derived macrophages when
compared to monocytes (2-fold). All tested methallothioneins also showed a change of expression
with MT1A, MT1E and MT1G being downregulated and MT2A and MTX being up-regulated in
macrophages as compared to monocytes.
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1l Discussion

Our results show that ZIP8 is expressed ubiquitously within the atherosclerotic plaque with a higher
expression in macrophages/foam cells and dedifferentiated smooth muscle cells. Interestingly ZIP8
expression was higher in plagues as compared to fatty streaks and it was the weakest in normal
vascular tissue (mammary artery). The increased expression in plaques and fatty streaks of Zip8, as
shown in Figure 10, can be explained by their high macrophages content, which increases along
with the plague formation. Thus ZIP8 expression could be a marker for macrophages accumulation
within the vascular wall and probably to the plaque size. Other cell types, such as endothelial cells
and smooth muscle cells may also contribute to the accumulation of ZIP8 as its expression is
increased by inflammation®.

Circulating levels of metal ions is correlated with carotid atherosclerosis in elderly?® and many
divalent metallic ions, such as iron, zinc, copper and cadmium accumulate within the
atherosclerotic plaqueszg. ZIP8 is one of the main transporters for zinc and cadmium and, as
showed above, is increased along atherosclerosis development (Figure 6). Therefore, an increase in
ZIP8 expression may, at least partly, explain the increase of heavy metal deposition within the
carotid plaques. It has been already demonstrated that smoking aggravates atherosclerosis, as
smokers have more plaques which are additionally frequently larger than in non smokers**3!. As
cigarette smoke contains cadmium®, which is mainly imported in the cells through the ZIP8
transporters, smokers are likely to have substantially more cadmium accumulated within their
atherosclerotic plaques. Indeed, such increase in cadmium has already been observed in non
atherosclerotic aorta of smokers®2. Cadmium accumulates probably mainly in macrophages, as they
show the highest Zip 8 expression, as shown by our experiments in Fig 5. Since cadmium is
cytotoxic, its accumulation may result in accelerated macrophage death within the plaques. A first
consequence of cadmium induced macrophage death could be Cd*" release in the neointimal space
leading resulting in death of the nearby cells and thus inducing plaque instability. Another
consequence could be an increased lipid release in the neointimal space, accelerating the formation
of the necrotic core and thus increasing the plaque size. Taken together, the preliminary results
from our studies suggest that the ZIP8 transporter is likely involved in aggravation of
atherosclerosis via cadmium accumulation.

An appropriate animal model could help to confirm the role of Zip8 in atherosclerosis. Recently,
ZIP8 conditional knockout mice were used to study osteoarthritis, which is also an inflammation
driven disease®®. One way to confirm a role for ZIP8, as a mediator for cigarette induced cadmium
accumulation in the atherosclerotic plagues, could be the use of a double knockout mice ApoE’/'
/ZIP8'/' under high fat diet and exposed or not to cigarette smoke. By measuring cadmium
accumulation within the aortic plagues of the two groups of mice, one could determine if ZIP8
knockdown reduces cadmium accumulation and plaque size, as hypothesized. As cigarette smoke
contains several metallic divalent ions (cobalt, mercury, nickel, lead, cadmium...)13, the specificity of
the cadmium toxicity could be assessed in these atherosclerosis prone mice exposed to cigarette
smoke by feeding them either with zinc supplemented diet or a control diet. As zinc is a direct
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competitor for cadmium for the ZIP8 transporter’, complementing food with zinc should partially
rescue the phenotype induced by cadmium from cigarette smoke (Figure 11).

Mice ApoE-/- +7Zn
ZIP8-/- Hight fat diet Cigarette smoke il

™ .zn
\ Air (Ctrl)

Figure 11. experimental design to test the implication of ZIP8 in cigarette smoke dependent

accumulation within the atherosclerotic plaque in mice.
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Annex 2. Highlights for the ZIP8 project

Taken together, our results allow us to draw the following conclusions:

-ZIP8 is ubiquitous within the atherosclerotic plaque, with a higher expression in
macrophages/foam cells and dedifferentiated smooth muscle cells.

-ZIP8 expression is higher in human monocyte-derived macrophages than in monocytes and HAECs
-ZIP8 expression is increased during differentiation from monocyte to macrophages.

-ZIP8 expression is higher in human carotid plaques than in fatty streaks and normal vascular
tissues (mammary arteries)

-ZIP8 expression is not increased by cigarette smoking or cigarette smoke condensate
-ZIP8 expression is correlated to MT1A, MT1G, MT1E, MT1X and MT2A

-ZIP8 related methallothioneins MT1E, MT1G, MT1A are decreased, MT2A and MTX are increased
during differentiation from monocyte to macrophages.

-Preliminary results do not show interdependence between ZIP8 and Gas6 expression in human
macrophages

Study of SLC39A8 impact on the pathology of atherosclerosis is an ongoing project by the group of
Dr Verdugo in collaboration with our group in Paris, as it is the thesis subject of Pamela Andrea
Lopez Contreras. This thesis project mainly focus on performing transcriptomic analyses of ZIP8
knockdown in human macrophages after cadmium exposure. It aims at better characterizing how
heavy metals, and cadmium in particular, accumulates in atherosclerotic lesions progression.
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Annex 3. Hightlights of the SASH1 project

The following conclusions can be drawn from this study on SASH1 as a link between smoking and
atherosclerosis :

-SASH1 is expressed in human endothelial cells, smooth muscle cells, monocytes and monocytes
derived macrophages, and is enriched at the leading edge of the lamellipodia.

-SASH1 is mostly cytoplasmic under normal culture condition in human aortic endothelial cells.

-SASH1 expression is increased in the carotids from smokers when compared to non-smokers,
confirming the observations already made in the monocytes.

-SASH1 knockdown affects pathways involved in the cell cycle progression and DNA repair possibly
through a p53/FOXM1 dependent fashion.

-SASH1 endogenous protein co-precipitates with RPS25 a protein that regulates p53 activity and
TPM1, a protein linked to the polymerization of the actin-cytoskeleton.

-SASH1 affects migration, proliferation and angiogenesis of human aortic endothelial cells

Taken together these data show that SASH1 has the potential to affect the plaque formation and
stability in smokers through its impact on the endothelial cell function, and therefore open the
perspective to use SASH1 as a biomarker for atherosclerosis.
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Abstract

Smoking is a risk factor for atherosclerosis with reported widespread effects on gene expression in circulating blood cells.
We hypothesized that a molecular signature mediating the relation between smoking and atherosclerosis may be found in
the transcriptome of circulating monocytes. Genome-wide expression profiles and counts of atherosclerotic plaques in
carotid arteries were collected in 248 smokers and 688 non-smokers from the general population. Patterns of co-expressed
genes were identified by Independent Component Analysis (ICA) and network structure of the pattern-specific gene
modules was inferred by the PC-algorithm. A likelihood-based causality test was implemented to select patterns that fit
models containing a path “smoking—gene expression—plaques”. Robustness of the causal inference was assessed by
bootstrapping. At a FDR =0.10, 3,368 genes were associated to smoking or plaques, of which 93% were associated to
smoking only. SASHT showed the strongest association to smoking and PPARG the strongest association to plaques. Twenty-
nine gene patterns were identified by ICA. Modules containing SASH1 and PPARG did not show evidence for the
“smoking—gene expression—plaques” causality model. Conversely, three modules had good support for causal effects and
exhibited a network topology consistent with gene expression mediating the relation between smoking and plaques. The
network with the strongest support for causal effects was connected to plaques through SLC39A8, a gene with known
association to HDL-cholesterol and cellular uptake of cadmium from tobacco, while smoking was directly connected to
GAS6, a gene reported to have anti-inflammatory effects in atherosclerosis and to be up-regulated in the placenta of women
smoking during pregnancy. Our analysis of the transcriptome of monocytes recovered genes relevant for association to
smoking and atherosclerosis, and connected genes that before, were only studied in separate contexts. Inspection of
correlation structure revealed candidates that would be missed by expression-phenotype association analysis alone.
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Introduction mvestigation of all the genes expressed in a given type of cell has
) ) _ . . ) ) ) opened a new window for exploring in a global way the biological
Smoking is a major risk factor for atherosclerosis and its mechanisms underlying pathophysiological conditions. Using such
complications, particularly coronary artery disease (CAD) and transcriptomic approach, widespread perturbation ol gene expres-
peripheral arterial disease [1-3]. Pathophysiological mechanisms sion by smoking has been recently shown in whole blood 7],

by which smoking promotes atherogenesis are relatively well circulating lymphocytes [8], and monocytes [9] of humans.

known, in particular through alterations of lipid metabolism [4,5]
and endothelial function [6]. However, the molecular mechanisms
by which smoking exerts its adverse eflects at the cellular level are
less documented. The advent of transcriptomic studies allowing
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Increasing evidence supports the hypothesis that oxidative stress
and activation of the immune system provide a pathophysiological
link between cigarette smoking and CAD [10,11]. Monocytes are
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Table 1. Characteristics of the Gutenberg Health Study population.

Characteristics Variable name Females Males p-valuet
Number of individuals N 522 (55.77%) 414 (44.23%)

Age (years) age 54.6 (0.49) 54.2 (0.53) 0.5825
Body mass index (kg/mz) bmi 26.2 (0.22) 273 (0.2) 0.0003
Triglycerides (mg/dl) (log) TRIGLY 463 (0.019) 478 (0.025) 4.6E-06
HDL cholesterol (mg/dl) HDL_CHOL 63.8 (0.69) 50.6 (0.6) 2.3E-40
LDL cholesterol (mg/dl) LDL_CHOL 144 (1.7) 142 (1.8) 0.6472
Systolic blood pressure (mmHg) sbp 129 (0.83) 134 (0.77) 2.2E-06
Diabetes (type | or II) diabetes 30 (5.7%) 30 (7.2%) 0.3538
Current smoker smoking 115 (22%) 133 (32.1%) 0.0005
C-reactive protein (mg/l) (log) CRP 0.932 (0.033) 0.832 (0.038) 0.0455
Homocysteine (mmol/l) (log) HCY 225 (0.013) 244 (0.015) 1.3E-21
Myeloperoxidase (pmol/l) (log) MPO 5.76 (0.015) 5.7 (0.02) 0.0157

parenthesis.
doi:10.1371/journal.pone.0050888.t001

key cells of the immune system involved in the inflammatory

response to external agents. We hypothesized that the effect of
smoking on atherosclerosis might be reflected by perturbation of

gene expression in circulating monocytes and that it might be
possible to identify gene networks causally involved in the
relationship linking smoking to atherosclerosis.

Questions about causal effects in observational studies can be
addressed by statistical methods that can translate statements
about correlations and conditional independencies into structural
equations [12] or Bayesian Networks [13]. Implementation of both
techniques, however, can be diflicult when the number of variables
is large and inference of the “true” network that generated the
data may not be feasible, even with large sample sizes. In addition,
current implementations of Bayesian Network inference restrict to
systems of Gaussian only, binomial (or multnomial) only or
hybrids where binomials can only precede but not be caused by
Gaussian variables [14]. A third class of methods based on

mformation theory has been developed for the problem of

identification of large networks of direct gene interactions, which
does not rely on the correct specification of distribution functions,
but where such interactions do not have a causal interpretation
(e.g. ARACNE [15], SA-CLR [16], and Parmmgene [17], among
others). For the problem under study here, an approach that is not
limited in the types of variables that can be modeled, i.e. binary,
continuous, and counts, or in how they may be associated, that
allows inferences about causal relations, and that can deal with
large number of variables was needed.

The objective of the present study was to identify groups of

genes that may help explain the causal effect of smoking on extent
ol atherosclerosis. For this purpose, genomewide gene expression
in monocytes was modeled as a molecular phenotype potentially
linking smoking to carotid atherosclerosis. Data were obtained
from the Gutenberg Health Study (GHS), a community-based
project primarily aimed at improving cardiovascular risk predic-

tion [9]. We devised a stepwise approach to: 1. Identfy patterns of

expression associated to smoking and/or atherosclerosis using
Independent Component Analysis (ICA); 2. Select expression
patterns showing relatively high support for a causal role in the
mediation between smoking and atherosclerosis using graphical
modeling and Bayesian Network (BN) inference; 3. For patterns

PLOS ONE | www.plosone.org

Tp-values calculated from a y? test for smoking and diabetes (number of subjects), and from an F test for all others. Standard errors or percents of individuals are in

compatible with a potential causal role, infer the network skeleton
connecting smoking, genes and atherosclerosis.

Our approach identified three gene networks that were
compatible with a causal effect of gene expression mediating the
relation between smoking and atherosclerosis where a few genes
are candidates for mediating the perturbing effect of smoking in
these networks. By performing causal inference on independent
patterns of expression instead of the expression of a single gene, we
not only dramatically reduced the space of models to be tested, but
also applied BN inference in a space that is less prone to the effects
ol hidden variables. We restricted to detecting classes ol best fitting
models rather than a single causal model and present arguments
for why some causal models may be favored in this study. We also
provide cautionary statements to avoid misinterpretation of the
reported causal models.

Results

Smoking and extent of atherosclerosis in the GHS cohort

Association between smoking habits and atherosclerosis was
investigated in a cohort of subjects of both sexes aged 35 to 74
years who participated in the GHS [9]. Study participants were
classified nto current (=1 cigarette/day) smokers (n=248) and
nonsmokers (= 688). Occasional smokers (n =42) and ex-smokers
(n=547) were excluded from the study (Methods). Characteristics
of the study population are given in Table 1.

Atherosclerosis extent was defined
atherosclerotic plaques measured n the two carotud arteries by
ultrasound echography (Methods). Carotid intima-media thickness
and carotid plaque are well-recognized markers of subclinical
atherosclerosis [18] which are influenced by smoking [19]. The
number of plaques observed per person ranged from 0 to 11, with
a skewed distribution and an average of 0.72 plaques (variance

1.95). The prevalence of atherosclerosis, defined as the presence of

at least one plaque, was 31.2% in this middle-aged population.
The prevalence and the extent of atherosclerosis were higher in
men than m women and in smokers than in non-smokers ('T'able 2).

In the following, the phenotype considered was the number of

atherosclerotic plaques, referred to as “plaques”. Because the
distribution showed overdispersion, a negative binomial distribu-
tion was used for modeling plaques as a function of covariables (see

January 2013 | Volume 8 | Issue 1 | e50888

as the total number of
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Table 2. Mean number of carotid atherosclerotic plaques by
sex and smoking status.
Plaques
Sex Smoking N Average’ Plaques>0
n¥ %
Females  Nonsmokers 407 0.51 107 26.3
Smokers 115 0.56 30 26.1
All 522 0.52 137 26.2
Males Nonsmokers 281 0.74 93 331
Smokers 133 1.42 62 46.6
All 414 0.96 155 374
Both Nonsmokers 688 0.61 200 291
Smokers 248 1.02 92 371
All 936 0.72 292 31.2
+average number of plaques per individual;
¥number of individuals with at least 1 plaque.
doi:10.1371/journal.pone.0050888.t002

Text S1). The major determinants of plaques were age, sex and

smoking, which all together explained 30% of the variability of

plaques. The effect of smoking on plaques was stronger m men
than in women although the significance of the interaction test was
borderline (p=0.027). Additional cardiovascular factors tested for
association resulted m a modest mcerease of the explained variance

of plaques (from 30% to 34%) (Table SI).

Gene expression in monocytes is associated to smoking
and plaques

The analysis workflow of expression data is outhned in Figure 1.
Expression of 18,364 genes was detected in total RNA from
circulating monocytes by 23,214 probes in the Humina Human
HT-12 BeadChip (Methods). Association of probe expression level
with smoking or plaques (log-transformed) was assessed by linear
model adjusted for age and sex, as well as for the 6 first singular
value decomposition (SVD) components of the expression matrix
taken as surrogate variables for technical sources of variability
(Methods and Text S1).

In a first step, we identified genes whose expression was
associated to either smoking or plaques by univariate analysis. At
FDR =0.1, we found 3,774 probes (3,062 distinct genes)

Probe level

Data QC and
pre-processing

936 samples
35,358 probes

Gene cluster level

4 clusters
PC-algorithm

Transcript detection

Causality testing <

Smoking, Gene Expression and Atherosclerosis

associated to smoking. The list of smoking-associated genes was
enriched in three “biological processes” in the Gene Ontology
(GO) database: platelet activation, nterferon-gamma-mediated
signaling pathway, and Toll signaling pathway (Table 3). Associ-
ation hetween plaques and gene expression was much less
prevalent than with smoking, with only 258 probes (236 distinct
genes) associated to plaques at FDR =0.1. No GO terms were
significantly enriched for genes associated to plaques.

Table 4 shows the 10 genes with strongest association to
smoking or plaques, respectively. The whole hst of associated
genes to either phenotype is given i Table S2. There were 2
members common to both top 10 gene lists, SASH! and PTGDS.
In addition to SASHI and PTGDS, 4 genes of the top 10 list for
smoking were ranked among the top 100 genes for plaques:
FUCAL LOCI57627, MMP25 and PIDI (Table 52). Smoking was
associated to a much larger variability of gene expression (from
35% to 15% for the top 10 smoking-related genes) than plaques
(from 5% to 2% for the top 10 plaques-related genes). The
correlation of % alues for smoking and plaques across all genes
was 0.4, mdicating a strong association between smoking and
plaques eflects on gene expression as a result of their confounding
elfects.

Comparison of smoking-associated gene expressions in

monocytes and lymphocytes

We investigated the robustness of the association between gene
expression and smoking by comparing the list of smoking-
associated genes in monocytes to a list of 323 genes that have
been found associated to smoking in lymphocytes [8]. The two
studies used different microarray platforms and the 13,707 genes
common to both studies were taken as the reference set. Of the
323 genes associated to smoking in lymphocytes, 268 were
detected in monocytes of GHS of which 151 were associated to
smoking (56.4%). This represented a 2.5-fold enrichment versus
the reference (p= 46x1073%, Using a more stringent FDR
threshold of 0.05 rather than 0.10 as m [8] did not significantly
affect the results (2,477 unique genes associated to smoking in
GHS; 2.6-fold enrichment, p=2.4><10734]. Results from both
studies did not only overlap in the list of genes associated to
smoking but also in the magnitude and the direction of the effects
(Pearson correlation coethicient of 0.72 between the r% estimated
in GHS and the corresponding correlation values reported in [8])
(Figure S1).

23,214 probes  prghe-wise association

to smoking or plaques

3,368 genes

29 expression
patterns

ICA clustering

Figure 1. Analysis workflow. Microarray expression data were analyzed at two levels, a probe level (top) and a gene cluster level (bottom). Of the
35,358 probes with a “good” or “perfect” score according to ReMOAT, 23,214 were detected in monocytes of 936 subjects. Of these, 3,960 probes
were associated to smoking or atherosclerotic plaques at an FDR =0.1, corresponding to 3,368 unique genes that were further clustered in 29
expression patterns by ICA. Causality testing revealed 4 patterns that were compatible with expression mediating the relationship between smoking
and plaques. The skeleton of the network connecting genes, smoking, risk factors and plagues was then inferred using the PC algorithm.

doi:10.1371/journal.pone.0050888.g001
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Table 4. Top 10 genes associated to smaoking or plaques.
ProbelD Symbol beta r’p p-value
Top 10 genes associated to smoking

ILMN_2185984 SASH1 0.58 035 1.4E-88
ILMN_1660031 P2RY6 0.20 0.26 2.0E-61
ILMN_1717207 MMP25 0.59 0.22 75E-53
ILMN_1752728 FUCA1 0.33 019 7.2E-45
ILMN_1671891 PID1 0.37 0.19 4.3E-44
ILMN_1664464 PTGDS —0.68 0.19 6.7E-44
ILMN_1656300 GFRA2 0.42 0.17 1.2E-38
ILMN_1708303 CYP4F22 —042 0.16 13E-37
ILMN_1655987 STAB1 0.29 0.16 34E-37
ILMN_1818677 LOC157627 0.12 0.15 1.8E-34
Top 10 genes associated to plaques

ILMN_1800225 PPARG 0.09 0.05 2.26E-11
ILMN_2185984 SASH1 0.16 0.04 1.77E-09
ILMN_2103107 ADAMDEC1 0.07 0.03 1.70E-08
ILMN_1664464 PTGDS —-0.24 0.03 4.61E-08
ILMN_1706304 EIF2C4 0.05 0.03 1.31E-07
ILMN_2352633 ARHGAP24 0.05 0.03 2.40E-07
ILMN_1794914 UBTD1 0.05 0.03 293E-07
ILMN_1802808 SLC25A37 0.12 0.03 3.17E-07
ILMN_1752478 DHRS3 =0.12 0.03 5.35E-07
ILMN_1687592 wWwQC3 0.06 0.02 1.46E-06
Association of probe level was tested separately with smoking and
In(plaques+1) by linear model adjusted for age, sex and the 6 first SVD
components. The beta regression coefficient is shown. Probes were ranked
according to decreasing r’p, for smoking (plaques, respectively). In case of
several probes by gene (e.g. SASH1 and PPARG), the probe with the highest r’p
is shown.

doi:10.1371/journal.pone.0050888.t004
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Table 3. Gene Ontology categories enriched for smoking-associated gene expressions.

Term Genes in GO class Smoking-associated genes p-value Bonferroni corrected*
GO: Biological Process (BP)

platelet activation 224 74 5.50E-07 0.0055
interferon-y -mediated signaling pathway 65 29 4.50E-06 0.0451
Toll signaling pathway 71 30 4.60E-06 0.0461
GO: Cellular Component (CC)

cytosol 1889 469 4.30E-15 6.02E-12
soluble fraction 315 91 2.50E-06 0.0035
focal adhesion 100 38 2.80E-06 0.0039
melanosome 87 33 3.40E-06 0.0048
cytoplasm 7509 1634 3.70E-06 0.0052
MHC class Il protein complex 12 9 3.00E-05 0.0420
GO: Molecular Function (MF)

protein binding 6620 1433 1.70E-12 4.38E-09
*Bonferroni correction on the number of GO terms represented in the reference set: 5010 (BP), 700 (CC), 1289 (MF).
doi:10.1371/journal.pone.0050888.t003

Assaciation between plaques and smoking conditional
on a single gene expression

In a second step, we investigated whether single gene
expressions might mediate the effects of smoking on plaques. For
this purpose, we modeled plaques as a function of smoking and
each single gene expression. In this one-dimensional scan, no gene
could entirely explain the association between plaques and
smoking by conditioning on its expression. SASH/ was the gene
that, once accounted for, contributed to the largest reduction in
the covariation between plaques and smoking. PTGDS and PPARG
were the second and third genes contributing the most to this
reduction (Table 53). These results suggested that, not unexpect-
edly, the underlying link between smoking and plaques might
mvolve more complex networks, including several genes and/or
hidden variables. Next, we devised an approach to explore a more
comprehensive set of models on multiple genes and other variables
at a tme.

Clusters of genes associated to plaques or smoking

Unsupervised gene clustering was used to reduce the dimen-
sionality of the data belore testing causal models involving multiple
genes. Prior to this, we reduced the set of gene expressions by
considering only genes that were significantly associated to
smoking or to plaques when tested either separately or jointly
(see Methods). This consttuted a set of 3,960 probes. The probe
with the highest variance in intensity across samples was chosen
for each gene, leaving a set of 3,368 distinct gene profiles
associated to plaques or smoking.

Independent component analysis (ICA) was used to idenaly
patterns of co-expression m this set of 3,368 genes. ICA 15 an
efficient algorithm that factorizes a matrix of multivanate data mto
a mixing matrix A of patterns for independent “hidden™ compo-

nents causing correlation among variables and an 8§ matrix of

signatures, which are vectors of coellicients assoclating variables
(genes) to components (see Methods and [20] for details and [21]
for a recent application to gene expression data). A pattern is a
linear combination of gene expressions whose level varies among
mdividuals. A signature 1s a vector of the contributions of a
component to each gene expression that can be characterized by
the genes that are most affected by that component (see module
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below). In the following, the terms pattern, signature or module are
used for referring to a component according to the context where
it applies (e, individuals or genes).

The number of components to extract was determined by a
permutation test, which indicated that 59 components could be
detected 1n this dataset (see Methods). Components that did not
meet pre-specified quality control criteria were discarded, leaving
29 components for analysis (see Methods and Text S1 for details).

Fach component was associated to a specific module of genes
characterizing its signature. A module was defined as the subset of
genes that were selected on either tail of the signature distribution
by controlling local FDR =0.001, as done previously [21]. This
resulted in 29 modules of 9 to 125 genes (Table S4). Two modules
were enriched in GO pathways: module 18 (interferon-gamma-
mediated signaling pathway) and module 39 (antigen processing
and presentation via MHC class 1I) (Table 55).

Association of ICA expression patterns with smoking and
plaques

As mentioned above, the patterns obtained by ICA factorization
are linear combinations of gene expressions whose level can be
mterpreted as reflecting the “degree of activation” of subsets of co-
expressed genes among individuals. Association of expression
patterns with smoking or plaques was investigated in a similar
fashion to that emploved for individual gene expressions, except
that we used a Bonferroni-corrected significance threshold (0.05/
29=10.0017) mstead of a FDR. At this significance threshold, 14 of
the 29 patterns were associated to smoking and 7 to plaques, 5
being common to both (Table 5).

Worthy of note, ICA was able to recover a strong signature of
smoking effects on gene expression in monocytes (pattern 43), as
reflected by the high proportion of variance of that pattern (56%)
explained by smoking (Table 5). The module associated to pattern
43 comprised 34 genes listed in Table S4. At the core of module 43
was SASH !, which had the highest coefficient for signature 43 in
the 8§ matrix and therefore was the most correlated to the overall
pattern of expression.

Significant overlap with genes assoclated to smoking n
lymphocytes [8] was tested for each ICA module in the same
manner as for the full set of genes associated to smoking (above).
Six of the 29 modules were significantly enriched for genes
assoclated to smoking in lymphocytes (Table 56). The most
enriched module was module 43, for which 12 of the 34 genes
were also observed in lymphocytes (OR=27.35; p=9.1x 1079,

As in the single-gene case, no single pattern was able to entirely
account for the association between smoking and plaques. The
top-ranking pattern by amount of covariation explamed between P
and S was pattern 43 (Table 5). When this pattern was introduced
m the model relating plaques to smoking, the proportion of
variability of plaque counts explained by smoking (J‘QD) decreased
from 8.8% to 2.3%.

Selection of expression patterns with potential causal
role in the relationship between smoking and plaques
Though no single pattern could entirely explain the relationship
between smoking and plaques, we sought to determine whether
some ICA patterns may show evidence for a causal effect partially
meciating the link of smoking to placues. For this analysis, we used
graphical modeling (Methods). For each expression pattern, the
hest-supported causal model involving smoking (5), plaques (P) and
gene expression pattern (G) was selected by a likelihood-based
model selecton approach. All equivalence classes of graphical
models among these three variables were enumerated (Figure 2).
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Two classes, f and A were of primary mnterest because both
comprise models with a path 5~ G—P, which is the causal relation
of interest. Under model class f, all the association between
smoking and plaques can be explained by the effect of one single
pattern. In model £, the pattern does not explain all the covariation
between smoking and plaques, but it 1s associated to both [Text
S1). Maximum likelihood was used to idenafy the equivalence
class that was best supported by the data for each pattern. The
process was repeated for 1000 bootstraps of the data to account for
uncertainty i model selection.

The
Figure 3 and Table 54 (spreadsheet “Causality”). The probabilities
of the different models across the 1000 bootstraps for each pattern

results of causal model inferences are summarized in

are shown m bottom half of plot in Figure 3. The probability of
selecting a model from a causal class was defined as the sum of

probabilities for the model classes f and £ (top half of plot m
Figure 3). According to this criterion, 4 patterns (21, 29, 31 and 51)
had a relatively high support for causality (probabiity =0.6).
Worthy of note, pattern 43, the one the most influenced by
smoking, was associated with the model G—S—P with a probability
of 0.7, which is incompatble with $—G—P causality.

Inference of the gene network underlying ICA expression
patterns

To further characterize the ICA patterns showing some support
for causality, we inferred the topology of the networks underlying
patterns. For each pattern, the network was constructed from the
subset of genes composing the module specific to that pattern. We
applied the PC algorithm 1 to discover the skeleton of conditional
independencies (algorithm 1 in [22]; see Methods). The network
was represented as an undirected graph. To decrease the
possibility of hidden variables for the network, we considered in
these analyses all cardiovascular risk factors that were associated to
each pattern by stepwise regression (Table S7). This is important
to avoud spurious edges resulting from untested confounding
variables. 'T'o assess uncertainty in the mference, the process was
repeated 1000 tmes by bootstrapping individuals and the
proportion of data samples that recovered an edge was recorded.
We considered only edges with a recovery probability =0.6 (see
Methods). Graphic representations for all networks are found in
Text S2.

Networks selected by causality test

For the 4 modules with suggestive support for causal effects (21,
29, 31 and 51), we esumated the minimum path(s) between
smoking and plaques, starting from each gene directly connected
to smoking. Pattern 31 did not reveal any path because no gene
was connected to plaques in more than 60% of bootstraps.

For pattern 21 (Figure 4), the different paths connecting
smoking to plaques involved four genes directly connected to
smoking (MAP3E6, GAS6, HTRAI and DSCZ2) and only one gene
directly connected to plaques (SLC3948) (Table 6). Therefore, the
SLC3948 gene funneled all information paths between smoking
and plaques in this network. SLC3948 expression level was
positively correlated to plaques and smoking was positively
correlated to all the genes in the cluster, suggesting that an up-
regulation of genes of the cluster was associated to increased
atherosclerosis extent. Additionally, SLC3948 was negatively
correlated to HDL-cholesterol levels (~1 probability), which is
consistent with the protective role of HDIL-cholesterol in
atherosclerosis.

In pattern 29, there were 7 genes directly connected to smoking
(CXCLI6, DHRSY, FAMZ20C, FPR3, PDE4B, PTGFRN, and
TBCIDH) and only one gene connected to plaques (RASDI)
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(Table 6). RASDI was positively correlated to plaques, although
this assoclation was recovered with probability of only 0.64. This
was a large network with 98 genes (Table S4). However, smoking
and plaques were separated by a relatively low number of genes
where the 7 paths had between 3 to 5 connecting genes (Table 6).

Pattern 51 was the smallest (15 nodes) and among the most
mterconnected networks, with an average number of connections
per node of 4.3. Among the diflerent paths connecting smoking to
plaques, 2 genes were directly connected to smoking (CYPIBI and
HOXAI0) and only one gene was directly, negatively, connected to

plaques (TMEM136) (Table 6).

PPARG network

PPARG was the gene showing the strongest assoclation to
plaques and the third in the reduction of the 72[) ol smoking to
plaques. In addition, this gene 15 known to be mvolved in
atherosclerosis [23]. This prompted us to examine in more details

the network(s) comprising PPARG. Actually, PPARG was only

PLOS ONE | www.plosone.org 6

Table 5. Association between ICA gene expression patterns (G), smoking (S) and plaques (P).
Pattern n G~s G~P P~S|G

p-value r’o p-value o p-value r’p
Pattern43 34 4E-166 0.56 4E-07 0.03 4E-06 0.02
Pattern21 36 2E-23 0.10 7E-06 0.02 4E-14 0.06
Pattern51 9 5E-11 0.05 4E-06 0.02 2E-16 0.07
Pattern39 47 8E-10 0.04 1E-04 0.02 8E-17 0.07
Pattern29 98 3E-15 0.07 0.000 0.02 5E-17 0.07
Pattern18 98 7E-20 0.09 3E-02 0.01 1E-17 0.08
Pattern11 141 3E-23 0.10 0.005 0.01 4E-18 0.08
Pattern54 17 2E-02 0.01 0.000 0.02 1E-18 0.08
Pattern34 58 0.000 0.03 1E-02 0.01 3E-19 0.08
Pattern28 70 0.007 0.01 0.032 0.00 2E-19 0.08
Pattern15 14 6E-04 0.01 0.200 0.00 9E-20 0.09
Pattern45 51 7E-02 0.00 0413 0.00 8E-20 0.09
Pattern36 64 0.000 0.03 0477 0.00 7E-20 0.09
Pattern19 115 2E-02 0.01 0425 0.00 5E-20 0.09
Pattern52 49 0.001 0.01 0.127 0.00 4E-20 0.09
Pattern41 45 1E-01 0.00 0.849 0.00 4E-20 0.09
Pattern14 67 0.000 0.01 0.815 0.00 4E-20 0.09
Pattern12 103 0.902 0.00 0.179 0.00 4E-20 0.09
Pattern49 35 0.941 0.00 0.585 0.00 3E-20 0.09
Pattern58 23 0.027 0.01 0.934 0.00 3E-20 0.09
Pattern33 43 0.971 0.00 0.073 0.00 2E-20 0.09
Pattern17 31 0.791 0.00 0.651 0.00 2E-20 0.09
Pattern27 13 0.121 0.00 0.283 0.00 2E-20 0.09
Pattern23 40 9E-01 0.00 0.360 0.00 2E-20 0.09
Pattern30 97 0.000 0.01 0.936 0.00 2E-20 0.09
Pattern42 71 0.138 0.00 0.038 0.00 2E-20 0.09
Pattern4 125 0.106 0.00 0.203 0.00 2E-20 0.09
Pattern31 85 0.072 0.00 0.006 0.01 3E-21 0.09
Pattern48 22 6E-06 0.02 0.071 0.00 1E-21 0.09
n: number of genes in the pattern-specific module, b: sign of the regression coefficient of G on S and G on P, respectively. All models included age, sex and the first 6
SVD components. Only the 29 patterns that passed quality control are shown. P-values =<0.05/29 =0.0017 are in bold. Genes are ranked by increasing r’, associated to S
in the model P~S|G, which corresponds to decreasing reduction of the amount of covariation between smoking and plaques explained by pattern expression.
doi:10.1371/journal.pone.0050888.t005

present in module 42, which included 71 genes (Table S4). Pattern
42 was not significantly associated to smoking or plaques ("Table 3).
However, causality testing gave mconclusive results, with two

model classes, i ($S—P<G) and k (S—G—P

\

S), alternatively
selected by bhootstrapping with  probabilities 0.5 and  0.31,
respectively (Table S4). In model £ which had the best support,
smoking and pattern expression were associated only when
conditioned on plaques, meaning that both have causal effects
on plaques but independently from one another. Conversely, the
topology of the network suggested that the shortest path from
smoking to plaques was through PPARG only (Text S52). This path,
which was recovered in 96% of bootstraps, supported a causal
effect of PPARG. This discrepancy between PPARG and pattern 42
might be explamed by the fact that the contribution of pattern 42
to PPARG was weak (ranking 67 out of 71 genes of the module)
and therefore, the behavior of PPARG did not exactly match that
of the entire pattern.
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Figure 2. Graphical models for equivalence classes tested among smoking, gene expression and atherosclerotic plaques. Variables
are represented by squares and causal associations are indicated by directed edges among nodes. Undirected edges indicate bidirected edges. The
two classes colored in brown represent the causal models of interest where gene expression (G) mediates the association between smoking (S) and
plaques (P). In class (f), the covariation between 5 and P is entirely explained by G, whereas in class (k), there is residual covariation between 5 and P

after conditioning on G.
doi:10.1371/journal.pone.0050888.g002

Discussion

We present results from a genome-wide survey of gene
expression in monocytes that revealed widespread effects from
smoking, with >3000 genes either over- or under- expressed in
smokers. Because no information was collected about number of
cigarettes smoked per day, we could not test dose-dependence of
the effects on gene expression. Due to the non-stringent FDR
adopted, the list was rather large because our primary objective
was not to miss any gene of potential mterest. 'The list of smoking-
associated genes showed significant overlap with those observed in
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Ivmphocytes from a large cohort of Mexican Americans [§]
mdicating high robustness of smoking effects across different
circulating cell types and genetic background. By contrast, the
number of gene expressions associated to atherosclerosis was much
lower (236 genes), which is probably explained by the fact that
atherosclerosis 15 a complex and distal phenotype with muluple
genetic and non genetic determinants.

As expected, a one-dimensional scan across the transcriptome
revealed that no single gene could explamn the association between
smoking and plaques, leading us to search for networks of genes
that might be more relevant. Using ICA, we identified 29 patterns
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Figure 3. Probability of selection of the different causality models for each ICA expression pattern. Probability was estimated from 1000
bootstraps of the data. The bottom of the graph shows the probabilities of the 11 models described in Figure 2. The top of the graph shows the sum

of the probabilities for models (f) and (k) representing the causal classes.
doi:10.1371/journal.pone.0050888.g003
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Pattern21 Subnetwork Skeleton

Figure 4. Subnetwork of PC skeleton for Module 21. This graph
represents a consensus network from 1000 bootstraps. Edges among
variables are drawn if detected in at least 60% of bootstrapped samples.
The recovery percentages are indicated to the right of the medial
section of each edge. Line thickness is proportional to the edge’s partial
correlation. Black edges denote positive and pink edges negative partial
correlations. Plaques and risk factors are in blue. Genes directly
connected to smoking are in green and those directly connected to
plaques are in orange. Other genes are in gray. Only genes that are
involved in the shortest paths connecting smoking to plaques are
shown. The full network for this and other patterns are found in Text S2.
doi:10.1371/journal.pone.0050888.g004

ol co-expressed genes, 14 of which were strongly associated to
smoking. T'wo patterns were enriched in [unctional GO categories
(interferon-gamma-mediated signaling pathway and MHC class T1
antigen processing) but none of these two patterns was related to
atherosclerosis after conditioning on smoking. Worthy of note, one
of the patterns (pattern 43 driven by SASHI) could be mterpreted
as a robust signature of the impact of smoking on the
transcriptome of circulating blood cells, as demonstrated by the
substantial overlap of smoking-associated genes between mono-
cvtes and lymphocytes [8]. Actually, all the genes directy
connected to smoking in network 43 (Le. SASHI, MMP25,
P2RY6, FUCAL, PIDI1, DTNA, GFRA2, CLECI0A and PTGDS)

had been previously identified as the strongest correlates of

smoking in GHS [9]. Surprisingly, none of these genes was found
differentially expressed in a recent experimental study performed
in a human monocytic cell line (THP-1 cells) exposed to cigarette
smoke extract [24]. This discrepancy suggests that i vwe chronic
exposure to cigarette smoke may have a different impact from
vitro acute exposure, in particular because of the important role
played wm owo by the lung, kidney and liver m metabolizing
xenobiotics.

We then tested causality by graphical modeling. Actually, two

model classes, S~G—P and S-G—P-S contained the causal path of

mterest S—G—P. Although both of these graphs describe multiple
Bavesian networks, a priort mformation can be used to favor only a
lew of them. Indeed, genes expressed in monocytes are unlikely to
aflect smoking behavior, eliminating S<—G edges. Supporting this
assumption, only three genes across all networks have been
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Table 6. Shortest gene paths connecting smoking to

plaques.

Pattern Paths

Pattern21 smoking - GAS6 - MUC1 - SLC39AS8 -
plaques
smoking - HTRA1 - ILMN_1901616 -
SLC39A8 - plaques
smoking - MAP3K6 - PLIN3 - SLC39A8 -
plagues
smoking - DSC2 - GK - FCGR1A - MUC1 -
SLC39A8 - plaques

Pattern29 smoking - DHRS9 - ACOX2 - COQ2 -
RASD1 - plaques
smoking - FAM20C - NEK6 - ACOX2 -
COQ2 - RASD1 - plaques
smoking - FPR3 - AVPI1 - RASD1 - plaques
smoking - CXCL16 - UTP6 - FAR2 - RASD1 -
plaques
smoking - TBC1D8 - CMTM4 - FFAR2 -
RASD1 - plaques
smoking - PDE4B - PFKFB3 - COQ2 -
RASD1 - plaques
smoking - PTGFRN - CDC42EP2 - COQ2 -
RASD1 - plaques

Pattern51 smoking - CYP1B1 - TMEM136 - plaques
smoking - HOXA10 - MYB - CYP1B1 -
TMEM136 - plaques

Only networks passing the causality tests are shown.

doi:10.1371/journal.pone.0050888.t006

reported by GWAS to be associated to smoking behavior and none
of them were i modules selected for causal effects (Table S8). On
the other hand, by excluding ex-smokers, we reduced the
possibility that smoking behavior might be modified by the
presence of atherosclerosis, making Se—P edges less likely (see Text
S1 for details). Therefore, the networks most likely underlying the
two graphical models ol interest were $—G—P lor the two-edge
case and S—G—P<S or §—G«P<S for the three-edge case.

We identfied four patterns of expression (21, 29, 31, and 51)
that were compatible with an effect of expression pargally
mediating the relation between smoking and atherosclerosis.
Pattern 31 did not have a gene network topology consistent with
any gene mediating smoking to plaques effects. Pattern 29 was
associated to a large module (94 genes) with some support for
causal effects (0.59 probability). All the paths in this network were
connected to plaques through a single gene, RASDJ. This gene,
whose exact function is unknown, encodes a Ras-related protein
stimulated by dexamethasone, a drug with anti-inflammatory and
immunosuppressive actions. Because of the relatively low proba-
bility of causality of pattern 29 and the modest recovery of the
RASDI-plaques edge (0.64 frequency), caution is needed i the
mterpretation of this result.

Pattern 51 had a relatively high support for causality (0.85
probability). In this network, smoking was directly connected to 2
genes, CYPIB] and HOXAIO, which both have relevance to
atherosclerosis and smoking. CYPIBI encodes a member of the
cytochrome  P450  protein superfamily that localize to the
endoplasmic reticulum and metabolize procarcinogens including
polyeyelic aromatic hydrocarbons in tobacco-smoke [25]. CYP1BI
expression showed the swongest diflerence i placenta [rom
smoking and nonsmoking women [26] and was increased n 'THP-
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1 cells after in vitro exposure to cigarette smoke [24]. In endothelial
cells, CYPIBI expression is regulated by shear stress and is
associated to anti-atherogenic eflects [27] and decreased oxidative
stress [28]. HOXAI0 encodes a transcription factor associated to
cell proliferation in the monocytes cell lineage [29] and repression
of PHOX genes involved in oxidative stress [30]. [t is expressed in
the endothelium i a location-dependent manner, with lower
expression in atheroprone than in atheroresistant arteries [31,32].
HOXAIO expression in endometrium has been shown to be
directly aflected by cigarette-smoke extract both in humans and
mice [33]. Therefore, there is support in the literature linking at
least two genes of the network to smoking and plaques. However,
TMEMI136, which was the only gene of the network directly
connected to plaques, was expressed at low levels In monocytes,
only exceeding detection threshold in 5% of male non-smokers
and a few individuals outside this group. TMEMI36 encodes a
transmembrane protein of unknown function. Therefore, it is

possible that association between plaques and this gene is instead
reflecting association to a different unohserved network member.

Pattern 21 which had the highest support for causality (0.87
probability) also appeared to have the highest relevance in the
context of smoking-induced atherosclerosis. In this network,
connection to plaques was mediated by SLC3948 (aka ZIP8), a
transmembrane zine transporter. Genetic variants in SLC5948
have previously been associated to several cardiovascular risk
factors such as HDL-cholesterol [34,35], blood pressure [36,37],
obesity [38], and activation of plasminogen [39]. In addition to
being connected to plaques, SLC3948 was directly connected to
HDIL-cholesterol in the network (Figure 4), a result consistent with
the association found with SLC5948 genetic variants [34,35] and
supporting a causal role of SLC5948 in atherosclerosis. However,
here we provide evidence for an effect on plaques not completely
mediated by HDIL-cholesterol, simce a direct plaques—SLC5948
edge was recovered with 0.69 probability. SLC3948 1s known to
have a cytotoxic role by intracellular transport of cadmium, a toxic
heavy metal and carcinogen that is abundant in cigarette smoke
[40,41]. In lung epithelia, SLC3948 expression is increased by
TNFa, a pro-inflammatory cytokine that is abundant in smoker’s
lung [42]. In addition, the cadmium-mediated toxicity induced by
cigarette smoke has been shown to be enhanced through NF-xB-
mediated activation of SLC3948 expression [42].

The shortest path from smoking to plaques in network 21 was
smoking-GASG-MUCI-SLC3948 plaques. MUCI (mucin 1) en-
codes a membrane protein involved in cell adhesion and signal
transduction, not previously associated to smoking effects or
atherosclerosis. By contrast, GAS6 (growth arrest-specific gene 6)

has a strong relevance to atherosclerosis. It belongs to a family of

vitamin K-dependent coagulation proteins and has a pleiotropic
role in atherosclerosis, with pro- and anti-atherogenic eflects [43].
In human atherosclerotic plaques, which are the focus of the
present study, GASE has been shown to be expressed mainly by
rascular smooth muscle cells and to have an anti-inflammatory
action by stimulating the anti-inflammatory cytokine TGFG and
inhibiting expression of TNFa [44]. Therefore, TNFo may be a
molecular signal underlying the correlation between SLC3948 and
GAS6, but this hypothesis needs to be confirmed. GAS6 was also

among the genes reported to be up-regulated in the placenta of

women smoking during pregnancy [26]. To the best ol our
knowledge, GAS6 and SLC3948 have not been connected before in
the context of atherosclerosis and their functional link needs to be
experimentally confirmed.

Because ICA was performed on a subset of genes pre-selected
by their association with smoking or atherosclerosis, we cannot
exclude the possibility that we missed some genes that could be

PLOS ONE | www.plosone.org

Smoking, Gene Expression and Atherosclerosis

important nodes in the networks subsequently identified. Howev-
er, not doing this pre-selection would have led to a larger number
of ICA components (91 components were actually detected in our
previous ICA application in the complete GHS expression dataset
[21]), most of them being irrelevant for the problem under study.
Also, we cannot exclude the possibility of spurious edges in
networks resulting from untested confounding variables.
Networks discovered in this study may represent diverse
mechanisms of gene-byv-gene co-expression. For instance, expres-
sion of genes may be co-regulated by a signaling pathway in a
smgle cell type or they may represent coordmated variation m the
proportion of cell population subclasses of monocytes. Both
possibilities are equally interesting since causal effects may be
by either mechanism. For instance, HDL levels
modulate monocytes proliferation and activation, changing the
composition of the myeloid cell lineage, which is thought to
explain in part its anti-inflammatory and athero-protective effects

mediated

[45,46]. Further studies are needed to determine what specific
molecular mechanisms underlie the correlation patterns reported
here. Additionally, replication of candidate gene networks in
independent datasets should be performed before laborious
functional studies are undertaken.

A word of caution Is in place about inferring causal associations
from observational data. Direct associations in causal graphs are
appropriate only in the context of the variables that are included in
the system, Le. the variables that were measured. Causal graphs
are considered complete only in the sense of common causes
between variables but they do not include all causes of variables
[47]. Therefore, a direct causal association may represent the net
effect of a large number of direct causal associations among
variables that were not measured and that mediate the effects
among the variables that were observed [18]. A causal graph may
change 1" variables are removed or new ones are included.
Furthermore, the real causal associations that can be inferred from
graphical models are not in the edges but in the lack of edges
between variables, that is, two variables are not causally associated
given that we account for the other variables in the system. Instead
the presence of an arrow only indicates the possibility of a causal
association, which has to be determmed from data [49]. The
method used here can only identity networks, which in the context
ol the variables measured, present a correlation structure that is
not incompatible with the causal eflects of interest S—G—P. An
effort was made to include all other variables that may be relevant
in the system, but of course there s no guarantee that all relevant
rariables were included. In addition, although the method does
not always allow identifying the best model, providing the best
fitting class of models s an honest and useful summary of the
mformation encoded m these data.

In conclusion, we have used a graphical modeling approach to
investigate the potential role of gene expression in monocytes in
mediating smoking effects on atherosclerosis.  The analytc
approach implemented here allowed discriminating among
competing causal models affecting multiple genes and revealed
gene networks that meluded multiple members with known causal
roles m atherosclerosis or mediation of smoke-tobacco effects. To
the best of our knowledge, this is the first application of caus:
inference on gene modules rather than individual genes. Our
results put together previously unconnected genes that led to the
formulation of new hypotheses about potential molecular mech-
anisms linking smoking eflects to  atherosclerosis phenotypes.
Therefore, mspection of the correlation structure of risk factors,
gene expression and atherosclerosis, revealed candidate genes that
would have been missed by looking at strength of gene-phenotype
associations alone.
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Materials and Methods

More details are provided in Text S1.

Subjects

Study participants of both sexes aged 35-74 yr, were succes-
sively enrolled into the GHS, a community-based cohort study in
the Rhein-Main region in western mid-Germany. Participants
were of European origin. More details about the GHS study are
provided m [9]. There were 1,536 individuals with microarray
expression data that passed quality control tests. Nine individuals
with missing number of plaques were removed. Smoking status
was recorded by iterview at recruitment. Current smokers
(ndividuals smoking =1 cigarette per day smce at least 6 months

before recruitment, n = 248) and nonsmokers (individuals who had
never heen smoking over a period of at least 6 months, 7= 688)
were used for analyses. Occasional smokers (= 42), ex-smokers
(n=>547) and dividuals with missing mformation on smoking
status (n=2) were excluded.

Ethics statement

All subjects gave written informed consent. Ethical approval was
given by the local ethics committee and by the local and federal
data safety commissioners (Ethik-Kommission der Landesirzte-
kammer Rhemland-Pfalz  22/03/2007  Number 837.020.07
(5555)).

Evaluation of the number of atherosclerotic plaques
Inuma-media thickness (IM'T) in the common carotd arteries
was assessed with an 133 ultrasound system (Philips, NL) using an
11
performed by an experienced technologist and evaluated in the
QLab software (Philips, NL). The presence of an atherosclerotic
plaque was determined by an increment of 1.5 mm or more in
IMT when compared to a region without plaque 1 cm before the
carotid bulb, averaging from left and right carotids. Plaques were
counted n the common, external, and internal carotid arteries on

to 3 MHz lmear array transducer. Measurements were

both left and right sides [9]. The phenotype considered was the
count of plaques summed over both carotid arteries.

RNA samples processing

Total RNA from circulating monocytes was extracted as
previously described [9]. Briefly, monocytes were isolated from
blood samples with the RosetteSep Monocyte Enrichment
Cocktail (StemCell Technologies, Vancouver, Canada), cells were
resuspended in Trizol (Invitrogen, Karlsruhe, Germany), RNA
was extracted with the RNeasy Mmi kit (Qlagen, Hilden,
Germany) and controlled for quality in an Agilent Bioanalyzer
2100 (Agilent Technologies, Boeblingen, Germany).

Microarray data processing

RNA samples were hybridized to the flumna H'1-12 BeadChip
v3 (llumina, San Diego CA) containing 48.803 50-mer DNA
probes. Probe-mapping to the genome was obtained from
ReMOAT annotations [30] in the llumimaHumanv3.db package
from Bioconductor v2.8 (http://www.bioconductor.org). There
were 13,445 probes with “Bad™ scores for genome alignment,
which were discarded. Probes were annotated with RefSeq and

EntrezGene ids using the org.Hs.eg.db package lrom Bioconduc-
tor. Of the remaining 35,358 probes, 28,515 were annotated to
Ensembl transcripts and 28,137 to EntrezGene ids. For the
purpose of counting number of genes throughout, unannotated
(but of good quality) probes were considered as targeting distinet
genes. Note that probe annotations from fllumina were not used to
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discard probes, which is different [rom our previous analyses on
this dataset [9,21]. However, 98% of probes that were removed in
our previous analyses were also removed by at least one of the
filtering steps applied here.

Bead-level data were processed with BeadStudio (fllumina, San

Diego CA) to perform quality control and summarization of

intensity values at probe level. Data were further processed by
quantile normalization. An aresinf transformation was applied to
stabilize the variance [51]. A transcript was considered detected
when the normalized intensity reported by its targeting probe was
significantly above that of negative control probes on the same
array (detection p-value<<0.04). Probes with “detected” calls in
=5% ol samples within any smoking/sex group were considered
for analysis, representing 23,214 probes. All analyses were
performed with R v2.13 [52].

Correction for technical sources of variability in gene
expression

Major components of variance in the gene expression dataset
were identified by singular value decomposition (SVD) using the
Lasvd function in R. The six largest components were not
associated to any individual characteristic, and therefore were
thought to reflect systematic effects from sample-processmg
protocols. The first 6 SVD components were then used as
surrogate variables of technical effects and were adjusted for in
expression analyses [53]. In additon, potential sample contami-
nation with B and 'I" cells, and megakaryocytes was corrected as
previously described [21] (Text S1).

Modeling the number of plagques

In analyses modeling the number of plaques as dependent
variable, we used a negative binomial (NB-2) distribution [54].
Other distribution functions were considered but not used (see
Text S1 for details). The negative binomial model was fitted by the
glm.nb funcion with a log link using the R MASS package. A
DUy
D(y.y)
D(yv.e)=2[log L(y)—log L(e)| is the deviance around means
predicted by model @, y 1s the saturated model (one coeflicient per
observation), D(y,ft) is the deviance in the full model and D(y,y) is
the deviance in the model with an intercept only [535]. In GLM
models of Gaussian response variables, this reduces to the Ve

2 50 5 % 2
pseudo-R™ coeflicient was defined as szl— . where

coellicient of multple determination. Similarly, a pseudo-coelli-
cient of partial determmation was computed to measure the
marginal contribution of one independent variable in predicting a
response when contribution from all other variables in the model is
accounted for [56]. This coeflicient for an independent variable x

> D(y.p_)— Dly.jn)

was defined as rp=

. where D(y.u_,) 1s the

D(y.p_,)
deviance ol a reduced model with x dropped. Model selection was
performed by the Bayesian Information Ciriterion

BIC=—2(log L(y|9)+/\’ log(n), where L(yl(}) is the maximum

likelihood of the data given parameters 0, k is the number of

parameters in 0 and 7 is the number of observations. When
comparing different negative binomial models, the dispersion
parameter o was held constant and fixed at the estimated value
from the model with age, sex and smoking effects (o= 1.34).
Individuals with missing values for any variables being considered
were removed before model fitting.

Single gene expression association analysis

Analysis ol expression data was performed at the probe level.
Association of a single probe expression with plaques counts and
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smoking was performed by linear regression analysis where the
dependent variable was the probe expression level and the
independent variables were plaques and smoking, tested either
individually or simultaneously. In these models, the wvariable
considered for plaques was  [plaques+1). Al models were
systematically adjusted for age, sex and the 6 first SVD
components. Linear models were tested by the ghn function in R,
An FDR =0.1 was used for selecting the probes associated to
plaques or to smoking [57]. See Text SI for details.

The list of 3,368 distinct gene expressions associated to smoking
was compared to the list of 323 gene expressions previously
reported to be associated to smoking in lymphocytes [8]. This
study used the fllimina Human WG-6 vl microarray platform,
which is an earlier version of the H'T-12 used in GHS. Updated
gene annotations were obtained from Bioconductor. There were
19,614 unique genes in WG-6 of which 17,243 were also queried
i HT-12. Of these, 13,707 were detected n monocytes of GHS,
which were used as the reference set. Gene set enrichment analysis
was performed by the Fisher’s exact test implemented in the
Sfisher.test function in R.

GO enrichment analysis

Gene set enrichment analysis of gene ontology (GO) terms was
performed with the wpGO (v 2.4.0) package in R. GO data were
obtained from the GO.db Bioconductor metadata package v 2.5.0
(March 2011). Enrichment was tested by a Fisher’s exact test using
the set of 18,364 unique known detected genes as a reference. In
order to account for the redundancy and hierarchy of GO terms,
the weight01 algorithm was used, which is a hybrid between the efim
and weight algorithims described i [58]. Control for multple
testing was done by a Bonferroni correction on the number of GO
terms represented in the reference set.

Covariation between plagues and smoking explained by
single genes

To test whether a single gene expression could explain part of

the covarlation between plaques and smoking, we modeled
plaques as a function of smoking and gene expression using the
glm.anb tuncton. The dispersion parameter 0 was held constant
across genes to a value ot 0.75, which was esumated with the glm.nb
function on the reduced model without gene effect. The strength
of the association of smoking before and after including gene
expression was tested by the 1% coefficient as described above. The
difference between these values was regarded as covariation
explained by a single gene.

Clustering gene expressions by Independent Component
Analysis (ICA)

The fastICA algorithm was used to factorize the matrix of 3,368
gene expressions assoclated to smoking or plaques [20]. A single
probe per gene was selected, that was the probe showing the
largest variance across samples. This approach avoids the bias that
would be mtroduced by. for instance using the probe with the
strongest assoclation to smoking or plaques and favors probes with
more nformation content. Using the mean expression across
probes for a gene was not considered because of the added noise
that that may result from errors in probe annotation and because
the largely uneven number of probes per gene would dramadacally

affect  the distribution of technical error across genes. All
unannotated probes were kept.
Normalized data from each probe were centered and

standardized. SVD was mitally performed to determine the a
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priore number of components for the ICA algorithm as explamed i
[21]. This number was found to be 59.

The fastlCA algorithm identifies major variance components by
iteratively estimating the “mixing” matrix A that satisfies the
equation X=S8A, where X is an mxn data matrix, 8 1s a mxp
matrix of signatures across genes, A Is pXn matrix ol patterns
across samples, 7 is the number of samples (n=936), m is the
number of genes (m=3,368), and p is the number of ICA
components set a priori (p=59). The iterative algorithm minimizes
dependency among signatures (columns of §), while maximizing
non-Gaussianity, 1.e. negentropy, of signature distributions [20].
The fastlCA function in the R-package of same name was used
[59]. The algorithm was run multiple times to avoid trapping in a
local maximum. The results were processed as previously
described in [21] to remove components that were not consistently
detected across random start points. Briefly. fastlCA was repeated
300 tmes and the best run (with the maximal negentropy) was
selected. The stability of components over the 500 runs was
calculated. Components that did not meet quality control criteria
were discarded (see Text S1 and Tables 89, 510, S11).

For each component, a signature-specific module was defined as
the subset of genes on either tail of the signature distribution
selected by controlling local FDR =0.001 [21]. The association
between ICA expression patterns and smoking or plaques was
tested i the same way as single gene expression, except that
adjustment was made on all risk factors associated to pattern by
stepwise regression analysis and not only on age and sex.

Investigation of causality models

All wiplets including smoking (8), plaques (P, and a gene
expression pattern (or a single gene expression) (G) were
constructed. Potential causal relationships among triplet members
were represented as Bayesian Networks, Le. graphical models,
where variables are vertices and causal associations are indicated
by directed edges, i.e. arrows, between nodes. The probability
function used depended on the distribution of each variable.
Smoking was modeled by a binomial, plaques by a negative
binomial, and gene expression by a Gaussian distribution function.
The mference of network structure and parameters was performed
as follows. Each node in the graph was fitted a linear model with
its parents as mdependent variables. Given a graph M with
variables X={X,, ..., Xy} represented as nodes, a BIC score [60]

for M was computed as BIC(M) = — 2 log(L(X | M) )+k log(n). where n

15 the sample size, N 1s the number of nodes, £ 15 the number of

parameters of the model, and LEX|M) is the maximum likelthood

of the data given graph M, which by the directed Markov property ol

the graph, is given by L(X|M)= H;Y:l Pr(X;|Pa™(X;)). The term
Pr(X;:|Pa™(X})) denotes the conditional probability of observation
X, given 1ts set of parents PaM(X;) graph M. The graph with the
lowest BIC is selected as the most likely model, which produces
identical values for equivalent networks [61]. Here, however,
because different density functions were used for different
variables, equivalent networks may results i slightly diflerent
scores. Therefore, we computed BIC scores for all models in a
class, which was selected if any network in the class had the
minimum  score. The probability of selecting a model class,

estimated by 1000 bootstraps of the data was used as a measure ol

confidence in the Bayesian network inference [62].

Inference of network skeleton

The skeleton of the network connecting genes, smoking, risk
[actors and plaques was learned by conditional associations using
the PC algorithm 1 implemented m the pealg R package v 1.1-4
[22]. Briefly, the algorithm starts with a matrix of marginally
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associated variables (nodes connected by edges) and for each pair
of connected, Le. adjacent, nodes it successively tests whether the

pair becomes independent alier conditioning on any group of

adjacent nodes. If' for any set of conditioning nodes the pair is
mdependent, the edge 1s removed. The Pearson correlation with
significance level of 0.05 was used to test independence. The
process was repeated for 1000 data bootstraps and the proportion
of samples where the edge is recovered was recorded. Shortest
paths between smoking and plaques were inferred with the
Dijkstra’s algorithm on a reduced graph after removing nodes
corresponding to covariates. Whenever more than one shortest
path existed, the algorithm chooses one according to a greedy
search. The Dijkstra’s algorithm implemented in the sp.befween
function of the RBGL package for R was used [63].

Note that although m its full version the PC algorithm
(Algorithm 2 m [22]) can asymptotically mfer causal associations
in a network by directing some of the edges of the skeleton, when
applied to samples of finite size the algorithm may lead to
mconsistencies that make such inference impossible [64]. This was
the case with the present data. Therefore, we decided to limit to
mferring the skeleton of significant partial correlations among
variables using a first part of the PC algorthm.

Supporting Information

Figure S1
gene expression i two independent cohorts. SAFHS: San Antonio
Family Heart Study, (Charlesworth et al., 2010); GHS: Gutenberg
Health Study (this manuscript). Dots correspond  to the 268
smoking-associated genes in SAFHS that were detected in GHS.
The x-axis shows the Pearson correlation between gene expression
and smoking in SAFHS and the y-axis the signed-square root of the

Comparison of the magnitude of smoking effects on

r%) coeflicient for smoking in GHS. Genes associated to smoking in
GHS are represented by black dots (n=151), others are in gray.
(TIFF)

Figure 82 Density of the distribution of the edge recovery
proportion [rom hootstraps for all possible node pairs. Patterns 4
to 28.

(TIFE)

Figure 83 Density of the distribution of the edge recovery
proportion from bootstraps for all possible node pairs. Patterns 29
to 48.

(TIFF)

Figure 84 Density of the distribution of the edge recovery proportion
from bootstraps for all possible node pairs. Patterns 49 to 58.

(TIFT)

Table 81 Risk factors associated to plaques count, selected by
stepwise negative binomial regression.

(DOC)

Table 82 Results of association analysis of expression levels with
smoking and plaques for all detected probes (n=23,214).

(XLSX)
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Abstract

Objective:

Lipid phosphate phosphatase 3 (LPP3), encoded by PPAP2B gene, is an integral transmembrane
protein which dephosphorylates and thereby terminates signalling of a broad range of lipid
substrates including lysophosphatidic acid (LPA) and sphingosine-1-phosphate (S1P). Human LPP3
possesses a cell adhesion motif that allows interaction with integrins. A polymorphism (rs17114036)
in PPAP2B is associated with coronary artery disease which prompted us to investigate the possible
role of LPP3 in human endothelial dysfunction, a condition promoting atherosclerosis.

Approach and results:

To study the role of LPP3 in endothelial cells we used human primary aortic endothelial cells
(HAECs) in which LPP3 was silenced or overexpressed using either wild type or mutated cDNA
constructs. LPP3 silencing in HAECs enhanced inflammatory cytokines, leukocyte adhesion, cell
survival and migration and impaired angiogenesis, whereas wild-type LPP3 overexpression
reversed these effects. We also demonstrated that LPP3 expression was negatively correlated with
VEGF expression. Mutations of either the catalytic or the RGD domains impaired endothelial cell
function and pharmacological inhibition of S1P or LPA restored it. The intra- and extracellular levels
of S1P in HAEC under- or overexpressing LPP3 were correlated with LPP3 expression, indicating
that S1P is probably degraded by LPP3 as well.
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Conclusions:

We demonstrated that LPP3 is a negative regulator of inflammatory cytokines, leukocyte adhesion,
cell proliferation and migration in HAECs, suggesting a protective role of LPP3 against endothelial
dysfunction in humans. Both the catalytic and RGD functional domains were involved and S1P

degradation was the main target of the LPP3 catalytic domain.

Abbreviations

LPP3, Lipid Phosphate Phosphatase 3; HAECs, Human Aortic Endothelial Cells; PPAP2B, Type
2 Phosphatidic Acid Phosphatase [3; LPA, Lysophosphatidic Acid; S1P, Sphingosine-1-Phosphate;
C1P, Ceramide 1-Phosphate; PA, Phosphatidic Acid; VEGF, Vascular Endothelial Growth Factor;
RGD, Arginine-Glycine-Aspartate; RAD, Arginine-Alanine-Aspartate; PLA2G4A, Phospholipase A2,
Group IVA; PTGS2, Prostaglandin-Endoperoxide Synthase 2 (Cyclooxygenase 2); IL1b, IL6 And
IL8, Interleukin-13, -6, -8

MCP1, Monocyte Chemoattractant Protein 1 (CCL2 Chemokine (C-C Motif) Ligand 2); SELE,
Selectin E; VCAM1, Vascular Cell Adhesion Molecule 1; ICAM1, Intercellular Adhesion Molecule 1;
DMSO, Dimethylsulfoxyde; KDR, Kinase Insert Domain Receptor; LEF1, Lymphoid Enhancer-
Binding Factor 1; MAPK, Mitogen Activated Protein Kinase; EDG1, Endothelial Differentiation Gene
1. ANGPT2; Angiopoeitin 2.

Introduction

The onset of atherosclerosis is caused by several risk factors(1), altering a proper function of
endothelial cells, including their dysfunction which is a marker of its initiation and progression(2).
Under quiescent conditions, endothelial monolayer is relatively permeable to macromolecules and
maintains an anti-inflammatory, anti-thrombotic and anti-proliferative characteristics(3,4). Therefore,
the endothelial cells have a key role in the maintenance of vascular integrity as their dysfunction or
activation leads to a breakdown of vascular homeostasis, leading to increased vascular

permeability, leukocyte adhesion and inflammation all of which underlie atherosclerosis(5).

LPP3 is a membrane-bound enzyme capable of degrading various lipid phosphate mediators. LPP3
is encoded by the PPAP2B gene which is located in a locus associated with the risk of coronary
artery disease (CAD) in recent Genome-Wide Association Studies (GWAS)(6). The major allele A
(f=0.91) of the rs17114036 variant located in the 5th intron of PPAP2B was associated with an
increased risk of CAD (odds ratio, 1.17; P=3.81x10-"°)(6). The major allele of rs6588635, a proxy
SNP of rs17114036, has been shown to be associated with lower PPAP2B mRNA level in human
aortic endothelial cells (HAECs)(7). In the same study, an upregulation of Ppap2b expression in

aortic endothelial cells and in atherosclerotic lesions isolated from Apoe—/- mice was reported(7).
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Subsequently in vitro and in vivo studies performed by Panchatcharam et al.(8,9) in mice,
suggested a role of LPP3 in atherosclerosis. First, targeted inactivation of Ppap2b in smooth muscle
cells enhanced intimal hyperplasia and promoted dedifferentiation. After vascular injury LPP3
expression limits cellular response to lysophosphatidic acid (LPA) and impaired smooth muscle cells
phenotype modulation(8). Second, targeted Ppap2b inactivation in endothelial cells enhanced

inflammatory responses and vascular permeability(9).

LPP3 belongs to the phosphatidic acid-phosphatase (PAP) enzymes family. In humans, three PAP
genes are known: PPAP2A, PPAP2C and PPAP2B, which encode LPP1, LPP2 and LPP3,
respectively(10,11). LPP3 is an integral membrane protein with six transmembrane domains
localized both to plasma and intracellular membranes. The third hydrophilic loop contains the
catalytic domain that localizes to the extracellular (plasma membrane) or luminal (internal
membrane) surface. Ppap2b inactivation in mice results in early embryonic lethality due to impaired
vasculogenesis, indicating that LPP3 is essential for normal vascular development(12,13) [for
review(14)]. LPPs dephosphorylate and thereby terminate the signalling of a broad range of lipid
substrates including phosphatidic acid (PA), lysophosphatidic acid (LPA), ceramide 1-phosphate
(C1P), sphingosine 1-phosphate (S1P), and diacylglycerol pyrophosphate(15,16). LPP3
dephosphorylates LPA and S1P which are implicated in several signalling pathways during
atherosclerosis(17), by binding to their specific receptors (S1PR1 to S1PR5 and LPAR1 to LPARS5)
that belong to the G-protein coupled receptors family. S1P contributes to vascular development and
endothelial barrier functions through the regulation of cellular proliferation, differentiation, migration
and angiogenesis and acts as an intra- and extra-cellular mediator(18-21). LPA is involved in cell
migration, proliferation and differentiation, contributing to neovascularization and to the induction
and the release of proteases leading to cell invasiveness and suggesting that LPA may also play a
role in metastasis(22,23). Human LPP3 possesses a cell adhesion motif of arginine-glycine-
aspartate (RGD) that allows interactions with av3 and a5B1 integrins(24,25) promoting cell

adhesion and intracellular signalling.

We focused our study on primary human aortic endothelial cells (HAEC). These constitute, the first
barrier of the vessel wall and exhibit dysfunction in atherosclerosis. In addition, a recent expression
quantitative trait locus (eQTL) of primary human study of HAECs showed that the proxy SNP
rs6588635 of the risk allele rs17114036 (> = 0.83)(7) in PPAP2B was associated with the

decreased expression of LPP3.

On the other hand, when using the public eQTL database (GTEx portal), we found that the
rs17114036 in the PPAP2B locus was not associated with the expression of LPP3 in various other
tissues, thus pointing out the specific role of LPP3 in HAECs.
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Currently there are no functional studies on the role of LPP3 in human atherosclerosis and for this
reason we investigated the role of LPP3 in endothelial function in HAECs, combining LPP3
knockdown, overexpression and targeted mutation strategies. To determine the downstream
mechanisms implicating LPP3 in endothelial dysfunction, we focused our study on two LPP3
substrates, S1P and LPA, which are known to be implicated in endothelial cell function, mainly in

human umbilical vein endothelial cells(26,27).

Materials and Methods

Cell culture and transfections

Human aortic endothelial cells (HAECs) were either purchased (PromoCell, Germany) or isolated
from aortas of donors during heart transplantation at the University of California). Cells were
cultured in Endothelial Cell Growth Media (PromoCell) supplemented with growth factors in a
humidified 5% CO2 atmosphere at 37°C. All assays were performed using HAECs from at least 3
different donors.

All protocols involving humans (Human aortic endothelial cells; HAEC) were approved by UCLA
Institutional Review Board and NIH, were conform to the Helsinki Declaration of 1975 as revised in

1983 and a written consent was given for the use of the human material.

ELISA assays for cytokines

ELISA assays were performed in cell supernatants to detect soluble forms of IL1B, IL6 and IL8

using respective human DuoSet ELISA Kkits.

Human peripheral blood mononuclear cells adhesion assay

Human peripheral blood mononuclear cells (hPBMC) were isolated from a single-donor Buffy coats
using Ficoll density gradient. Cells were labelled with calcein-AM and incubated with HAECs

monolayers

Cell viability assay

Cell viability was performed using the tetrazolium salt WST-1 assay. Cells were treated with the
adequate treatments during the last 24h prior to addition of WST-1 solution for 3h, the absorbance

was measured at 450 nm.
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Cell proliferation assay

Cell proliferation was assayed using the addition of 5-bromo-2'-deoxyuridine (BrdU the plates for 6h

and the absorbance was quantified at 450 nm.

Cell migration

Transfected HAECs were cultured to reach confluence. Linear scratches were performed in the cell
monolayer using a 1000ul pipette tip and then the cells were incubated for 24h. The wounded area
was analysed using Imaged software by quantification of the surface of wounded area at 16h as

compared to Oh.

Angiogenesis tube formation in Matrigel

Angiogenesis assays were performed using 15-well p-angiogenesis slides (lbidi, Germany). The
slides were coated with Matrigel and the cells were seeded at 10.000 cells/well and incubated for
24h. Images of newly structured tubes were captured and tube formation was quantified by counting

the number of tubular and branching point structures.

Genome-Wide Expression analysis and pre-processing of expression data

Transcriptomic analysis of total RNA was performed using the lllumina HT-12 v4 BeadChip. Briefly,
RNA was extracted from HAECs and 250 ng of total RNA was reverse transcribed, amplified and
biotinylated using the lllumina TotalPrep RNA Amplification Kit. Each biotinylated cRNA was

hybridized to a single BeadChip and scanned using the lllumina Hiscan array.

Determination of S1P levels

S1P after derivatization was analyzed with a Shmidazu HPLC system using an RP 18 Kromasil
column and detection using a Schimadzu spectrofluorometer with an excitation wavelength of 334
nm and an emission wavelength of 440 nm. S1P was quantified by comparison of its fluorescent

signal with that of the derivative of the internal standard (coefficients of variation <56%).

Statistical analysis

All data are presented as mean + standard deviation (SD) from at least 3 independent donors.
Comparison between siRNA or overexpressing plasmids with their respective control was performed

using Student test, depending on the experiment, with a significance threshold at p<0.05.
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Results
LPP3 is expressed in human vascular wall

Immunostaining of human atherosclerotic aortas (tissues microarrays) showed that LPP3 is
expressed in endothelial cells, intimal macrophages and the smooth muscle cells of the media
(Figure S1). The LPP3 transcript was also present in human atherosclerotic carotid tissue as

assessed by RT-gPCR (data not shown).

Transcriptional analysis of HAEC silenced for LPP3

To investigate the function of human LPP3 we proceeded by knockdown or overexpression
strategies in HAECs from 5 donors. Two LPP3 siRNAs (siLPP3(1) and siLPP3(2)) or LPP3 over-
expression plasmids were transiently transfected into HAECs. mRNA knockdown or overexpression
was confirmed by RT-qPCR, and its impact on LPP3 protein level was evaluated by immunoblotting.
siLPP3(1), suppressed the expression of LPP3 mRNA by 80% to 90% and the corresponding
protein level by 40% compared to the control siRNA (Figure 1A and 1B). siLPP3(2) was less
effective as it suppressed the expression of LPP3 mRNA by about 60% (Figure S2) compared to
the control siRNA, and for this reason we preferentially used siLPP3(1) for the functional analysis.
When LPP3 was overexpressed in HAECs, a 4 to 5-fold increase in mRNA and 2.6-fold in protein

levels were observed (Figure 1C and 1D).

We explored the consequences of siRNA-mediated LPP3 silencing by global gene expression
profiling. cDNAs were labelled and hybridized to the HumanHT-12 v4 Expression BeadChip which
targets more than 47,000 probes. Using an adjusted p-value threshold of 0.05, we found 1941
genes that were differentially expressed in siLPP3 transfected HAECs in comparison to the control
siRNA (scrambled). Among the genes differentially expressed, 342 had a fold change higher than
1.5. Statistical enrichment of specific biological processes and molecular functions annotated in

Gene Ontology (GO http://www.geneontology.org/) was assessed by Gene Set Enrichment Analysis

(GSEA) using the Genetrail software. Significant pathways were identified (FDR-corrected p-values
<0.05). Pathway's analysis of differentially expressed genes highlighted several GO categories of
biological processes. Among them, cell cycle, cell adhesion, cell migration, angiogenesis, blood
vessel development, leukocyte activation and differentiation and inflammatory response were found
(Table S2). All these signalling pathways are related to either endothelial cell dysfunction or

neovessel formation.

LPP3 downregulates VEGF expression

VEGF and several proinflamatory cytokines induce LPP3 expression in mice(28). We showed that
both LPP3 mRNA and protein levels were upregulated, 1.5- and 2.7-fold, respectively, in HAECs
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after 24h treatment with VEGF165 (Figure 2A). Next, we evaluated the expression of VEGF mRNA
in HAEC silenced for LPP3 or overexpressing it. We observed a 1.5-fold increase in VEGF
expression in cells silenced for LPP3 (Figure 2B) and a 30% decrease of VEGF expression in LPP3
overexpressing cells (Figure 2C). In addition LPP3 knockdown increased the expression level of the
VEGFA receptor (KDR) 1.3-fold in our microarray data (adj. P.value=0.0005) consistent with VEGF
expression changes. These observations indicate a retrocontrol mechanism between VEGF and
LPP3 in HAECs.

siLPP3 upregulates the expression of pro-inflammatory cytokines

To determine the effect of LPP3 level on inflammatory cytokines in HAECs, we assessed the mRNA
levels of 3 major proinflammatory cytokines: IL1(3, IL6 and IL8. We found that siLPP3 significantly
increased the mMRNA levels of these cytokines, reaching 4-, 2.5- and 15-fold, respectively as
compared to control siRNA (Figure 3A), whereas, LPP3 overexpression did not change their
expression (Figure S4); suggesting that the presence of basal levels of LPP3 are enough to
maintain low level of inflammatory cytokines. Next, in order to assess whether the upregulated
cytokine genes led to increased secretion we measured their presence in the culture media using
ELISA tests. As shown in Figure 3B, both the levels of both IL6 and IL8 were increased in the media
of LPP3 silenced HAECs as compared to control siRNA, however, IL1B level was not affected by
siLPP3 which may suggest that LPP3 effect is independent of the inflammasome(29) or that an
additional signal maybe be required for the secretion. The inflamasome is a multiprotein complex
implicated in inflammatory disorders, including atherosclerosis and its activation leads to the
cleavage of pro-caspase 1 and results in the activation of IL-13(30).

Among the genes affected by the LPP3 silencing, PTGS2 is one of those with the highest fold
change of expression. PTGS2 in concert with PLA2G4A, synthesize prostaglandin E2 (PGE2) which
is involved in vascular inflammation, permeability, cell proliferation and migration(31), in addition
both enzymes are implicated in atherosclerosis and cardiovascular disease . We tested the impact
of LPP3 on PLA2G4A and PTGS2 (or COX2) expression in HAECs, and observed that siRNA-
mediated LPP3 silencing increased mRNA level of both genes, and inversely LPP3 overexpression
decreased PTGS2 level, but not PLA2G4A (Figure S5) suggesting that LPP3 exerts an anti-
inflammatory effect in HAECs.

We tested whether the expression of the above genes could be affected by the rs17114036 in
PPAP2B, in a collection of HAECs from 147 donors (119 homozygotes for the major allele AA and
28 heterozygotes AG). We compared the correlations of LPP3 expression with these genes,
according to their genotype. Indeed, we found a strong correlation between LPP3 expression and
IL6, IL8, PLA2G4A, PTGS2, VCAM1 and SELE only in HAECs bearing the protective AG allele. The
AA allele expressing cells showed no correlation between PPAP2B and these genes. Correlation

values of PPAP2B with selected genes are represented in (Figure S6), although in statistical
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analysis, only the correlation between PPAP2B and IL8 and PTGS2 remained significant. These

data support the hypothesis of the protective role of LPP3 in inflammatory response.

Role of LPP3 in leukocyte adhesion

As a consequence of vascular inflammation, leukocytes are recruited to endothelial surface and
transmigrate into the intimal space of the arteries. Induction of adhesion molecules and chemokine
expression in response to inflammatory stimuli plays a critical role in leukocyte adhesion to the
endothelium(5). To investigate whether or not LPP3 expression impacts leukocyte adhesion, we first
evaluated adhesion molecule and chemokine expression in HAECs. Using RT-gPCR, we measured
the expression of 3 major adhesion molecules, SELE, VCAM1 and ICAM1, and the chemokine
MCP1. We observed that siLPP3 induced 36-, 2-, 6- and 4-fold increases in SELE, VCAM1, ICAM1
and MCP1 mRNA levels, respectively, as compared with the control siRNA (Figure 4A). LPP3
overexpression significantly decreased SELE and ICAM1 mRNA as compared to the control
plasmid, whereas VCAM1 and MCP1 mRNA were not affected by LPP3 overexpression (Figure
4B). We further investigated whether LPP3 expression affects the recruitment of leukocytes, after
transfection of HAECs with either siLPP3 or LPP3 plasmids. HAECs were incubated for 1h with
fluorescent calcein AM-labelled human blood leukocytes, and as shown in Figure 4C and D,
leukocyte attachment was markedly enhanced when the cells were transfected with siLPP3 as
compared to control siRNA. Conversely, overexpression of LPP3 significantly decreased leukocyte
adhesion to the HAECs monolayer, as compared to control plasmid. These observations are

concordant with the increased expression of adhesion molecules in siLPP3 transfected cells.

LPP3 downregulates cell survival

In order to assess the role of LPP3 in proliferation and survival of endothelial cells, we performed
the mitochondrial activity WST1 assay to determine cell viability and a BrDU incorporation assay to
measure cell proliferation rate. LPP3 overexpression strongly decreased proliferation and survival of
HAECs (Figure 5A). In contrast, LPP3 silencing significantly increased cell viability, but did not
change the proliferation rate. To better assess the LPP3 function in cell viability, HAECs were
transfected with plasmids carrying PPAP2B cDNA mutations obtained by site-directed mutagenesis
in 2 major functional domains. Two mutations H249P or H251P were introduced in the catalytic
domain, and one mutation was introduced into the ligand domain by transforming RGD to RAD.
Both H249P and H251P induced a significant reduction in cell survival as compared to the wild-type
(Figure 5B), indicating that the catalytic domain is involved in the regulation of cell survival. Next, we
observed that the RGD->RAD mutation significantly reduced cell survival compared to the wild-type

LPP3. This reduced cell survival was accompanied by a significant decrease in cell proliferation rate
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(Figure S3). Overall, these results demonstrate that LPP3 downregulates cell proliferation and

survival and that both the catalytic and the RGD domain are required for this activity.

To investigate which LPP3 substrate is involved, we performed the WST1 assay on HAECs under-
or overexpressing LPP3. siLPP3 transfected cells were treated with 1uM of either PF8380 (an
inhibitor of LPA synthesis) or FTY720 (a S1P receptors inhibitor), while LPP3 overexpressing cells
were treated with LPP3 substrates, 1uM (2S)-OMPT (LPA mimetic resistant to dephosphorylation)
or S1P (S1P receptor agonist). As indicated above, siLPP3 increased WST1 labelling (Figure 5C)
but treatment of the silenced cells with either PF8380 or FTY720 prevented the siLPP3-induced
increase of cell survival which was even lower than that of the control siRNA transfected cells
(Figure 5C). Conversely, when HAECs were transfected with an LPP3 plasmid, neither (2S)-OMPT
nor S1P compensated the decrease of survival induced by LPP3 overexpression (Figure 5D). We
conclude that LPP3 silencing substantially increases the viability of HAECs and supplementation
with specific drugs which impede LPA or S1P signalling result in a profound inhibition of cell
viability. In contrast, overexpression of LPP3 significantly decreases cell survival and this effect
cannot be compensated by adding LPA nor S1P, suggesting that the RGD motif plays a key role in
the regulation of proliferation in HAECs induced by LPP3.

LPP3 downregulates cell migration

Migration of endothelial cells is a key initiating event in the formation of new blood vessels. To
investigate whether LPP3 is involved in HAECs migration, we performed wound healing assays. To
compare the differences in migratory behaviour, the surface of the wounded area was determined
after 16 h of various treatments. When HAECs were silenced for LPP3 the migration distance in the
dish was increased 1.6-fold as compared to the siRNA control, whereas LPP3 overexpression
decreased the wounded area up to 50% as compared to the control plasmid (Figure 6A). To
determine whether the catalytic or the ligand domain of LPP3 was involved in cell migration, we
used the same approach as described above to study cell survival. When LPP3 was silenced,
treatment of HAECs with PF8380 slightly decreased the migration distance of HAECs, but it still
remained higher than that in the siRNA control cells, indicating that inhibition of LPA is not sufficient
to restore LPP3 silencing effect. When siLPP3 cells were treated with FTY720 the wounded area
was strongly reduced as compared to siLPP3 (30%), but also in comparison with the control, thus
pointing to an important role for S1P in cell migration in this model (Figure 6B). When (2S)-OMPT
was added to LPP3 over-expressing cells, no change in the migration was observed, as compared
to the control plasmid (Figure 6C). This observation is in agreement with our results obtained with
PF8380, suggesting that LPA production is not required for endothelial cell migration. In contrast,

addition of S1P to HAECs overexpressing LPP3 increased the migration distance 3.6-fold as
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compared to control plasmid. Together, these results suggest that LPP3 may downregulate HAECs

migration through S1P dephosphorylation.
LPP3 regulates angiogenesis

To investigate whether LPP3 participates to the formation of tubes, a hallmark of angiogenesis, we
performed a matrigel tube formation assay in HAECs under- or overexpressing LPP3. At early times
(3-6h), LPP3 silenced cells started to organize into tube structures more effectively than the siRNA
control cells and this was delayed when LPP3 was overexpressed (Figure S7A), consistent with our
results obtained with viability and migration. As shown in Figure 7A, after 24 hours, LPP3 silencing
strongly decreased tube formation (-63%) as compared to the control siRNA (Figure 7B), suggesting
that the angiogenic structures formed at 6h became disorganized. On the contrary, overexpression
of LPP3 increased the formation of tubes by 50% as compared to the control plasmid (Figure 7C).
Branching point structures number was regulated in the same proportion as the number of tubes
(data not shown). In order to determine which LPP3 substrate is involved in the regulation of
angiogenesis, we treated the LPP3 silenced cells with the PF8380 and showed that LPA did not
affect the number of tube structures as compared to the control (DMSO), whereas FTY720
treatment restored the number of tubes in LPP3 siRNA transfected cells above the level of control
siRNA (Figure 7B). Treatment of LPP3 overexpressing cells with either S1P or (2S)-OMPT strongly
decreased LPP3-induced angiogenesis (Figure 7C). The tube formation was slightly decreased also
in control cells. Next, we investigated which of the LPP3 functions is responsible for this regulation
using either catalytic or RAD LPP3 mutants. We observed that both catalytic mutants (H249P or
H251P) as well as RAD mutant decreased the number of tubes as compared to the plasmid carrying
either the wild-type LPP3 or control plasmid (Figure 7D). Our results suggest that both RGD ligand
and the enzymatic domains of LPP3 are involved in LPP3-regulated angiogenesis. Among LPP3

substrates, S1P is likely the one implicated in LPP3-mediated regulation of angiogenesis.
LPP3 degrades both intra- and extracellular S1P

We showed that S1P, but not LPA, was the major substrate of LPP3 involved in cell migration and
angiogenesis. To determine whether S1P is degraded by LPP3 under our experimental conditions,
and to assess if LPP3 dephosphorylates preferentially extra- or intracellular pool of S1P we
measured its level, using reverse phase HPLC, in both culture media and cellular extracts from
LPP3-silenced or overexpressing HAECs. The S1P content in intact HAECs was low, ranging from
3.1 to 4.2 pmol/10° cells (intracellular) and 1.1nM (extracellular). Notably, siRNA-mediated LPP3
silencing lead to intra- (Figure 8A) and extracellular increases of S1P levels (Figure 8B), whereas,
intracellular levels of S1P were decreased in LPP3 overexpressing cells. The concentration of S1P
in supernatants was not detectable. These data indicate that both intracellular and extracellular S1P
is dephosphorylated by LPP3.
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Discussion

Endothelial cell dysfunction is a major mechanism in the initiation of the inflammatory process of
atherosclerosis. In the present study, we demonstrated that LPP3 constitutes an important
component of human endothelial cell physiology and when its expression is impaired it may affect
endothelial function and likely atherosclerosis. Indeed, silencing LPP3 in HAECs readily enhanced
inflammation, cell survival and migration, and impaired angiogenesis, whereas LPP3
overexpression reversed these effects. We demonstrated for the first time that LPP3 expression
was negatively correlated with VEGF expression, and its receptor KDR. In various human cells
LPP3 expression is induced by growth factors and inflammatory cytokines, including VEGF(32); our
findings suggest a negative feedback control loop between VEGF and LPP3, probably via LPA. The
latter was shown to induce VEGF expression through activation of the c-Myc and SP1 transcription
factors(33).

We demonstrated that LPP3 silencing in HAECs promoted their pro-inflammatory response by
increasing IL1B expression and both expression and secretion of IL6 and IL8. This suggests that
LPP3 is a negative regulator of inflammatory cytokine synthesis. In addition we showed that LPP3
silencing significantly increased the expression of adhesion molecules and MCP1, which correlated
with increased human blood leukocytes adhesion to HAECs' monolayers. Altogether, these results
confirm that LPP3 has a key role in inflammation and vascular permeability and we show for the first
time that LPP3 down-regulates leukocyte adhesion to endothelium. In HUVEC, high level of S1P
induces the expression of SELE and VCAM1 via NFkB activation(34). More recently, it was reported
that targeted inactivation of Ppap2b in mice increased inflammation and vascular permeability
induced by LPS mainly due to accumulation of LPA(9). LPP3 may regulate inflammatory response
through dephosphorylation of lipid substrates, such as S1P and LPA, which are both implicated in
IL6(35), IL8(36) and IL1B(37) production, through MAPK and NFkB activation(38,39). Of note, our
LPP3 silencing data in HAECs showed upregulation of several genes involved in the [-kB
kinase/NF-kB pathway compatible with its protective role in inflammation (Table S2).

In this study, a comparative analysis, in a collection of HAECs from 147 donors (119 homozygotes
for the major allele AA and 28 heterozygotes AG), of the two genotypes of rs17114036 showed a
strong correlation of the expression level of PPAP2B with the inflammatory genes (IL6, ILS,
PLA2G4A and PTGS2) when the protective allele AG is present. However, when the AA allele is
expressed, there is no correlation. During endothelial dysfunction, there is an increase of VEGF
expression concomitant with the increase of these pro-inflammatory mediators and adhesion
molecules. Therefore an increased LPP3 expression could be a defensive mechanism tending to
reduce the expression of proinflammatory genes. The lack of correlation with the AA allele might
therefore be explained by the fact that the expression of LPP3 is too low in these cells to counteract

the inflammatory response.
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The role of LPP3 in cell survival and proliferation is controversial. It has been shown that LPP3
promotes proliferation of tumor cells by stabilizing p-catenin and activating LEF1 signalling(40),
resulting in the synthesis of cyclin D1(40) in subconfluent cells via Wnt pathway(41). At confluence,
LPP3 contributes to the formation of cellular junctions and inhibits the activation of Wnt
pathway(41). In the present study, we demonstrated that LPP3 overexpression strongly decreased
cell proliferation and survival; however, loss of LPP3 increased the number of living cells, without
any impact on the proliferation rate. In addition, silencing of LPP3 showed a small but significant
decrease of expression of several cell cycle genes, including cyclin-D1. The inability of LPP3 to
activate LEF1/Cyclin-D1 signalling in confluent cells can be explained by the mechanism of contact
inhibition(40).

Our results on HAECs show that the regulation of survival by LPP3 does not fully depend on the
regulation of the cell cycle, but rather on the regulation of the balance between apoptosis and
survival. Several studies have shown that LPPs, including LPP3, may degrade LPA and S1P(42)
and then alter activation of the p42/p44 MAPK pathway and activation of caspases 3/7(43). In
addition, S1P inhibits the activation of caspase 3 and the apoptotic pathway downstream of
ceramide(44); as postulated by the concept of "sphingolipids rheostat" that governs the cell fate
leading either to survival or to apoptosis(45). Both pro-apoptotic ceramide-1 phosphate (C1P) and

anti-apoptotic S1P are dephosphorylated by LPP3(17).

The exact mechanism by which LPP3 controls cell survival remains elusive; several studies point to
the catalytic function and the leading role of its lipid substrates, but it is clear that this approach
cannot explain the role of LPP3 in the B-catenin mediated LEF1/Cyclin-D1 proliferation. Thus, we
demonstrated that the loss of either catalytic or adhesion function equally decreased the number of
viable cells. Furthermore, both LPA and S1P inhibitors blocked cell survival induced by LPP3
silencing, consistent with the previous studies showing that LPP3 inhibits survival via degradation of
its lipid substrates. However, when LPP3 was overexpressed, neither LPA nor S1P was able to
reverse the inhibition of cell survival, indicating that the RGD domain was involved. Although, the
precise mechanism remains to be defined, we suggest that LPP3 regulates cell survival via both
catalytic and RGD domains, possibly by steric hindrance due to the proximity of the two domains in

the cellular junctions.

Angiogenesis requires proliferation, migration, adhesion and formation of branching point structures.
Here we showed that LPP3 downregulates cell migration as measured by wound healing assay.
Since the S1P inhibitor blocked siLPP3-induced migration and conversely, the addition of S1P
analogue reversed the inhibition of migration mediated by LPP3 overexpression, we concluded that
the anti-migratory effect of LPP3 in HAECs depends solely on the degradation of S1P. This is

consistent with former studies which demonstrated that S1P stimulates migration through its
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receptor EDG1 in human umbilical endothelial and smooth muscle cells(46,47). However,
Panchatcharam et al.(8) showed that LPP3 is involved in smooth muscle cell migration in mice

through LPA. This discrepancy could be due to different cells and different species.

The first evidence implicating of LPP3 in angiogenesis came from the observation that mouse
embryos lacking Lpp3 die at E7.5 due to abnormal vascular development(13). LPP3 is a key
element in cell-cell interaction due to its RGD motif which interacts with integrins(48), and it allows
bFGF- and VEGF-induced angiogenesis(28). Our work demonstrated that LPP3 downregulates the
number of tubes and branching point structures, consistent with its pro-angiogenic role. We showed
that both the catalytic and RGD domains were necessary to sustain angiogenesis. When LPP3 was
silenced, inhibition of S1P, but not LPA formation, restored the angiogenesis. These results suggest

that LPP3 regulates angiogenesis by controlling the availability of S1P.

Our results showed that despite the fact that LPP3 silencing increases the expression of the pro-
angiogenic factors VEGF and ANGPT2 (Figure S7B and transcriptomic data), the angiogenic
response was strongly decreased; this is probably due to the excess of accumulated S1P in the
absence of LPP3, and the upregulation of S1PR1 (EDG1) expression (as shown in our
transcriptomic data). Although Edgl knockout mice undergo normal vasculogenesis, the loss of
Edgl gene is lethal in utero due to defect in vessel maturation(49), indicating that S1P is
indispensable for vessel stabilization. Several studies demonstrated the role of S1P in vascular
stabilization and termination of angiogenesis(50), through the inhibition of VEGFA-induced
sprouting and the recruitment of mural cells(50). There is a gradual expression of S1PR1 from the
mature sprouting region to the growing vascular front(51). When the blood vessels are formed, S1P
activates S1PR1 which in turn inhibits VEGF signalling and suppresses sprouting, promotes

junction formation and recruitment of mural cells to prevents excessive sprouting(51,52).

Our model suggests that during early stages of angiogenesis, LPP3, due to its enzymatic activity,
promotes sprouting through the downregulation of S1P and S1PR1. This is consistent with our
finding that following LPP3 silencing, S1P promotes cell proliferation and migration; but it inhibits
angiogenesis, due to its putative accumulation, which blocks sprouting. Later, when vascular
network is achieved, LPP3 interacts with integrins through the RGD motif to form adherence
junctions(41). When the RGD domain is engaged in cell-cell adhesion, this may inhibit its catalytic

activity, leading to an increase of S1P level.

To summarize, our studies show that LPP3 downregulates both inflammation and leukocyte
adhesion in human aortic endothelial cells by reducing expression of cytokines and adhesion
molecules. LPP3 also downregulates cell growth either by degrading LPA and S1P or via the

inhibition of cell-to-cell contacts via its RGD domain. LPP3 inhibits cell migration by controlling the
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levels of S1P and the expression of its receptor EDG1, limiting hypersprouting induced by enhanced
expression of VEGFA; of note, in atherosclerosis, impaired activation of endothelial cells may
promote angiogenesis in order to maintain plaque irrigation and local inflammation, thus participate
to plaque rupture. LPP3 may have an important role in the switch between physiological and

pathological angiogenesis.

In conclusion, our results indicate that the role of LPP3 in proper endothelial function involves both
its RGD ligand domain and catalytic site and a fine regulation of both intracellular and extracellular

pools of lipid substrates.
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Legends of figures

Figure 1. Lipid phosphate phosphatase 3 (LPP3) expression in HAEC. HAEC were transfected
with either siRNA (siCtrl or siLPP3) (A and B) or with overexpressing plasmids (Ctrl or LPP3) (C and
D) for 48 h. The level of LPP3 mRNA was determined by RT-qPCR.The results are shown as
relative LPP3 mRNA level over the controls and represented as meantSD from 5 independent
donors in duplicate (A, C). Lysates from HAEC transfected either with siLPP3 or siCtrl or LPP3-
containing or Ctrl plasmid were analyzed by immunoblotting with rabbit polyclonal anti-LPP3
antibody (B, D) and re-probed with anti-tubulin antibody to ensure equal loading and transfer.

Immunoblot from one experiment. *: p<0.05, **: p<0.001, *** p<0.0001.
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Figure 2. LPP3 negatively regulates VEGF expression in HAEC. HAEC were transfected with
either siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cells were
treated with 100nM VEGF-165 for additional 24h. LPP3 mRNA levels were assessed by RT-qPCR
(A) and LPP3 protein levels by immunoblotting with rabbit polyclonal anti-LPP3 antibody,
subsequently re-probed with anti-tubulin antibody . Immunoblot from one experiment(B). Relative
levels of VEGF mRNA under siLPP3 knockdown (C) or LPP3 overexpression with LPP3-containing
plasmid (D) were assessed by RT-qPCR. The results are shown as mean + SD from 5 independent
donors in duplicate; *: p<0.05, **: p<0.001, *** p<0.0001.

Figure 3. siLPP3 upregulates the expression of pro-inflammatory cytokines in HAEC HAEC
were transfected with either siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3)
for 48 h. mRNA relative levels of IL1B3, IL6 and IL8 were determined by RT-qgPCR. The results are
expressed as a mean +/- SD from 5 independent donors in duplicate (A). The cytokine
concentrations were determined using ELISA in supernatants of HAECs cultured for 24 hours in
serum free media. The results are expressed as a mean +/- SD from 3 independent donors in
triplicate (B). *: p<0.05, **: p<0.001, *** p<0.0001.

Figure 4. LPP3 decreases leukocyte recruitment. HAEC were transfected with siRNA (siCtrl or
siLPP3) for 48 h, and subsequently mRNA relative levels of adhesion molecules SELE, ICAM-1,
VCAM-1 (A) and MCP1/CCL2 (B) were determined by RT-gPCR. The results are shown as mean *
SD from 5 independent donors in duplicate. Leukocyte adhesion was assessed using a PBMC
adhesion assay as discribed in methodes. HAEC were transfected with either siRNA (siCtrl or
siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h, and then incubated with calcein-
AM labelled hPBMC. Images of fluorescent cells were captured with an epi-fluorescence
microscope (C) and the adherent cells were quantified by automated counting using ImageJ and
represented as a relative change over the siCtrl. The results are shown as mean + SD from 3
independent donors in duplicate. *: p<0.05, **: p<0.001, *** p<0.0001. ns: no significant.

Figure 5. LPP3 affects viability of HAEC. HAEC were transfected with either siRNA (siCtrl or
siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cell proliferation was estimated
using the BrDU assay (gray bars) and cell viability was measured using the WST-1 assay (black
bars). The results are shown as mean +/- SD from 5 independent donors in triplicate (A). HAECs
were transfected with control, WT LPP3 or mutants of the catalytic domain (H249P or H251P) or of
the adhesion motif (RGD->RAD), then WST-1 assays was performed . The results are shown as
mean = SD from 3 independent donors in triplicate (B). HAECs transfected with either siLPP3 or
siCtrl were treated with inhibitors of LPA (PF8380) or S1P (FTY720) (C). HAECs transfected with
LPP3-containing or Ctrl plasmid were treated with agonists of LPA ((2S)-OMPT) or S1P (D). The
results are shown as % of respective controls. The results are shown as mean + SD from 3
independent donors in triplicate

*: p<0.05, **: p<0.001, *** p<0.0001, ns: non significant.
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Figure 6. LPP3 is a negative regulator of HAEC cell migration. . HAEC were transfected with
either siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cell
monolayers were wounded with 1000ul pipette tips (right panel) and incubated for 16h to assess
their migration. Wounded areas were imaged at Oh and 16h. Results are expressed in % of the
respective controls and are shown as mean +/- SD from 5 independent donors in duplicate (A).
siLPP3 and siCtrl transfected HAECs were treated with inhibitors of LPA formation (PF8380) or S1P
(FTY720) (B). LPP3-containing plasmid or Ctrl plasmid transfected cells were treated with agonists
of LPA ((2S5)-OMPT) or S1P. The results are shown as mean + SD from 3 independent donors in
duplicate (C). *: p<0.05, **: p<0.001, *** p<0.0001, ns: no significant.

Figure7. LPP3 is a positive regulator of angiogenesis. HAEC were transfected with either siRNA
(siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cells were harvested and
seeded on Matrigel and incubated for an additional 48h. Microphotographs of tube-like structures
were taken at 24h. Angiogenesis was quantified by counting the tube-like and branching point
structures at 24h, using an automated ImageJ program (A). siLPP3 and siCtrl transfected HAECs
were treated with inhibitors of LPA formation (PF8380) or S1P (FTY720) (B). LPP3-containing
plasmid or Ctrl plasmid transfected cells were treated with agonists of LPA ((2S)-OMPT) or S1P (C).
HAECs were transfected with control, wild-type LPP3 or mutants of the catalytic domain (H249P or
H251P) or the adhesion motif RGD->RAD (D). The results are shown as mean = SD and expressed
as % of respective controls The results are shown as mean +/- SD from 3 independent donors in
duplicate. *; 1: p<0.05, ns: no significant.

1: siLPP3/siCtrl and LPP3/Ctrl

*: Treatment/DMSO

Figure 8: S1P levels in HAEC cell extracts and supernatants. HAEC were transfected with either
siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cell extracts (A)
and supernatants (B) were collected. Lipids were extracted and derivative mixtures were analyzed
by HPLC. The results are shown as mean +/- SD from 3 independent donors in duplicate. *: p<0.05;
**: p<0.01.
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Figure 1. Lipid phosphate phosphatase 3 (LPP3) expression in HAEC. HAEC were transfected with
either sIRNA (siCtrl or siLPFP3) (A and B) or with overexpressing plasmids (Ctrl or LPP3) (C and D) for 48
h. The level of LPP3 mENA was determined by RT-qPCR_The results are shown as relative LPP3 mRNA
level over the controls and represented as mean SD from 5 independent donors in duplicate (A, C).
Lysates from HAEC transfected either with siLPP3 or siCtrl or LPP3-containing or Ctrl plasmid were
analyzed by immunoblotting with rabbit polyclonal anti-LPF3 antibody (B, D) and re-probed with anti-
tubulin antibody to ensure equal loading and transfer. Immunaoblot from one experiment. *: p<0.05, ™
p=<0.001, ** p=0.0001.
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Figure 2. LPP3 negatively regulates VEGF expression in HAEC. HAEC were transfected with either
siRMNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cells were treated with
100nM VEGF-165 for additional 24h. LPP3 mRNA levels were assessed by RT-gPCR (A) and LPP3
protein levels by immunoblotting with rabbit polyclonal anti-LPP3 antibody, subsequently re-probed with
anti-tubulin antibody . Immunoblot from one experiment(B). Relative levels of VEGF mRMNA under siLPF3
knockdown (C) or LPP3 overexpression with LPP3-containing plasmid (D) were assessed by RT-gPCR.
The results are shown as mean £ 5D; *: p=0.05, *: p=<0.001, *** p=0.0001.
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Figure 3. siLPP3 upregulates the expression of pro-inflammatory cytokines in HAEC HAEC were
transfected with either siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h.
mRENA relative levels of IL13, IL6 and IL8 were determined by RT-gPCR. The resulis are expressed as a
mean +/- 5D from 5 independent donors in duplicate (A). The cytokine concentrations were determined
using ELISA in supernatants of HAECs cultured for 24 hours in serum free media. The results are
expressed as a mean +/- 5D from 3 independent donors in triplicate (B). *: p<0.05, **: p<0.001, ***
p=0.0001.
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Figure 4. LPP3 decreases leukocyte recruitment. HAEC were transfected with siRNA (siCtrl or
siLPP3) for 48 h, and subsequently mRNA relative levels of adhesion molecules SELE, ICAM-1, VCAM-
1 (A)and MCP1/CCL2 (B) were determined by RT-gPCR. The results are shown as mean SD from
independent donors in duplicate. Leukocyte adhesion was assessed using a PBMC adhesion assay as
discribed in methodes. HAEC were transfected with either siRNA (siCtrl or siLPP3) or with
overexpressing plasmids (Cirl or LPP3) for 48 h, and then incubated with calcein-AM labelled hPBMC.
Images of fluorescent cells were captured with an epi-fluorescence microscope (C) and the adherent
cells were quantified by automated counting using ImagedJ and represented as a relative change over the
siCtrl. The results are shown as mean  SD from 3 independent donors in duplicate. *: p<0.05, **:
p=0.001, ™" p=0.0001. ns: no significant.
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Figure 5. LPP3 affects viability of
HAEC. HAEC were transfected with
either siRNA (siCtrl or siLPP3) or with
overexpressing plasmids (Ctrl or
LPP3) for 48 h. Cell proliferation was
estimated using the BrOU assay (gray
bars) and cell viability was measured
using the WST-1 assay (black bars).
The results are shown as mean +/-
SD from 5 independent donors in
triplicate (A). HAECs were transfected
with control, WT LPP3 or mutants of
the catalytic domain (H249P or
H251P) or of the adhesion motif
(RGD-=RAD), then W5T-1 assays
was performed . The results are
shown as mean SD from 3
independent donors in triplicate (B).
HAECs transfected with either siLPP3
or siCtrl were treated with inhibitors of
LPA (PF8380) or S1P (FTY720) (C).
HAECSs transfected with LPP3-
containing or Ctrl plasmid were
treated with agonists of LPA ((25)-
OMPT) or S1F (D). The results are
shown as % of respective controls.
The results are shown as mean SD
from 3 independent donors in triplicate
* p=<0.05, ™ p<0.001, ™* p<0.0001,
ns: non significant.
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Figure 6. LPP3 is a negative regulator of HAEC cell migration. . HAEC were transfected with either
siRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cell monolayers were
wounded with 1000pl pipette tips (right panel) and incubated for 16h to assess their migration. Wounded
areas were imaged at Oh and 16h. Results are expressed in % of the respective controls and are shown as
mean +/- S0 from 5 independent donors in duplicate (A). siLPP3 and siCtrl transfected HAECs were treated
with inhibitors of LPA formation (PF8380) or S1P (FTY720) (B). LPP3-containing plasmid or Ctrl plasmid
transfected cells were treated with agonists of LPA ((25)-OMPT) or S1F. The results are shown as mean
SD from 3 independent donors in duplicate (C). *: p<0.05, **: p<0.001, *** p<0.0001, ns: no significant.
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Figure7. LPP3 is a positive regulator of
angiogenesis. HAEC were transfected
with either siRNA (siCtrl or siLPP3) or with
overexpressing plasmids (Ctrl or LPP3) for
48 h_Cells were harvested and seeded on
Matrigel and incubated for an additional
48h. Microphotographs of tube-like
structures were taken at 24h.
Angiogenesis was quantified by counting
the tube-like and branching point
structures at 24h, using an automated
ImageJ program (A). siLPP3 and siCtrl
transfected HAECs were treated with
inhibitors of LPA formation (PF3380) or
S1P (FTY720) (B). LPP3-containing
plasmid or Cirl plasmid transfected cells
were treated with agonists of LPA ((25)-
OMPT) or 1P (C). HAECs were
transfected with control, wild-type LPP3 or
mutants of the catalytic domain (H249F or
H251P) or the adhesion motif RGD-=RAD
(D). The results are shown as mean S0
and expressed as % of respective controls
The results are shown as mean +/- SD
from 3 independent donors in duplicate. *;
t: p<0.05, ns: no significant.
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Figure 8: S1P levels in HAEC cell extracts and supernatants. HAEC were transfected with either
SIRNA (siCtrl or siLPP3) or with overexpressing plasmids (Ctrl or LPP3) for 48 h. Cell extracts (A) and
supernatants (B) were collected. Lipids were extracted and derivative mixtures were analyzed by HPLC.
The results are shown as mean +/- SD from 3 independent donors in duplicate. *: p<0.05; **: p=0.01.
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Figure 82: . Silencing of LPP3 with siLPP3 (2). HAECs were transfected for 48h with siLPP3 (siRNA(2):
ID s16385) or siCtrl. The level of LFP3 mRNA was determined by RT-gPCR and the results are expressed
as a relative LPFP3 mRNA level over the control and graphed as mean SD from 3 independent donors in
duplicate . **: p=<0.001.
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Figure S3. RGD ligand and catalytic domains of LPP3 are implicated in cell
proliferation. HAECs were seeded in 96-well plates and transfected for 48h with
either control, WT LPP3 or mutants of the catalytic domain (H249F or H251P) or the
adhesion motif (RGD-=RAD). Cell proliferation was estimated using the BrDU assay.
The resulis are expressed as % of respective controls. The results are shown as
mean SD from 3 independent donors in triplicate *: p<0.05.
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Figure S4. LPP3 does not affect the expression of pro-inflammatory cytokines. HAEC were
transfected with overexpressing plasmids (Ctrl or LPP3) for 48 h. mRNA relative levels of IL1j3, ILG6 and IL3
were determined by RT-gPCR. ns: non significant. The results are shown as mean S0 from 4
independent donors in duplicate

176



PLA2G4A COX2/PTGS2

3 - 5 —
E *
o 4 7
< 2
= _
< 3
£
z 1 27
[1+]
© 1
* B
0 0
siCtrl  siLPP3 siCtrl siLPP3
2 - ns 1.2 -
© *
§ 1.5 -
< 0.8 -
v
E 1
Q
2 0.4 -
T 0.5 -
D
14
0 - 0 -
Ctrl LPP3 Ctrl LPP3

Figure S5. LPP3 negatively regulates PLA2G4A and PTGS2 levels. HAECs were transfected for 48h
with either siLPP3 or siCirl and either LPP3-containig plasmid or Ctrl plasmid. . mRNA relative levels of
PLAZ2G4A and PTGS2 (COX2) were determined by RT-gPCR. The results are shown as mean  SD from 4
independent donors in duplicate *: p<0.05, **: p<0.001, *™* p<0.0001.

177



B AG (28) AA(119)  p-value
-0.092
(0.330) 0.4413
0.094
(0.330) 0.1164
-0.067
(0.449) 0.0375
-0.097 1
(0.279)
0.175
0.050) 0.2983
0.071
(©.449) 0.0155
0.142
(0.128) 04179
0.095
(0.279) Rl
0.125
(0.158) 0.8181

Figure S6. Correlation between PPAP2B/LPP3 expression and other genes for the AA and AG
genotypes. (A) Circle plots of the correlations. Edges are colored in red/blue for postive/ negative
correlations respectively and are weighted according to the correlation value. (B) Statistical
comparison of the correlation coefficients between the two genotypes (red; positive and green;
negative correlation). Values of the correlations are reported for each genotype, with the p-value into
brackets. The p-value related to the comparison tests is given in the last column.
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Figure S7. Effect of LPP3 on tube formation and ANGPT2 expression level. (A) HAECs were
transfected for 48h with siRNAs or plasmids. Cells were harvested and seeded on Matrigel and
incubated further for 48h. Microphotographs of tube-like structures were taken at 6h. (B) Cells were
transfected for 48h and mRNA relative levels of ANGPT2 were determined by RT-qPCR. The results
are shown as mean SD from 5 independent donors in duplicate *: p<0.05
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Materials and Methods

Oligonucleotides and Chemicals

Recombinant human vascular endothelial growth factor-165 (VEGF-165) was purchased
from R&D Systems (VEGF 293-VE/CF). Lipid substrates were purchased from Cayman
Chemical: (25)-OMPT (10005707), PF8380 (12018), FTY720 (10006292) and S1F (62570).
Human IL1R/AL-1F2, IL6 and CXCLS/ILS DuoSet ELISA (enzyme-linked immunosorbent
assay) kits were purchased from R&D Systems.

siRNA oligonucleotides were purchased from Ambion/Applied Biosystems: Silencer Select
MNegative Control siRNA (4390843), PPAP2B (4390824 siIRNA(1): 1D s16386, siRNA(2): ID
s16385). Plasmids were purchased from Origen: PPAPZE cDNA (RC203480) and control
pCMV-Entry vector (PS100001). PPAP2B mutant constructs were made in the laboratory
using PPAFP2B cDNA (Crigen).

Mutant primers were: catalytic site (H249-=P):

Forward. 5 TCTCGCGTATCAGACCAAAAGCACCATCCCAGTGAT

Reverse. SATCACTGGGA- TGGTGCTTTTGGTCTGATACGCGAGA ;

catalytic site (H251-=P):

Forward. 5 TCTCGCGTATCAGACCACAAGCAACATCCCAGTGAT

Reverse. YATCACTGGGATGTTGCTTGTGGTCTGATACGCGAGA |

adhesion motif (RGD-= RAD):

Forward S'CTACAGATGCAGAGCTGATGACAGCAAAG

Reverse. S'CTTTGCTGTCATCAGCTCTGCATCTGTAG.

Cell culture and transfections

Human aortic endothelial cells (HAECs) were either purchased from Promocell (Promocell,
Germany) or isolated from aortas of donors during heart transplantation at the University of
California, Los Angeles Medical Center(1,2). Cells were cultured in Endothelial Cell Growth
Media (Lonza) supplemented with growth factors (EGM-2 bullet kit: 2% FBS, 0.4% hFGF-2,
0.1% VEGF, 0.1% R3-IGF1, 0.1% hEGF, 0.1% ascorbic acid, 0.1% heparin, 0.1% GA-100)
in a humidified 5% CO2 atmosphere at 37°C. All assays were performed using HAECs from
at least 3 different donors (passages 4-6). Prior to assays, HAECs were split in 6-wells plates
and grown fo 70-80% of confluence and then transfected for 48h either with 20nM of siRNA
using Lipofectamine RNAIMax (Life Technologies), or with 1pg of plasmids using Turbofect
(Thermo Scientific). 24 hours post-transfection, the media were replaced with fresh complete
media containing either 100ng/ml VEGF or various concentrations of LPA or S1P agonists
((25)-OMPT, FTY720, PF8380 or S1P). HAECs were maintained in cultures for further 24
hours before assays.
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All protocols involving humans (Human aortic endothelial cells; HAEC) were approved by
UCLA Institutional Review Board and NIH, were conform to the Helsinki Declaration of 1975

as revised in 1983 and a written consent was given for the use of the human material.

ELISA assays for cytokines

HAECs were cultured in 6-well plates and transfected with either siRNA or plasmids
containing the PPAPZ2B constructs. After transfection cells were cultured 48h in serum-free
medium, and cell supernatants were collected and centrifuged at 300 g for 5 minutes to
remove cellular debris. ELISA assays were performed in cell supernatants to detect soluble
forms of IL1B, IL6 and IL8 using respective human DuoSet ELISA kits (R&D Systems)
following manufacturer's instructions. The expernment was performed in duplicate in
supernatants from 3 independent donors in triplicate. Results are expressed as a mean +/-

5D, and statistical difference was validated using paired t-test.

Human peripheral blood mononuclear cells adhesion assay

Prior to adhesion assay endothelial cells were seeded into 12-well culture plates, fransfected
with either siRNA or plasmids for 48 hours and treated by adequate stimuli during 24 hours.
Human peripheral blood mononuclear cells (hPBMC) were isolated from a single-donor Buffy
coats (Etablissement Francais du Sang, Rungis, France) using Ficoll density gradient
centrifugation for 20 min at 1200 rpm, next the cells were resuspended in RPMI medium at
3x10° cells/ml(3). Cells were labelled with 10 pM calcein-AM (Life Technologies) for 30 min
at 27°C in the dark, and then were sedimented and washed three times with PBS to remove
excess dye and resuspended in phenol red-free RPMI (with 10% FBS) at a density of 3x10°
cells/iml. HAECs monolayers were washed after various treatments with PBES and incubated
with calcein-AM labeled hPBMCs (3x10° cells/well) at 37°C for 1Th. HAECs monolayers were
washed at least 3 times with PBS to remove the non-adherent calcein-AM labelled cells and
the media was replaced with 1 ml PBS. Images of fluorescent cells were captured with epi-
fluorescence microscope NIKON ECLIPSE Ti with Nikon Intensilight C-HGFIE using FITC
filter, and the adherent cells were quantified by automated counting using ImagedJ software
(MNIH). The results were expressed as a mean +/- SD of 3 independent donors in duplicate,

and statistical difference was validated using paired t-test.

Cell viability assay

Cell viability assessment was performed according to a colorimetric assay using the
tetrazolium salt WST-1 (4-[2-{4-iodophenyl)-2H-5-tetrazolio]-1-3-benzene disulfonate), based
on the conversion of WST-1 into formazine by mitochondrial dehydrogenase enzyme in
viable cells. 10,000 cells’well were seeded in 96-well plates in 100 pl medium and
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transfected fo 48 hours. Cells were treated with the adequate treatments during the last 24
hours. Then 10 pl of WST-1 solution were added to each well, followed by 3 hours
incubation. Absorbance was measured at 450 nm in a Flexstation 3 microtiter plate reader
(Molecular devices, CA. USA). Experiments were performed in triplicate from 5 (figure 5A) or
3 (figure 5B; C and D) donors. The results were expressed as a mean +/- SD and statistical

difference was validated using paired t-test.

Cell proliferation assay

Cell proliferation test was carried out using the ELISA kit (Calbiochem) containing the
thymidine analogue the 5-bromo-2-deoxyuridine (BrdU), which is incorporated into the DNA
of proliferating cells. Briefly, one day prior to the ELISA test, cells were seeded in 96-well
plates at 10.000 cells/well in 100pl medium, treated with various agents and then cultured at
37°C for 24h to allow adherence. BrdU (10 uM) was added for 6 hours to the plates, next the
cells were fixed and incubated with anti-BrdU antibody conjugated with peroxidase which
reacts with its substrate to vield a product quantified at 450 nm using a Flexstation 3
microtiter plate reader (Molecular devices, CA. USA). Experiments were performed in
triplicate using five donors. The results were expressed as a mean +/- SD of 5 (figure 5A) or
3 (figure S3) independent donors in triplicate, and statistical difference was validated using
paired t-test

Cell migration

Transfected HAECs were cultured for 48h to reach 90% confluence and then treated with
mitomycin {Sigma-Aldrich) for 2h. Two linear scratches per well were performed in the cell
monolayer using a 1000yl pipette tip. Cells were treated with lipid substrates and were
incubated at 37°C and 5% CO2 for the next 16h. Images of the gap were obtained at 0 and
16h with fully motorized inverted microscope (Mikon Eclipse TiS) using bright field at 4X
magnification. The wounded area was analysed using Imaged software (NIH) by
quantification of the surface of wounded area at 24h as compared to Oh. Experiments were
performed in duplicate from 5 (figure 6A) or 3 (figure 6B) donors. The results were expressed
as a mean +/- SD of five independent donors in duplicate, and statistical difference was

validated using paired t-test

Angiogenesis tube formation in Matrigel

In vitro angiogenesis assays were performed using 15-well p-angiogenesis slides (lbidi,
Germany). The slides were coated with 10pl of Matrigel (VWR) per well and then left to
polymerize for 30 min at 37 °C. Transfected cells were seeded at 10.000 cells/well in
triplicates. Cells were treated with various agents and were incubated at 37°C for additional
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24h. The images of newly structured tubes were captured at 6 and 24 h using 4x
magnification (Nikon). Tube formation was guantified manually by counting the number of
tubular and branching point structures. The results were expressed as a mean +/- SD of 3
independent donors in duplicate, and statistical difference was validated using paired t-test

RNA extraction and real-time PCR

Total RNA was extracted 48h post-transfection using the mirVANA-miRNA isolation kit (Life
Technologies) and RNA quality was assessed by the 2100 Bioanalyser (Agilent technologies,
Canada). RNA integrity (RIN) was between 8 to 10. Synthesis of cDNA was carried out using
the Super Script || Reverse Transcriptase (Life technologies). Real-time PCR was performed
using Mx3005P QPCR System SYBR Green (Thermo Scienfific). The amplification program
was: 95 “C for 15 min, 40 cycles of 95 *C for 30 s and one cycle of 95°C for 1 min, 60°C for
30 s and 95°C for 30 5. Data were analyzed using MxPro® software using the AACT method
and normalized to the ubiquitin and GAPDH control genes. Experiments were performed in
duplicate using five donors. The results were expressed as a mean +/- 5D of 5 independent
donors in duplicate, and statistical difference was validated using paired t-test

Protein extraction and western blot analysis

Cells were lysed by the Mammalian Whole Cell Protein Extraction Kit supplemented with the
protease inhibitor cocktail (Promocell, Germany) and the protein concentration was
measured using Quick Start Bradford reagent (BioRad). Protein extracts (50 pg) were
separated in 4-12% MNuPAGE Novex gels (Life Technologies) and transferred onto PVDF
membranes (BioRad). The membrane was probed with the rabbit anti-LPP3, kindly provided
by Dr Susan 5. Smyth, Division of Cardiovascular Medicine, The Gill Heart Institute,
Lexington, KY({4) and anti-tubulin mouse monoclonal antibody (Invitrogene). HRP-conjugated
anti-rabbit or anti-mouse (DAKQO) corresponding secondary antibodies were used for
detection. The immunoblot correspond to one experiment. The chemiluminescence signal
was detected using Pierce ECL Plus Western blotting substrate (Thermo Scientific) using
ImageCuant LAS 4000 (GE Healthcare). Scanned bands were normalized with tubulin.

Plasmid constructs

Site-directed mutagenesis (Agilent QuickChange 1l XL Site-Directed Mutagenesis Kit; Agilent
Technologies) was performed using PPAPZE wild type cDNA (4390824) (Origen). Mutated
primers from Sigma-Genosys (Sigma-Aldrich) were used to generate expression plasmids
carrying different mutations. After PCR and Dpn | digestion, XL10-Gold Ultracompetent cells
provided with the kit were transformed with the different mutant plasmids. All constructs were

sequenced.
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Genome-Wide Expression analysis and pre-processing of expression data

Total RMNA was extracted from 5 donors of HAECs using mir'VANA-miRNA kit (Life
Technologies) as described above. Transcriptomic analysis of total RNA was performed
using the Wumina HT-12 v4 BeadChip (hitp://'www lllumina.com). Briefly, RNA was extracted
from HAECs and 250 ng of total RNA was reverse transcribed, amplified and biotinylated
using the lllumina TotalPrep RNA Amplification Kit (Ambion/Applied Biosystems). Each
biotinylated cRNA (750 ng) was hybridized to a single BeadChip at 58°C for 16—18 hours.
BeadChips were scanned using the llumina Hiscan array.

The summary probe-level data delivered by the Mlumina scanner (mean and SD computed
over all beads for a particular probe) was loaded in Genome Studio. The pre-processing was
done by the Mumina software, at the level of the scanner and by Genome Studio included:
correction for local background effects, removal of outlier beads, computation of average
bead signal and SD for each probe and gene, calculation of detection P-values using
negative controls present on the array, quantile normalization across arrays, check of outlier
samples using a clustering algorithm, check of positive controls. Analyses were carried out
on the mean level for all probes in each gene. To stabilise variance across expression levels,
arcsinh transformation was applied to the expression data. Compared to a log
transformation, this transformation has the advantage not to discard negative expression
values which can occur in lllumina data.

The llumina HT-12 v4 BeadChip targets more than 47 000 probes derived from the National
Center for Biotechnology Information Reference Sequence (NCBI) Refseq Release 38
{November 7, 2009) and other sources. A gene was declared significantly expressed in the
dataset, i.e. expressed above background (as measured by the negative controls present on

each array), when the detection P-value calculated by Genome Studio software was <0.05 in
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Determination of S1P levels

Methanol (1ml} containing 2.5 pl concentrated HCl was added to 500 pl of HAECs
suspension or supematants. C17-5S1P (27 pmol) was added as internal standard and lipids
were extracted by addition of 1 ml chloroform, 200 pl NaCl (4 M) and 100 pl NaOH (3 M).
The alkaline agueous S1P-containing phase devoid of other sphingoid bases and of the
majority of hydrophobic PL was transferred to a clean tube. The alkaline agueous phase was
acidified with 100 pl concentrated HCI and extracted twice with 1.5 ml chloroform. The
organic phases were evaporated and the dried lipids were dissolved in 100 pl of methanol. A
derivatization mixture of 5 mg o-phthaldialdehyde, 100 pl ethanol, 5 pl 2-mercaptoethanol
and 5 ml boric acid (3% v/w) was prepared and adjusted to pH 10.5 with 10 N KOH. Nine pl
of the derivatization mixture was added to the lipids and the solution incubated for 15
minutes at 37°C. The derivatives were analyzed with a Shimadzu HFLC system using an RP
18 Kromasil column (2.1 mm i.d. x 150 mm) maintained at 45°C. Separation was performed
with the isocratic eluent containing methanol: K;HPO, (0.07 M) (78:22 viv) at a flow rate of
0.25 mL/min. The derivatives were detected selectively using a Shimadzu spectroflucrometer
with an excitation wavelength of 334 nm and an emission wavelength of 440 nm. S1P was
quantified by comparson of its fluorescent signal with that of the derivative of the internal
standard (coefficients of variation <5%). The resulis were expressed as a mean +/- 5D of
three independent donors in triplicate, and statistical difference was validated using paired t-
test

Statistical analysis

All data are presented as mean + standard deviation (SD) from at least 3 independent
donors. Comparison between siENA or overexpressing plasmids with their respective control
was performed using Student test, depending on the experniment, with a significance
threshold at p<0.05.

Statistical analysis of microarray data was performed in the R environment (version 3.0.1)
using the lumi package of Bioconductor(5). The variance stabilizing transformation(6) was
applied to raw data. A variance-based filtering of gene expressions was further performed
using the nsFilter function from the genefilter package with default parameters (interquartile
range and variance cutoff of 0.5). Differential expression analysis was performed using the
limma package of Bioconductor. To account for the pairing of each siRNA sample with its

control, the difference between gene expressions of both samples was considered as the
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variable to be tested to 0. Analysis was further adjusted for beadchip. The Benjamini-

Hochberg procedure was applied to adjust for multiple testing.

Table 2. GO biological processes enrichment. HAEC (n=5) were transfected with

LPP3 siRNA(1) or control siRNA. Total RNA was prepared and global gene expression

analysis was performed. cDNAs were labelled and hybridized to the lllumina HumanHT-12

v4d Expression BeadChip which targets 47,000 probes. Statistical enrichment of specific

biological

processes and molecular

functions annotated

in Gene Ontology (GO

http:/fwww geneontology org/) was assessed by GSEA using Genetrail software. Significant

GO biclogical processes were selected (FDR<0.05).

Mechanism Biological processes category Genes FDR Enrichment

Inflammation Inflammatory response GO:0006954 161 0.000888283 Up
Cytokine activity G0O:0005125 76 0.00291964 Up
Cytokine production GO:0001816 124 0.00511788 Up
Chemokine activity GO:0008009 19 0.0078495 Up
Chemotaxis GO:0006935 87 0.00845029 Up
Cell adhesicn GO:0007155 382 9.36178e-06 Up
Cell adhesion molecule binding GO:0050839 25 0.00324616 Up
Leukocyte activation GO:0045321 176 0.00951024 Up
Regulation of leukocyte GO:0002685 22 0.015871 Up
migration

Cell survival Cell cycle GO-0007049  T06 0 Down
Regulation of cell cycle GO:0051726 324 0.00117872 Down
Positive  regulaton of cell GO:0008284 231 0.00614088 Up
proliferation
Caspase inhibitor activity GO:0043027 10 0.0131256 Up
|-kappaB kinase/NF-kappaB GO:0007249 127 0.0210446 Up
cascade

Cell migration Response to wounding GO:0009611 289 1.51154e-05 Up
Wound healing G0O:0042060 112 0.00891874 Up
Cell migration GO:0016477 260 0.000168581 Up
Regulation of cell migration GO:0030334 127 0.00149412 Up

Angiogenesis  Angiogenesis GO:0001525 151 0.000576977 Up
Blood vessel development GO:0001568 220 0.00153458 Up
Blood wvessel morphogenesis GO:0048514 184 0.00286085 Up
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Table 53: Primer sequences

Human genes

Primer sequences

GAPDH

Ubiquitin

PPAP2B (LPP3)

VEGF A

IL1B

IL&

SELE

ICAM1

VCAM1

MCP1/CCL2

PLA2G4A

For.

Rev.

Far.

Rev.

Far.

Rev.

For.

Rev.

For.

Rev.

For.

Rev.

Far.

Rev.

Far.

Rev.

Far.

Rev.

For.

Rev.

For.

Rev.

Far.

Rev.

5 -TGCACCACCAACTGCTTAGC
5 -CAGTCTTCTGGGTGGCAGTGA

5- GGGAATGCAACAACTT
5 -CACTTGGTCCTGCGCTTGA

5 -TTTACTATGTGGCCTTCCAAAAT
5 -ACTAGAACATGAACACTTAAACC

5 -TCTACCTCCACCATGCCAAGT
5 -GATGATTCTGCCCTCCTCCTT

5 -GTGTAGATCCCAAAAATTACCCA
5 -CCAGGAAGACGGGCATGTT

5' -AACCTGAACCTTCCAAAGATG
5 -TCTGGCTTGTTCCTCACTACT

5 -TCTGGACCCCAAGGAAAACT
5 -TCTTGGATACCACAGAGAATGAATTT

5 -GATGAGAGGTGCAGCAAGAAG
5 -CTCACACTTGAGTCCACTGAAG

5 -CAGTGACCATCTACAGCTTTCCGG
5 -GCTGCTACCACAGTGATGATGATGACAA

5 -TGAGTTTTGAGAACGAACACTCTTATCT
5 -GCTTACAGTGACAGAGCTCCCATT

5 - TCTCGCCTCCAGCATGAAAGT
5 -GCATTGATTGCATCTGGCTGA

5 -CGACGTCCTTCTCTGGTATTGAAT
5 -GATGCTGGAAGTGACTATCAAAGTGATA
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For. 5 -ATATGTTCTCCTGCCTACTGGAA

COX2/PTGS2
Rev. & -GCCCTTCACGTTATTGCAGCTG
For. 5 -CAGTTCTGAGGATGITAATCGTC
ANGPT2 Rev. 5 -AGACATTCACAGAACTTAACACC

Legends to supplementary figures

Figure 51. LPP3 expression in vascular cells. IHC was performed on 5-pum sections of TMA blocks.
Deparaffinized and rehydrated sections were incubated with primary antibodies against CDGS
{macrophages), alpha-actin (smooth muscle cells), CD34 (endothelial cells), CD3 (lymphocytes) and
the polyclonal rabbit anti-LPP3. IHC were revealed using the HRP Polymer DAB Plus Chromogen
substrate. Slides were counterstained with agueous hematoxylin and mounted with Immunomount.
Figure 52. Silencing of LPP3 with siLPP3 (2). HAECs were transfected for 48h with siLPP3 (siRNA(2):
ID 516385) or siCtrl. The level of LPP3 mRMA was determined by RT-gPCR and the results are
expressed as a relative LPP3 mRNA level over the control and graphed as mean + 5D from 3
independent donors in duplicate. **: p<0.001.

Figure $3. RGD ligand and catalytic domains of LPP3 are implicated in cell proliferation. HAECs were
seeded in 96-well plates and transfected for 48h with either control, WT LPP3 or mutants of the
catalytic domain (H249P or H251P) or the adhesion motif (RGD->RAD). Cell proliferation was
estimated using the BrDU assay. The results are expressed as % of respective controls. The results are
shown as mean £ 5D from 3 independent donors in triplicate *: p<0.05.

Figure 54. LPP3 does not affect the expression of pro-inflammatory cytokines. HAEC were
transfected with overexpressing plasmids (Ctrl or LPP3) for 48 h. mRNA relative levels of IL1p, IL6 and
IL8 were determined by RT-gPCR. ns: no significant. The results are shown as mean £ SD from 4
independent donors in duplicate

Figure 55. LPP3 negatively regulates PLA2G4A and PTGS2 levels. HAECs were transfected for 48h
with either siLPP3 or siCtrl and either LPP3-containig plasmid or Ctrl plasmid. . mRNA relative levels
of PLA2G4A and PTGS2 (COX2) were determined by RT-qPCR. The results are shown as mean + SD
from 4 independent donors in duplicate *: p<0.05, **: p<0.001, *** p<0.0001.

Figure S6. Correlation between PPAP2B/LPP3 expression and other genes for the AA and AG
genotypes. [A) Circle plots of the correlations. Edges are colored in red/blue for postive/ negative
correlations respectively and are weighted according to the correlation value. (B) Statistical

comparison of the correlation coefficients between the two genotypes (red; positive and green;
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negative correlation). Values of the correlations are reported for each genotype, with the p-value

into brackets. The p-value related to the comparison tests is given in the last column.

Figure §7. Effect of LPP3 on tube formation and ANGPT2 expression level. (A) HAECs were

transfected for 48h with siRMAs or plasmids. Cells were harvested and seeded on Matrigel and

incubated further for 48h. Microphotographs of tube-like structures were taken at 6h. (B) Cells were

transfected for 48h and mRNA relative levels of ANGPT2 were determined by RT-gPCR. The results

are shown as mean + SD from 5 independent donors in duplicate *: p<0.05
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