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Summary

The vascular endothelium participates to cardiovascular homeostasis by controlling
inflammation, thrombogenesis, angiogenesis and by adapting vascular tone and
perfusion to tissue needs. To meet these critical functions, endothelial cells combine
very sophisticated sensory properties, signal processing and a balanced production of
autocrine/paracrine effectors among which NO is the more prominent. Endothelial
dysfunction, often defined as a reduced NO bioavailability, is a recognized early key
marker of most cardiovascular diseases, it reflects the integrated effects of risk factors
on the vasculature. Members of microRNA-199a family, first described in cancers,
have been identified as potential regulators of cardiac homeostasis and are described
as modified during cardiac remodeling, diabetes or liver diseases. Moreover, an
upregulation of miR-199a expression in cardiomyocytes was reported to influence
endothelial cell function.

In this work, we first demonstrated that both mature forms of miR-199a, namely,
miR-199a-3p and miR-199a-5p, are also expressed by endothelial cells where they
participate in a redundant network of regulation of the NO-synthase/nitric oxide
pathway. By combining in silico, in vitro and ex vivo analysis, we have identified direct
and indirect targets of these miRs that modulate nitric oxide production and
degradation thereby supporting angiogenesis and modulation of vascular tone.

Our work also highlighted that miR-199a family members are differentially regulated
in health and disease. Indeed, we documented in two different murine models of
pathologic cardiac hypertrophy, an up-regulation of both strands in the heart and
vessels of the mice. Interestingly, we found that vascular and cardiac tissue of mice
submitted to voluntary exercise, exhibit a blunted expression of miR-199a family
members, correlated with improved cardiac and endothelial functions. MiR-profiling
in plasma revealed that circulating levels of the -5p arm reflect cardiac and
endothelial levels in the pathologic and physiologic experimental models (and
therefore cardiac and vascular health), which might support a diagnostic or prognostic
value.

In summary, our results demonstrated that miR-199a family members are key players
of cardiac and endothelial functions at the crossroad of health and disease.
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Protein Kinase A

Protein Kinase C

Protein Kinase G

Peroxisome Proliferator-Activated Receptor
Positive Regulatory Domain

Peroxiredoxin

Protein arginine N-methyltransferase
Phosphatase and tensin homolog
Renin-Angiotensin-Aldosterone

RNA-induced silencing complex

Ribonucleic Acid

Reactive Oxygen Species

Serine

Sarcoendoplasmic Reticulum Calcium transport ATPase
Sirtuin

Superoxide Dismutase

Signal Transducer and Activator of Transcription
Transaortic Constriction

Transforming Growth Factor

Threonine

Tumor Necrosis Factor

Tuberous Sclerosis Complex

Twist Family BHLH Transcription Factor 1
Thromboxane A2

Untranslated Region

Vascular Adhesion Molecule

Vascular Endothelial Growth Factor

Vascular Endothelial Growth Factor Receptor
Vascular Smooth Muscle Cells
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Introduction

Cardiovascular system: a general introduction

The cardiovascular (CV) system functions as a closed circuit that ensures
blood transport from the heart to the whole organism, allowing gas exchanges
(oxygen versus carbon dioxide), and supplying nutrients to organs. The CV system
constantly adapts to meet organism needs in response to neurologic and humoral
signals ensuring, at the short and the long term, an optimal perfusion of the
whole body. Pollution, smoking, sedentarity and an unhealthy diet constitute

major insults to the CV functions via a direct impact on the endothelium (see

Traditional risk factors
Smocking Humoral or neurologic
Sedentary lifestyle signals
Diet

\ \ / / iﬁGenetic factorsi

Cardiovascular

Figure 1).

Endothelial —> Cardiac
(dys)function (dys)function

Figure 1: Regulation of the cardiovascular system. CV system is influenced by
environmental, physiologic and genetic factors. Pollution, life style and diet can impact
positively or negatively the CV system leading to modulation of endothelial and cardiac

functions.
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Endothelium

Endothelial Physiology

The endothelium is the innermost layer of blood vessels that forms an
interface between circulating blood and the media. It is an essential part of the
vessel wall as it fulfils critical functions to guarantee vascular homeostasis. The
endothelium is composed of a single layer of highly specialized endothelial cells; it

is closely associated with a basal membrane to form the intima of the vessel.

Endothelial function and dysfunction

Homeostasis of cardiovascular system is a fine-tuned phenomenon. The
vascular endothelium participates to this well-regulated process by controlling
inflammation and leucocyte adhesion, thrombogenesis and platelets aggregation,
or angiogenesis. The endothelium is also the main actor that adapts vascular tone
to tissue needs and controls blood/tissue exchanges. To meet these critical
functions, endothelial cells combine very sophisticated sensory properties, signal
processing and a balanced production of autocrine/paracrine effectors (see Figure
2) with antagonistic properties. Any disruption of this tight equilibrium is called
endothelial dysfunction and can promote the development of pathogenesis. A
dysfunctional endothelium phenotype is associated with impaired vasodilation, a
pro-inflammatory and pro-thrombotic status, contributing to local and systemic
manifestations of cardio-metabolic diseases such as atherosclerosis, hypertension

or diabetes (1).
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Vasodilators Vasoconstrictors
NO ET-1
PGI2, H2S Angll
EDH(F) Thromboxane A2...

Healthy endothelium

Endothelial
dysfunction

Vasodilators

NO
PGI2, H2S Vasoconstrictors
EDH(F) ET-1
Angll
Thromboxane A2...
\

nhealthy endotheliu

Figure 2: Endothelial-derived vasorelaxing and vasoconstricting factors. Vasodilation and
vasoconstriction factors production are finely regulated to maintain a balance assuring
vascular homeostasis. The disruption of the equilibrium leads to the so-called endothelial
dysfunction. NO: nitric oxide, PGI2: prostacyclin, H2S: hydrogen sulphide, EDHF: Endothelial-

derived hyperpolarization/ (hyperpolarizing factor), ET-1: endothelin 1 and Angll: Angiotensin II.

Endothelium-derived vasodilating factor is a generic term that includes a
wide range of substances/modes of activation, the importance of which varies
from a wvascular bed to another and varies also depending on the
physio/pathological status. It includes prostacyclins (PGI2) being the products of
arachidonic acid metabolism by cyclooxygenases/prostacyclin  synthase;
Endothelial-derived hyperpolarizing factor (EDH(F)) which is not a factor per se but
corresponds to the transmission of an hyperpolarizing stimulus to the media by
the endothelium, and the gasotransmitters hydrogen sulfide (H,S), carbon

monoxide (CO) and nitric oxide (NO). If EDH(F) is mainly associated with the
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control of vascular tone in resistance arteries due to increased potassium
conductance (2), the other endothelium-dependent factors display multiple
properties that often overlap. PGI2 is indeed a potent vasodilator but also a
potent inhibitor of platelet aggregation (3). H,S shares with NO anti-inflammatory,
anti-apoptotic, and anti-oxidant properties in addition to being strong
vasodilators. H,S as NO may prime endothelial cells toward angiogenesis and
inhibit vascular smooth muscle cells (VSMC) proliferation (4). Similarly, CO was
shown to prevent vascular dysfunction, regulate blood pressure, inhibit

blood platelet aggregation or have anti-inflammatory effects (5).

Additionally, endothelial cells are the site of production of constricting
factors. Although an integrant part of the tight balance needed to insure a proper
perfusion, they are more than often considered as harmful and associated with
pathogenesis. The major « deleterious » factors include endothelin-1 (ET-1), the
mature product of a preproET-1 precursor; thromboxane A2, the result of
arachidonic acid metabolism by the cyclooxygenase (COX)/thromboxane synthase
pathway, and Angiotensin Il (Angll) produced from angiotensinogen via the renin-
angiotensin-aldosterone (RAA) system. All these molecules globally counteract the
beneficial properties of gasotransmitters and PGI2; they are reinforced in
pathological states linked with endothelial dysfunction where they induce
vasocontraction in addition to proliferation or pro-oxidant properties (6-8).
Endothelial ET-1 and thromboxane enhanced inflammation, platelets aggregation
and free radical formation while Angll promotes NADPH oxidase activity to
produce superoxide anion (0,") (9) leading to an inhibition of endothelial nitric

oxide synthase (eNOS) and NO bioavailability (10).

Although a little restrictive, endothelium dysfunction is often considered

as the result of a reduced NO bioavailability, nitric oxide being the more abundant
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and multi-tasking protective factor. Down-regulation of eNOS expression or
pharmacological inhibition of NOS and subsequent decreased NO production in
experimental animal models (11) or even in human (12) have been undoubtedly

associated with the development of hypertension for instance.

In the work presented here, we therefore focused on the NOS/NO

pathways.

Nitric Oxide production

NO is a versatile compound that is active as mediator of numerous
biological processes in the nervous, immune, and cardiovascular systems. It is a
radical in nature which should be put in link with its relatively high reactivity and
short half-life. It maintains cardiovascular health mainly by activation of soluble
guanylate cyclase, an ensuing cyclic guanosine monophosphate (cGMP)
production and Protein Kinase G (PKG) activation (13). A significant part of its
activity also results from protein (cysteine) nitrosylation; this aspect has been
inconsiderate for a long time, but it could tremendously impact protein
conformation, localization and/or function (14). Depending of its concentration
and the redox environment, NO acts as a signaling molecule or cytotoxic agent. In
the presence of oxygen, autoxidation of NO to form nitrite (NO,), a strong
oxidizing and nitrating agent is favored in hydrophobic environment such as
lipoproteins or membranes (15). NO, is for instance a major actor in
environmental toxicology. Nitrite and nitrate are the end-products of NO
metabolism but may also serve as a reservoir of NO. Indeed, several enzymes are
able to transform nitrite and nitrate in NO (16). Additionally, acidic conditions
favor the formation of NO from nitrite in tumor microenvironment (17). The
reaction of NO with superoxide anion (0,") leads to the formation of peroxynitrite

(ONOOQ’) which can stimulate cysteine nitrosylation and tyrosine nitration leading
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to potential alterations of DNA, lipids or protein structure and function (18).
Protein nitration participates in the pathogenesis of diabetes, cancers, hepatic

diseases or cardiovascular disorders (18;19).

NO synthases

NO is formed in equimolar amounts with L-citrulline by nitric oxide
synthases (NOS) in the presence of L-arginine and molecular oxygen. Structurally,
the NOS protein is a homodimeric multidomain enzyme; it catalyzes the oxidation
of L-arginine using nicotinamide adenine dinucleotide phosphate (NADPH), flavin
adenine dinucleotide (FAD), flavin mononucleotide (FMN), heme prosthetic
group, tetrahydrobiopterin (BH,) and O, as cofactors. At the dimer interface, NOS
contains a zinc ion that coordinates a tetrahedral conformation with cysteine (C94
and C99 from two adjacent subunits). This site is essential for the binding of BH,

and L-arginine (13;20).

Three NO-synthases have been formerly identified: NOS1 or neuronal NO-
synthase (nNOS), NOS2 or inducible NO-synthase (iNOS) and NOS3 or endothelial
NO-synthase (eNOS). The nNOS is constitutively expressed in approximately 2% of
the body neurons, its enzymatic activity is primarily regulated by
Calcium/Calmodulin (Ca*"/CaM) (21). Neuronal NO is implicated in synaptic
transmission modulation, learning, memory or neurogenesis (22). The
macrophagic NOS is inducible in an inflammatory context in response to
lipopolysaccharides (LPS), cytokines or other inflammatory agents (22). iNOS is
mostly expressed in immune cells but it can be virtually expressed in all cell types;
its constitutive activation promotes the production of unregulated amounts of
NO. iNOS-derived NO is an anti-viral and anti-bacteria effector that could be
considered as potentially harmful for any cells due to its radical nature and its

close association with ONOO™ production (23;24). iNOS has been implicated in
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septic shock where it promotes increased arteriolar vasodilation, hypotension and

microvascular damages (25;26).

Endothelial NO synthase: eNQOS, different levels of regulation

Despite the presence of nNOS in blood vessels and the inducible aspect of
iNOS, in endothelial cells, the main recognized producer of NO is eNOS.
Endothelial NOS as nNOS is considered as a constitutive, Ca*’/CaM dependent
enzyme; the activity of which is triggered by the binding of endogenous or
pharmacological activator on endothelial receptors and in response to mechanical
stimulation by the shear forces exerted by blood flow (13). eNOS-derived NO
production is a tightly regulated process that results from a combination of
transcriptional, posttranscriptional and post-translational effects that we will

briefly illustrate (13;22).

Marsden et al. have found that transfection of human eNOS
promoter/reporter in non-endothelial cells, where steady state levels of eNOS
mRNA were not appreciably expressed, lead to a high eNOS promoter activities
suggesting that the methylation status of eNOS DNA is essential to regulate eNOS
expression (27;28). Hence, they found that eNOS promoter is heavily methylated
in non-endothelial cells limiting the availability of binding sites for transcription
factors (28). In another context, Krause et al. found reduced eNOS expression in
human umbilical vein endothelial cells (HUVECs) from intrauterine growth-
restricted fetuses compared to HUVECs from normal fetuses, correlated with
diminished DNA methyltransferase 1 expression and an increased methylation at
CpG-352 in the hypoxia response element of eNOS promoter (29). Similarly,
synthetic methylated eNOS construct presented a decreased response of well-
known transcription factors Spl, Sp3 and Etsl (28) arguing again for eNOS

promotor methylation as the primary level of regulation of the NOS/NO pathway.

33



Introduction

The physiological regulation of eNOS depends also on a range of
regulatory elements binding to eNOS promoter. The detailed study of eNOS
promoter revealed that basal eNOS transcription results from two regulatory
regions. Positive regulatory domain (PRD 1) presents a high affinity for Sp1 and Sp3
while PRD Il binds transcriptions factors Ets-1, EIf-1, YY-1, Sp1 and MYC-associated
zinc finger protein (30). More than this cis-regulation, there is evidence that basal
eNOS promoter activity also depends on trans-regulation as trans-acting factors
can bind both PRD sites. In addition to the cis-elements present near the
transcription start, other cis-regulatory DNA sequences exist as Sp1, AP-1 and AP-
2 or NF-1 binding sites as well as sterol regulatory element and shear stress
response element (27;31). These zones allow modulation of eNOS expression
under certain conditions. For instance, in bovine aortic endothelial cells (BAEC),
NF-1 transcription factor mediate the up-regulation of eNOS expression by
transforming growth factor (TGF) B1 (32;33) while tumor necrosis factor (TNF) a
diminishes the binding of Spl and Sp3 to eNOS promoter to decrease eNOS
transcription (34). Such modulations can be observed at the onset of pathologies
such as atherosclerosis. Reactive oxygen species (ROS) synthesis as hydrogen
peroxide (H,0,) also modulates eNOS expression in endothelial cells by activating
the Calmodulin Kinase (CaMK) I/ Janus Kinase (JAK) 2 pathway leading to a higher
binding of Spl on eNOS promoter (35). Additionally, hypoxia regulates eNOS
expression via redox sensitive AP-1 mediated transcriptional control (36). This
regulation is location dependent as aortic tissues present a down-regulation of
eNOS under hypoxia while lungs vessels show an up-regulation (37;38). Moreover,
transcription factors up-regulated under laminar shear stress such as Kriippel like
factor (KLF) 2 and 4 (KLF4) can positively impact eNOS expression. This point will

be described in more details below (see Shear stress and NO).
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The protein expression of eNOS is also the result of epigenetic
mechanisms modulating the transcription or the translation of eNOS. For
instance, as described in more details below, microRNAs (miR) can interact with
the 3’untranslated (UTR) region of messenger RNA (mRNA) and induce their
degradation or the repression of translation. Interestingly, a limited number of
miRs have been identified as directly binding the 3’UTR region of eNOS. In
HUVECs, miR-24 direct binding to eNOS mRNA induced down-regulation of its
subsequent protein level (39). In human endothelium, miR-155 binds eNOS mRNA
and leads to a decreased of protein expression. Accordingly, the repression of
eNOS and eNOS-dependent relaxation has been described in a mouse model of
endothelial dysfunction and attributed to the direct binding of miR-155 to eNOS
transcript (40). In endothelial cells kept under normoxic conditions, a silencing of
miR-214 increased eNOS expression and El Azzouzi et al. confirmed a direct
interaction of this miR with eNOS mRNA (41). They also shown that miR-214 is up-
regulated in myocardium during hypoxia. The last identified miR able to target
eNOS mRNA is miR-765. Interestingly, this miR does not affect eNOS transcript in
normoxia due to a stabilization of 3’UTR of eNOS mRNA by heterogeneous nuclear
ribonucleoprotein (hnRNP). Under hypoxic conditions, a detachment of hnRNP
induces a sensitization to miR-765 (42). Eventually, miRs also indirectly modulate
NO levels through a regulation of the upstream or downstream pathways of

eNOS, this is precisely the subject of this thesis.

Mechanisms and post-translational regulations of eNOS

Many studies have emphasized the importance of L-arginine and the co-
factor BH,; in NO production (see Figure 3). As such, substrate (L-arginine) or
cofactor deficiency (BH4) would convert eNOS from a NO-producing enzyme to an

enzyme that produce deleterious superoxide anions. This condition called eNOS
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uncoupling has been largely associated with cardiovascular diseases. Among many
others, Landmesser et al. have highlighted that endothelium of hypertensive mice
present a higher oxidation of BH, into BH, (as a result of NADPH-derived ROS
production), that led to uncoupling of eNOS and an impairment of endothelial
function (43). In the context of smoking as a major cardiovascular risk factor,
depletion of BH, was pointed out in aortic endothelial cells exposed to cigarette
smoke extracts as leading to uncoupling of eNOS and decreased levels of NO.
Moreover, de novo synthesis of BH, is limited in these cells as cigarette smoke
extracts exposure leads to decreased expression of guanosine triphosphate
cyclohydrolase (44). Functional eNOS uncoupling is a prominent feature of aging
and CV diseases (45), structural uncoupling might not be as prevailing as technical

pitfalls may have tainted earlier observations (46).

H,N T il NH,
OXYGENASE DOMAINS

Figure 3: Representation of eNOS dimeric protein. Production of NO requires L-arginine (L-
Arg) but also the presence of several co-factors as tetrahydrobiopterin (BH4), Flavin adenine
dinucleotide (FAD), Flavin mononucleotide (FMN), calmodulin (CaM) and heme. eNOS is
produced as monomer but must form a homodimer to produce NO. During NO synthesis,
NADPH-derived electrons are transferred to flavins in the reductase domain and then to the

heme. At this point, electrons are used to reduce and activate O,. From V