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Abstract

Hypertension and chronic kidney disease (CKD) are two of the most prevalent global
health concerns that account for millions of deaths per year. They are both associated
with vascular damage that is characterized by vascular remodeling and stiffening, as well
as endothelial dysfunction, which contribute to further development of the disease and
lead to end organ damage. MicroRNAs (miRNAs) are important non-coding RNA
regulators of gene expression that cause translational repression and transcript
degradation upon binding to their target mRNAs. miRNAs have been demonstrated to be
associated with hypertension and CKD, and play a critical role in vascular cell
development and function. However, their role in vascular damage is still poorly studied.
We hypothesized that vascular and circulating miRNAs are dysregulated in hypertension
and CKD; the dysregulation of vascular miRNAs is a key driving force of pathological
gene expression changes that contribute to vascular damage; key dysregulated vascular
miRNAs are potential therapeutic targets and key dysregulated circulating miRNAs are
potential biomarkers for vascular damage in hypertension and CKD. The thesis contains

3 studies testing our hypotheses.

In the first study, we profiled miRNAs using RNA sequencing in mesenteric arteries of
mice infused or not with angiotensin (Ang) II for 7 or 14 days. We observed that both 7-
day and 14-day Ang II infusion induced blood pressure (BP) elevation, oxidative stress
and vascular stiffening, whereas only 14-day Ang Il-infusion caused endothelial
dysfunction and vascular remodeling. Using a candidate approach, we have identified
miR-431-5p and its target Ets Homologous Factor (EXf) as key regulators in Ang II-
induced hypertension and vascular damage. miR-431-5p and Ehf were up- and down-
regulated by 14-day Ang II-infusion, respectively, and were both correlated with BP. We
demonstrated that miR-431-5p targets EHF in human aortic vascular smooth muscle cells,
where EHF down-regulates collagen type I alpha 1 chain (Collal), and miR-382-5p.
Intravenous injection of miR-431-5p inhibitors down-regulated miR-431-5p, Collal and
miR-382-5p, and up-regulated EAf in mesenteric arteries, delayed BP elevation and

reduced vascular damage in mice infused with Ang II for 14 days.
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In the second study, we profiled miRNAs as above but this time in small arteries
dissected from subcutaneous gluteal biopsies performed in normotensive, hypertensive
and CKD subjects to identify differentially expressed vascular miRNAs. Combined with
the data from the first study, we found a common miRNA, miR-145-3p, that was down-
regulated in both 7-day Ang Il-infused mice and CKD patients. Whether miR-145-3p
mediates vascular damage in Ang II-induced hypertension model and CKD remains to be

elucidated.

In the third study, we profiled circulating miRNAs from plasma of the same cohort of
normotensive hypertensive and CKD subjects as in the second study. We identified and
validated 4 differentially expressed miRNAs, let-7g-5p, miR-26a-5p, miR-191-5p and
let-7b-5p, among which let-7g-5p was correlated with estimated glomerular filtration rate.
We also found a correlation between circulating let-7g-5p and genes that were

differentially expressed in small arteries of CKD patients.

To summarize, miR-431-5p and its target EAhf are potential important regulators in the
pathophysiology of vascular damage in hypertension, and may serve as novel therapeutic targets
in the clinic. miR-145-3p may play a role in the development of Ang II-induced and CKD-
associated vascular injury. Let-7g-5p has potential clinical value to serve as a biomarker

for vascular damage in CKD.
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Résumé

L’hypertension et I’insuffisance rénale chronique (IRC) sont des problémes de santé
mondiale les plus répandus et responsables de millions de déceés annuellement.
L’hypertension et I’IRC sont associés aux dommages vasculaires caractérisés par du
remodelage et du durcissement vasculaire et de la dysfonction endothéliale, qui
contribuent a la progression de la maladie et aux lésions des organes cibles. Les
microARN (miARN) sont des ARN non codants qui régulent 1'expression génique par
répression de la traduction ou dégradation des ARN messager (ARNm). 1l a été démontré
que les miARN sont associés a 1'hypertension et a I'[RC et jouent un role essentiel dans le
développement et la fonction des cellules vasculaires. Cependant, leurs roles dans les
dommages vasculaires sont inconnus. Nous avons émis I'hypothése que les miARN
vasculaires et circulants sont dérégulés dans I’hypertension et I’IRC. La dérégulation des
miARN est un moteur clef des changements pathologiques de 1’expression génique
conduisant aux dommages vasculaires, qui pourrait étre une cible thérapeutique. Les
miARN circulant pourraient servir de biomarqueurs des dommages vasculaires dans

I’hypertension et I’IRC. La thése contient trois études testant nos hypothéses.

Dans la premicre étude, nous avons profilé les miARN et ARNm par séquencgage des
ARN des artéres mésentériques (AM) de souris infusées ou non avec I’angiotensine (Ang)
II pendant 7 ou 14 jours. Nous avons observé une élévation de la pression artérielle (PA),
du stress oxydatif et du durcissement des AM dans les souris infusées avec 1’Ang II pour
7 ou 14 jours, et une dysfonction endothéliale et du remodelage des MAs dans les souris
infusées avec 1I’Ang II pendant 14 jours. Nous avons identifié avec une approche
candidate miR-431-5p et sa cible, le facteur homologue ETS (Ekf), comme des
régulateurs clefs dans I’hypertension et les dommages vasculaires induits par 1’Ang 11
miR-431-5p et Ehf étaient respectivement augmenté et réduit par 14 jours d’infusion
d’Ang II. Tous les deux étaient corrélés avec la PA. Nous avons démontré dans des
cellules vasculaires lisses aortiques humaines que miR-431-5p cible EHF, alors que EHF
régule a la baisse la chaine de collagene de type I alpha 1 (Collal) et le miR-382-5p.

L’injection intraveineuse d’inhibiteurs de miR-431-5p a diminué¢ miR-431-5p, Collal et
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miR-382-5p, et a augmenté Ehf dans les AM, et a retardé 1’¢lévation de la PA et réduit les

dommages vasculaires chez les souris infusées avec I’Ang Il pendant 14 jours.

Dans la deuxiéme étude, nous avons profilé les miARN comme plus haut dans les petites
artéres de biopsies sous-cutanées de la fesse de sujets non hypertendus, hypertendus ou
atteints d’IRC. En combinant les données de cette étude avec celles de la premiére étude,
nous avons trouvé un miARN commun, miR-145-3p, qui était diminué dans les souris
infusées avec 1I’Ang II pendant 7 jours et les patients avec IRC. Cependant, il reste a
préciser si miR-145-3p agit sur les dommages vasculaires dans le modele d'hypertension

induit par I’Ang II et dans I’IRC.

Dans la troisieme étude, nous avons profilé les miARN circulant dans le plasma de la
cohorte de sujets de 1’étude précédente. Nous avons identifié¢ 4 miARN exprimés
différentiellement, let-7g-5p, miR-26a-5p, miR-191-5p et let-7b-5p. let-7g-5p était
corrélé avec le taux de filtration glomérulaire estimé. Nous avons également trouvé une
corrélation entre let-7g-5p et les génes exprimés de facon différentielle dans les petites

artéres de patients avec IRC.

En résumé, miR-431-5p et sa cible EAf pourraient agir comme des régulateurs maitres des
dommages vasculaires dans 1’hypertension. miR-431-5p a le potentiel de servir comme
cible thérapeutique pour contrer les dommages vasculaires et I’hypertension. miR-145-3p
pourrait jouer un role dans le développement des dommages vasculaires induits par I’Ang
IT et PIRC. Let-7g-5p a un potentiel clinique pour servir comme biomarqueur des

dommages vasculaires dans I’IRC.
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CHAPTER I: Introduction

Review of Literature and Objectives



1. Hypertension

Hypertension, or high blood pressure (BP), is one of the most prevalent and costly global
health disorders and the leading risk factor for death and disability worldwide. In 2010, it
affected 31.1 % (1.39 billion) of adults worldwide, with 28.5% (0.35 billion) in high
income countries and 31.5% (1.04 billion) in low- and middle-income countries (7).
Hypertension is the most expensive part of cardiovascular disease cost. In 2011, only in
the United States, the estimated direct and indirect cost of hypertension is $46.4 billion
(2), which was projected to increase to $200.3 billion and $389.0 billion when taking
sequelae treatment into consideration by 2030 (3). Moreover, hypertension was ranked
the number one (compared to 4" in 1990) risk factor for global disease burden,
accounting for 9.4 million deaths and 7.0% disability-adjusted life years (DALY, sum of
years lived with disability and years of life lost) in 2010 (4).

1.1 BP measurement, diagnosis and assessment

Circulating blood exerts a force against the walls of the arteries. This force is the BP.
During ventricular systole, the heart pumps blood into the aorta, from where it flows to
peripheral arteries, and exerts a higher pressure called systolic BP. During ventricular
diastole, the blood stops flowing from the left ventricle into the aorta while it continues to
flow to peripheral arteries, and accordingly the pressure against the arterial walls

becomes lower up to a nadir that is called diastolic BP.

In the 2016 Hypertension Canada guideline for BP measurement, diagnosis and

assessment, 4 approaches were introduced for BP assessment (5).

1. In non-automated office BP measurement (non-AOBP) using electronic (oscillometric)
upper arm devices, a mean systolic BP > 140 mm Hg or diastolic BP > 90 mm Hg is
considered high. A mean systolic BP between 130-139 mm Hg or diastolic BP between
85-89 mm Hg is considered high-normal.



2. In automated office BP measurement (AOBP) using automated devices such as BPtru,

a mean systolic BP > 135 mm Hg or diastolic BP > 85 mm Hg is considered high.

3. In ambulatory BP measurement (ABPM), a mean awake systolic BP > 135 mm Hg or
diastolic BP > 85 mm Hg, or a mean 24-hour systolic BP > 130 mm Hg or diastolic BP >

80 mm Hg is considered high.

4. In home BP monitoring (HBPM), a mean systolic BP > 135 mm Hg or diastolic BP >
85 mm Hg is considered high.

1.2 Hvypertension pathophysiology

Hypertension is a complex multifactorial disease that involves multiple interrelated
mechanisms at both the physiological level and the molecular level. In 95% of cases,
hypertension has no identifiable cause and is classified as essential, or primary
hypertension (6). Multiple organs including the kidneys, the brain, the heart and the
vasculature, as well as the crosstalk between different organs, are involved in the
pathophysiology of hypertension. Genetic and environmental factors contribute to the

development of hypertension.

1.2.1 The kidneys

The kidneys play a dominant role in long-term BP regulation by controlling water and
sodium balance, and mediating the activation of the renin-angiotensin-aldosterone system
(RAAS), which is a central hormone system for BP regulation (7). For example, when BP
drops, the kidneys release an enzyme called renin that catalyzes the cleavage of
angiotensinogen to generate angiotensin I, which is further converted by angiotensin-
converting enzyme (ACE) to yield an octapeptide hormone called angiotensin (Ang) II
that is able to raise blood pressure by constricting vessels and increasing aldosterone
secretion. The latter acts on sodium reabsorption in the kidneys retaining sodium and
accordingly water. Compromised renal function in kidney disease leads to impaired BP

regulation, and has been linked to hypertension (8, 9). There is an epidemiological



association between hypertension and chronic kidney disease (See Section 2 in this
chapter). Dysregulation of the RAAS is a key factor in the crosstalk between kidney
disease and hypertension, given that RAAS blockade can efficiently lower BP and is
renoproctective (9-12). Furthermore, Ang II infusion has been shown to induce BP

elevation and sodium reabsorption in mice (/3) and dogs (/4).

1.2.2 The brain and the sympathetic nervous system

As opposed to the kidneys’ long-term dominant role in BP regulation, the brain primarily
acts as a short-term BP regulator via the sympathetic nervous system (/5). Sympathetic
nervous excitation stimulates the fight-or-flight response that leads to increased heart rate
and therefore cardiac output, as well as release of catecholamines by the adrenal medulla,
resulting in BP elevation. Heightened sympathetic activity has been linked to reduced
renal excretory capability by increasing sodium reabsorption (16, /7), demonstrating the
crosstalk between the sympathetic nervous system and the kidneys in hypertension. The
RAAS also plays a part in the brain effects on BP regulation. Ang II infusion in rodents
has been reported to increase reactive oxygen species (ROS) production in the
subfornical organ (SFO) of the brain (/8). Ang II injection into the brain was also able to
increase BP (/9). Overexpression of different types of SFO superoxide dismutases, which
convert superoxide into hydrogen peroxide, by targeted adenovirus vectors abolished

Ang II-induced hypertension (78, 19).

1.2.3 The heart

Increased heart rate and cardiac output raise BP, and are fundamental elements to
maintain BP. In the case of hypertension with increased peripheral vascular resistance,
left ventricular (LV) mass increases as a form of maladaptation in order to maintain
cardiac output, resulting in pathological LV hypertrophy. Many studies have reported the
association between hypertension and LV hypertrophy (20, 27). LV hypertrophy is a
manifestation of target-organ damage in essential hypertension and an independent risk

factor for cardiovascular events and mortality in hypertensive subjects. It has been



demonstrated that hypertensive subjects with LV hypertrophy exhibit increased cardiac
sympathetic activity (22), showing the crosstalk between the sympathetic nervous system
and the heart in hypertension. The RAAS also plays an important role in hypertensive LV
hypertrophy, given that Ang II induces cardiac myocyte hypertrophy and cardiac
fibroblast division in vitro (23), and clinical trials have shown that RAAS blockade by
losartan, an Ang II receptor antagonist (24), or by ACE inhibitors (25) results in

regression of LV hypertrophy in patients with essential hypertension.

1.2.4 The vasculature

The contraction and relaxation of the walls of arteries play a critical role in BP
maintenance. High BP is accompanied by increased peripheral vascular resistance that is
mainly attributed to vasoconstriction, vascular remodeling, stiffening and endothelial
dysfunction. Vascular remodeling is a form of maladaptative increase in vascular wall
thickness or decrease in lumen diameter that maintains wall tension upon BP elevation in
hypertension, according to the Law of LaPlace (26). Vascular stiffening is largely the
result of dysregulation of extracellular matrix (ECM) turnover, which leads to increased
collagen and fibronectin deposition and higher collagen:elastin ratio (27-29). The
remodeling and stiffening of the arterial walls result in increased pulse pressure (PP), and
therefore a greater pulsatile energy transmitted to the periphery, resulting in injury to
small arteries and arterioles, alteration in tissue perfusion, and organ damage (30-32).
This damage to arteries can lead to dysfunction of the endothelium. Moreover,
endothelial dysfunction may be caused by local inflammation in the arterial wall, which
generally is associated with increased ROS production (33-35). The RAAS also plays a
critical role in vascular physiology and pathophysiology. A deeper description of the
arterial wall structure, vascular remodeling, vascular stiffening, endothelial dysfunction
and the effect of the RAAS’s major effector Ang II on vascular physiology and
pathophysiology will be presented in Section 3 and Section 4 of this chapter.



1.2.5 Genetic and environmental factors

Genetic and environmental factors play an important role in the development of
hypertension. Multiple genome-wide association studies (GWAS) have identified genetic
variants associated with BP (36-38). Differential gene expression was observed in whole
blood of hypertensive subjects in expression profiling studies, suggesting the importance
of gene regulation at the level of transcription in the pathophysiology of hypertension
(39). Common single nucleotide polymorphisms (SNPs) in the microRNA binding sites
of the RAAS-related genes have been found to associate with BP, suggesting that post-
transcriptional gene regulation by non-coding RNAs also plays a role (40). A trans-
ancestry genome-wide association and replication study identified BP-associated variants
that are linked to DNA methylation, showing the implication of epigenetics in
hypertension (4/). Environmental factors such as chronic social stress, smoking, alcohol
consumption, sodium intake and unhealthy diets, and physical inactivity are also risk

factors for hypertension (42, 43).

2. Chronic kidney disease (CKD)

Chronic kidney disease (CKD) is a global health concern with a worldwide prevalence of
13.4% for stages 1-5 and 10.6% for stages 3-5 (5). According to the National Kidney
Foundation, the United States spent more than $48 billion on CKD treatment per year,
and China is expected to lose US$ 558 billion over the next 10 years on death and
disability attributable to heart and kidney disease
(https://www.kidney.org/kidneydisease/global-facts-about-kidney-disease# ENREF 1,
accessed on Apr 18", 2017).

CKD is an independent risk factor for cardiovascular disease including hypertension.
There is an epidemiological association between hypertension and CKD. The prevalence
of high BP has been reported to be over 85% in stage 3 and over 90% in stages 4-5 CKD
patients (44). Vascular stiffening and calcification are strongly linked to abnormal

mineral metabolism in CKD (45). Like vascular remodeling in hypertension, vascular


https://www.kidney.org/kidneydisease/global-facts-about-kidney-disease#_ENREF_1

calcification in CKD, where vascular smooth muscle cells acquire osteoblastic function,
also involves inflammation, oxidative stress and the RAAS. Blockade of the RAAS has
efficiently reduced kidney disease progression (9-12). Dual RAAS blockade by ACE an
inhibitor and an angiotensin receptor blocker (ARB) in CKD patients improved arterial

stiffness, as shown by reduced pulse wave velocity and augmentation index (46).

The definition and classification of CKD are based on estimated glomerular filtration rate
(eGFR) and albumin-creatinine ratio (ACR) (44). Stage 1 CKD is defined as eGFR > 90
ml/min/1.73 m?® with other evidence of kidney damage; stage 2 is defined as eGFR
between 60 and 89 ml/min/1.73 m* with with other evidence of kidney damage; stage 3 is
defined as eGFR between 30 and 59 ml/min/1.73 m?; stage 4 is defined as eGFR between
15 and 29 ml/min/1.73 m?; and stage 5 is defined as eGFR between < 15 ml/min/1.73 m”.
Although eGFR is currently the primary diagnosis and evaluation marker for CKD, it is
an estimated value calculated from serum creatinine corrected for age and sex.
Considering that the true GFR is difficult and time-consuming to measure in most current
clinical settings (47), there is demand for novel biomarkers that provide greater
convenience and higher accuracy. Over the last decade, circulating microRNAs have
emerged as potential novel biomarkers for cancers (48) and cardiovascular disease (49).
microRNAs have been implicated in kidney disease in some studies (50). Serum
microRNAs was shown to vary in different CKD stages (57). Those studies suggest a
promising future direction in utilizing microRNAs as novel diagnostic or prognostic
predictors in CKD. The association between microRNAs and CKD, as well as details in
circulating microRNAs as biomarkers in CKD will be further addressed in Section 6.2.1

and Section 5.3 of this chapter.

3. The arterial wall

Arteries are blood vessels that carry blood from the heart to organs and tissues throughout
the body. Abnormalities in arterial structure, composition or function are a fundamental

manifestation of cardiovascular disease that contribute to target-organ damage. This



section will cover the description of the basic arterial structure and current findings on

vascular injury in hypertension and CKD.

3.1 Structure and composition

The arterial wall is composed of three distinct layers: the intima, the media and the
adventitia (Figure I-1). Each layer consists of different cell types that have different roles

in the maintenance of arterial structure and function.
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Figure I-1. Schematic view of an arterial wall in cross-section. (Adapted from: Expert
Reviews in  Molecular Medicine. 2002. Cambridge University  Press.
http://journals.cambridge.org/fulltext_content/ERM/ERM4 01/S1462399402004039sup0
06.htm. Accessed on Apr 21%, 2017)

3.1.1 Intima

The Intima is the innermost layer of the arterial wall consisting of a monolayer of
endothelial cells that form an interface between circulating blood and the rest of the
arterial wall. What separates the endothelial cells from the media is the basement
membrane that is composed of laminin and different types of collagens, which carry out a

supportive and barrier function. Endothelial cells are separated from the blood by the


http://journals.cambridge.org/fulltext_content/ERM/ERM4_01/S1462399402004039sup006.htm
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glycocalix, which is a few nanometers thick, and a 0.5 um endothelial surface lining
constituted by different types of membranous glycoproteins, proteoglycans,
glycosaminoglycans and other macromolecules (52). These surface components
contribute to sense the mechanical forces generated by the circulating blood, in response
to which the endothelial cells release factors into the blood as well as abluminally toward
the underlying vascular smooth muscle cells (SMCs) to regulate vascular tone. (See

Section 3.2.3 in this chapter for details)

3.1.2 Media

The middle layer of an arterial wall is made up of SMCs surrounded by ECM including
elastic membranes between the different layers of SMCs. The composition of the ECM
includes collagen type I and III, fibronectin, elastin and laminin that have a supportive
role. The level of collagen and fibronectin deposition, as well as the collagen:elastin ratio
in the media are the main determinants of arterial stiffness. Signals received from the
endothelial cells mediate phosphorylation and dephosphorylation of the myosin light
chain (MLC), which regulate the myosin-actin cross-bridging activity in the SMCs,
directly leading to vasoconstriction and vasorelaxation, respectively (53). (See Section

3.2.3 in this chapter for details)

3.1.3 Adventitia

The adventitia is the outermost layer of an arterial wall that is composed predominantly
of fibroblasts, nerve cells, immune cells and the surrounding collagen-rich ECM. It is
also a site where microvessels called vasa vasorum penetrate into the wall to carry
nutrients and oxygen for arterial cells (54). The adventitia anchors the arteries to the
neighboring tissues. It serves to mediate communication between the neighboring tissues
and the vascular endothelial and smooth muscle cells (55). Upon vascular injury, the
adventitia is able to produce factors to stimulate cell growth and migration for vascular

cell repair, which may in turn contribute to vascular remodeling (56). Studies also show
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that the adventitia is involved in local inflammation and ROS production, which is

largely attributable to the adventitial immune cells (57, 58).

3.2 Vascular damage in hypertension and CKD

Hypertension and CKD are characterized by vascular damage that includes vascular
remodeling, vascular stiffening and endothelial dysfunction. Both large and small artery
injury has been reported in essential hypertension and CKD, as well as in different animal

models.

3.2.1 Vascular remodeling

Vascular remodeling in hypertension is referred to as structural changes in the vascular
wall that contribute to increased peripheral resistance. Both large arteries and small
resistance arteries undergo vascular remodeling in hypertension (26, 29). In essential
hypertensive patients, large elastic arteries such as the aorta and the carotid arteries
undergo outward remodeling, which means increased outer diameter, and growth and
proliferation of vascular SMCs that results in increased media thickness, while lumen
diameter may be enlarged or decreased (Figure 1-2) (26, 59). Small resistance arteries
with lumen diameter of approximately 100 to 400 microns (60), such as subcutaneous
arteries in humans and mesenteric arteries in mice, were primarily reported to undergo
eutrophic remodeling, meaning an increase in media/lumen ratio without changes in
media cross-sectional area (MCSA). Eutrophic remodeling was also found in small
resistance arteries of Ang Il-treated animal hypertension models (Figure 1-2) (6/). The
mechanism of eutrophic remodeling is still poorly understood, but it is likely due to the
combination of inward growth and outward apoptosis in the arterial wall (62). It has been
shown that Ang II stimulates growth factor production and protein synthesis in vascular
SMCs that lead to cell growth and proliferation (63, 64). At the same time, Ang II could
also be a trigger of cell apoptosis both in vitro (65) and in vivo in the aorta of
spontaneously hypertensive rats (66) via Ang II type 2 receptors. In secondary

hypertensive patients and animal models, some of which may involve activation of the
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endothelin (ET) system (35, 67), small resistance arteries undergo hypertrophic
remodeling, with an increase in both media/lumen ratio and MCSA (Figure 1-2). Small
artery remodeling may be the earliest manifestation of target-organ damage in
hypertension, given that one study reported small artery remodeling in 100% cases of
mild hypertensive patients, while endothelial dysfunction was present in 60% and LV
hypertrophy was present in only 45% of cases (68).

Vascular remodeling is believed to be maladaptative in order to maintain wall tension
upon BP elevation in hypertension, according to the Law of LaPlace (26),as T=Px D/
(4 x t), where T = wall tension, P = pressure, D = lumen diameter, t = wall thickness. As
indicated in the equation, to maintain a specific wall tension upon increase in BP, the
wall has to go through a decrease in lumen diameter and/or an increase in wall thickness.
Remodeling and increased stiffness of aorta increases the pulsatility, leading to greater
transmission of pulsatile energy downstream into the periphery contributing to target-

organ damage (30-32).

Large artery Small resistance artery

Hypertrophic
remodeling

Hypertrophic remodeling:
increased media/lumen
Increased MCSA

Eutrophic remodeling:
increased media/lumen
= MCSA

Figure I-2. Large and small artery remodeling in hypertension. Adapted from Schiffrin,
2004 (26).

3.2.2 Vascular stiffening

Besides structural remodeling, the arterial wall also displays stiffening in hypertension,

which is contributed largely by increased collagen and fibronectin deposition, as well as
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collagen:elastin ratio in both human essential hypertension and rodent hypertensive
models (27-29). Collagen fibers, mostly collagen type I and III in arteries, and fibronectin
provide skeletal support and rigidity strength to the arteries. As a consequence, increases
in collagen and fibronectin deposition result in increased stiffness. Elastin on the contrary,
is responsible for the elasticity of the arteries, conferring arteries compliance and the
ability to distend with high BP. Increases in the collagen:elastin ratio characterize
vascular stiffening. Vascular stiffening increases the propagation speed of the pulse wave
in the arteries, i.e. pulse wave velocity (PWV). In the situation of increased PWV, when
the reflected pulse wave coming from the periphery meets with the incident (forward)
wave coming from the heart earlier and results in augmented systolic pressure (AP)
(Figure 1-3). When central pressure is elevated, it generates a higher PP, which is
transformed to greater pulsatile energy that injures the peripheral small resistance arteries
in the brain and kidneys, leading to target organ damage (32, 69, 70). Thus, PWV and
augmentation index (AI, meaning the AP to PP ratio) are common parameters for large
artery stiffness evaluation. Small artery stiffness on the other hand, is commonly
measured by pressurized myography, and presented in a stress-strain curve, in which the
strain refers to the level of deformation of the arterial walls upon changes in BP, whereas

the stress indicates the tension applied to the arterial walls. A leftward shift of the curve

suggests increased small artery stiffness (33, 71).

Figure I-3. Formation of augmented pressure (AP) due to interference of the forward

wave with the reflected wave. Adapted from Kum et al. (70).
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The RAAS is also involved in vascular stiffening in hypertension. It has been shown that
Ang II stimulates collagen synthesis in human vascular SMCs via the Ang II type 1
receptor (72). The Ang Il-induced collagen overexpression at the transcriptional level
was found to be transforming growth factor beta (TGF-f)-dependent. Ang II treatment
was also able to increase fibronectin (73) and inhibit elastin (74) expression at the
transcriptional level in vascular SMCs. Aldosterone infusion, which increased ET-1
expression, also induced vascular remodeling and deposition of collagen type I and III
and fibronectin (75). Matrix metalloproteases (MMPs), who are able to regulate the
turnover of ECM proteins such as collagens and elastin, have been implicated in vascular
remodeling and stiffening (76, 77). Ang II treatment was shown to up-regulate MMP-2
expression at both mRNA and protein levels via the Ang II type 1 receptor. This effect
was mediated by the activation of the extracellular signal-regulated kinase (ERK) 2
signaling pathway (78). Expression levels of other ECM proteins such as biglycan (BGN)
(79, 80) and connective tissue growth factor (CTGF) (81, §2) have also been reported to
increase in various tissues by Ang II treatment. A selective Ang II type 2 receptor agonist
was able to lower aortic collagen and fibronectin levels, and reduce small artery

stiffening in spontaneously hypertensive rats (77).

Small artery remodeling causes increases in resistance to blood flow and therefore mean
BP. This leads to arterial stiffening in large arteries that through enhanced pulsatility will
impact on small arteries, stiffening the former and the latter through ECM protein
deposition. This cross-talk between large and small arteries forms a feed-forward vicious

circle that exaggerates the hemodynamic phenotype (32, 83, 84).

Vascular stiffening in CKD is not as well studied as in hypertension. It has been reported
that CKD patients undergo arterial calcification that causes increased vascular stiffness
(85, 86). A strong inverse relationship between eGFR and coronary artery calcification
was found in CKD patients (87). The molecular mechanisms underlying vascular
calcification are still poorly understood, but it is believed to involve the RAAS, oxidative

stress and inflammation (45).
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3.2.3 Endothelial dysfunction

Endothelial cells, which are in contact with the circulating blood separated only by the
glycocalix and endothelial surface lining, release factors that act on SMCs in the media to
regulate vascular tone upon exposure to stimuli from the circulation such as shear stress
(53, 88, 89). A main vasodilator released by endothelial cells is nitric oxide (NO), which
is diffused to the neighboring SMCs where it binds to soluble guanylate cyclase (sGC).
This binding leads to the conversion from GTP to cyclic GMP (¢cGMP), which activates
the cGMP-dependent protein kinase (PKG). The activated PKG inhibits Ca*" influx into
the cells, activates K’ efflux and dephosphorylates MLC by stimulation of MLC
phosphatase. These changes lead to membrane hyperpolarization and vessel relaxation.
On the other hand, MLC kinase-mediated MLC phosphorylation leads to vessel

contraction (Figure 1-4).
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Figure I-4. Schematic mechanism of endothelium-dependent relaxation.
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Over the last few decades, endothelial dysfunction has been shown to associate with
hypertension (90, 91). Essential hypertension is characterized by defective NO
bioavailability caused by ROS-induced NO oxidation and/or NO synthase uncoupling (92,
93). In large arteries, endothelium-dependent flow-mediated dilatation (FMD) has been
shown to inversely correlate with both systolic and diastolic BP in humans (94). Essential
hypertensive patients were reported in another study to display reduced FMD (95). In
small resistance arteries of essential hypertensive patients, a marginally decreased
endothelial function was demonstrated by an impaired endothelium-dependent relaxation
to acetylcholine (68). CKD patients also showed decreased FMD, which was inversely
correlated with inflammatory marker C-reactive protein (96), and endothelial dysfunction
in small resistance arteries (97, 98). Animal models infused with Ang II have also been
shown to increase ROS production, decrease NO bioavailability and induce endothelial
dysfunction (33-35). Blockade of the RAAS by the Ang II type I receptor blocker
valsartan was able to reduce ROS production, improve endothelial function and lower BP

(99).

4. Ang II in hypertension and vascular damage

As mentioned previously, Ang II is the primary effector of the RAAS. It increases BP
mainly through contraction of vessels, vascular remodeling, endothelial dysfunction and
aldosterone-mediated sodium retention in the kidneys. Numerous studies have shown the
Ang II is also able to induce vascular remodeling and stiffening. This section will cover
some of the main Ang Il-induced signaling pathways involved in hypertension and

vascular damage.

In mammals, there are 2 known high-affinity Ang II plasma membrane receptors, namely
AT R and AT,R. To date, most well-studied physiological effects of Ang II act through
AT Rs, which are expressed in a variety of organs including the brain, the lungs, the

kidneys, the heart and the vasculature (/00, 101). The Ang II action through AT,Rs is
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much less studied, and essentially induces effects opposite to AT;R. The AT;R is a 359-
amino-acid protein that is highly conserved between species. It belongs to the seven-
membrane G protein-coupled receptor (GPCR) superfamily, with G protein interaction
taking place in the NH, terminal transmembrane domain and the first and third

extracellular loops.

The binding of Ang II to AT;Rs triggers a series of signaling cascades that lead to
vasoconstriction, protein synthesis, cell division and ROS production (Figure I-5). Given
that AT;Rs have no intrinsic kinase activity, non-receptor tyrosine kinases play an
important part to initiate signaling events by phosphorylating intracellular proteins.
Among those non-receptor tyrosine kinases, Src, which is one of the earliest activated
(within seconds) enzymes by Ang II, acts as a central player in the Ang Il-induced
pathways that include the Ras-Raf-MEK-ERK cascade, the PI3K-Akt pathway and the
JAK-STAT pathway. Src is also able to trigger the epidermal growth factor receptor
(EGFR) pathway that contributes to induce other signaling pathways such as the PI3K-
Akt and the Ras-Raf-MEK-ERK pathways. Phospholipase C (PLC), which is another
early Ang Il-activated (also within seconds) enzyme, plays a predominant role in Ang II-
induced vessel contraction (/02). Phosphorylation and activation of PLC, which is at
least partially dependent on Src, leads to the formation of inositol-1,4,5-triphosphate (IP3)
and diacylglycerol (DAG). IP; binds to receptors on the sarcoplasmic reticulum of
vascular SMCs and increases calcium efflux from the sarcoplasmic reticulum into the
cytoplasm. The calcium ions then bind to calmodulin and activate myosin light chain
kinase (MLCK), which leads to the phosphorylation of the MLC and enhanced myosin-
actin cross-bridging, finally resulting in vessel contraction. DAG on the other hand,
activates protein kinase C (PKC), which in turn phosphorylates and activates the Na'/H"
pump. This results in increased intracellular pH and alkalinization, which is important for
myosin-actin cross-bridging and vessel contraction (/03). Moreover, DAG is also able to
trigger the Ras-Raf-MEK-ERK cascade that activates c-fos and other transcription factors.
c-fos then dimerizes with c-jun, which is activated through the JNK pathways, to form
the transcription factor AP-1. These transcription factors activated through different
pathways (including Ras-Raf-MEK-ERK, PI3K-Akt, JAK-STAT and JNK) induce the

expression of their target genes, which are responsible for protein synthesis and cell
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division, and lead to vascular remodeling and ECM formation that contributes to vascular
stiffening. The NAD(P)H oxidases (NOXs) are activated through some of the above
pathways and are responsible for the ROS (such as superoxide and hydrogen peroxide)
production and local inflammation in the vessels (100, 101, 104, 105). ROS in turn
contributes to stimulate Src-initiated pathways and forms a feed-forward vicious circle
(106-108). It also induces the activation of nuclear factor kappa-light-chain-enhancer of
activated B cells (NF-kB), which increases the expression of vascular cell adhesion
molecule 1 (VCAM-1) and intercellular adhesion molecule 1 (ICAM-1), and finally leads
to vascular inflammation and endothelial dysfunction (/07, 109, 110). Besides PLC, Ang
II also induces activation of phospholipase D (PLD) and phospholipase A, (PLA;). The
activated PLD catalyzes the hydrolysis of phosphatidylcholine (PC) to produce choline
and phsophatidic acid (PA). PA is then converted into DAG, which activates PKC and
the downstream pathways as mentioned above (/77). The activation of PLA; leads to the
generation of arachidonic acid (AA) and other metabolites, which together contribute to

induce the Ras-Raf-MEK-ERK pathway and NOX activation (104, 112).

As many other ligand-receptor interactions, the Ang II-AT;R binding is also transient.
Within minutes upon simulation by Ang II, AT;Rs undergo internalization, a process in
which AT;Rs get endocytosed into endosomes. The cells therefore become desensitized
to further Ang II simulation. Approximately 25% of the endosomal AT;Rs will be
recycled back to the plasma membrane, with the remainder degraded by lysosomes (//3,
114). Phosphorylation of the threonine and serine residues of the AT R cytoplasmic tail,
which leads to uncoupling of AT;Rs from the associated G proteins, has been shown to

play a role in its internalization and desensitization (115, 116).
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Figure I-5. Ang Il signaling pathways in hypertension and vascular damage.

5. Non-coding RNAs (ncRNAs)

About two-thirds of the mammalian genome is transcribed into RNAs, but only less than
2% encode for proteins. The remaining majority of RNAs are classified as non-coding
RNAs (ncRNAs) (/17). These ncRNAs, once thought to be junk in the genome, have
been shown by accumulating studies over the past two decades to play critical regulatory
roles in gene expression at both transcriptional and post-transcriptional levels, during
developmental and differentiation processes, as well as in disease development. ncRNAs
can be divided into two main categories: 1, small ncRNAs that include microRNAs

(miRNAs), small nuclear RNAs (snRNA) and small nucleolar RNAs (snoRNAs); 2, long
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ncRNAs (IncRNAs) that include long intergenic ncRNAs (lincRNAs), circular RNAs
(circRNAs), antisense RNAs and pseudogenes. This section will cover the biogenesis of
ncRNAs, the molecular mechanisms of ncRNA-mediated gene regulation, the potential of
ncRNAs being therapeutic targets, as well as the role of circulating ncRNAs and their

value in clinical applications.

5.1 miRNAs

5.1.1 miRNA biogenesis

miRNAs are a class of small ncRNAs about 22 nt long that regulate gene expression
post-transcriptionally by causing mRNA degradation and translation repression (718,
119). The precursor of a miRNA, a 60- to 80-nt pri-miRNA, is either transcribed directly
from a miRNA gene in the genome, or spliced out from an intron of an mRNA (Figure I-
6) (120, 121). In the case of direct transcription, a pri-miRNA forms a stem-loop
secondary structure that contains a 5” cap and a 3’ poly-A tail. It is then further processed
by an RNase III enzyme Drosha and an RNA-binding protein DGCRS to produce a
precursor called pre-miRNA that contains a ~22-nt stem and a loop without the 5’ cap
and 3’ poly-A tail. When a miRNA is originating from an mRNA, it is spliced out from
an intron, and goes through debranching and re-folding to form a stem-loop pre-miRNA
called a mitron. Pre-miRNAs are then exported by Exportin 5 from the nucleus to the
cytoplasm, where they are further processed by another RNase III enzyme, Dicer, and an
RNA-binding protein TRBP. Dicer cleaves out the loop of the pre-miRNA to yield a ~22
nt miRNA duplex, which is unwound by an unidentified ATP-dependent helicase to
generate 2 single-stranded mature miRNAs. It was once thought that only one strand of
the mature miRNA, namely the guide strand, was incorporated into an argonaute protein
Ago2 to form an RNA-induced silencing complex (RISC), while the complementary
strand, namely the star strand, will be degraded. Later studies have shown that both
strands can be packed into the RISC, with the thermodynamic properties of the miRNA
duplex playing a critical role in strand selection (722, 123). The ATP-dependent helicase
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unwinds the miRNA duplex from both ends. In each case, the strand whose 5° end is the
unwinding start end will be incorporated into the RISC, while the complementary strand
is degraded. As a result, either strand can be packed into the RISC, depending at which
end the unwinding starts. However, evolution makes the ATP-dependent helicases favor
unwinding the miRNA duplex from the less internally stable end, which would cost less
energy. As a consequence, there is a bias in strand selection during the formation of
mature miRNAs, with the guide strand being the major RISC-bound form, and the star
strand being the minority. There are two official ways for miRNA nomenclature. The
first is miR-XYZ and miR-XYZ*, with the miR-XYZ* being the minority, and the
second is miR-XYZ-5p and miR-XYZ-3p, without specifying which is the majority.
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Figure I-6. miRNA biogenesis and function.
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5.1.2 miRNA-mediated gene regulation

The single-stranded mature miRNA in the RISC serves as a guide to target mRNAs. In
the canonical fashion, it binds to the 3’ untranslated region (UTR) of the target mRNA in
a perfect-pairing fashion in the seed region, in position 2-7 (6mer) or 2-8 (7mer) from the
5’ end of the miRNA, with or without a 3’ supplementary base pairing (120, 121, 124).
The strength of the miRNA targeting effect varies between different types of miRNA-
mRNA binding. A 6mer pairing has weaker effects than a 7mer pairing, and an 8mer
pairing (7mer with an adenine at position 1 of the miRNA) has a stronger effect than
Tmer (125, 126). The presence of 3’ supplementary binding increases miRNA targeting
efficiency. Some studies have shown that a strong 3’ supplementary pairing with
imperfect seed matching, or with a less-than-6mer seed matching, could also be sufficient

to confer miRNA function (124, 127, 128).

The miRNA-mRNA binding could lead to mRNA degradation and/or translation
repression. The original theory was that a perfectly matched miRNA-mRNA pair leads to
mRNA cleavage, whereas an imperfectly matching would normally result in translational
repression. However, later studies have shown that even imperfect base-pairing miRNA-
mRNA duplex could cause mRNA degradation (/29), and most of the time, mRNA
degradation and translation repression occur together (/78, 719). Upon binding to the
target mRNA, the RISC localizes to P bodies, which are cytoplasmic foci enriched for de-
adenylating and de-capping enzymes that destabilize mRNAs (/30). Ago2 in the RISC
plays a central role in the miRNA silencing mechanism. It possesses endonuclease
activity and is responsible for cleaving the miRNA-mRNA duplex. During miRNA-
mediated translational repression, the 5’ cap-binding and 3’ poly-A tail functions of the
target mRNA are inhibited, which may also involve de-capping and de-adenylation that
occur in the P bodies (/31-133). Studies have demonstrated that replacing the 5’cap with
a non-functional ApppN cap, or introducing an internal ribosome entry site was able to

prevent miRNA-mediated translation repression.

miRNAs can also bind to their targets in non-canonical fashions, which may yield
variable outcomes in terms of gene regulation. One example is the 3’ supplementary

binding with imperfect seed match that was mentioned earlier in this section. Such



22

binding decreases miRNA targeting efficiency. Besides binding to the 3° UTRs of the
target mRNAs, miRNAs can also bind to the 5> UTR or the coding region (Figure I-7).
Jopling et al. found an interaction between miR-122 and the 5 UTR of the hepatitis C
virus RNA, which may facilitate RNA replication (/34). A phase 2a clinical trial using a
miR-122 inhibitor called Miravirsen to treat hepatitis C virus infection received
promising results in reducing viral RNA levels (/35). On the contrary, in another study it
was demonstrated in vitro that exogenous miRNA let-7a bound to the 5 UTR of the
luciferase reporter gene and decreased gene expression (/36). When a miRNA binds to
the coding region of the target mRNA, it also causes mRNA degradation and translational
repression, but the targeting efficiency is lower compared to a 3> UTR binding (/37).
miRNAs can also regulate gene expression at the transcriptional level. A few studies have
reported that miRNAs were found in the nuclei and could target the genome at the
promoter region (Figure 1-7) (/38-140). However, results varied between studies. Robert
et al. showed that transfection of miR-373 mimics induced target gene expression upon
binding to the promoter (/39), while Younger ef al. found a repressor effect with the
transfection of miR-423-5p mimics, which also bound to the promoter of the target DNA
(140).

”
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Figure I-7. Mechanisms of miRNA targeting gene regulation.
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5.1.3 miRNAs as potential therapeutic targets

Alterations of miRNA genes in the genome would result in changes of target gene
expression. For example, amplification or duplication of a miRNA gene would cause
down-regulation of the target genes, and deletion of a miRNA gene would result in up-
regulation of the target genes. Mutations in the seed region of a miRNA gene could lead
to a change of targets. Mutations or variants of miRNA genes or miRNA binding sites, as
well as dysregulation of miRNA expression have been associated with different
pathologies. Current findings on the implication of miRNAs in cardiovascular diseases
including hypertension, CKD and vascular damage will be described in Section 6 of this
chapter. One miRNA can target multiple mRNAs and one mRNA can be targeted by
multiple miRNAs. It has been reported that there are more than 45000 conserved
miRNA-binding sites in human 3’ UTR. On average, there are more than 500 predicted
targets per miRNA family (/26). The ability to regulate expression of a large amount of
genes allows miRNAs to act as master regulators in complicated gene networks involved
in development or different physiological pathways. Alterations of a single miRNA could
have a large effect on normal body functions by affecting hundreds of other genes. At the
same time, this confers miRNAs the potential to become potent therapeutic targets in

clinical applications.

Current methods used to target miRNAs include the gain-of-function approach by
miRNA mimics or viral miRNA expression vectors, and the loss-of-function approach by
miRNA inhibitors or viral small interfering RNA (siRNA) expression vectors. Delivery
of miRNA mimics, miRNA inhibitors or viral expression vectors could be done by
injection or infusion intravenously (/41/-143), subcutaneously (135, 144), intra-arterially
(145) or intra-peritoneally (/46). Although various delivery methods are feasible, there
are still many challenges such as poor targeting delivery to the tissue of interest, fast
degradation of miRNA mimics and inhibitors and risk of immunotoxicity (/47).
Moreover, considering that one miRNA could target hundreds of mRNAs, off-target
effects remain a big concern. /n vivo gain-of-function approaches are technically more

difficult compared to loss-of-function approaches and usually involve using viral
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expression vectors that may induce stronger immune-toxicity, while the use of miRNA
mimics should be more cautious since they bypass the endogenous miRNA biogenesis
and targeting machinery and may cause greater non-specific targeting effects (/48).
There are much less successful in vivo miRNA mimic gain-of-function examples than
successful in vivo knockdown by miRNA inhibitors, suggesting a greater technical
difficulty in miRNA mimic delivery or efficacy in vivo. The only clinical trial using
miRNA mimics as targeting therapy was ended prematurely after observing multiple

immune-related severe adverse events (See Section 7.3 ncRNAs as therapeutic targets for

details).

5.2 IncRNAs

IncRNAs are ncRNAs with longer than 200 nt. Compared to small ncRNAs, IncRNAs are
able to form high order structures that provide them greater capability to bind small
molecule or protein ligands (117, 149). The high order structure also adds complexity and
versatility to target recognition, with or without the help of DNA- or RNA-binding
protein ligands. IncRNA-mediated gene regulation is therefore more miscellaneous than
miRNA-mediated gene regulation. There are different types of IncRNAs including
lincRNAs, circRNAs, antisenses and pseudogenes. Each type may regulate gene
expression in one or multiple ways, at the transcriptional level and/or post-transcriptional

level.

5.2.1 lincRNAs

lincRNAs are transcribed from non-coding genome regions between protein-coding
genes, as the “1” in lincRNA stands for “intergenic”. The length of lincRNAs can reach
up to tens of thousands of nucleotides, giving them great potential to fold into high order
structures and interact with small molecule and/or protein ligands (/50). They can bind to
promoter and/or enhancer regions in the genome to regulate gene expression at the
transcriptional level (Figure 1-8) (117, 149, 151). Upon binding, lincRNAs together with

their ligands can recruit other transcription factors or repressors to regulate RNA
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transcription. It has been shown that lincRNA binding was also able to change DNA and
chromatin methylation status by affecting recruitment of DNA methyltransferase 3 that
methylates DNA and histone lysine N-methyltransferase EHMT2 that methylates
histones (/52). The lincRNA-mediated post-transcriptional gene regulation is still poorly
studied, but their ability of base-pairing and interacting with RNA-binding proteins
suggests that lincRNAs may also bind to mRNAs, regulating protein translation or
mRNA turnover. lincRNAs can also act as a miRNA sponge, or by competing with
endogenous RNAs (ceRNAs) to repress miRNA activity by base-pairing with and
sequestering miRNAs (Figure 1-8) (128, 153). The ceRNA-miRNA binding may induce
miRNA degradation, provided that siRNA knockdown of the ceRNA leads to increased
target miRNA levels (/28).

5.2.2 circRNAs

circRNAs are covalently closed ncRNAs derived from precursor mRNAs. Current data
suggest that they are generated from back-splicing events driven by the spliceosomal
machinery, which could be facilitated by internal intron base-paring or other RNA-
binding proteins (154, 155). circRNAs generally have low expression compared to other
ncRNAs, suggesting that they may be merely a type of by-product generated during post-
transcriptional processing. However, recently studies have reported that these by-
products could also possess regulatory potency on gene expression. Like lincRNAs, they
can act as ceRNAs to compete with mRNAs for miRNA binding and repress miRNA
activity (Figure I-8). Memczak et al. showed that circRNA CDRIas was densely bound
to the miRNA effector protein AGO and had tens of conserved miR-7 binding sites.
Expression vector-induced gain-of-function displayed similar effect as miR-7 knockdown
(156). On the same issue of the journal, another research group published a similar
finding on a circRNA ¢iRS-7 that also interacted with AGO and could serve as a miR-7
sponge (157). Li et al. identified a circRNA cir-ITCH that competed with the E3
ubiquitin protein ligase ITCH to interact with miR-7, miR-17 and miR-214. A positive
correlation between cir-ITCH and ITCH suggests that the presence of cir-ITCH may up-
regulate /TCH expression (158).
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5.2.3 Antisense RNAs

Antisense RNAs are transcribed from the complementary strand of a protein-coding gene.
An antisense RNA could come from an antisense gene that localizes in the position of the
opposite strand that overlaps the sense mRNA, or could result from an aberrant extension
of a neighbor gene in the opposite strand that causes overlapping (/59). As a
complementary sequence, antisense RNAs are able to bind to their sense mRNAs,
mediating gene expression at the post-transcriptional level (Figure I-8). Unlike the RNA
interference effect by antisense oligonucleotides, the sense-antisense RNA duplex
formation could also increase mRNA stability and protect mRNA from miRNA-induced
or RNase E-induced degradation by masking the miRNA or RNase E recognition sites
(160-162). Carrieri et al. demonstrated that Uchll antisense increased UCHLI protein
translation by interacting with the 5° end of the Uchll mRNA (163). Such antisense
activity depended on the presence of a SINEB2 repeat element in the Uchll antisense
RNA. However, another study by Darfeuille et al. reported that IstR-1 was an antisense
RNA bound to tisAB mRNA and led to RNase Ill-induced cleavage of the sense-
antisense RNA duplex and translational repression by competing with standby ribosomes

(164).

5.2.4 Pesudogenes

A pseudogene is a non-coding gene that shares a high degree of similarity with a protein-
coding gene (165, 166). They are believed to be derived from functional protein-coding
genes but have lost their coding capability. Based on their origin, pesudogenes can be
classified into unitary pseudogenes, duplicated pseudogenes or processed pseudogenes.
Unitary pseudogenes are resulted from spontaneous mutations of originally functional
protein-coding genes that introduce premature stop codons or impaired regulatory
sequences, leading to the production of non-functional or dysfunctional proteins to be
degraded. Duplicated pseudogenes are duplicated from a protein-coding gene into

another genomic region. Some duplicated pseudogenes have lost their coding ability due
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to a partial duplication in the coding regions or the loss of key regulatory regions during
duplication, while others were once functional, but became silenced during evolution
(167, 168). Processed pseudogenes are derived from mRNAs that are reversely
transcribed to cDNA, and then integrated into the genome. They are characterized by the

lack of introns, promoters and enhancers with the presence of poly-A tails.

These pseudogenes that were once thought to be “junk™ emerged during evolution, have
been recently shown to play a key regulatory role in gene expression. The ncRNAs
transcribed from the pseudogenes share highly similar sequences with their protein-
coding counterparts, which allows them to bind to similar proteins or other ncRNAs.
Poliseno ef al. demonstrated that the PTENPI pseudogene of the tumor suppressor gene
PTEN could act as a miRNA sponge to compete with the PTEN mRNA for miRNA
binding. The 3 UTR of PTENPI, which binds to miRNAs that target PTEN, has tumor
suppressive activity (/69). Moreover, it has been reported that a pseudogene Lethe could
bind to the subunit RelA of the nuclear factor complex NF-kB and inhibit RelA’s DNA
binding, thereby suppressing its target gene activation (/70).

5.2.5 Coding IncRNAs

By definition, ncRNAs have no open reading frames (ORFs), and therefore do not code
for proteins. However, recent findings on the identification of small ORFs in IncRNAs
suggest that many IncRNAs may actually code for small peptides (Figure I-8) (171, 172).
The small ORFs of coding and non-coding RNAs identified by ribosome profiling have
been uploaded in a database in www.sorfs.org. As early as 1995, Chen et al. reported that
eukaryotic ribosomes could initiate translation on circRNAs (/73). After that, more
studies have identified small peptides encoded by other IncRNAs. These small peptides
are not just abnormal or incomplete proteins that are non-functional. Anderson et al.
found a small peptide MLN encoded by a putative IncRNA that could regulate skeletal
muscle performance. MLN has a transmembrane alpha helix and was found to be
embedded in the sarcoplasmic reticulum membrane, where it regulated Ca*" uptake by
inhibiting SERCA pump activity (/74). Kondo et al. revealed small peptides from 11 to
32 amino acids encoded by a Drosophila ncRNA polished rice (pri). These small
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peptides were able to change the transcription factor Svb from a repressor to an activator

by N-terminal truncation (/75).
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Figure I-8. IncRNA-mediated transcriptional and post-transcriptional regulation.

5.2.6 Methods to target IncRNAs

IncRNAa have been linked to different pathologies. Current findings on the implication
of IncRNAs in cardiovascular disease including hypertension, CKD and vascular disease
will be described in Section 6 of this chapter. IncRNAs generally have relatively low
expression levels compared to mRNAs. This may be due to a tissue-specific expression
pattern (/76). This makes IncRNAs interesting therapeutic targets for disease. There are
several approaches to target IncRNAs that may be adapted to clinical use. One approach

is siRNA knockdown. Although numerous studies have shown successful IncRNA
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knockdown by siRNA in vitro (177, 178), in vivo knockdown seems to be technically
more difficult, which therefore limits its potential in clinical applications. Another
approach is antisense oligonucleotide silencing by the RNase H machinery. Wheeler et al.
were able to effectively knockdown the IncRNA Malat-1 in skeletal muscle by systemic
administration of antisense oligonucleotides in mice, without evidence of renal or liver
toxicity (/79). However, IncRNAs, especially those who have long sequence, tend to fold
into high order structures, which may significantly decrease siRNA- and antisense-
targeting efficacy with reduced accessibility. An alternative approach using ribozymes
has been proposed (/80). A ribozyme that recognizes a specific target RNA sequence and
catalyzes target RNA cleavage may possess advantages over siRNAs and antisense
oligonucleotides when acting on complex IncRNAs. Nevertheless, targeting IncRNAs in
clinical applications is still in its infancy. More research needs to be done in animal

models before these techniques are applied in clinical trials.

5.3 Circulating ncRNAs

5.3.1 The origin of circulating ncRNAs

Recent studies have found that ncRNAs are also present as a cell-free extracellular form
in biological fluids such as circulating blood and urine. These cell-free circulating
miRNAs were actually cell-derived miRNAs produced by the canonical intracellular
miRNA biogenesis pathways described in the last section. They are released into the
extracellular space either as a vesicle-associated form or as a non-vesicle-associated form
(Figure 1-6) (48, 49, 181). Vesicle-associated circulating miRNAs can either by packed
into intracellular membrane-bound compartments called endosomes (50-100 nm), and
then released out of the cells through fusion with plasma membrane as exosomes, or they
can be released directly within microvesicles (100-1000 nm) through outward budding.
Non-vesicle-associated circulating miRNAs on the contrary, are usually bound with high-
density lipoproteins (HDL) or AGO2. The HDL-bound miRNAs are then released into
the extracellular space by the ATP-binding cassette transporter A1 (ABCA1). HDL-
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bound miRNA delivery has been shown to be dependent on scavenger receptor class B
type 1 (SR-BI) (/82). The transport mechanisms of AGO2-bound miRNAs are still
unclear. Besides being released from cells, circulating miRNAs can also be found in
apoptotic bodies, which are fragmented vesicles resulting from cells that have broken
apart during apoptosis. There have been studies showing the presence of circulating
IncRNAs in exosomes (/83). However, whether they can be released as protein-bound

non-vesicle-associated circulating IncRNAs remains to be elucidated.

5.3.2 Roles of circulating ncRNAs

One major function of exosomes and microvesicles is to promote communication with
neighboring and far away cells. The existence of circulating forms may allow long-
distance ncRNA-mediated gene regulation. Zhao et al. demonstrated that miR-150 was
packed into microvesicles, released from acute myelomonocytic leukemia cells and taken
up by the co-cultured vascular endothelial cells, where it targeted c-Myb and reduced c-
Myb protein levels (/84). Similarly, Umezu et al. observed that the exosome-associated
miR-92a was released from chronic myeloid leukemia cells and targeted integrin a5
(ITGAS) in the co-cultured recipient vascular endothelial cells (/85). Zernecke et al.
showed that miR-126 in the apoptotic bodies of serum-starved apoptotic vascular
endothelial cells were taken up by the cultured endothelial cells, where it targeted
regulator of G protein signaling 16 (RGS16) and thereby induced chemokine CXCL12
production (/86). HDL-bound miRNAs were also shown to be delivered to cultured
recipient cells and target mRNA expression (/82).

5.3.3 Circulating ncRNAs as biomarkers and the challenges of studying circulating
ncRNAs

Circulating ncRNAs have been implicated in different pathologies including cancer and
cardiovascular disease (48, 183, 187, 188). Moreover, circulating miRNAs show
extraordinary stability and resistance to degradation even under harsh conditions such as

extreme pH, high temperature, long-term storage, multiple freeze-thaw cycles or the
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presence of RNases (49, 189-191). This is likely due to their association with vesicles or
proteins, which protect them from degradation. Isolated circulating miRNAs or synthetic
miRNAs added exogenously were much more vulnerable to degradation by RNase
activity. Although it is unknown whether circulating IncRNAs are bound to proteins,
exosomal IncRNAs were also shown to be remarkably stable under similar harsh
conditions (/87, 192, 193). This characteristic makes circulating ncRNAs interesting
potential biomarkers that can be utilized as diagnostic tools or to give insight into cell-
cell communication between injured and healthy tissues, or between tumor and normal
cells. Current findings on circulating ncRNAs in hypertension, CKD and vascular

damage will be covered in Section 6 of this chapter.

Circulating biological fluids may be easy to collect, but profiling circulating ncRNAs to
identify biomarkers remains challenging (48, 188, 194, 195). Current methods to profile
circulating ncRNAs include qPCR array, microarray, nanostring nCounter and next-
generation sequencing (NGS). Detailed description of these methods will be covered in
Section 7.1 of this chapter. The first challenge of profiling circulating ncRNAs we are
facing is the extraction of circulating ncRNAs. Since they are present in a cell-free form,
they tend to have very low expression levels. It is difficult to isolate enough RNAs for
profiling experiments using traditional RNA extraction kits. Scale-up approaches could
be an option. Although the ideal recommended input sample volumes for most
commercially available kits are relatively low due to the limiting capacity of their
columns to filter out residual contaminant substances like DNA and proteins, Mitchell et
al. has demonstrated a successful modified protocol with up-scaled sample volume and
up-scaled acid-phenol chloroform to remove DNA and proteins (/89). Recently, new
commercial kits that allow high sample volume have been developed. Another option is
to work directly with low RNA amount, and use pre-amplification before profiling. But
potential bias introduced during pre-amplification due to additional PCR cycles is still a
concern. The second challenge is sample contamination. Red blood cells are vulnerable to
rupture. Hemolysis has been shown to alter circulating miRNA patterns in plasma (796).
Sample collection must be taken carefully and isolation of plasma should ideally start
with low-speed centrifugation (1000 X g) to separate red blood cells without causing

rupture. In order to obtain cell-free platelet-free circulating ncRNAs, a high-speed
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centrifugation (10,000 X g) must follow. Without a high-speed centrifugation, one may
falsely believe that enough circulating ncRNAs has been extracted. However, the
extracted ncRNAs are likely coming from platelets, as demonstrated by the fact that
platelet-rich plasma shows much higher miRNA levels than platelet-poor plasma (/97).
Although these platelet-derived circulating ncRNAs may still serve as biomarkers for
diagnosis, they do not function in cell-cell communication and therefore do not provide
information on injured tissue- or tumor-released ncRNAs. The third challenge is
normalization for ncRNA levels. In a high-throughput profiling study, ncRNA levels can
be normalized by total read counts, based on the presumption that the total RNA levels
are similar between individuals. But in the case of real-rime quantitative reverse
transcription polymerase chain reaction (RT-qPCR) quantification for only a few
ncRNAs, this approach is not applicable. The U6 small nuclear RNA is commonly used
as a housekeeping RNA to normalize miRNAs levels. However, there are studies
reporting that U6 is unsuitable for circulating miRNA normalization because its levels
vary between control and diseased subjects (798, 199). Moreover, there are no ideal
housekeeping circulating ncRNAs identified, and synthetic spike-in RNAs can only
correct for technical variability but not serve as internal controls. The best normalization
approach today perhaps is to normalize by the geometric mean of multiple literature-
suggested housekeeping ncRNAs or the least variable ncRNAs from previous profiling

studies (200).

6. ncRNAs and cardiovascular disease

Over the last decade, accumulating evidence has indicated a strong association between
ncRNAs and cardiovascular disease, implying ncRNAs’ crucial regulatory role in the

underlying molecular mechanisms of cardiovascular pathophysiology (201-203).

As early as 2007, Zhao et al. demonstrated the necessity of normal miRNA biogenesis in
heart development using a mouse model with Dicer deletion specifically in cardiac

progenitors (204). The embryos of the Dicer knockout mice exhibited pericardial edema
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and poorly ventricular myocardium development, which eventually led to cardiac failure
and lethality by embryonic day 12.5 (E12.5). After that, emerging studies have shown the
involvement of miRNAs in different cardiovascular diseases including cardiac
hypertrophy and failure (205, 206), atrial fibrillation (207, 208), metabolic syndrome
(209, 210), atherosclerosis (211, 212), hypertension (213, 214) and CKD (215, 216).

The first link between IncRNAs and cardiovascular disease can be traced back to 2006,
when Ishii et al. used linkage disequilibrium mapping to identify SNPs in a myocardial
infarction-associated locus that encodes a IncRNA, later named myocardial infarction
associated transcript (MIAT) by the authors (277). One year later, 2 large collaborative
genome-wide association studies conducted on over 1000 subjects by the Wellcome Trust
Case Control Consortium (WTCCC) (218) and deCODE genetics (219), respectively,
identified SNPs on susceptibility locus INK4 of chromosome 9p21 that is associated with
myocardial infarction and coronary artery disease. The INK4 locus encodes a IncRNA
called ANRIL that has also been linked to coronary artery disease, atherosclerosis and
diabetes (220-222). The interaction between IncRNAs and miNRAs has also been shown
to play a role in cardiovascular disease. For example, Wang et al. demonstrated that the
IncRNA CHRF, which acted as a ceRNA, competed with myeloid differentiation primary
response gene 88 (Myd88) for miR-489 binding in cardiomyocytes, thereby modulating
cardiac hypertrophy (/28).

This section will present current findings on the roles of miRNAs and IncRNAs in

hypertension, CKD and vascular damage.

6.1 ncRNAs and hypertension

6.1.1 miRNAs and hypertension

As mentioned previously in Section 1.2.5, BP-associated common SNPs were identified
in the 3> UTR microRNA binding sites of the RAAS-related genes (40). A few years later,
more studies have found other SNPs on different miRNA-binding sites that are linked to
essential hypertension risk. For example, the rare SNP rs12731181 (A>G) located in the
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3> UTR of prostaglandin F2a receptor (FP) had been shown to associate with higher BP
in a Han Chinese population. The presence of this rare SNP reduced the binding strength
between miR-590-3p and FP, thereby causing an up-regulation of FP and enhancing FP-
mediated vascular contractility (223). Yang et al. found that the expression level of
Activating transcription factor 1 (47F1), which was higher in essential hypertension
patients compared to normotensive subjects in another gene expression profiling study,
was higher in people with SNP rs11169571 (T>C), which is a miR-1283 binding site
located in the 3° UTR of ATF1 (224).

Abnormal miRNA expression levels were observed in essential hypertensive patients. Li
et al. used microarrays to profile miRNA expression in the plasma of essential
hypertensive patients. These authors identified 27 differentially expressed miRNAs and
for the first time showed a link between essential hypertension and cytomegalovirus
(HCMV) infection, since HCMV-encoded miRNA hecmv-miR-UL112 was among one of
the most significantly up-regulated miRNAs and increased HCMV seropositivity was
found in the hypertensive patients studied (2/4). However, it is noteworthy that the
researchers in this study did not perform a high-speed centrifugation to remove platelets
in the plasma. Thus, their circulating miRNA profile could likely come from platelets or
debris of immune cells that have uptaken HCMV RNAs during the immune response

against HCMV infection.

Tissue miRNAs have also been shown to associate with hypertension. Marques et al. in
microarray profiling studies identified 11 and 13 differentially expressed miRNAs in the
kidney medulla and cortex, respectively, of hypertensive subjects (27/3). They also
selected candidate miRNAs to validate their differential expression by RT-qPCR, as well
as the interaction between candidate miRNAs and hypertension-associated genes by
luciferase reporter assays. They found that in the medulla, down-regulated let-7c targeted
up-regulated NR442; and in the cortex, down-regulated miR-663 targeted up-regulated
REN and APOE, and down-regulated miR-181a targeted up-regulated REN and AIFM].
The involvement of the miR-132/miR-212 cluster in hypertension has been reported by
multiple studies in different tissues and cell types. Ang II-infused rats exhibited increased
expression of miR-132/miR-212 in the heart, kidneys, aorta and plasma. Patients treated

with Ang II receptor blockade had significantly lower miR-132 levels and a trend to
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reduced miR-212 levels in internal mammary artery tissue (225). Ang II treatment caused
up-regulation of miR-132 and miR-212 in the human embryonic cell line HEK293N (226)
and in vascular SMCs (227). Jin et al. further demonstrated that miR-132, which was also
up-regulated by Ang II in vascular SMCs, induced monocyte chemoattractant protein-1
(MCP-1) by targeting PTEN (227). Interestingly, PTEN has long been known as a tumor
suppressor gene that is able to inhibit cell proliferation (228) and play a role in cardiac
hypertrophy (229, 230). The above findings together may indicate the involvement of
miR-132 in vascular SMC proliferation that contributes to vascular remodeling in

hypertension.

6.1.2 IncRNAs and hypertension

Compared to miRNAs, the role of IncRNAs in hypertension is less studied.
Gopalakrishnan et al. for the first time used NGS to identify hundreds of differentially
expressed IncRNA in Dahl salt-sensitive compared to Dahl salt-resistant rats, as well as
between Dahl salt-sensitive and spontaneously hypertensive rats (23/). Combining the
analyses of mRNA expression profiling in the same animals and the co-expression
between nearby (cis) differentially expressed IncRNAs and mRNAs, they provided
prioritized IncRNAs for future functional studies. Leung et al. used a similar approach to
identify hundreds of differentially expressed IncRNAs and mRNAs in Ang II-transfected
vascular SMCs as well as their cis co-expression (232). Moreover, they also found a cis
co-expression relationship between the IncRNA /nc-Ang362 and the miR-221/miR-222
cluster, both of which were up-regulated by Ang II transfection. siRNA knockdown of
Inc-Ang362 decreased miR-221/miR-222 expression levels and proliferation of vascular
SMCs, indicating that /nc-Ang362 may promote miR-221/miR-222 transcription by an

unknown mechanism.

6.2 ncRNAs and CKD
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6.2.1 miRNAs and CKD

miRNAs have been implicated in kidney development and injury, and in CKD. Chu ef al.
showed that Dicer knockout in the metanephric mesenchyme that develops into nephron
progenitors resulted in remarkably abnormal renal development. The metanephrons
underwent complete regression at E14.5 with no identifiable renal structures (233). Wei
et al. on the other hand, demonstrated a protective effect against ischemia reperfusion-
induced kidney injury by deleting Dicer in proximal tubular cells. Mice with this Dicer
deletion also exhibited better renal function and improved survival (234). A global
decrease of circulating miRNA levels in the plasma of CKD patients was observed by
Neal ef al., who also identified several circulating miRNAs that were correlated with
eGFR levels (235). However, they did not perform high-speed centrifugation to remove
platelets in the plasma, which suggests that the findings were likely a result of decrease of
platelet miRNA levels in CKD. Recently, Ulbing et al. conducted a miRNA profiling
study on the plasma of CKD patients to identify differentially expressed miRNAs and
their predicted targets that may bring some insight into the pathophysiology of CKD
(215). These authors showed that miR-223-3p and miR-93-5p, both of which were down-
regulated in stage 4 and stage 5 CKD patients, were correlated with eGFR and
interleukin-6 (/L-6) levels. Both miR-222-3p and miR-93-5p were predicted to target /L-6.
Compared to the previous study, the plasma in this study underwent high-speed

centrifugation to achieve platelet-free circulating miRNA profiling.

6.2.2 IncRNAs and CKD

Research on the roles of IncRNAs in CKD is still in its infancy. In an early GWAS in
2007, Hanson et al. identified a SNP in the IncRNA PVTI that was associated with end-
stage renal disease. There is an ongoing study looking at circulating IncRNAs and their
relationship with nearby mRNAs in CKD (236). This study may provide candidate CKD-

associated IncRNAs for future functional studies.
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6.3 ncRNASs and vascular damage

6.3.1 miRNAs and vascular damage

Normal miRNA biogenesis is also critical for vascular development and function.
Albinsson et al. showed that SMC-specific Dicer deletion at exons 20 and 21 reduced
vascular SMC proliferation and differentiation, which resulted in decreased vessel wall
thickness, contractile dysfunction and hemorrhage, finally leading to embryonic lethality
at E16 to E17 (237). Similar outcome was observed by Pan et al. one year later using
SMC-specific Dicer deletion at exons 1 and 2, which resulted in reduced vascular SMC
proliferation, dilated vessels, hemorrhage and embryonic lethality between E14.5 to
E15.5 (238). Numerous studies have reported the involvement of miRNAs in vascular
SMC proliferation and differentiation. One of the most frequently reported miRNAs may
be the miR-145/miR-143 cluster. miR-145 and miR-143 are co-transcribed miRNAs that
are highly expressed in vascular SMCs. They are responsible for decreased vascular SMC
proliferation and enhanced differentiation by targeting transcription factors including
Kruppel-like factor 4 (KIf4), which activates SMC proliferation genes and represses SMC
differentiation genes, myocardin (Myocd), which is able to induce SMC gene expression
in fibroblasts and promote fibroblast-to-SMC conversion, and Elk-1, which is a Myocd
competitor (239). Knockout of miR-145/miR-143 displayed structural changes in the
SMC layers of the vessels, impeded neointima formation in response to injury,
compromised vascular contractility and significantly reduced BP (240-242). miR-663,
which was down-regulated in Platelet-Derived Growth Factor (PDGF)-induced
proliferating vascular SMCs, was also shown to regulate vascular SMC differentiation by
targeting the transcription factor JunB, which in turn down-regulated a downstream JunB
target myosin light chain 9 (MYL9) (243). miR-133 on the other hand, was found to
reduce vascular SMC proliferation by targeting the transcription factor Sp-/, which
regulates SMC gene expression (/45). Expression levels of miR-125b, miR-145 and
miR-155 were decreased in CKD rats. Overexpression of miR-155 inhibited vascular
SMC proliferation by targeting Ang II type I receptor (A7/R) (216). miR-221 and miR-

222 were found to promote vascular SMC calcification, which is characteristically found
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in CKD, potentially by modulating cellular inorganic phosphate and pyrophosphate levels
(244).

Compared to vascular SMCs, Dicer knockdown by siRNAs in endothelial cells resulted
in reduced proliferation and cord formation of endothelial cells, as well as increased
eNOS activation in vitro (245). Surprisingly, in vivo endothelial cell-specific Dicer but
not Drosha silencing by siRNA exhibited reduced angiogenesis, whereas in vitro Drosha
knockdown displayed only minor antiangiogenic effects compared to Dicer knockdown
(246). miR-126 has been demonstrated to be an endothelial cell-specific miRNA that
regulates endothelial cell growth in response to vascular endothelial growth factor
(VEGF), and is responsible for the integrity of blood vessel formation and angiogenesis
(247, 248). The miR-221/miR-222 cluster, which promotes vascular SMC calcification
was also shown to inhibit endothelial tube formation and migration by targeting KIT
Proto-Oncogene Receptor Tyrosine Kinase (c-Kif) (249), whereas miR-92a could repress
endothelial cell proliferation and migration by targeting endothelial homeostasis
regulators KLF4 and Mitogen-Activated Protein kinase kinase 4 (MKK4) (250).
Inhibition of miR-92a increased phosphorylation of ERK1/2 and JNK/SAPK in
endothelial cells, and promoted endothelial cell proliferation. miR-132 was able to
induce inflammation on endothelial cells by targeting silent information regulator

1 (SIRTI), which modulates endothelial pro-inflammatory processes (251).

The vascular SMC differentiation modulators miR-143 and miR-145 may play a role in
cell-cell communication between vascular SMCs and endothelial cells. Hergenreider et al.
reported that shear stress induced the release of miR-143/miR-145-containing
microvesicles from vascular endothelial cells. These microvesicles were then uptaken by
the co-cultured vascular SMCs, where miR-143 and miR-145 regulated target gene
expression (252).

Beyond in hypertension and CKD, miRNAs have also been implicated in vascular
damage in other types of cardiovascular diseases such as coronary artery disease (CAD)
and pulmonary hypertension. Expression of miR-145, which plays a role in controlling
SMC proliferation, was also reported to be decreased in atherosclerotic lesions with

neointimal hyperplasia (239). Dentelli et al. showed that miR-222 is down-regulated by
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inflammatory stimuli such as interleukin (IL)-3 or basic fibroblast growth factor (bFGF)
treatment in human endothelial cells from advanced neovascularized atherosclerotic
lesions. They demonstrated that miR-222 expression decreases gradually from early
lesions to advanced plaques, and that miR-222 targets Signal Transducer And Activator
Of Transcription 5A (STAT5A4), which is a transcription factor involved in cell
proliferation, differentiation and survival, suggesting that miR-222 could be a regulator
for inflammation-induced new vessel formation and atherosclerotic plague progression
(253). On the contrary, Minami et al. reported that miR-222 is up-regulated in endothelial
progenitor cells from CAD patients compared to those from non-CAD subjects. A 12-
month lipid lowering therapy with atorvastatin but not pravastatin decreased miR-222
levels. They also observed a positive correlation between low-density lipoprotein and
miR-222 levels in atorvastatin-treated patients (254). Fang et al. showed that endothelial
miR-10a and its targets Homeobox A1 (HOXAI) have lower and higher expression levels,
respectively, in the atherosclerosis-susceptible aortic arch compared to the
atherosclerosis-protected descending thoracic aorta (255). Expression of miR-155 was
demonstrated by Nazari-Jahantigh ef al. to by up-regulated in both atherosclerotic lesions
and inflammatory macrophages of ApoE knockout mice, where miR-155 targets the NF-
kB repressor Silencing of B-Cell CLL/Lymphoma 6 (Bcl6), leading to enhanced
atherosclerotic plaque formation and activated expression of chemokine C-C Motif
Chemokine Ligand 2 (CCI2) (256). miR-204 expression levels were decreased in
pulmonary artery smooth muscle cells (PASMCs) from patients with pulmonary arterial
hypertension (PAH) and from rodent PAH models, and were negatively correlated with
PAH severity (257). The authors also demonstrated that inhibition of miR-204 promotes
PASMC proliferation and triggers antiapoptotic effects via the Src—STAT3-NFAT
pathway. /n vivo miR-204 mimic delivery to the lungs by nebulization significantly
reduced PAH severity. TGF-B-superfamily growth factor treatment by TGF-B or bone
morphogenetic protein (BMP4) increased miR-21 and SMC markers smooth muscle a-
actin (SMA) expression in PASMCs. These induced SMA marker expression, effect that
was enhanced by miR-21 mimic transfection and blunted by miR-21 inhibitor
transfection. miR-21 modulated PASMC phenotype by targeting the tumour suppressor
gene Programmed Cell Death 4 (PDCD4) (258). Caruso et al. observed an up-regulation
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of miR-451 in lung tissues from both chronic hypoxia- and monocrotaline-induced PAH
rats, and demonstrated that both TGF- and BMP4 treatment are able to induced miR-
451 in PASMCs (259). Interestingly, and opposite to the findings in many other types of
cardiovascular pathologies including essential hypertension and CAD, miR-145 was
shown to be up-regulated in PASMCs from hypoxia-induced PAH mice and patients with
the PAH-associated BMPR2 mutations, as well as in the lungs of PAH patients. Both
miR-145 knockout and miR-145 knockdown by anti-miRNAs protected mice from
developing PAH in response to hypoxia (260). Bertero et al. observed an up-regulation of
miR-130a, miR-130b, miR-301a and miR-301b in both hypoxia-exposed PASMCs and
pulmonary artery endothelial cells, as well as in both the intima and the media of small
pulmonary vessels from severe PAH patients (261). The authors also demonstrated that
the PAH-induced up-regulation of the miR-130/301 family is dependent on HIF-2a and
POUSF1/0CT4, and that the miR-130/301 family promotes PAH by targeting PPARY.

6.3.2 IncRNAs and vascular damage

Several recent studies have identified IncRNAs that regulate vascular SMC and
endothelial cell phenotype. Wu ef al. demonstrated that lincRNA-p21, whose expression
levels decreased in patients with coronary heart disease, inhibited vascular SMC
proliferation by competing with p53 to interact with an E3 ubiquitin-protein ligase mouse
double minute 2 (MDM2), releasing MDM2’s repressor effect on p53, which allows p53
to regulate its target gene expression and modulate SMC apoptosis. /n vivo knockdown of
lincRNA-p21 by siRNAs induced vascular SMC proliferation and caused neointima
hyperplasia (262). Ballantyne ef al. used NGS to identify a novel IncRNA, which they
called smooth muscle-induced IncRNA enhances replication (SMILR), that regulates
vascular SMC proliferation, possibly through cis-regulation on proximal genes
including HAS2 and HAS2-AS1 (263). They found that SMILR expression was induced in
both the nucleus and cytoplasm of vascular SMCs by the treatment with interleukin-1la
and platelet-derived growth factor. siRNA knockdown of SMILR remarkably reduced

vascular SMC proliferation. As mentioned already, Leung et al. identified an Ang II-
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induced IncRNA [nc-Ang362 that may activate miR-221/miR-222 expression and
promote vascular SMC proliferation (232).

The IncRNA ANRIL, which has also been linked to coronary artery disease,
atherosclerosis and diabetes (220-222), was recently reported to be induced by pro-
inflammatory factors TNF-a in endothelial cells. ANRIL was shown to be an essential
element for TNF-a to regulate downstream inflammatory genes such as /L6 and /LS8 in
endothelial cells, possibly due to its ability to interact with transcription factor YY1 and
facilitate its binding to the promoters of /L6 and /L8 (264). Michalik et al. revealed a role
of the IncRNA MALATI on endothelial cell function and vessel growth by demonstrating
that knockdown of MALATI by siRNAs inhibited endothelial cell proliferation, and that
MALATI knockout mice exhibited reduced endothelial cell proliferation and neonatal

retina vascularization (2635).

6.4 ncRNAs involved in hypertension, CKD and vascular damage

Table I-1. List of ncRNAs involved in hypertension, CKD and vascular damage

ncRNAs Involvement Reference
miR-590-3p Targets FP and mediates vascular contractility. (223)
miR-1283 Targets ATFI in essential hypertension. (224)

Down-regulated in the medulla of hypertensive
let-7¢ ) . (213)
patients, where it targets NR4A2.

‘ Down-regulated in the cortex of hypertensive
miR-663 (213)
patients, where it targets REN and APOE.

_ Down-regulated in the cortex of hypertensive
miR-181a . . (213)
patients, where it targets REN and AIFM].
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Table I-1. Cont.

ncRNAs Involvement Reference
Induced by Ang II in the heart, kidneys, aorta,
. . plasma and vascular SMCs, induces MCP-1 by (225),
miR-132/miR- . ' ' .
210 targeting PTEN in vascular SMCs. miR-132 is able (227),
to induce inflammation on endothelial cells by (251)
targeting SIRT1.
up-regulated by Ang II transfection. siRNA
knockdown of /nc-Ang362 decreased miR-221/miR-
Inc-Ang362 _ ' ' (232)
222 expression levels and proliferation of vascular
SMCs.
miR-223-3p Down-regulated in stage 4 and stage 5 CKD patients, 215)
and miR-93-5p correlated with eGFR and /L-6, and target IL-6.
PVTI SNP was associated with end-stage renal disease. (2306)
Responsible for decreased vascular SMC
proliferation and enhanced differentiation by (239)
targeting Klf4, Myocd and Elk-1. Required for ’
(240-242),
miR-145/miR- vascular contractility and BP maintenance. miR-145 216)
143 is decreased in CKD rats. Involved in cell-cell (252)’
communication between vascular SMCs and (260)’
endothelial cells. Down-regulated in atherosclerosis.
Up-regulated in PAH.
Down-regulated in PDGF-induced proliferating
miR-663 vascular SMCs. Regulates vascular SMC (243)
differentiation by targeting JunB.
miR-133 Reduce vascular SMC proliferation by targeting Sp-/ (145)
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Table I-1. Cont.

ncRNAs Involvement Reference
Promote vascular SMC calcification. Inhibit (244)
' endothelial tube formation and migration by targeting ’
miR-221 and ) o _ (249),
‘ c-Kit. miR-222 expression is decreased in
miR-222 ‘ ‘ ‘ ‘ . (253),
atherosclerotic lesions. miR-222 is up-regulated in (254)
endothelial progenitor cells from CAD patients.
. Repress endothelial cell proliferation and migration
miR-92a _ (250)
by targeting KLF4 andMKK4.
Down-regulated in CKD rats. Overexpression of
. miR-155 inhibited vascular SMC proliferation by
miR-125b and (216),
‘ targeting AT/R. miR-155 is up-regulated in
miR-155 (256)
atherosclerotic lesions and targets the NF-xB
repressor Bcl6, leading to enhanced plaque formation
Decreased in PASMCs from PAH patients and PAH
miR-204 rodent models, and is negatively correlated with (257)
PAH severity.
Induced by TGF-$ or BMP4 in PASMCs and
miR-21 (258)
modulated PASMC phenotype.
Up-regulation of in PAH lung tissues. Induced by
miR-451 (259)
TGF-p or BMP4 in PASMC:s.
Up-regulation in both hypoxia-exposed PASMCs and
pulmonary artery endothelial cells, as well as in both
miR-130/miR-
the intima and the media of small pulmonary vessels (261)

301 family

from severe PAH patients. Promotes PAH by
targeting PPARYy.
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Table I-1. Cont.

ncRNAs Involvement Reference

Down-regulated in coronary heart disease. Inhibited
lincRNA-p21 vascular SMC proliferation by competing with p53 to (262)
bind MDM2.

Regulates vascular SMC proliferation, possibly
SMILR . . (263)
through cis-regulation on HAS2 and HAS2-AS1.

SNP associated with CAD, atherosclerosis and

NRIL diabetes. Induced by TNF-a in endothelial cells. (220-222),
Interact with YY1 and facilitate its binding to the (264)
promoters of /L6 and /LS.

Promotes endothelial cell proliferation and neonatal
MALATI _ o (265)
retina vascularization.

7. ncRNAs as biomarkers or therapeutic targets in the clinic

7.1 ncRNA profiling

As mentioned in Section 5.3.3, current methods to profile ncRNAs include qPCR array,

microarray, nanostring nCounter, and NGS.

Traditional RT-qPCR is not useful as a profiling approach due to its low throughput.
However, once a candidate biomarker has been identified, RT-qPCR would be the best
option since it is easy, fast and cheap to quantify ncRNAs. Compared to traditional qPCR,
gPCR array is a derivative medium-throughput qPCR platform that has been recently
developed. It allows simultaneous quantification of hundreds of genes that are pre-
designed or custom-designed. This means it is not adequate for genome-wide profiling

studies. However, if a pool of candidate genes has been previously selected based on
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literature review or previous studies, qPCR array would be an ideal approach since it is
relatively cheap and the results are easy to analyze. Microarray on the other hand allows
us to simultaneously quantify expression of tens of thousands of genes whose probes
were pre-coated on the microarray chips, where the cDNAs hybridize to the probes and
give fluorescent signals. Although it has a higher output, it is less sensitive compared to
Tagman gPCR arrays, and signal intensity of low-expressed genes can be heavily
affected by background noise such as non-specific hybridization (266). The Nanostring
nCounter platform allows direct counting of mRNA without reverse transcription or
amplification (267). This method provides a sensitivity level better than microarray and
similar to Tagman qPCR, and at the same time minimizes bias caused by enzymatic
reactions. However, like qPCR array, Nanostring nCounter is a medium-throughput
system that allows simultaneous quantification of up to 800 genes. These approaches
limit studies only to known ncRNAs. There are still many unidentified ncNRAs,
especially those who are located in intergenic or intronic regions. The emergence of NGS
gives us the possibility to study all RNA species including the unannotated ones, since
NGS uses degenerate primers to hybridize different combinations of base sequences. This
allows us to detect even the previously unannotated RNA species, then map them to the
genome, analyze their potential secondary structure, and accordingly categorize them into
different ncRNA species. NGS also provides supreme sensitivity and specificity, even for
low-expressed transcripts. In order to identify novel ncRNAs and ncRNAs with very low
expression levels, deep sequencing is usually required. Different NGS platforms have
different minimal requirement for discovery mode (usually ~10-20 million qualified
mapped reads per sample) to identify novel RNA species. Coming along with all these
advantages is a high financial cost. Although the price of NGS is getting lower and lower
with improved technologies, it is still considerably more expensive than other profiling
platforms, especially when deep sequencing is needed. Another challenge of NGS is the
difficulty in data handling and analysis. The process of sequencing data analysis
generates large amounts of raw and intermediate files that demand enough space (usually
at the Terabyte level) for data processing and storage. Data analysis usually involves a
series of bioinformatic tools, most of which require at least minimal bioinformatics and

programming knowledge to work with, and many of which demand a computationally
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powerful workstation to run. The necessity of bioinformatics training and high

computational requirements also significantly increase the cost of NGS.

There are a variety of bioinformatic pipelines available to analyze gene expression
sequencing data. The two most popular pipelines will be described here (Figure 1-9).
Before starting the pipelines, it is important to make sure that a good sequencing quality
is achieved. One of the most popular tools for sequence quality control is FastQC

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/), which visualizes the base

quality from the sequencing data. Base quality (Q) is defined as Q=-10 X log;o(Pg),
where Pr means the probability of error. A minimal Q of 20, i.e. 1% error rate, is usually
considered as good sequence quality, and Q>30, i.e. <0.1% error rate, is considered as
ideal. One of the pipelines mostly used is the Tuxedo pipeline that uses a combination of
bioinformatic tools named Bowtie, Tophat, Cufflinks and Cuffdiff. Bowtie 1 (268) and
Bowtie 2 (269) are alignment tools that map sequences to the genome. Bowtie 1 was
designed to work with shorter sequences (up to 50 bp), while Bowtie 2 works better for
long sequences. However, both Bowtie 1 and 2 for designed for genomic DNA sequence
alignment since they do not take intron splicing into consideration. For RNA sequence
alignment, Tophat, which uses the Bowtie 1 algorithm for alignment (270, 271) or Tophat
2, which can use either the Bowtie 1 or Bowtie 2 algorithm (272), is generally used. In
addition to the Bowtie 1 or Bowtie 2 alignment algorithm, Tophat and Tophat 2 also
analyze splice junctions, which allows us to identify isoforms of transcripts that have
resulted from alternative splicing. Cufflinks is then used to annotate, assemble and count
the mapped sequence reads, followed by differential expression analysis by Cuffdiff
(273). The other one of the most popular pipelines uses STAR for sequence alignment. It
has been reported to be more precise and 50X faster than Tophat 2 (274). HTSeq-count is
then used for annotation, assembly and counting of the mapped reads (275), followed by
differential expression analysis by an R package EdgeR (276). The biggest advantage of
EdgeR over Cuftdiff is that EdgeR allows multi-group comparisons whereas Cuffdiff
allows only two-group comparisons. However, EdgeR is less user friendly, and requires
intermediate R programming level. For miRNA sequencing specifically, miRdeep2 (277)
is one of the mostly used tools. miRdeep2 can align RNA sequences by either Bowtie or

STAR, then annotate, assemble and count mature miRNAs reads based on the miRBase
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mature miRNA sequences. It is also able to analyze the potential stem-loop structures
formed by the RNA sequences and their up- or down-stream genomic sequences, which
allows the prediction of novel miRNAs that are previously unannotated in the miRBase.
Differential expression analysis for miRDeep?2 results can be done by EdgeR. In the case
of circRNA profiling, as mentioned previously in Section 5.2.2, circRNAs are generated
from back-splicing events, so their sequences may be mapped to regular mRNA or
IncRNA regions. STAR and CIRI (278) can analyze non-canonical splicing events
between nearby junctions using the unmapped sequences, enabling them to identify and

quantify circRNAs.

After identifying ncRNAs of interest, the next step is to analyze the interactions between
different RNA species. There are numerous tools available for miRNA target prediction,
each with their own advantages. TargetScan (/26, 279) takes into account the
conservation among species and scores the miRNA targeting based on miRNA binding
site features including seed match, 3° compensatory paring and site position. RNAhybrid
(280) uses minimum free energy to score the miRNA-target pairing and allows the
identification of non-seed binding. New approaches like miRANDA-mirSVR (281) and
SVMicrO (282) use machine learning to build a miRNA target predictor that was trained
on a large training dataset of previous miRNA experiments. They also take into account
features like seed matching, minimum free energy and conservation. However, all these
tools tend to predict too many targets, leading to a high false positive rate. In order to
improve the results, one can use multiple tools for prediction and take the common
targets as the ones with high confidence. Another way to improve prediction is to
perform total RNA profiling, or total RNA profiling after miRNA mimic/inhibitor
treatment, then compare the total RNA and miRNA profiles to analyze and validate the
miRNA-target relationship. Predicting IncRNA-target pairs is more complicated since
IncRNAs tend to fold into high order structures and proteins may be involved in target
binding. Current methods to analyze IncRNAs targeting generally only look at the linear
base pairing. A pull-down experiment such as Chip-Seq can be used to confirm the

interaction between IncRNAs and their targets.
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Figure I-9. Bioinformatic pipelines for ncRNA profiling.

7.2 ncRNASs as biomarkers

Many studies have shown the value of circulating ncRNAs as biomarkers for diagnosis or
prognosis in the clinic. Two meta-analysis-based studies revealed the potential of
circulating miR-21 as a diagnostic or prognostic biomarker for various cancers. The
finding of Wu et al. suggests that circulating miR-21 may be used to predict early-stage
cancers (283), whereas Wang et al. found that circulating miR-21 is not suitable for
cancer diagnosis, but has a value to predict survival (284). Circulating miR-1 and miR-
133a were reported to be up-regulated in patients with myocardial infarction (MI), and
miR-133a was also associated with post-MI death, making it possible to serve as a
prognostic biomarker for MI (285, 286). Kumarswamy et al. used microarray RNA
profiling to identify a mitochondrial IncRNA, which they referred to as LIPCAR, that was
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down-regulated in the plasma during an early stage of MI and can be used as a predictor

for post-MI mortality (287).

However, in many cases of complex diseases such as cancer and cardiovascular disease,
one candidate ncRNA usually does not yield enough power for early disease detection or
prognosis prediction. The combination of multiple ncRNAs using a modeling approach
has been reported to perform better. Lin et al. first used gPCR array to identify candidate
circulating miRNAs that were differentially expressed in patients with hepatocellular
carcinoma. Different combinations of these candidate miRNAs were put together in a
logistic regression model to build a predictor for early hepatocellular carcinoma detection
using a training cohort. By evaluating the prediction performance in independent
validation cohorts, they found the best predictor using a combination of 7 miRNAs in the
modeling (miR-29a, miR-29¢, miR-133a, miR-143, miR-145, miR-192, and miR-505).
Their predictor exhibited higher prediction accuracy than the conventional method using
a cutoff a-fetoprotein of 20 ng/mL (AFP20) (288). Similarly, Kuo ef al. used NGS to
identify differentially expressed miRNAs in white blood cells from patients with
Kawasaki disease, followed by a machine learning approach to build a predictor for
Kawasaki disease diagnosis using 10 candidate miRNAs. Their predictor demonstrated
robustness and reliability with a prediction sensitivity of 84.20% and a specificity of 81.8%
(289).

Aside from the current findings that suggest the value of circulating ncRNAs as
biomarkers, there is concern about the reproducibility of the results. Witwer in a review
showed poor overlap in differentially expressed circulating miRNAs among different
studies, and some miRNAs had too low fold change to be validated (290). Building a
prediction model also has limitations. It generally requires a large dataset for data training
and validation. This significantly increases the financial burden for the profiling studies
to identify candidate ncNRAs. Compared to the conventional statistical comparisons
between 2 groups (7-test) or multiple groups (analysis of variance, or ANOVA), the
modeling approach also requires more statistical knowledge and in many cases some
programming skills, as many modeling algorithms need to be optimized to obtain the best

performance.
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7.3 ncRNASs as therapeutic targets

There are so far 2 clinical trials utilizing miRNAs as targets to develop novel treatments.
The very first miRNA-targeting drug to enter clinical trials is a locked nucleic acid
(LNA)-based miR-122 inhibitor called Miravirsen that was used to treat hepatitis C virus
(HCV) infection. A pre-clinical study was done on non-human primates to show
improved HCV-induced liver pathology without evidence of viral resistance or side
effects (291). The later phase Ila clinical trial on HCV patients showed a prolonged dose-
dependent reduction in HCV RNA levels, also without evidence of viral resistance or side
effects (/35). The second one was developed by Mirna therapeutics, Inc. using gain-of-
function liposomal miR-34a mimics (MRX34) to treat patients with advanced solid
tumors. The Phase I study showed evidence of antitumor activity in a subset of patients
(143). However, as mentioned previously in Section 5.1.3, in vivo mRNA mimic
treatments tend to induce stronger immune-toxicity due to their bypass of the endogenous
miRNA biogenesis and targeting machinery. In fact, after observing multiple immune-
related severe adverse events, Mirna therapeutics, Inc. decided to stop the ongoing Phase
I clinical trial and announced that they would not initiate an additional translational study
of MRX34 that they had planned earlier (https:/finance.yahoo.com/news/mirna-
therapeutics-halts-phase-1-200500073.html). Inhibition of miR-33a and miR-33b has

reached the pre-clinical stage, showing a successful increase in plasma high-density
lipoprotein cholesterol and decrease of very-low-density lipoprotein cholesterol in non-

human primates (292).

Using ncRNAs as therapeutic target in translation is in its infancy and still facing many
challenges. The halting of the MRX34 clinical trial is a good example showing us the
technical difficulties and safety concerns around developing novel ncRNA-targeting
therapies. More studies still need to be done on the optimization of the drug design to

improve targeting efficacy and delivery, and to overcome safety issues.
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8. Experimental design, hypothesis and objectives

8.1 Experimental design

This thesis is part of our miRNA profiling project that includes multiple studies using
different rodent medels of hypertension in combination with clinical studies on
hypertensive patients with and without CKD. The goal of this project is directed toward
identifying conserved miRNAs that play a key regulatory role on various components of

the pathophysiolology of vascular damage associated with hypertension and CKD.

Various experimental models have been used to mimic human diseases in research to
study the underlying pathophysiology and molecular mechanisms. The first hypertensive
model we used in our miRNA profiling project is Ang Il-infused C57BL/6 mice. We
aimed to use this model to identify miRNA regulators in vascular damage associated with
RAAS activation. The C57BL/6 mouse is one of the most popular animal models, largely
due to its high genetic similarity with humans, easy breeding, robustness, etc. Moreover,
the reference mouse genome assemblies in the UCSC and the NCBI databases also come
from the C57BL/6 strain, although NCBI provides other mouse strain genome assemblies

as well (https://genome.ucsc.edu/FAQ/FAQreleases#release3). This makes C57BL/6 the

preferred mouse strain for genomic and genetic studies. As cited above in multiple
sections of this chapter, many studies have demonstrated that Ang II is able to induce
differential gene expression, BP elevation, vascular remodeling and stiffening,
endothelial dysfunction and increased ROS production in vivo, as well as differential
gene expression, increased growth factor production and cell proliferation of different
cell types in vitro. The Ang Il-infused mouse model is therefore frequently used to
understand the pathophysiology and molecular mechanisms of human hypertension and
the associated vascular damage that has been linked to RAAS activation. Ang II is
generally administrated by injection to look at its acute effects or by infusion at a

constant rate using mini-osmotic pumps to look at its chronic effects.

In the first study (Chapter II) of this thesis, the 7-day and 14-day Ang II-infused mouse

models are used to look at effect of Ang II-induced vascular damage and gene expression


https://genome.ucsc.edu/FAQ/FAQreleases#release3
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changes at different time points compared to the 7-day and 14-day sham groups. miRNA
and total RNA expression profiling were performed using NGS in small resistance
mesenteric arteries to identify differentially expressed miRNAs, mRNAs and IncRNAs.
The combination of the RNA profiles was used to refine the prediction of miRNA targets
in the mRNAs and IncRNAs whose expression levels changed in the opposite direction.
From the differentially expressed genes, transcription factors were identified and
transcription factor targets were also predicted. The interactions between different RNA
species were integrated into molecular networks together with gene enrichment analyses.
This allowed us to study the molecular mechanisms of Ang II-induced vascular damage
and hypertension. It will provide insights allowing identification of potential key

regulators that may be used as therapeutic targets in future clinical applications.

In the second study (Chapter I1I), normotensive, hypertensive (systolic BP > 135 mm Hg
or diastolic BP of 85-115 mm Hg with BpTRU) and CKD subjects (eGFR < 60
mL/min/m?) were recruited to evaluate vascular damage noninvasively in large arteries
and gene expression changes in the small resistance arteries from subcutaneous gluteal
biopsies. miRNA and total RNA expression profiling were done using NGS and data
were analyzed as in the Ang II-infused mouse study above. The human and mouse results

were then compared to find common differentially expressed genes.

In the third study (Chapter 1V), cell-free platelet-free plasma was isolated from whole
blood of the same cohort of human subjects as in the second study. Small RNA
expression profiling was done using NGS to identify differentially expressed circulating
miRNAs. Correlations between circulating miRNA expression levels and clinical
parameters were performed to prioritize for candidate biomarker selection. Correlations
between circulating miRNA levels and gene expression levels from the small resistance
artery RNA profiles were performed to study potential cell-cell communication that

involves vascular cells.
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8.2 Hypothesis and objectives

There have been 69 drugs in 15 classes approved in the United States for hypertension
treatments, many of which are used in combination. Yet a significant population (50%) of
hypertensive patients have uncontrolled BP, many of them on >3 drugs of different
classes (293). Current treatments for CKD primarily target the RAAS as in hypertension
treatments (294). There is currently no cure for hypertension or CKD, but there is

growing demand for better treatment.

Given that vascular damage is associated with hypertension and CKD, and is one of the
earliest manifestation and a cause of target-organ damage, in the first and second studies
we hypothesized that the RNA profiles in small resistance arteries differ in Ang II-
infused mice and hypertensive patients with or without CKD compared to the control
mice and normotensive subjects, respectively. By conducting these two studies, we aimed
to identify conserved hypertension- and CKD-associated genes involved in RAAS
activation to provide advanced knowledge on the pathological molecular networks of
vascular damage in hypertension and CKD. The ultimate goal is to identify ncRNAs that
play key regulatory roles in those pathological molecular networks and harness them in

novel therapies to target vascular damage in hypertension and CKD.

In the third study, we hypothesized that the circulating ncRNA profiles differ in
hypertensive patients with or without CKD compared to normotensive subjects. The first
goal of this study was to gain further insight into the circulating ncRNA-related cell-cell
communication that involves vascular cells by comparing the results from the second and
third manuscripts. The second goal was to identify potential biomarkers for CKD

diagnosis and/or prognosis, and for vascular damage in hypertension and CKD.

8.3 Methodology
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8.3.1 RNA extraction

The dissected mouse mesenteric arteries (first study) or human small arteries (second
study) were homogenized in 1 mL of mirVana miRNA lysis/binding buffer in a 5 mL
tube for 1 min at maximum speed with a Polytron PT 1600 E homogenizer and processed
for total RNA extraction using the mirVana miRNA isolation kit, followed by genomic
DNA removal with the TURBO DNA-free kit according to the manufacturer’s protocol.
Circulating miRNAs were isolated from 6 ml of cell-free, platelet-free plasma (third
study) with the QIAamp Circulating Nucleic Acid kit using the miRNA extraction
protocol. Total RNA and small RNA quality were assessed with an Agilent 2100

bioanalyzer.

8.3.2 Library construction and RNA sequencing

Total RNA and small RNA libraries were constructed using the TruSeq stranded total
RNA sample preparation kit and the TruSeq small RNA sample preparation kit,
respecteiely. Total RNA was sequenced in a 2 x 101 bp pair-end high-output mode in the
first study and in a 2 x 76 bp pair-end high-output mode in the second study. In all three

studies, small RNA was sequenced in a 1 x 51 bp single-end rapid mode.

8.3.3 Bioinformatic pipeline

Sequence base-calling, adapter trimming, sample separation and bcl-to-fastq format
conversion were done in Bcl2fastq, followed by sequence alignment STAR. HTSeq-
count was used for total RNA gene assembly, annotation and counting. miRDeep2 was
used for novel miRNA prediction, known and novel miRNA annotation and counting.
Differential expression analysis was done in R (https://www.r-project.org) using the
EdgeR package. Hierarchical clustering analyses in the first study were performed with
the differentially expressed miRNAs and total RNAs and visculized in heat maps using R.
TargetScan was used to predict targets of differentially expressed miRNAs in the
inversely related differentially expressed mRNAs. TF binding site prediction in the

promoters of differentially expressed genes was performed using the FIMO tool of Meme
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Suite. Molecular network construction was conducted in Cytoscape. Gene enrichment

analysis was performed using the ClueGO tool in Cytoscape.

8.3.4 Measurement of miRNA and mRNA expression by RT-qPCR

In the first study, for miRNAs quantification, reverse transcription was done using the
TagMan® MicroRNA Reverse Transcription Kit and qPCR was performed using the
TagMan Small RNA Assays. miRNA expression was normalized by U6 small nuclear
RNA (snRNA). For mRNA quantification, reverse transcription was done using the
Quantitect RT kit and qPCR was performed using SsoFast EvaGreen Supermix. mRNA
expression was normalized by ribosomal protein S16 (Rps/6) mRNA levels. In the third
study, reversed transcription was done using the Qiagen miScript II RT Kit and qPCR
was performed using the miScript Primer Assay with miScript SYBR Green PCR. The
geometric mean of the 3 least variable miRNAs with at least 50 reads per million total

mapped reads from the sequencing date was used for normalization.

8.3.5 Validating miRNA-mRNA pairs

Human aortic SMCs were transfected with miRNA mimics or inhibitors for 24 hours.
RNA was extracted and used to measure miRNA and mRNA expression by RT-qPCR.
Luciferase assays were conducted as follows. The oligonucleotides containing wild-type
or mutated miRNA binding sites were annealed and sub-cloned into the multiple cloning
site of the pmirGLO dual-luciferase miRNA target expression vector. Human aortic
SMCs were co-transfected with mirVana miRNA mimics or inhibitors and the above
vectors using Lipofectamine 3000 for 48 hours. Luciferase assays were performed using

the Dual-Luciferase reporter assay system.
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CHAPTER II: Vascular ncRNA profiling in
Ang II-induced vascular damage and

hypertension
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Abstract

Background: Vascular injury is an early manifestation and a cause of end-organ damage
in hypertension. microRNAs play an important role in cardiovascular disease, but their
implication in vascular injury remains poorly studied. We aimed to use RNA sequencing
and systems biology to identify key regulators that mediate gene expression changes in

the course of vascular injury in angiotensin (Ang) II-induced hypertension.

Methods: Ten-week old male C57BL/6 mice were infused or not with Ang II for 7 or 14
days. Blood pressure (BP) was measured by telemetry, and mesenteric artery (MA)
function and mechanical properties by pressurized myography. Total RNA was extracted
from MAs for expression profiling by RNA sequencing to identify differentially
expressed (DE) microRNAs and mRNAs. Gene ontology enrichment analyses were
performed on DE mRNAs. The targets of DE microRNAs were predicted from the
inversely related DE mRNAs. DE transcription factors were identified from DE mRNAs
and their targets predicted from all the DE microRNAs and mRNAs.

Results: We identified DE microRNAs and mRNAs in both 7- and 14-day Ang II-
infused mice. We found that 17 out of 23 up-regulated microRNAs in the 14-day Ang II
group are located in a conserved microRNA cluster of the delta-like homolog 1-type III
iodothyronine deiodinase (DIkI-Dio3) region, 9 of which have expression levels that
correlated with BP. Among those 9, we showed in vitro in human aortic vascular smooth
muscle cells that miR-431-5p directly targets an Ang II-down-regulated BP-correlated
transcription factor Ets homologous factor (EHF), leading to up-regulation of 2 EHF
targets, collagen type I alpha 1 chain (Collal) and another DI/kI-Dio3 microRNA miR-
382-5p, both of which were up-regulated by Ang II. IV injection of miR-431-5p
inhibitors decreased miR-431-5p, miR-382-5p, Collal and increased Ehf in MAs. In vivo
miR-431-5p inhibition delayed Ang II-induced BP elevation, and reduced endothelial

dysfunction, vascular stiffening and oxidative stress.

Conclusions: miR-431-5p and its target EAf act as key regulators in the pathophysiology
of vascular damage in hypertension. miR-431-5p inhibition has potential to serve as a

novel target for therapy of vascular disease associated with hypertension.
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Introduction

microRNAs (miRNAs) are a class of small non-coding RNA (ncRNA) about 22 nt long
that play an important posttranscriptional gene regulatory role in developmental,
physiological and pathophysiological processes in various organs including the
cardiovascular system (1, 2). miRNAs regulate gene expression by binding to the 3’
untranslated region (UTR) of their target mRNAs to induce mRNA degradation and
translation repression. It has been shown that mammalian miRNAs predominantly act by
decreasing target mRNA levels (3, 4). One miRNA can target multiple mRNAs (5),
suggesting a master regulator potential of miRNAs in gene-gene interaction networks in

various pathological conditions and a promising future as potential therapeutic targets.

Hypertension is a major cause of cardiovascular disease and the number one risk
factor for global disease burden and death worldwide (6). Vascular injury, as a key
pathological feature in hypertension, is accompanied by dysregulation in gene expression
associated with vascular remodeling and dysfunction, which result in elevated peripheral
resistance and finally lead to target-organ damage (7). Small artery remodeling in
particular, may be the earliest manifestation of target-organ damage in mild essential
hypertension (8, 9). Angiotensin (Ang) II is a major component of the renin-angiotensin-
aldosterone system that participates in the development of hypertension (10). Ang II
causes blood pressure (BP) elevation though vasoconstriction and its renal actions as well
as by causing small artery injury that is characterized by endothelial dysfunction,

vascular remodeling, oxidative stress and inflammation (7).

Differential miRNA expression profiles have been observed in essential hypertension and
other cardiovascular diseases (11, 12). miRNAs have been shown to play an important
role in BP regulation and vascular function (13), as well as in regulation of extracellular
matrix genes and vascular smooth muscle cell (VSMC) proliferation that characterize
vascular damage in hypertension (11). Ang II has been demonstrated in vitro to alter
miRNA expression in human embryonic kidney cells, rat cardiac fibroblasts (14) and rat
VSMCs (15). However, the role of miRNAs in vascular injury in hypertension remains

poorly studied. We hypothesized that vascular miRNAs are dysregulated in Ang II-
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infused mice, and that the dysregulation of vascular miRNAs is a key driving force of

pathophysiological gene expression changes that contribute to vascular injury.

In the present study, we used next-generation sequencing (NGS) to identify differentially
expressed (DE) vascular miRNAs and mRNAs in Ang Il-infused mice, and then
predicted targets of DE miRNAs from the inversely related DE mRNAs. We aimed to
identify key miRNA-mRNA pairs that mediate Ang II-induced vascular injury. A large
number of miRNAs in a conserved miRNA cluster located in the delta-like homolog 1-
type III iodothyronine deiodinase (DIkI-Dio3) region were found to be up-regulated by
Ang II. Using an unbiased systems biology approach, we identified miR-431-5p and its
target, ETS homologous factor (E/f) as key regulators in a molecular network associated
with Ang Il-induced vascular injury. We showed by in vitro gain- and loss-of-function
experiments that miR-431-5p directly targets EAf, therefore leading to up-regulation of 2
downstream EHF targets, collagen type I alpha 1 chain (Collal) and another DlkI-Dio3
miRNA miR-382-5p. IV injection of miR-431-5p inhibitors decreased miR-431-5p levels
in mesenteric arteries (MAs), resulting in increased expression of Ehf as well as
decreased expression of Collal and miR-382-5p. In vivo miR-431-5p inhibition delayed
Ang Il-induced BP elevation, and protected against endothelial dysfunction, vascular

stiffening and oxidative stress.

Methods

A detailed Methods section is provided in the Online Data Supplement.

Experimental design

The study was approved by the Animal Care Committee of the Lady Davis Institute for
Medical Research and McGill University, and followed recommendations of the

Canadian Council of Animal Care.

A group of 10 to 12-week-old male C57BL/6J WT (Harlan laboratories,
Indianapolis, IN) mice (n = 10) infused or not SC with Ang II (1000 ng/kg/min) for 7 or
14 days with ALZET osmotic mini pumps (Model 1002, Durect Corporation, Cupertino,
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CA) were used to determine changes of miRNA and mRNA expression in MAs by RNA
sequencing. A systems biology approach was used to identify key miRNA regulators that
mediate gene expression changes in the course of vascular injury. BP was determined by
telemetry in a subset of the above mice (n = 6 for Ang II-infused and n=5 for sham) from

two days before to the end of the 14-day treatment period as previously described (16).

A second group of 10 to 12-week-old male C57BL/6J WT mice (n = 7) infused or
not with Ang II for 7 or 14 days were used to assess MA function and mechanical

properties by pressurized myography as previously described (17).

Mouse VSMCs isolated from mesenteric arteries, endothelial cells (ECs) and
fibroblasts from the lungs of a group of 10 to 12-week-old male C57BL/6J WT mice (n =
12), as well as human aorta smooth muscle cells (HASMCs) and ECs (HAEC:)
(ScienCell, Carlsbad, CA) were used to determine which vascular cell types express the
candidate key miRNA regulator miR-431 by reverse transcription-quantitative PCR (RT-
qPCR).

In order to determine whether human miR-431-5p targets EHF, the expression of
EHF was measured by RT-qPCR in HASMCs transfected with miR-431-5p mimics or

inhibitors.

A luciferase miRNA target expression vector assay (Promega, Madison, WI) was
used to confirm whether miR-431-5p targets EHF in a canonical miRNA targeting
machinery in HASMC:s transfected with miR-431-5p mimics or inhibitors.

In order to determine whether EHF targets COLIAI and miR-382-5p, the
expression of COLIAI and miR-382-5p was determined by RT-qPCR in HASMCs
transfected with siEHF.

The effect of in vivo miR-431-5p inhibition on Ang II-induced BP elevation and
vascular injury were tested using another group of 10 to 12-week-old male C57BL/6J
WT mice (n=7) infused with Ang II (1000 ng/kg/min) for 14 days and injected IV via the
tail vein with 20 mg/kg of locked nucleic acid (LNA) scrambled inhibitors or miR-431-
Sp inhibitors (Exiqon, Vedbaek, Denmark) on day 1 and day 7 of the treatment period.
BP was determined as above in a subset of these mice (n=6). At the end of the study, MA
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miRNA and mRNA expression was measured in by RT-qPCR. MA function and
mechanical properties were determined as above in a fourth group of 10 to 12-week-old
male C57BL/6]J WT mice (n=7) infused with Ang II and injected IV with LNA scrambled

inhitibors or miR-431-5p inhibitors as above.

Data analysis

Results are presented as means + SEM. Comparisons in BP and concentration-response
curve data were carried out using two-way analysis of variance (ANOVA) for repeated
measures. Other comparisons between more than 2 groups were done using two-way
ANOVA as indicated. All ANOVA tests were followed by a Student—Newman—Keuls
post-hoc test. Comparisons between 2 groups were done using unpaired or paired Student
t-test as indicated. Correlation between DE miRNA or DE mRNA and systolic or
diastolic BP was obtained using a Pearson correlation conducted in R. ANOVA and #-
tests were performed in SigmaPlot version 13 (Systat Software, San Jose, CA). P<0.05
was considered statistically significant. Differential expression analysis was performed
using an ANOVA-like test in EdgeR based on generalized linear models. Differential
expression was defined with a threshold of 1.5-fold change and false discovery rate (FDR)
<0.05.

Results

Ang II infusion induced blood pressure elevation, endothelial dysfunction, vascular

remodeling, stiffening and oxidative stress

A mouse model of Ang II infusion for 7 or 14 days was used to study vascular
injury, hypertension and associated gene changes. Ang II infusion reached a plateau BP
elevation of ~40 mmHg at day 5 compared to sham groups (Fig. II-1A), and remained
elevated to a similar degree at 7 and 14 days of Ang II infusion. MA contractile responses
to norepinephrine (NE) showed no difference between groups (Supplemental Fig. II-
S1A). The 14-day Ang II group exhibited a 35% impairment of endothelium-dependent

relaxation to acetylcholine (Ach) compared to the 14-day sham group, whereas the 7-day
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Ang II group showed a 20% impairment that did not reach statistical significance (Fig. II-
1B). Ach-induced vasodilatation was completely abrogated in the presence of the nitric
oxide (NO) synthase inhibitor N“-nitro-L-arginine methyl ester (L-NAME) in all groups
(Supplemental Fig. 1I-S1B). There was no difference between groups in endothelium-
independent relaxation to the NO donor sodium nitroprusside (SNP) (Supplemental Fig.
II-S1C). Eutrophic remodeling was observed only in the 14-day Ang II-infused mouse
MAs, as indicated by a 32% increase in media/lumen ratio (M:L) (Fig. II-1C) without
change in media cross-sectional area (MCSA) (Supplemental Fig. II-S1D). MA stiffening
was observed in both 7- and 14-day Ang II groups, as shown by a leftward shift of the
stress-strain curve and a 25% decrease in strain at 140 mmHg (Fig. [I-1D). Both 7-day
and 14-day Ang Il infusion increased reactive oxidative species (ROS) production by ~2-

fold in the MA wall and MA perivascular adipose tissue (PVAT) (Fig. lI-1E&F)

Expression profiles of vascular miRNA, mRNA and other ncRNAs in MAs of Ang

II-infused mice

To identify DE vascular miRNAs and mRNAs in early and late stages of Ang II-induced
hypertension, we used NGS to profile miRNA and mRNAs from MAs from 7-day and
14-day Ang II-infused mice. The RNA samples showed excellent quality, as indicated by
average RIN between 8.34 and 8.57 (Supplemental Table I1-S4).

In small RNA sequencing, all the samples had base quality >25 at every position,
indicating excellent sequencing quality. An average of 18.1+0.4 million qualified single-
end reads were obtained from the small RNA sequences, 73.8+0.8% of which were
mapped to single locus and 13.9+0.4% were mapped to multiple loci. Differential
expression analysis identified 1 down-regulated miRNA in the 7-day Ang II group, while
23 up-regulated and 12 down-regulated miRNAs were found in the 14-day Ang II group
(Supplemental Table II-S5). The DE miRNAs separate the 14-day but not the 7-day Ang
IT group in a hierarchical clustering analysis (Fig. 1I-2A).

In total RNA sequencing, all the samples had base quality >25 at every position,
indicating excellent sequencing quality. An average of 35.6+0.7 million qualified paired-

end reads were obtained from the total RNA sequences, 72.4+1.1% of which were
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mapped to single locus and 16.5+0.6% were mapped to multiple loci. One sample in the
14-day Ang II group was excluded because of low mapping % (19.4% to single locus and
2.7% to multiple loci). Differential expression analysis identified 33 up-regulated
mRNAs and 11 down-regulated mRNAs uniquely associated with the 7-day Ang II group,
440 up-regulated mRNAs and 250 down-regulated mRNAs uniquely associated with the
14-day Ang II group, while 109 up-regulated mRNAs and 6 down-regulated mRNAs in
both groups (gene list not shown in this thesis). The DE mRNAs separated both the 7-day
and 14-day Ang II groups from the Sham groups in a hierarchical clustering analysis (Fig.
II-2B). Gene ontology (GO) term enrichment analysis showed that the 7-day DE genes
were enriched for GO terms involved in extracellular matrix (ECM) and cell proliferation
(Supplemental Table II-S8), whereas the 14-day DE genes were enriched for ECM,
developmental processes, cell motility, growth factor signaling, inflammation, cell
proliferation, protein transport, peptidase activity and apoptosis (Supplemental Table II-
S10). In KEGG and REACTOME enrichment analysis, the 7-day DE genes were
enriched for PI3K-Akt signaling pathway, whereas the 14-day DE genes were enriched
for PI3K-Akt, PDGF, IGF1R, ERBB2, FGFR, Rapl, p53, DAP12 and EGFR signaling
pathways (Supplemental Table I1-S12).

The miRNA and total RNA sequencing data have been deposited in the Gene
Expression Omnibus (GEO) database, www.ncbi.nlm.nih.gov/geo (accession no.

GSE101711).

Next, we tried to identify targets of the DE miRNAs. To refine miRNA target
prediction in this study, in addition to searching for miRNA binding sites in the 3 UTRs,
we combined deep sequencing of miRNAs and mRNAs, then predicted miRNA targets
only in the inversely related genes. This approach allowed us to focus on the miRNA-
mRNA pairs that were both changed by Ang II infusion but in opposite directions. It is
noteworthy that when we used all genes for miRNA target prediction without filtering by
the mRNA sequencing data, an average of ~3800 targets per miRNA were predicted, as
opposed to ~45 in this study (Supplemental Table II-S5). In GO term enrichment, the 7-
day DE miRNAs-targeting DE genes were enriched for ECM and cell proliferation
(Supplemental Table II-S9), whereas the 14-day DE miRNA-targeting DE genes were

enriched for ECM, developmental processes, cell motility, growth factor signaling, cell
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proliferation, protein transport and responses to wounding (Supplemental Table 1I-S11).
In KEGG and REACTOME enrichment, the 14-day DE miRNA-targeting DE genes were
enriched for PI3K-Akt, PDGF and ERBB2 signaling pathways (Supplemental Table II-
S12). We also identified transcription factors (TFs) from the DE mRNAs and predicted
their targets from all the DE miRNAs and mRNAs. A main molecular network that
integrates the 14-day DE genes involved in the top 2 enriched GO term groups, namely
ECM and developmental processes, as well as the interactions between 14-day DE

miRNAs, DE TFs and their DE gene targets are presented in Fig. 11-2C.

miRNAs in the DIkI-Dio3 region were up-regulated in MAs of 14-day Ang II-

infused mice

The goal of this study was to identify key regulators that play a pivotal role on the Ang
[I-induced DE genes. Interestingly, 17 out of 23 14-day up-regulated miRNAs were
located in a miRNA cluster of the conserved DI/kI-Dio3 region on chromosome 12qF1,
which corresponds to chromosome 14q32 in humans (18) (Supplemental Fig. II-S2).
Correlations were found between systolic and diastolic BP and the expression levels of 9

out of 17 DIk1-Dio3 miRNAs (Table II-1).

Dysregulation of miRNAs in the DLKI-DIO3 region (14q32) has been shown to be
involved in cell proliferation and migration in multiple pathologies (18, 19), and reported
to be associated with atherosclerosis (20) in humans. Genome-wide association studies
(GWASs) showed risk single nucleotide polymorphisms (SNPs) in the DLKI/-DIO3
region associated with coronary artery disease (21) and type 1 diabetes (22). A linkage
study with >6000 individuals revealed linkage evidence for hypertension, systolic BP and
diastolic BP at 14932 (23). Given the literature background on the DLKI-DIO3 region
and its potential link to hypertension, we focused on the 9 BP-correlated DIkI-Dio3
miRNAs for key regulator identification. Using a candidate approach, we selected miR-
431-5p as a potential key regulator for further function studies for the following reasons:
1, FDR for differential expression was ranked 1st among all the DE miRNAs; 2, the
number of predicted DE targets was ranked 1st among the 9 BP-correlated miRNAs; 3,

its sequence is 100% conserved in human.
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Next, we looked at the downstream targets of miR-431-5p and identified a TF EHF that
was down-regulated by the 14-day Ang II infusion. It is noteworthy that the expression
levels of Ehf were also inversely correlated with both systolic and diastolic BP (Table II-
1), and the miR-431-5p binding site on the EAf 3> UTR is highly conserved between
human and mouse (Fig. II-3A). Moreover, EHF was predicted to regulate expression of 7
of the 9 BP-correlated miRNAs including miR-431-5p, as well as genes involved in ECM,
developmental processes, growth factor signaling, responses to wounding, ossification,
peptidase activity, cell proliferation and protein transport (Supplemental Table II-S13). It
has been previously shown in prostate cancer that EHF negatively regulates Collal (24),
which was up-regulated by Ang II in MAs in our study. Based on the aforementioned
reasons, we selected miR-431-5p, EAif and Collal for further gain- and loss-of-function

experiments.

miR-431-5p targets Ehf, which in terms up-regulates Collal, miR-431-5p and miR-
382-5p

Since MAs are composed of ECs, VSMCs and fibroblasts, it is important to determine
where miR-431-5p is expressed. RT-qPCR showed that miR-431-5p was expressed at a
much higher level in VSMCs compared to endothelial cells and fibroblasts in mouse
MAs (Supplemental Fig. 1I-S3A). In human cells, miR-431-5p was expressed in VSMCs
but not in endothelial cells (Supplemental Fig. [I-S3B).

Considering that both the miR-431-5p sequence and the miR-431-5p binding site
on the EAf3° UTR are conserved between human and mouse, we used human VSMCs for
further functional experiments. Transfection of miR-431-5p mimics decreased EHF
levels on human VSMCs (Fig. II-3B), while transfection of miR-431-5p inhibitors
increased EHF levels (Fig. II-3C). To demonstrate if miR-431-5p directly targets EHF in
a canonical miRNA targeting mechanism, we constructed luciferase reporter vectors that
contain the conserved wild-type or mutated miR-431-5p binding site on the human EHF
3> UTR (Fig. 1I-3D) downstream of the luciferase coding region, namely WT-pmirGLO-
EHF and mut-pmirGLO-EHF, respectively. Co-transfection of miR-431-5p mimics with
WT-pmirGLO-EHF but not mut-pmirGLO-EHF caused a 50% decrease in luciferase
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expression levels, while co-transfections of scrambled mimics with WT-pmirGLO-EHF

and mut-pmirGLO-EHF showed no difference (Fig. I1I-3E).

Ehf was predicted to down-regulate ECM genes Collal, Biglycan (Bgn),
fibronectin 1 (Fnl), connective tissue growth factor (Ctgf) that were up-regulated by 14-
day Ang II infusion, as well as 7 out of 9 BP-correlated miRNAs. We used siRNAs to
knockdown EHF (Fig. 1I-4A) in human VSMCs and showed up-regulation of COLIA1
(Fig. 1I-4B), miR-431-5p (Fig. II-4C) and another BP-correlated miRNA miR-382-5p
(Fig. II-4D), whose FDR of differential expression was ranked 2nd (just after miR-431-5p)
and is also 100% conserved between human and mouse. However, expression levels of
BGN (Supplemental Fig. II-S4A), FNI (Supplemental Fig. II-S4B) and CTGF
(Supplemental Fig. I1-S4C) did not change upon siEHF transfection. Given that miR-431-
5p mimic and inhibitor transfections directly regulated EHF expression, we hypothesized
that COL1A41 and miR-382-5p would be indirectly regulated as well. As expected, miR-
431-5p mimic transfection up-regulated COLIA1 (Fig. lI-4E) and miR-382-5p (Fig. II-
4F). However, miR-431-5p inhibitor transfection down-regulated COLIA1 (Fig. 11-4G)
but not miR-382-5p (Fig. 1I-4H).

In vivo injection of miR-431-5p inhibitors protected against Ang Il-induced

hypertension and vascular damage

Given the in vitro result, we proposed that in vivo inhibition of miR-431-5p could also
increase Ehf levels and decrease Col/lal and miR-382-5p levels. We injected miR-431-5p
inhibitors intravenously in mice at day 0 and day 7 of a 14-day Ang II infusion, and then
looked at gene expression and vascular function and mechanics in MAs at day 14 after
sacrifice. Intravenous injection of miR-431-5p inhibitors remarkably decreased miR-431-
5p levels in MAs, compared to the control (Fig. II-5A). In agreement with the in vitro
loss-of-function results, miR-431-5p inhibition in MAs led to increases in EAf (Fig. 1I-5B)
and decreases in Collal (Fig. II-5C) and miR-382-5p (Fig. II-5D) without changes in
Bgn (Supplemental Fig. [1-5A), Fnl (Supplemental Fig. I1-5B) or Ctgf (Supplemental Fig.
II-5C).
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Mice injected with miR-431-5p inhibitors showed no difference in heart, kidney,
spleen or liver weights compared to the control group (Supplemental Table 1I-S14). miR-
431-5p inhibition in MAs resulted in delayed increase of systolic BP by Ang II infusion
(Fig. II-6A), a 30% improvement in endothelium-dependent relaxation to Ach (Fig. [1-6B)
and reduced MA stiffness, as shown by a rightward shift of the stress-strain curve and a
15% increase in strain at 140 mmHg (Fig. II-6D). There were no differences between
groups in MA contractile responses to NE (Supplemental Fig. II-6A), endothelium-
dependent relaxation to Ach in the presence of L-NAME (Supplemental Fig. I1I-6B),
endothelium-independent relaxation to SNP (Supplemental Fig. 11-6C), M:L (Fig. II-6C)
or MCSA (Supplemental Fig. I1I-6D). miR-431-5p inhibition also caused a decrease in
ROS production of 65% in MA wall and of 50% in MA PVAT (Fig. lI-6E&F).

Discussion

The present study demonstrated for the first time that a 14-day Ang II infusion up-
regulated expression of a large number of DI/kI-Dio3 miRNAs in MAs. A BP-correlated
DIkI-Dio3 miRNA, miR-431-5p, directly targets EA4f'in VSMCs and led to up-regulation
of Collal and another D/kI-Dio3 miRNA, miR-382-5p. In vivo miR-431-5p inhibition in
MAs of 14-day Ang Il-infused mice up-regulated EXf, down-regulated Coll/al and miR-
382-5p, delayed Ang IlI-induced BP elevation and protected against vascular damage and

oxidative stress.

Although both 7-day and 14-day Ang II infusion led to similar degree of BP
elevation, there were significant differences in terms of gene expression changes in MAs.
While the 7-day Ang II infusion caused down-regulation of only 1 miRNA and
differential expression of genes involved in ECM and cell division, the 14-day Ang II
infusion resulted in changes of a larger number of miRNAs that included 17 Dlk1-Dio3
miRNAs and >5 times more genes that are involved not only in ECM and cell
proliferation, but also in developmental processes, cell motility, growth factor signaling,
inflammation, etc. In the 14-day groups, the total DE genes and DE miRNA-targeting DE
genes showed similar GO enrichment, suggesting that the DE miRNAs could be key

regulators of the DE genes involved in the enriched molecular and physiological
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processes. The difference between the 7-day and 14-day Ang Il-induced DE genes may
partially explain the vascular function and mechanics results, in which the 7-day Ang II-
infused mice exhibited only MA stiffness, whereas the 14-day Ang Il-infused mice

showed endothelial dysfunction, eutrophic remodeling and stiffening of MAs.

The majority (17 out of 23) of 14-day Ang Il-induced up-regulated miRNAs
belong to the conserved DIki-Dio3 region. Expression levels of more than half (9 out of
17) of up-regulated DI/kI-Dio3 miRNAs were correlated with both systolic and diastolic
BP. For these reasons and previous publications (18, 19, 23) that suggest a potential link
between the DIkI-Dio3 miRNAs and hypertension, we focused on the BP-correlated
DIkI-Dio3 miRNAs to identify key regulators. In order to find key genes that are
associated with hypertension, we also performed correlation analysis between mRNA
expression and BP. This approach finally led to the identification of the miR-431-5p-Ehf
pair, whose expression levels were correlated with BP. Previous studies have showed that
miR-431-5p is able to promote skeletal muscle differentiation, regeneration and
dystrophy (25, 26). However, it is unclear whether it is able to affect smooth muscle
phenotype. This study demonstrated for the first time that miR-431-5p contributes to
ECM biogenesis in smooth muscle cells by targeting the transcription factor EAf, which
has been previously shown to negatively regulate Co/lal and reduce cell proliferation in
human prostate cancer cells (24). In the in vivo study it was expected by our hypothesis
that miR-431-5p inhibition in MAs would up-regulate Col/lal by targeting Ehf, thereby
leading to reduced vascular stiffening. It was a fortuitous finding that it also decreased
oxidative stress and improved endothelial function. The molecular mechanism by which
miR-431-5p inhibition decreases ROS product remains to be elucidated by future

experiments.

This is the first study to adopt a systems biology approach combining whole-
genome coding and non-coding RNA expression profiling, bioinformatic analysis and
wet-lab validation to identify key regulators in vascular injury. Taken together, our
results suggest that miR-431-5p and its target EAf act as key regulators in the
pathophysiology of vascular injury in hypertension. miR-431-5p inhibition has potential

to serve as a novel target for therapy in vascular disease associated with hypertension.
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Figure II-1. Angiotensin (Ang) II infusion induced blood pressure elevation, endothelial
dysfunction, vascular remodeling, stiffening and oxidative stress. Mean 24-hour systolic
blood pressure (SBP, A) was measured by telemetry in mice infused with Ang II (1000
ng/kg/min) or not (sham) for 14 days. Vasodilatory responses to acetylcholine (Ach, B),
media/lumen (C), vascular stiffness (D) of small mesenteric arteries using pressurized
myography and reactive oxygen species generation by dihydroethidium (DHE) staining
(E and F) in mesenteric artery media, adventitia and perivascular adipose tissue (PVAT)
were determined in mice infused or not with Ang II for 7 or 14 days. Representative
images of DHE staining are shown in E. Red and green fluorescence represent DHE
fluorescence and elastin autofluorescence, respectively. Data are presented as means =+
SEM, n = 5-7. Data were analyzed using two-way repeated measures ANOVA in A and
B and two-way ANOVA in C, D and F, followed by a Student-Newman-Keuls post hoc
test. In D, the strain values at 140 mmHg (the last points) were used for analysis.

*P<0.05 and **P<0.01 vs respective control.
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Figure II-2. Heat maps and molecular network for miRNA and mRNA expression
profiles. Heat maps were generated using the differentially expressed (DE) miRNAs (A)
and total RNAs (B) to present mouse subject grouping by hierarchical clustering analysis.
Blue group: 7-day sham; orange group: 7-day Ang II; purple group: 14-day sham; red
group: 14-day Ang IL
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Figure II-2. (Cont.) C. A molecular network was constructed to present the 14-day DE
genes involved in the top 2 enriched gene ontology term groups, and the interactions
between 14-day DE miRNAs, DE transcription factors (TFs), and their DE gene targets.
Black lines represent interactions between miRNAs and target genes, purple lines
represent interactions between TFs and target genes. Node size is proportional to degree

of connectivity. n =8 in A and 5-6 in B.
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Figure 1II-3. miR-431-5p directly
targets ETS homologous factor (EHF)
in human aortic vascular smooth muscle
cells. A. The conserved miR-431-5p
binding sites in human EHF and mouse
Ehf 3° untranslated region (UTR) are
presented. mRNA expression of EHF
and ribosomal protein S16 (RPSI6) was
determined by reverse transcription
in human aortic

quantitative PCR

vascular ~ smooth  muscle  cells
transfected for 24 hours with control
(Ctrl) or miR-431-5p microRNA (miR)
(B) or (C). D.

Luciferase activity was measured in

mimics inhibitors
human aortic vascular smooth muscle
cells co-transfected for 48 hours with a
pmirGLO reporter vector containing a

EHF 3° UTR segment containing the

wild-type (WT) or mutated (MUT) miR-431-5p binding site with control (Ctrl) or miR-

431-5p mimics. Data are presented as means = SEM, n = 6. Data were analyzed using

paired #-test in B and C, and #-test in E. *P<0.01 and **P<0.001 vs respective Crtl.
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Figure II-4. ETS homologous factor
(EHF) negatively regulates collagen
type I alpha 1 chain (COLIAI), miR-
431-5p and miR-382-5p in human aortic

muscle cells.

Expression of EHF (A), COLIAI (B
and G), miR-431-5p (C and F) miR-
382-5p (D and H) was determined by

vascular smooth

reverse transcription quantitative PCR
in human aortic smooth muscle cells 24
hours after transfection of control (Ctrl)
EHF interfering RNAs
(siRNAs) (A-D), or Ctrl or miR-431-5p
microRNA (miR) mimics (E-F) or
(G-H). Expression  of
Ribosomal protein S16 (RPS16) and U6
small nuclear RNA (snRNA) was used

or small

inhibitors

to normalize the expression of mRNA
and microRNA, respectively. Data are
presented as means = SEM, n = 6-9.
Data were analyzed using paired z-test.

*P<0.05 and **P<0.01 vs Ctrl.
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Figure 1II-5. In vivo miR-431-5p
inhibition increased ETS homologous
factor (Ehf) mRNA expression and
decreased collagen type I alpha 1 chain
(Collal) and miR-382-5p levels in
mesenteric arteries of angiotensin (Ang)
IT infused mice. mRNA expression of
miR-431-5p (A), Ehf (B), Collal (C)
and miR-382-5p (D) was determined by
reverse transcription quantitative PCR
in mesenteric arteries of mice infused
with Ang II (1000 ng/kg/min) for 14
days and injected IV with 20 mg/kg of
control (Ctrl) or miR-431-5p microRNA

(miR) inhibitors on day 1 and 7 of the treatment period. Data are presented as means +

SEM, n = 6-8. Data were analyzed using ¢-test. *P<0.05 and **P<0.01 vs Ctrl.
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Figure 1II-6. In vivo miR-431-5p

inhibition protected against angiotensin

(Ang)

clevation,

II-induced blood pressure
endothelial  dysfunction,

vascular remodeling, stiffening and
oxidative stress. Mean 24-hour systolic
blood pressure (SBP, A) was measured
by telemetry, vasodilatory responses to
acetylcholine (Ach, B), media/lumen
(C), vascular stiffness (D) of small
mesenteric arteries using pressurized
myography and reactive oxygen species
generation by dihydroethidium (DHE)
staining (E and F) in mesenteric artery
media, adventitia and perivascular
adipose tissue (PVAT), all determined
in mice infused with Ang II (1000
ng/kg/min) for 14 days and injected IV
with 20 mg/kg of control (Ctrl) or miR-
431-5p microRNA (miR)-inhibitors on
day 1 and 7 of the treatment period.
Grey arrows in A indicate days of miR-
431-5p inhibitor injections.
Representative images of DHE staining
shown

are in E. Red and green

fluorescence represents DHE

fluorescence and elastin autofluorescence, respectively. Data are presented as means =+

SEM, n = 6-7. Data were analyzed using two-way repeated measures ANOVA followed

by a Student-Newman-Keuls post hoc test in panels (A and B), and #-test in panels (C, D

and F). In D, The strain values at 140 mmHg (the last points) were used for analysis.

*P<0.05 and **P<0.01 vs Ctrl.
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Table II-1. The expression of 9 up-regulated microRNAs and ETS homologous
factor (Ehf) mRNA correlates with systolic blood pressure (SBP) or diastolic blood
pressure (DBP)

Correlation with SBP Correlation with DBP
miRNAs/mRNA r P r P

miR-411-3p 0.91 0.001 0.89 0.001
miR-409-5p 0.85 0.004 0.79 0.012
miR-434-5p 0.78 0.012 0.82 0.006
miR-127-5p 0.77 0.014 0.78 0.014
miR-668-3p 0.74 0.020 0.82 0.007
miR-431-5p 0.74 0.024 0.81 0.008
miR-337-5p 0.71 0.033 0.79 0.011
miR-541-5p 0.68 0.042 0.84 0.004
miR-382-5p 0.68 0.043 0.76 0.017
Ehf -0.88 0.009 -0.76 0.048

Correlations between microRNAs (miRNAs) and blood pressure, as well as between
mRNAs and blood pressure of mice infused or not with Ang II (1000 ng/kg/min) for 14

days were done using Pearson correlation. r, correlation coefficient. n = 23.
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Expanded Methods and Results

Experimental design

The study was approved by the Animal Care Committee of the Lady Davis Institute for
medical research and McGill University, and followed recommendations of the Canadian

Council of Animal Care.

A group of 10 to 12-week-old male C57BL/6J WT (Harlan laboratories,
Indianapolis, IN) mice (n = 10) infused or not SC with angiotensin (Ang) II (1000
ng/kg/min) for 7 or 14 days with ALZET osmotic mini pumps (Model 1002, Durect
Corporation, Cupertino, CA) were used to determine changes of microRNA (miRNA)
and mRNA expression in mesenteric arteries (MAs) by RNA sequencing. A systems
biology approach was used to identify key miRNA regulators that mediate gene
expression changes in the course of vascular injury. Blood pressure (BP) was determined
by telemetry in a subset of the above mice (n = 6 for Ang II-infused and n=5 for sham)

from two days before to the end of the 14-day treatment period as previously described
(D).
A second group of 10 to 12-week-old male C57BL/6J WT mice (n = 7) infused or

not with Ang II for 7 or 14 days were used to assess MA function and mechanical

properties by pressurized myography as previously described (2).

Mouse vascular smooth muscle cells (VSMCs), endothelial cells (ECs) and
fibroblasts isolated from a group of 10 to 12-week-old male C57BL/6J WT mice (n = 12),
as well as human aorta smooth muscle cells (HASMCs) and ECs (HAECs) (ScienCell,
Carlsbad, CA) were used to determine which vascular cell types express the candidate

key miRNA regulator miR-431 by reverse transcription-quantitative PCR (RT-qPCR).

In order to determine whether human miR-431-5p targets ETS homologous factor
(EHF), the expression of EHF was determined by RT-qPCR in HASMCs transfected

with miR-431-5p mimics or inhibitors.
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A luciferase miRNA target expression vector assay (Promega, Madison, WI) was
used to confirm whether miR-431-5p targets EHF in a canonical miRNA targeting
machinery in HASMCs transfected with miR-431-5p mimics or inhibitors.

In order to determine whether EHF targets collagen type I alpha 1 chain (COLIAI)
and miR-382-5p, the expression of COLIAI and miR-382-5p was determined by RT-
gPCR in HASMC:s transfected with siEHF.

The effect of in vivo miR-431-5p inhibition on Ang II-induced BP elevation and
vascular injury were tested using a third group of 10 to 12-week-old male C57BL/6J WT
mice (n=7) infused with Ang II (1000 ng/kg/min) for 14 days and injected IV via the tail
vein with 20 mg/kg of locked nucleic acid (LNA) scrambled inhibitors or miR-431-5p
inhibitors (Exiqon, Vedbaek, Denmark) on day 1 and day 7 of the treatment period. BP
was determined as above in a subset of these mice (n=6). At the end of the study, MA
miRNA and mRNA expression was measured in by RT-qPCR. MA function and
mechanical properties were determined as above in a fourth group of 10 to 12-week-old
male C57BL/6]J WT mice (n=7) infused with Ang II and injected IV with LNA scrambled

inhibitors or miR-431-5p inhibitors as above.

Ang II infusion

Mice were anesthetized with 3% isoflurane mixed with O2 at 1 L/min. The depth of
anesthesia was confirmed by rear foot squeezing. The non-steroidal anti-inflammatory
drug carprofen (20 mg/kg) was administered SC to minimize post-operation pain. Mice
were then surgically implanted SC with ALZET osmotic mini pumps (model 1002,
Durect Corporation) infusing angiotensin II (1000 ng/kg/min) for 14 days, as

recommended by the manufacturer. Control mice underwent sham surgery.

Telemetry BP determination

BP was determined by telemetry as previously described (1). In brief, 9 to 11-week-old
mice were anesthetized with isoflurane and injected with carprofen as above, surgically

instrumented with PA-C10 telemetry transmitters as recommended by the manufacturer
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(Data Sciences International, St. Paul, MN). Mice were allowed to recover for 7 to 10
days, during which carprofen was administered as above once a day for the first two days.
BP was determined every 5 min for 10 sec from two days before to the end of the 14-day

treatment period.

Collection of tissue

At the end of the protocol, mice were weighed and then anesthetized with isoflurane as
above. For the first and third sets of mice, MAs were collected without the attached
intestine under RNase-free condition and stored immediately in RN Alater (ThermoFisher
Scientific, Waltham, MA) as previously described (3). The MAs were dissected from
perivascular fat and veins in RNAlater and then used for RNA extraction. For the second
and fourth sets of mice, the MA vascular bed attached to the intestine was harvested in
4 C oxygenated (95% air—5% CO2) Krebs solution (pH 7.4) containing (mmol/l): 120
NaCl, 25 NaHCO3, 4.7 KCI, 1.18 KH2PO4, 1.18 MgS04, 2.5 CaCl2, 0.026 EDTA and
5.5 glucose.

Vascular function and mechanic studies

Second-order branches of mesenteric arteries (internal diameter between 150 and 250 pm)
were dissected and mounted on a pressurized myograph. Endothelial function and

mechanical properties were determined as previously described (2).

RNA extraction from MAs

The dissected MAs were homogenized in 1 mL of mirVana miRNA lysis/binding buffer
(ThermoFisher Scientific) in a 5 mL tube for 1 min at maximum speed with a Polytron
PT 1600 E homogenizer (Brinkmann Instruments, Mississauga, ON, Canada) equipped
with a dispersing aggregate PT-DA 1607/2EC. The homogenate was centrifuged at 1500
x g for 2 minutes at 4 C to remove foam generated during homogenization, and
processed for total RNA extraction using the mirVana miRNA isolation kit, followed by

genomic DNA removal with the TURBO DNA-free kit according to the manufacturer’s
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protocol (ThermoFisher Scientific). The concentration and purity of the RNA were
assessed with a NanoDrop ND-100 spectrophotometer (ThermoFisher Scientific). RNA
quality was assessed with an Agilent 2100 bioanalyzer (Agilent Technologies, Santa
Clara, CA). Samples with good RNA integrity number were used for small (n = 8) and
total (n = 6) RNA library construction.

Small and total RNA library constructions and sequencing

One pg of total RNA was used for small RNA library construction using the TruSeq
small RNA sample preparation kit (Illumina, San Diego, CA) and 500 ng of total RNA
for total RNA library construction using the TruSeq stranded total RNA sample
preparation kit (Illumina). Small RNA (1 x 51 bp single-end rapid mode in 4 lanes) and
total RNA (2 x 101 bp pair-end high-output mode in 4 lanes) were sequenced using the
HiSeq 2500 system (Illumina).

Bioinformatics data analysis and visualization

Sequence base-calling, adapter trimming, sample separation and bcl-to-fastq format
conversion were done in Bcl2fastq (Illumina). FastQC (4) was used for sequence quality
control. Only samples with >25 base quality at every position were included in the data
analysis. The sequences were mapped to the mouse mm10 genome using STAR 2.3.1 (5).
For small RNA  sequence  alignment  specifically, the option  --
outFilterMismatchNoverLmax (.05 was used to allow maximal mismatch ratio of 0.05
(no mismatch allowed for reads <20nt and 1 mismatch allow per 20 nt). HTSeq-count
0.5.3p3 (6) was used for total RNA gene annotation and counting. miRDeep2 2.0.0.5 (7)
was used for novel miRNA prediction, known and novel miRNA annotation and counting.
Differential expression analysis was done in R 3.2.3 (https://www.r-project.org) using
package EdgeR 3.6.8 (8). A trimmed mean of M-values (TMM) method in the EdgeR
protocol was used for sequence read normalization. Only genes with expression level >1
read per million mapped reads in more than 8 (# of each group) samples were analyzed.

Hierarchical clustering analyses and heatmap generation using differentially expressed
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(DE) miRNAs and total RNAs were done in R. TargetScan 6.0 (9) was used to predict
targets of DE miRNAs in the inversely related DE mRNAs. TF binding site prediction in
the promoters (2000 bp upstream of the transcription initiation site) was performed with
the FIMO tool of Meme Suite 4.10.0 2 (10). Molecular network construction was done in
Cytoscape v3.2.0 (11). Gene enrichment analysis was performed using the ClueGO
v2.1.5 tool in Cytoscape (12).

Determination of the vascular cell types expressing the candidate key miRNA

regulator

Mouse VSMCs were isolated from MAs of 3 different batches of 10 to 12-week-old male
C57BL/6J WT mice (n = 4 per batch) as previously described (2). Mouse VSMCs were
grown in DMEM high glucose medium supplemented with 10 % heat inactivated FBS,
100 Units/mL of penicillin, 10 pg/mL of streptomycin and 2.8 mmol/L of L-glutamine
(all from ThermoFisher Scientific). At passages 3-4 (P3-4), mouse VSMCs were
passaged at a density of 20000 cells/cm?2 into Corning Primaria 6-well cell culture plates
(ThermoFisher Scientific), grown until they reached ~70-80% confluence. RNA was

extracted and used to measure miRNA expression.

Mouse ECs were isolated from the lungs of a subset of the above mice using
magnetic beads conjugated with anti-ICAM-2 antibodies as previously described (13),
and grown in media constituted of 50% DMEM/F12 (ThermoFisher Scientific) and 50%
Endothelial Cell Growth Medium (Lonza Group, Basel, Switzerland) that was
supplemented with 100 Units/mL of penicillin, 100 ng/mL of streptomycin and 10% FBS.
At P3, mouse ECs were passaged at a density of 20000 cells/cm2 into Corning Primaria
6-well cell culture plates, grown until they reached ~70-80% confluence. RNA was

extracted and used to measure miRNA expression.

Fibroblasts were isolated from the lungs as follows. The cells that were not bound
to magnetic beads conjugated with anti-ICAM-2 antibodies were plated into 75 cm2
Corning Primaria tissue culture flasks (ThermoFisher Scientific) and incubated for 30
minutes at 37°C in a humidified incubator with 5% CO2. Non-adherent cells were

removed by washing with Gibco™ HBSS with Calcium and Magnesium (ThermoFisher
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Scientific). The attached fibroblasts were grown in the same media as mouse VSMCs
until they reached ~70-80% confluence. The fibroblasts were then passaged at a density
of 20000 cells/em2 into Corning Primaria 6-well cell culture plates, grown until they
reached ~70-80% confluence. RNA was extracted and used to measure miRNA

expression.

HASMCs were grown in Smooth Muscle Cell Medium supplemented with
Smooth Muscle Cell Growth Supplement, 2% FBS, 100 units/mL of penicillin and 100
pg/mL of streptomycin (all from ScienCell) at 37°C in a humidified incubator with 5%
CO2. HAECs were grown in Endothelial Cell Medium supplemented with Endothelial
Cell Growth Supplement, 5% FBS, 100 units/mL of penicillin and 100 pg/mL of
streptomycin (all from ScienCell) at 37°C in a humidified incubator with 5% CO2.
Culture medium was changed every 2 days. When reached ~70-80% confluence, cells
were passaged at a density of 6500 cells/cm2 into 75 cm2 Corning Primaria tissue culture
flasks. At P3-5, cells were passaged at a density of 5200 cells/cm2 into Corning Primaria
6-well cell culture plates (ThermoFisher Scientific), grown until they reached ~70-80%

confluence. RNA was extracted and used to measure miRNA expression.

Validation of predicted miR-431-5p and EHF targets

miR-431-5p mimic/inhibitor and siEHF transfections were performed in HASMCs at P4-
6 that were seeded at a density of 5200 cells/cm2 into Corning Primaria 6-well cell
culture plates. When HASMCs reached ~70-80% confluence, they were transfected with
10 mM of mirVana miR-431-5p mimics or inhibitors, or Silencer Select siEHF using
Lipofectamine 3000 (all from ThermoFisher Scientific) for 24 hours. mirVana scrambled
mimics/inhibitors and Silencer Select negative control siRNAs were used as controls.
RNA was extracted and used to measure the expression of miR-431-5p targets and EHF

targets.

RNA extraction from vascular cells

RNA was extracted from vascular cells with mirVana miRNA isolation kit using 500 pl
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of mirVana miRNA lysis/binding buffer per well of 6-well cell culture plates.

Determination miRNA and mRINA expression evaluation by RT-qPCR

For miRNAs quantification, RT was done with 500 ng of total RNA using the TagMan®
MicroRNA Reverse Transcription Kit (ThermoFisher Scientific). For mouse miR-431-5p,
gPCRs was performed using the Custom TagMan Small RNA Assays (ThermoFisher
Scientific) since majority of the reads mapped to miR-431-5p have one extra adenine (A)
in 3’ compared to the miRBase (http://www.mirbase.org/). For all the other miRNAs and
U6 small nuclear RNA (snRNA), qPCR was performed using the TagMan Small RNA
Assays (ThermoFisher Scientific). All gPCR were run in an Applied Biosystems® 7500
Real-Time PCR System (ThermoFisher Scientific) according to the manufacturer’s
protocol. Oligonucleotide primers were validated to have PCR efficiency between 95%
and 105% with single amplicon in the qPCR dissociation curve. miRNA expression was
normalized by U6 small nuclear RNA (snRNA) and expressed as fold change over

control.

For mRNA quantification, RT was done with 500 ng of total RNA using the
Quantitect RT kit (Qiagen, Foster City, CA, USA ). qPCR was performed using SsoFast
EvaGreen Supermix (Bio-Rad Laboratories., Mississauga, ON, Canada) in an Mx3005P
real-time PCR cycler (Agilent Technologies, Mississauga, ON, Canada). Oligonucleotide
primers were designed to have a melting temperature (Tm) of 60°C and a 3 GC clamp
using Primer3 (14). Oligonucleotide primers for mouse and human mRNA qPCR are
listed in Supplemental table S1 and S2, respectively. Oligonucleotide primers were
validated to have PCR efficiency between 95% and 105% and single amplicon with a
Tm >80°C in the qPCR dissociation curve. The qPCR conditions were 2 min at 96 °C,
followed by 40 cycles of 5 sec at 96°C and 30 sec at 58°C. mRNA expression was
normalized by ribosomal protein S16 (Rps16) mRNA levels and expressed as fold change

over control.
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Luciferase reporter vector construction and assay

Sense and intense oligonucleotides were designed to contain a segment of the EHF 3’
untranslated region with the wild-type (WT) or mutated (MUT) miR-431-5p binding site
flanked by Sacl and Xbal restriction sites, and an internal Not/ restriction site used to
confirm sub-cloning (Supplemental Table S3). The oligonucleotides were obtained
phosphorylated from Integrated DNA Technologies (Coralville, IA, USA) to facilitate the
sub-cloning. Sense and intense oligonucleotides were annealed and sub-cloned into the
multiple cloning site of the pmirGLO dual-luciferase miRNA target expression vector
(Promega) using the Sacl and Xbal restriction sites according to the manufacturer’s
protocol. Clones of pmirGLO-WT-EHF or pmirGLO-MUT-EHF vectors were sequenced

by Sanger sequencing to confirm the correct oligonucleotides subcloning.

The luciferase miRNA target expression vector assays were performed in
HASMC:s at P4-6 that were seeded at a density of 5208 cells/cm2 into Corning Primaria
6-well cell culture plates. When HASMCs reached ~70% confluence, they were co-
transfected with 10 mM of mirVana miR-431-5p mimics or inhibitors and 800 ng of
pmirGLO-WT-EHF or pmirGLO-MUT-EHF vectors using Lipofectamine 3000
(ThermoFisher Scientific) for 48 hours. Luciferase assays were performed using the
Dual-Luciferase reporter assay system according to the manufacturer’s protocol
(Promega). Luciferase activity was determined using an Orion II microplate luminometer

(Berthold detection systems Gmbh, Pforzheim, Germany).

Dihydroethidium (DHE) staining

Reactive oxygen species (ROS) production was measured in the media and perivascular
adipose tissue (PVAT) of MAs using the ROS-sensitive fluorescent dye dihydroethidium

as previously described (2).

Data Analysis

Results are presented as means = SEM. Comparisons in BP and concentration-response

curve data were carried out using two-way analysis of variance (ANOVA) for repeated
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measures. Other comparisons between more than 2 groups were performed using two-
way ANOVA as indicated. All ANOVA tests were followed by a Student—Newman—
Keuls post-hoc test. Comparisons between 2 groups were done using unpaired or paired
Student #-test as indicated. Correlation between DE miRNA or DE mRNA and systolic or
diastolic BP was obtained using a Pearson correlation conducted in R. ANOVA and -
tests were done in SigmaPlot version 13 (Systat Software, San Jose, CA). P<0.05 was
considered statistically significant. Differential expression analysis was performed using
an ANOVA-like test in EdgeR based on generalized linear models. Differential
expression was defined with a threshold of 1.5-fold change and false discovery rate (FDR)
<0.05.



94

References

1. Barhoumi T, Kasal DA, Li MW, Shbat L, Laurant P, Neves MF, Paradis P,
Schiffrin EL. T regulatory lymphocytes prevent angiotensin II-induced hypertension and
vascular injury. Hypertension (Dallas, Tex : 1979). 2011;57:469-476.

2. Barhoumi T, Fraulob-Aquino JC, Mian MOR, Ouerd S, Idris-Khodja N, Huo K-G,
Rehman A, Caillon A, Dancose-Giambattisto B, Ebrahimian T, Lehoux S, Paradis P,
Schiffrin EL. Matrix metalloproteinase-2 knockout prevents angiotensin II-induced

vascular injury. Cardiovascular Research. 2017

3. Simeone SM, Li MW, Paradis P, Schiffrin EL. Vascular gene expression in mice
overexpressing human endothelin-1 targeted to the endothelium. Physiological genomics.

2011;43:148-160.

4. Andrews S. FastQC: A quality control tool for high throughput sequence data.
2014,

5. Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, Batut P,
Chaisson M, Gingeras TR. STAR: ultrafast universal RNA-seq aligner. Bioinformatics
(Oxford, England). 2013;29:15-21.

6. Anders S, Pyl PT, Huber W. HTSeq--a Python framework to work with high-
throughput sequencing data. Bioinformatics (Oxford, England). 2015;31:166-169.

7. Friedlander MR, Mackowiak SD, Li N, Chen W, Rajewsky N. miRDeep2
accurately identifies known and hundreds of novel microRNA genes in seven animal

clades. Nucleic acids research. 2012;40:37-52.

8. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for
differential expression analysis of digital gene expression data. Bioinformatics (Oxford,

England). 2010;26:139-140.

9. Garcia DM, Baek D, Shin C, Bell GW, Grimson A, Bartel DP. Weak seed-pairing
stability and high target-site abundance decrease the proficiency of Isy-6 and other

microRNAs. Nature structural & molecular biology. 2011;18:1139-1146.



95

10. Grant CE, Bailey TL, Noble WS. FIMO: scanning for occurrences of a given
motif. Bioinformatics (Oxford, England). 2011;27:1017-1018.

11. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N,
Schwikowski B, Ideker T. Cytoscape: a software environment for integrated models of

biomolecular interaction networks. Genome research. 2003;13:2498-2504.

12. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,
Fridman WH, Pages F, Trajanoski Z, Galon J. ClueGO: a Cytoscape plug-in to decipher
functionally grouped gene ontology and pathway annotation networks. Bioinformatics

(Oxford, England). 2009;25:1091-1093.

13. Robins RS, Lemarie CA, Laurance S, Aghourian MN, Wu J, Blostein MD.
Vascular Gas6 contributes to thrombogenesis and promotes tissue factor up-regulation

after vessel injury in mice. Blood. 2013;121:692-699.

14.  Rozen S, Skaletsky H. Primer3 on the WWW for general users and for biologist
programmers. Methods in molecular biology. 2000;132:365-386.



96

O Sham 7 days @ Ang Il 7 days
ASham 14 days A Ang Il 14 days
A B
60 0-.1-:3:&_—%5!
5 § 20-
5 401 E 401
E )
S 20 @ 807
3 2 80
= + L-NAME
0- 100—T—————
-8 -7 -6-5 -4 9-8-7-6-5-4
NE (10* mol/L) Ach (10% mol/L)
c 0- D g - [J Sham
& Ang I
S 201 S 6 W Ang
= ®
T 40-
E 40 eé 44
2 601 Z |
= 801 4 2
100-+0—F——7——"7+ = 0 -
8-76-5-4-3 7 14
SNP (10* mol/L) Treatment
(Days)

Supplemental Figure II-S1. Angiotensin (Ang) II infusion did not affect mesenteric
artery vasoconstriction responses to norepinephrine (NE), relaxation responses to
acetylcholine (Ach) in the presence of the nitric oxide synthase inhibitor N®-nitro-L-
arginine methyl ester (L-NAME), endothelium-independent relaxation responses to
sodium nitroprusside (SNP) or media cross-sectional area (MCSA). These parameters
were determined by pressurized myography in mesenteric arteries of mice infused or not
with Ang II (1000 ng/kg/min) for 7 and 14 days. Data are presented as means + SEM, n =
6-7. Data were analyzed using two-way repeated measures analysis of variance
(ANOVA) in (A-C) and two-way ANOVA in (D), both followed by a Student-Newman-

Keuls post hoc test.
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Supplemental Figure II-S2. Seventeen out of 23 up-regulated miRNAs are located in
the conserved Delta-like homolog 1-Type III iodothyronine deiodinase (DI/kI-Dio3)
genomic region (highlighted in gray or red). The expression of 9 of these miRNAs is
correlated with blood pressure (highlighted in red). DIkI-Dio3 genomic map was
downloaded from the University of California Santa Cruz (UCSC) Genome Browser

(http://genome.ucsc.edu, last accessed on 12 July 2017).
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Supplemental Figure II-S3. miR-431-5p is expressed in mouse and human vascular
smooth muscle cells. Expression of miR-431-5p and U6 small nuclear RNA (snRNA)
was determined in (A) mouse mesenteric artery smooth muscle cells (VSMCs) and lung
fibroblasts (FBs) and endothelial cells (ECs) , as well as in (B) human aortic VSMCs and
ECs by reverse transcription quantitative PCR. The expression of miR-431-5p was

normalized by U6 snRNA. Data are presented as means + SEM, n = 3-5.
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Supplemental Figure II-S4. EHF does not regulate mRNA expression of biglycan
(BGN, A), fibronectin 1 (FNI, B) and connective tissue growth factor (CTGF, C) in
human vascular smooth muscle cells. mRNA expression of BGN, FNI, CTGF and
ribosomal protein S16 (RPS16) was determined by reverse transcription quantitative PCR
in human aortic vascular smooth muscle cells transfected for 24 hours with control (Ctrl)
or EHF small interfering RNA (siRNA). Data are presented as means £ SEM, n = 9.
mRNA expression was normalized by RPS16. Data were analyzed using paired Student #-

test.
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Supplemental Figure II-S5. /n vivo miR-431-5p inhibition did not alter mRNA
expression of biglycan (Bgn, A), fibronectin 1 (Frnl, B) and connective tissue growth
factor (Ctgf, C) in mesenteric arteries of angiotensin (Ang) II infused mice. mRNA
expression of Bgn, Fnl, Ctgf and ribosomal protein S16 (Rps/6) was determined by
reverse transcription quantitative PCR in mesenteric arteries of mice infused with Ang II
(1000 ng/kg/min) for 14 days and injected IV with 20 mg/kg of control (Ctrl) or miR-
431-5p microRNA (miR) inhibitors on day 1 and 7 of the treatment period. Data are

presented as means £ SEM, n = 6-8. Data were analyzed using a Student #-test.
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Supplemental Figure II-S6. /n vivo miR-431-5p inhibition did not affect mesenteric
artery vasoconstriction responses to norepinephrine (NE), endothelium-dependent
relaxation responses to acetylcholine (Ach) in the presence of the nitric oxide synthase
inhibitor N®-nitro-L-arginine methyl ester (L-NAME), endothelium-independent
relaxation responses to sodium nitroprusside (SNP) or media cross-sectional area (MCSA)
in angiotensin (Ang) Il-infused mice. These parameters were determined by pressurized
myography in mesenteric arteries of mice infused with Ang II (1000 ng/kg/min) for 14
days and injected IV with 20 mg/kg of control (Ctrl) or miR-431-5p microRNA (miR)
inhibitors on day 1 and 7 of the treatment period. Data are presented as means + SEM, n
= 7. Data were analyzed using two-way repeated measures analysis of variance
(ANOVA) in (A-C) and two-way ANOVA in (D), both followed by a Student-Newman-

Keuls post hoc test.
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Supplemental table II-S1. Oligonucleotide primers for mouse

mRNA quantitative PCR
mRNA Primers Product size
(bp)
F: 5’ -CCGATCCTTCCATCATGAAC-3’
Enf R: 5/ -GGTTCTTGTCTGGGCTCAAG-3’ 267
F: 5'-GGTGAGACTGGTCCTGCTG-3'
Collal R: 5/ -GACCGTTGAGTCCGTCTTTG-3' 274
3 F: 5’-CAGCCTGACAACCTAGTCCAC-3’ 559
8n R: 5’ -TGGCACTGAAGGTAGGTGTG-3'
Pl F: 5’ -TGTCCAGGAGTTCACTGTGC-3’ 196
n R: 5/ -TGGTCATTTCTGTTTGATCTGG-3’
F: 5'-CCTAGCTGCCTACCGACTG-3'
Crgf R: 5’ -GACAGGCTTGGCGATTTTAG-3' 265
Rosl6 F: 5’ -ATCTCAAAGGCCCTGGTAGC-3’ 11
PS R: 5’ -ACAAAGGTAAACCCCGATCC-3'

The forward (F) and reverse (R) oligonucleotide primers used for

quantitative PCR of mouse transcription factor ETS homologous

factor (Ehf), alpha-1 type I collagen (Collal), Biglycan (Bgn),

fibronectin 1 (Fnl), connective tissue growth factor (Ctgf) and

ribosomal protein S16 (Rpsi6) and their product sizes are

displayed.
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Supplemental table II-S2. Oligonucleotide primers for human

mRNA quantitative PCR

mRNA Primers Product size
(bp)

. oo Y

EHF L OAGOCACTOCCTCTOATTTO 3 143

COLIAL {1 3, pnccatoaareateetcne- 3 348

R

FNI R 51 CGGeaRTCTTCTCTOIOAGO- 3" 349

CTGF ¢} 5r cencrrrrrcecortortaate-3¢ 2%

RPSIS &) o1 pCCAGCOTTTACAGGOACAG-3" 139

The forward (F) and reverse (R) oligonucleotide primers used for
quantitative PCR of human transcription factor ETS homologous
factor (EHF), alpha-1 type I collagen (COL1A1), Biglycan (BGN),
fibronectin 1 (FNI), connective tissue growth factor (CTGF) and
ribosomal protein S16 (RPS16/Rpsi6) and their product sizes are
displayed.
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Supplemental table II-S3. Oligonuclotide containing the EHF 3’ untranslated
region with the wild-type or mutated miR-431-5p target region

Oligonucleotides Sequences

miR-43 1-5p 5’-PO,-CTAGCGGCCGCTCCTTAGAGTGAAGCAAAAGCAAGACTTCAACCTCAACT- 3’
binding site Sacl  Notl 3’ supplementary Seed Xbal

(sense) pairing

miR-43 1-5p 5’-P0O,-CTAGAGTTGAGGTTGAAGTCTTGCTTTTGCTTCACTCTAAGGAGCGGCCGCTAGAGCT-3’
binding site Xbal Seed 3’ supplementary Not! Sacl
(antisense) pairing

Mutated miR-431- 5'-PO,-CTAGCGGCCGCTCCTTAGAGTCAAGCAAAAGGTAGTCTTCAACCTCAACT-3’
5p binding site Sacl Not! 3’ supplementary Seed Xbal
(sense) pairing

Mutated miR-431- 5’-PO,-CTAGAGTTGAGGTTGAAGACTACCTTTTGCTTGACTCTAAGGAGCGGCCGCTAGAGCT-3’
5p binding site Xbal Seed 3’ supplementary Not! Sacl
(antisense) pairing

The oligonucleotides were designed to contain the EHF 3’ untranslated region with
wild-type or mutated miR-431-5p binding site flanked by Sacl and Xbal restriction
sites, and an internal Notl restriction site used to confirm sub-cloning. The
oligonucleotides were phosphorylated (POs-) to facilitate the sub-cloning.
Restriction sites are indicated by underlined nucleotides. The 3’ supplementary and
seed binding regions are indicated by bold underlined nucleotides. Mutated
nucleotides affecting the 3° supplementary pairing and seed regions are indicated

by bold red nucleotides.
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Supplemental table II-S4. Quantity and quality of
RNA extracted from mesenteric arteries (MAs) of

sham-operated and angiotensin II-infused mice

Groups Number RNA vyield (ng) RIN
Sham 7 days 10 6.8+ 0.6 8.35+0.11
Ang I1 7 days 10 84+0.6 8.57+0.04
Sham 14 days 10 5.9+0.5 8.34+0.09
Ang 11 14 days 12 6.7+0.7 8.52+0.10

Total RNA was extracted from mesenteric arteries of
control (Sham) mice and mice infused with
angiotensin (Ang) II-for 7 and 14 days. The
concentration and purity of the RNA were assessed
with a NanoDrop ND-100 spectrophotometer
(ThermoFisher Scientific). RIN, RNA integrity

number. Data are presented as means = SEM.
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Supplemental table II-SS. List of differentially expressed microRNA in
mesenteric arteries of 7 and 14 days angiotensin II-infused mice

Changes  microRNA names Fold change P value FDR # of DE targets

7 days angiotensin II infused mice

[Down | miR-145a3p 0.67 4.75E-05 2.74E-02 37

14 days angiotensin II infused mice

miR-431-5p 1.84 4.56E-07 2.63E-04 38
miR-382-5p 1.92 3.61E-06 1.04E-03 22
miR-541-5p 1.51 5.60E-06 1.07E-03 21
miR-434-5p 1.85 7.59E-06 1.09E-03 2

miR-337-5p 1.80 1.15E-05 1.33E-03 1

miR-411-3p 1.67 3.33E-05 3.20E-03 25
miR-132-3p 1.56 7.65E-05 5.81E-03 30
miR-668-3p 1.70 1.23E-04 7.87E-03 25
miR-106b-3p 1.59 3.63E-04 1.43E-02 3

miR-329-5p 1.61 3.43E-04 1.43E-02 26
miR-212-3p 1.62 5.45E-04 1.85E-02 30
miR-127-5p 1.49 7.64E-04 1.99E-02 33
miR-380-3p 3.17 7.55E-04 1.99E-02 22
miR-496a-3p 1.77 7.66E-04 1.99E-02 21
miR-433-3p 1.77 1.18E-03 2.43E-02 30
miR-3969 1.65 1.41E-03 2.63E-02 25
miR-666-5p 1.79 1.66E-03 2.89E-02 1

miR-370-3p 2.05 1.89E-03 3.10E-02 46
miR-409-5p 2.38 2.00E-03 3.20E-02 15
miR-485-5p 2.03 2.28E-03 3.45E-02 40
miR-376a-5p 1.85 3.28E-03 4.39E-02 39
miR-451a 1.78 4.00E-03 4.93E-02 8

miR-34c¢-5p 1.79 4.22E-03 4.96E-02 41
miR-96-5p 0.56 8.07E-05 5.81E-03 101
miR-141-3p 0.51 4.48E-04 1.61E-02 104
miR-192-5p 0.34 6.90E-04 1.99E-02 73
miR-200a-3p 0.53 8.99E-04 1.99E-02 104
miR-200a-5p 0.52 9.34E-04 1.99E-02 46
Novel y 47 0.63 8.61E-04 1.99E-02 86
Novel_z 56 0.55 9.24E-04 1.99E-02 79
miR-200c-3p 0.57 1.24E-03 2.46E-02 89
miR-194-5p 0.41 1.58E-03 2.84E-02 82
Novel_y 30 0.55 2.51E-03 3.62E-02 93
miR-219-1-3p 0.59 2.71E-03 3.72E-02 71
Novel_z_54 0.64 4.05E-03 4.93E-02 98

IDs, identifications; FDR, false discovery rate; #, number.
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Supplemental table II-S6. List of differentially expressed mRNA in mesenteric arteries

of 7 days angiotensin II-infused mice (Not provided in this thesis)

Supplemental table I1-S7. List of differentially expressed mRNA in mesenteric arteries

of 14 days angiotensin II-infused mice (Not provided in this thesis)
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Supplemental Table II-S8. Gene ontology term enrichment for differentially expressed

mRNAs in mesenteric arteries of 7 days angiotensin II infused mice

GO groups GO IDs GO terms FDR # of genes
GO:0005578  Proteinaceous extracellular matrix 3.60E-31 32
G0:0044420  Extracellular matrix component 3.40E-18 16
Extracellular GO0:0030198  Extracellular matrix organization 1.60E-16 18
matrix GO0:0030199  Collagen fibril organization 1.20E-14 10
G0:0032963  Collagen metabolic process 2.90E-09 8
GO:0005604 Basement membrane 2.10E-08 8
GO0:1903047  Mitotic cell cycle process 8.70E-22 32
GO0:0007067  Mitotic nuclear division 6.70E-21 26
GO:0000280 Nuclear division 5.30E-20 28
GO:0098813  Nuclear chromosome segregation 9.70E-13 15
Cell GO:0000819  Sister chromatid segregation 1.20E-12 13
proliferation GO:0008608  Attachment of spindle microtubules to 1.40E-12 8
kinetochore
GO0:0000776  Kinetochore 1.70E-12 12
GO:0000793  Condensed chromosome 3.10E-12 14
GO0:0000070  Mitotic sister chromatid segregation 3.40E-11 11
G0:0098687 Chromosomal region 3.40E-11 15

The top 10 gene ontology (GO) identifications (IDs) and terms are shown for the GO

group cell proliferation. FDR, false discovery rate; #, number.



108

Supplemental Table II-S9. Gene ontology term enrichment for differentially expressed
miRNA-targeted differentially expressed mRNAs in mesenteric arteries of 7 days infused

angiotensin II mice

GO groups GO IDs GO terms FDR # of genes
GO:0005578  Proteinaceous extracellular matrix 4.80E-17 15
G0:0044420  Extracellular matrix component 6.30E-09 7
E);ttl;‘ :;)c‘ellular GO0:0043206  Extracellular fibril organization 1.10E-06 3
GO:0005583  Fibrillar collagen trimer 1.20E-06 3
GO:0005604 Basement membrane 1.20E-06 5
Cell GO0:0000819  Sister chromatid segregation 2.00E-08 7
proliferation GO0:0035371  Microtubule plus-end 4.80E-06 3

GO, Gene ontology; IDs, identifications; FDR, false discovery rate; #, number.
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Supplemental Table II-S10. Gene ontology (GO) term enrichment for differentially

expressed mRNAs in mesenteric arteries of 14 days infused angiotensin II mice

GO groups GO IDs GO terms FDR # of genes
GO:0005578 Proteinaceous extracellular matrix 1.00E-34 76
G0:0044420 Extracellular matrix component 2.10E-20 36
G0:0030198 Extracellular matrix organization 1.40E-14 40
Extt”_‘ce““lar GO:1903561  Extracellular vesicle 2.40E-13 173
matrix
GO:0005604 Basement membrane 1.30E-12 24
G0:0030199 Collagen fibril organization 1.60E-09 14
G0:0032963 Collagen metabolic process 7.10E-08 16
GO0:0048731 System development 6.60E-24 287
G0:0048513 Animal organ development 5.80E-20 228
G0:0072359 Circulatory system development 3.60E-16 97
G0:2000026 Regulation of multicellular organismal 1.90E-15 135
development
G0:0051270 Regulation of cellular component 3.40E-14 78
Developmental movement
processes G0:0001944 Vasculature development 3.80E-14 70
GO:0001568 Blood vessel development 5.00E-14 68
G0:2000145 Regulation of cell motility 1.20E-13 73
G0:0048646 Anatomical structure formation 3.70E-13 92
involved in morphogenesis
G0:0051240 Positive regulation of multicellular 9.20E-13 113
organismal process
GO0:0016477 Cell migration 3.90E-18 111
G0:0048870 Cell motility 5.30E-16 113
G0:2000026 Regulation of multicellular organismal 1.90E-15 135
development
G0:0051270 Regulation of cellular component 3.40E-14 78
movement
G0:0030335 Positive regulation of cell migration 6.50E-14 52
Cellmotility 17000145  Regulation of cell motility 1.20E-13 7
GO0:0071310 Cellular response to organic substance 7.20E-13 139
G0:0051240 Positive regulation of multicellular 9.20E-13 113
organismal process
G0O:0048514 Blood vessel morphogenesis 2.20E-11 56
G0:0051094 Positive regulation of developmental 3.40E-11 96

process
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Supplemental Table I1-S10. (Cont.)

GO groups GO IDs GO terms FDR # of genes
GO:0007166  Cell surface receptor signaling pathway 7.80E-17 170
GO:0010646  Regulation of cell communication 1.50E-13 178
GO:0071310  Cellular response to organic substance 7.20E-13 139
GO:0051240  Positive regulation of multicellular 9.20E-13 113
organismal process
Growth GO:0009966  Regulation of signal transduction 2.50E-12 160
factor GO:0070848  Response to growth factor 3.00E-11 60
signaling .
GO:0071559  Response to transforming growth factor 1.00E-10 31
beta
GO0:0048584  Positive regulation of response to stimulus 1.10E-10 124
GO:0071363  Cellular response to growth factor stimulus ~ 4.30E-10 56
GO:0007167  Enzyme linked receptor protein signaling 1.10E-09 71
pathway
GO:0051240  Positive regulation of multicellular 9.20E-13 113
organismal process
GO0:0042060 Wound healing 1.20E-12 49
GO0:0048584  Positive regulation of response to stimulus 1.10E-10 124
G0:0022603  Regulation of anatomical structure 3.70E-09 73
morphogenesis
Inflammation  G0:0006954  Inflammatory response 5.50E-09 56
GO0:0032101  Regulation of response to external stimulus ~ 1.50E-07 58
GO:0001817  Regulation of cytokine production 3.50E-07 47
GO:0080134  Regulation of response to stress 3.90E-07 78
GO:0001819  Positive regulation of cytokine production 4.30E-06 33
GO:0006935  Chemotaxis 8.00E-06 42
G0:2000026  Regulation of multicellular organismal 1.90E-15 135
development
GO:0045595 Regulation of cell differentiation 5.20E-11 116
GO:0008284  Positive regulation of cell proliferation 9.80E-11 75
GO0:0042127  Regulation of cell proliferation 5.30E-10 108
GO0:0007067  Mitotic nuclear division 8.60E-10 46
Cell. ] GO:0051241  Negative regulation of multicellular 2.90E-09 81
proliferation organismal process
GO0:0022603  Regulation of anatomical structure 3.70E-09 73
morphogenesis
GO:0000280  Nuclear division 8.30E-09 53
G0O:0048285  Organelle fission 1.10E-08 55
GO:0051093  Negative regulation of developmental 2.00E-08 71

process
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Supplemental Table I1-S10. (Cont.)

GO groups GO IDs GO terms FDR # of genes

GO0:0046903  Secretion 1.30E-07 73
GO:0051049  Regulation of transport 2.30E-07 107
GO:0001817  Regulation of cytokine production 3.50E-07 47
G0:0032940  Secretion by cell 8.90E-07 63
GO0:0070201  Regulation of establishment of protein 1.90E-06 58

Protein localization

transport GO:0046822  Regulation of nucleocytoplasmic 3.20E-06 24

transport

GO0:0032880  Regulation of protein localization 3.30E-06 65
GO:0051223  Regulation of protein transport 8.40E-06 53
GO:0051050  Positive regulation of transport 8.60E-06 61
GO0:0042306  Regulation of protein import into nucleus  9.80E-06 20
GO0:0008236  Serine-type peptidase activity 1.30E-08 31
GO:0006508  Proteolysis 1.40E-08 110
GO:0070011  Peptidase activity, acting on L-amino 1.60E-07 55

Peptidase ' acid peptidgs .

activity GO0:0008237  Metallopeptidase activity 3.50E-07 25
GO0:0004252  Serine-type endopeptidase activity 1.80E-06 25
GO:0004175  Endopeptidase activity 5.90E-06 40
GO0:0008235  Metalloexopeptidase activity 1.20E-05 11
GO:0010941  Regulation of cell death 4.10E-07 95

Apoptosis GO:0043067  Regulation of programmed cell death 1.70E-06 88
GO0:0060548  Negative regulation of cell death 1.80E-05 62

The top 10 gene ontology (GO) identifications (IDs) and terms are shown for the GO
groups including developmental processes, cell motility, growth factor cell signalling,
inflammation, cell proliferation, and protein transport. FDR, false discovery rate; #,

number.
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Supplemental Table II-S11. Gene ontology term enrichment for differentially expressed
miRNA-targeted differentially expressed mRNAs in mesenteric arteries of 14 days

angiotensin II-infused mice

GO groups GO IDs GO terms FDR # of genes
GO:0005578  Proteinaceous extracellular matrix 4.80E-19 46
GO0:0030198  Extracellular matrix organization 9.70E-13 30
Extracellular GO0:0044420  Extracellular matrix component 3.10E-12 22
matrix GO:0005604 Basement membrane 7.60E-09 16
G0:0030199  Collagen fibril organization 1.60E-08 11
G0:0032963  Collagen metabolic process 6.00E-07 12
G0:0072359  Circulatory system development 1.80E-17 77
GO:0001944  Vasculature development 1.70E-15 57
GO:0001568  Blood vessel development 3.70E-15 55
GO:0048646  Anatomical structure formation 7.40E-13 69
involved in morphogenesis
GO0:0048514 Blood vessel morphogenesis 2.70E-12 45
Developmental GO0:0009887  Animal organ morphogenesis 7.20E-12 65
processes
GO:0001525  Angiogenesis 1.80E-11 39
GO:0048729  Tissue morphogenesis 2.30E-09 45
GO:0007507  Heart development 6.20E-09 41
GO0O:0090092  Regulation of transmembrane receptor ~ 8.00E-09 23
protein serine/threonine kinase
signaling pathway
GO0:0030335  Positive regulation of cell migration 4.80E-15 43
GO:0051270  Regulation of cellular component 9.30E-15 61
movement
G0:0030334 Regulation of cell migration 1.90E-14 56
GO:0048870  Cell motility 4.80E-14 81
Cell motility GO0:0002040  Sprouting angiogenesis 1.20E-07 13
GO0:0090287  Regulation of cellular response to 2.10E-07 22
growth factor stimulus
GO0:0050920 Regulation of chemotaxis 4.80E-07 19
GO:0001667  Ameboidal-type cell migration 4.90E-05 22
GO:0010631  Epithelial cell migration 5.60E-05 17
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Supplemental Table I1-S11. (Cont.)

GO groups GO IDs GO terms FDR # of genes
GO0:0007167  Enzyme linked receptor protein 7.60E-12 58
signaling pathway
GO0:0045597  Positive regulation of cell 7.50E-11 57
differentiation
GO:0070848  Response to growth factor 3.80E-10 44
G0:0042327  Positive regulation of phosphorylation ~ 1.30E-09 55
GO:0001934  Positive regulation of protein 5.50E-09 52
phosphorylation
(.}rowfh factor GO0:0090092  Regulation of transmembrane receptor ~ 8.00E-09 23
signaling protein serine/threonine kinase
signaling pathway
GO:0071559  Response to transforming growth 1.30E-08 22
factor beta
GO:0007169  Transmembrane receptor protein 3.70E-08 38
tyrosine kinase signaling pathway
GO:1905207  Regulation of cardiocyte 4.50E-08 10
differentiation
GO:0045785  Positive regulation of cell adhesion 4.50E-08 29
GO:0007067  Mitotic nuclear division 7.00E-08 32
GO0:0048285  Organelle fission 4.00E-07 38
Cell proliferation  G0:0000280  Nuclear division 6.00E-07 36
GO:0050678  Regulation of epithelial cell 4.50E-05 21
proliferation
GO0:0046822  Regulation of nucleocytoplasmic 7.40E-06 18
transport
GO:0006606  Protein import into nucleus 1.80E-05 20
Protein transport GO0:0042306  Regulation of protein import into 2.00E-05 15
nucleus
GO:1900180  Regulation of protein localization to 2.40E-05 17
nucleus
GO:0034504  Protein localization to nucleus 3.30E-05 23
Response to GO:0042060  Wound healing 2.10E-10 35

wounding

The top 10 gene ontology (GO) identifications (IDs) and terms are shown for the GO
groups including developmental processes, and growth factor cell signalling. FDR, false

discovery rate; #, number.
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Supplemental Table I1-S12. KEGG and REACTOME signaling pathway enrichment for
differentially expressed mRNAs in mesenteric arteries of 7- and 14 days angiotensin II-

infused mice

7 days Ang II-infused mice 14 days Ang II-infused mice

o All DE DE miRNA-targeted o0 o g’fg‘;ﬁND‘}
Signaling mRNAs DE mRNAs mRNAS
pathways FDR FDR FDR FDR

(# of gene) (# of gene) (# of gene) (# of gene)
PI3K-Akt  3.22E-05 (13) 7.77E-08 (41) 2.27E-05 (26)
PDGF 8.14E-06 (23) 2.40E-05 (17)
IGF 1.81E-03 (11)
ERBB2 6.83E-03 (15) 7.17E-03 (11)
FGFR 741E-03 (14)
Rapl 7.99E-03 (19)
p53 8.38E-03 (9)
DAPI12 8.42E-03 (15)
EGFR 1.45E-02 (15)

Ang, angiotensin; DE, differentially expressed; FDR, false discovery rate; #, number.
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Supplemental table II-S13. Gene ontology (GO) term enrichment in EHF-targeting DE
mRNAs in mesenteric arteries of 14 days angiotensin II-infused mice

GO groups GO IDs GO terms FDR # of genes
GO0:0030198  Extracellular matrix organization 1.20E-27 63
GO:0005578  Proteinaceous extracellular matrix 2.00E-27 20
GO:0031012  Extracellular matrix 3.40E-26 65
G0:0044420  Extracellular matrix component 5.40E-18 32
GO0:0044259  Multicellular organismal 1.60E-13 24
Extracellular macromolecule metabolic process
matrix GO:0044243  Multicellular organism catabolic 3.60E-13 19
process
G0:0032963  Collagen metabolic process 2.40E-12 13
G0:0030574  Collagen catabolic process 5.60E-12 26
GO0:0005604  Basement membrane 3.10E-10 76
GO0:0030199  Collagen fibril organization 6.10E-10 21
GO0:0001944  Vasculature development 1.90E-11 12
GO0:0030334  Regulation of cell migration 1.30E-10 43
GO:0001525  Angiogenesis 1.50E-09 47
GO0:0030335  Positive regulation of cell migration 1.50E-09 21
GO0:0048514  Blood vessel morphogenesis 2.70E-09 29
Developmental ) .
processes GO:1901342  Regulation of vasculature development  2.00E-08 13
GO0:0001501  Skeletal system development 3.00E-08 43
GO:1904018  Positive regulation of vasculature 5.70E-08 41
development
GO0:0007517  Muscle organ development 8.90E-08 35
GO0:0001655  Urogenital system development 6.00E-06 29
GO0:0005539  Glycosaminoglycan binding 4.20E-13 27
GO0:0032403  Protein complex binding 1.80E-12 22
GO0:0008201  Heparin binding 6.80E-11 34
GO0:0070848  Response to growth factor 1.00E-10 12
GO0:0005178  Integrin binding 1.20E-10 66
GO0:0071363  Cellular response to growth factor 3.80E-10 16
Growth factor stimulus
signaling GO0:0090092  Regulation of transmembrane receptor 7.30E-10 12
protein serine/threonine kinase
signaling pathway
GO:0005518  Collagen binding 9.50E-10 16
GO0:0090287  Regulation of cellular response to 2.70E-09 21
growth factor stimulus
GO:0071559  Response to transforming growth 5.10E-09 15

factor beta
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Supplemental Table I1-S13. (Cont.)

GO groups GO IDs GO terms FDR # of genes
G0:0009611 Response to wounding 6.40E-10 56
G0:0042060 Wound healing 3.60E-09 48
Response to GO0:1903035 Negative regulation of response to 5.30E-05 11
wounding wounding
GO0:1903034 Regulation of response to wounding ~ 9.40E-05 16
GO:0061041 Regulation of wound healing 2.10E-04 14
GO0:0001501 Skeletal system development 3.00E-08 43
GO:0001503 Ossification 4.40E-08 36
GO:0051216 Cartilage development 6.30E-07 22
Ossification G0:0061448 Connective tissue development 1.20E-06 25
G0:0002062 Chondrocyte differentiation 3.80E-05 13
G0:0030278 Regulation of ossification 2.20E-04 17
G0:0060348 Bone development 8.20E-04 15
G0:0008237 Metallopeptidase activity 3.60E-07 23
G0:0008236 Serine-type peptidase activity 2.30E-06 29
G0:0010466 Negative regulation of peptidase 1.10E-05 24
. activity
Petlft{‘tiase GO:0061134  Peptidase regulator activity 8.80E-05 20
activi
y G0:0010951 Negative regulation of 1.10E-04 21
endopeptidase activity
G0:0004222 Metalloendopeptidase activity 1.20E-04 13
G0:0030414 Peptidase inhibitor activity 5.30E-04 16
G0:0007067 Mitotic nuclear division 5.30E-09 42
G0:0000070 Mitotic sister chromatid segregation ~ 2.40E-08 21
GO:0000819 Sister chromatid segregation 9.00E-08 26
GO:0051983 Regulation of chromosome 2.00E-06 14
segregation
G0:0000922 Spindle pole 2.10E-06 17
Cell proliferation  G0O:0050673  Epithelial cell proliferation 6.10E-06 31
G0:0007059 Chromosome segregation 1.40E-05 28
GO:0005819 Spindle 1.50E-05 26
GO:0050678 Regulation of epithelial cell 2.90E-05 26
proliferation
GO0:0051303 Establishment of chromosome 3.80E-05 11

localization
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Supplemental Table I1-S13. (Cont.)

GO groups GO IDs GO terms FDR # of genes
G0:0046822 Regulation of nucleocytoplasmic 8.30E-05 20
transport
GO:1900180 Regulation of protein localization 9.50E-05 20
Protein to nucleus
transport G0:0042306 Regulation of protein import into 1.30E-04 17
nucleus
G0:0046824 Positive regulation of 7.10E-04 12

nucleocytoplasmic transport

FDR, false discovery rate; #, number.
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Supplemental table II-S14. /n vivo miR-431-5p inhibition did not alter the organ

weights corrected by tibia length in angiotensin (Ang) II infused mice.

miR- Number HW/TL KW/TL LW/TL SW/TL
inhibitors " (mg/mm) (mg/mm) (mg/mm) (mg/mm)
Ctrl 7 8.7+0.2 18.0+0.7 79.3+34 3.8+0.3
miR-431-5p 7 85+0.3 18.5+0.5 849+1.8 33+0.2

The heart (HW), kidneys (KW), liver (LW) and spleen (SW) weights and tibia length (TL)

were determined in wild-type mice infused with angiotensin II (1000 ng/kg/min) for 14

days and injected IV with 20 mg/kg of control (Ctrl) or miR-431-5p microRNA (miR)

inhibitors on day 1 and 7 of the treatment period. Data are presented as means = SEM.
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CHAPTER III: Vascular ncRNA profiling in

essential hypertension with or without CKD
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Abstract

Background: Hypertension and chronic kidney disease (CKD) are global health
disorders that are epidemiologically associated. Vascular injury is an early manifestation
in HTN and contributes to CKD. MicroRNAs (miRs) are important non-coding RNA
regulators of gene expression. Dysregulation of miRs has been shown in HTN and CKD,
but their implication in vascular injury remains unclear. We aimed to identify
differentially expressed (DE) miRs in small arteries of HTN and CKD human subjects to
get further insight into the pathophysiology of vascular injury in HTN and CKD.

Methods and results: Normotensive, hypertensive and CKD subjects (n=15-16) were
studied. Total RNA was extracted from small arteries dissected from subcutaneous
gluteal biopsies. The RNA was used for total and small RNA sequencing by Illumina
HiSeq 2500. DE miRs and DE mRNAs (P<0.05) were identified using EdgeR, which
demonstrated 3 up- and 6 down-regulated miRs, as well as 134 up- and 149 down-
regulated mRNAs uniquely associated with hypertension, 42 up- and 39 down-regulated
miRs, as well as 743 up- and 348 down-regulated mRNAs uniquely associated with CKD,
while 2 up-regulated miRs and 101 up- and 75 down-regulated mRNAs were found in
both groups. Target Scan was used to predict DE miR targets in the DE mRNAs.
Enrichment analysis showed that the hypertension-associated DE miR-targeting DE
mRNAs were highly enriched in gene ontology (GO) terms involved in peptidase activity,
mitochondrial activity and immune responses (¢<0.01), whereas the CKD-associated DE
miR-targeting DE genes were highly enriched in GO terms involved in tube formation,

fibroblast proliferation and EGF responses (¢<0.001).

Conclusions: DE miRs were identified in small arteries of hypertensive and CKD
patients. Enrichment analysis in DE miR-targeting DE mRNAs revealed GO terms that

could be linked to different degrees of vascular changes in hypertension and CKD.
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Introduction

Hypertension is one of the most prevalent global health disorders and is ranked the
number one risk factor for death and disability worldwide, accounting for 9.4 million
deaths and 7.0% disability-adjusted life in 2010 (1). Chronic kidney disease (CKD) is a
global health burden with a worldwide prevalence of 13.4% for stages 1-5 and 10.6% for
stages 3-5, according to a meta-analysis in 2016 (2). There is an epidemiological
association between hypertension and CKD. The prevalence of high blood pressure has
been reported in the 2000-2006 Kidney Early Evaluation Program to be over 85% in
stage 3 and over 90% in stages 4-5 CKD patients (3). Hypertension and CKD are
associated with vascular injury that is characterized by vascular remodeling (4, 5),
stiffening (6, 7) and endothelial dysfunction (8-11), which contribute to further
development of the disease and lead to end organ damage. Small resistance artery
remodeling in particular may be the first manifestation of target-organ damage in
hypertension (9). Large artery stiffness on the other hand, has a strong predictive value
for mortality (12) and primary coronary events (13) in hypertensive patients. The
molecular mechanisms underlying vascular injury are complex and still remain to be

elucidated.

microRNAs (miRNAs) are small non-coding RNAs that act as master regulators
on gene expression during normal cellular processes. In a canonical fashion, they bind to
the 3’ untranslated regions (UTRs) of their target mRNAs and cause mRNA degradation
and translational repression (14-16). Aberrant miRNA expression has been linked to
cardiovascular disease by studies over the last decade (17-21). Differentially expressed
(DE) miRNAs have been identified in plasma of essential hypertensive patients (22) and
CKD patients (23, 24) in profiling studies. Hypertension-associated single nucleotide
polymorphisms (SNPs) were identified on miRNA-binding sites of genes that are related

to the renin-angiotensin-aldosterone system (RAAS) (25) and vascular contractility (26).

Nevertheless, the role of miRNAs in vascular injury in essential hypertension and
CKD is still unclear. We hypothesized that in patients with hypertension with or without
CKD, miRNA and mRNA expression profiling in the wall of subcutaneous small

resistance arteries would reveal miRNAs that regulate expression of mRNAs involved in
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vascular injury. In the present study, we used an unbiased approach that combines
miRNA and mRNA profiling by next generation sequencing, miRNA and transcription
factor target prediction, gene enrichment analysis and wet lab validation to identify DE
vascular miRNAs and mRNAs, as well as their interactions. In the first study of this
thesis (Chapter II), we have performed gene expression profiling in small mesenteric
arteries of angiotensin (Ang) II-infused mice. Combining the findings of the human and
mouse studies allowed us to identify conserved vascular injury-associated genes involved
in RAAS activation. The ultimate goal is to identify miRNAs master regulators and

harness them as biomarkers or as novel therapeutic targets for clinical application.

Methods
Subject recruitment

The study protocol was approved by the Human Research Ethics Review Committee of
the Jewish General Hospital, where the study was carried out. All the subjects included in
the study provided written informed consent to participate. A complete physical
examination was performed. Body weight and height were determined. Brachial blood
pressure (BP) was measured with an automated device, BpTRU BPM-300 (VSM
MedTech Devices, Coquitlam, BC, Canada) in a quiet room with controlled temperature
of 22°C dedicated to BP determination after 5 min of rest in a sitting position in the
absence of observers 6 times at 1 min intervals, and the mean of the last 5 measurements

was used.

From June 25, 2013 to April 25, 2016, 16 hypertensive subjects were recruited in
the study on the basis of systolic BP >135 mmHg or diastolic BP of 85-115 mmHg with
BpTRU BPM-300 or treatment with anti-hypertensive medication for at least 6 months;
15 hypertensive subjects with nephroangiosclerosis (CKD group) on the basis of
hypertension as above complicated with nephropathy defined as alteration of glomerular
filtration rate (eéGFR) below 60 mL/min/1.73 m2, after exclusion of other causes of CKD;
and 15 normotensive subjects without hypertension or kidney disease. Subjects enrolled

were 33 to 78 years old. The patients were followed in the Kidney Treatment Center and
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in the Cardiovascular Prevention Center located on the first floor of Pavilion H of the

Jewish General Hospital.

Subjects meeting any one of the following criteria were excluded: myocardial
infarction within the 6 months; percutaneous coronary angioplasty or coronary artery
bypass surgery within last 6 months; clinically significant atrioventricular (AV)
conduction disturbances or arrhythmias (e.g. second- or third-degree AV block, sick-
sinus syndrome or clinically significant bradycardia- resting heart rate <45 beats/minute);
tachyarrhythmias; clinically significant arrhythmias; presence of an accessory bypass
tract (e.g. Wolff-Parkinson-White syndrome); unstable angina pectoris; current or prior
history of heart failure or known left ventricular ejection fraction <40%. In addition;
smoking of 10 cigarettes or more, diabetes; co-existent conditions which could
independently affect resistance vessels (e.g. any disease which may be associated with
vasculitides: collagen-vascular diseases, chronic hepatitis B antigenemia, circulating
immune complexes, complement disorders, amyloidosis, scleroderma, etc.); other
concurrent severe disease which could preclude participation or survival, such as
neoplasms or Acquired Immunodeficiency Syndrome (AIDS), or patients known to be
human immunodeficiency virus (HIV) positive; any known bleeding or platelet disorder;
mentally or legally incapacitated patients; or inability or unwillingness on the part of the

patient to sign the Patient Informed Consent Form.

Biological sample collection

On the day of subject inclusion, blood and urine were sampled in the morning under
fasting conditions. Blood was collected in BD Vacutainer EDTA or Vacutainer Plus
serum tubes for blood biochemistry and urine analysis determined in the department of
Diagnostic Medicine at the Jewish General Hospital according to routine methods. eGFR

was determined by the Modification of Diet in Renal Disease formula (27).

Large artery evaluation
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All patients were studied in a supine position in a quiet room with controlled temperature
of 22 + 1°C dedicated to vascular study. BP was measured with a BpTRU BPM-300 6
times at 2 min intervals, and the mean of the last 5 measurements was used. End-diastolic
internal diameter, stroke change in diameter, and intima-media thickness (IMT) were
measured on the right common carotid artery 2 cm before the bifurcation with a high-
precision echotracking device (ArtLab®, Esaote, Maastricht, The Netherlands), as
previously described and validated (28-30). Right radial artery and common carotid
artery pressure waveforms were recorded non-invasively by aplanation tonometry
(Sphygmocor®, Atcor Medical, Sydney, Australia), as previously validated (28, 30, 31).
Circumferential wall stress (o0, kPa) was calculated according to Lame’s equation as ¢0
= (DBP x Dd)/2 x hd, where DBP is diastolic BP, and Dd and hd are the diastolic values
of internal diameter and wall thickness during the cardiac cycle, respectively (32, 33).
Carotid distensibility was determined from systolic—diastolic variations in arterial cross-
sectional area (AA) and carotid pulse pressure (AP), assuming the lumen to be circular.
The cross-sectional distensibility coefficient (DC) was calculated as AA/A x AP. Carotid
stiffness was calculated as DC'% as previously described (30). Incremental Young’s
elastic modulus was calculated as [3(1 + A/wall cross-sectional area)]/DC, where A is the
diastolic lumen area (34, 35). Aortic stiffness was measured through the carotid to
femoral pulse wave velocity (PWV) between the two sites by the foot-to-foot velocity
method (Sphygmocor®, Atcor Medical, Sydney, Australia). Pulse transit time (seconds)
between the carotid and femoral sites was multiplied by 0.8 and then divided by the
distance (m) to obtain carotid-femoral PWV (30, 36). The 0.8 scaling factor was used to

correct for the overestimation of the real carotid-femoral distance (37).

Subcutaneous biopsy

Gluteal biopsies of skin/subcutaneous tissue of the buttock were done at 8 am under
sterile conditions and under local anesthesia with 2% lidocaine as previously described
(38, 39). The skin/subcutaneous tissue sample was immediately placed in ice cold sterile
PBS. Small arteries of about 150 to 300 um were dissected and stored in RNAlater
(ThermoFisher Scientific, Waltham, MA) and used immediately for total RNA isolation.
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RNA extraction

Total RNA was isolated from small arteries using the mirVana miRNA isolation kit
(ThermoFisher Scientific) as follows. In brief, small arteries were homogenized in 1 ml
of Lysis/Binding Buffer using a Polytron PT 1600 E homogenizer (Brinkmann
Instruments, Mississauga, ON, Canada) equipped with a dispersing aggregate PT-DA
1607/2EC at maximum speed for 1 min. The foam generated during the homogenization
was removed by centrifuging at 1,500 g for 3 min at 4°C. The homogenate was then
processed as recommended by the manufacturer to isolate total RNA containing miRNAs.
The concentration and purity of the RNA were assessed with a NanoDrop
spectrophotometer ND-100 V3.1.2 (Thermo Fisher Scientific). Quality of the total and
small RNA was assessed with an Agilent RNA 600 Nano kit and an Agilent Small RNA
kit, respectively, using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara,
CA). RNA samples were separated into 3 tubes: 200-1000 ng for small RNA library
preparation, 100 ng for total RNA library preparation, and the remaining RNA for reverse
transcription-quantitative PCR (RT-qPCR) validation of selected genes. The tubes were

stored at -80°C until used.

Small RNA and total RNA library construction

Total RNA (amounts indicated above) was used for small RNA library construction using
the TruSeq small RNA sample preparation kit (Illumina, San Diego, CA) as indicated by
the manufacturer with minor modification, as all the libraries were amplified using 15
cycles of PCR. Purification of amplified cDNA using 6% Novex TBE gel (ThermoFisher
Scientific, Waltham, MA) was modified as follows, 160 pL of each pool of amplified
cDNA libraries was concentrated using Agencourt AMPure XP PCR purification system
(Beckman Coulter, Beverly, MA). In 1.5 mL tubes, each 160 pL of each pool of
amplified cDNA libraries was mixed with 320 pL of AMPure XP paramagnetic bead
mixture in a 1.5 mL tube, and incubated for 90 min at room temperature to ensure
maximum binding of the small cDNA fragments. The tubes were inserted in a DynaMag-

2 magnet (ThermoFisher Scientific) and incubated for 30 min at room temperature to
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allow optimal separation of the small cDNA fragments bound to the magnetic beads from
the contaminants. The small cDNA fragments bound to the magnetic beads were washed
twice with 80% ethanol, and suspended in a large volume of water (100 puL) to ensure
optimal elution. The volume of the eluate was reduced to 18 pL using a SpeedVac system,
4 uL of DNA loading dye was added, and loaded in one lane of a 6% Novex TBE gel. At
the end of the electrophoresis, the gel was view on a UV transilluminator FOTO/Prepll
(Fotodyne, Hartland, WI) and the 147 nt band primarily containing mature miRNA
generated from ~22 nt small RNA fragment was isolated and processed as indicated in

the manufacturer protocol.

One hundred ng of total RNA was used for total RNA library construction using
the TruSeq stranded total RNA sample preparation kit as indicated by the manufacturer

(Illumina).

RNA sequencing and data analysis

Small (miRNA) and total RNA libraries were sequenced was with an Illumina HiSeq
2500 system following the manufacturer’s protocol at the platform of Integrated Centre
for Pediatric Clinical Genomics of the Research Center of the Sainte-Justine University
Hospital. The miRNA sequencing was done in the 1 x 50 bp high-output mode and total
RNA sequencing in the 2 x 75 bp high-output mode.

Sequence data were first examined for base quality using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences were mapped
to the human genome hg38 with STAR (40). Small RNA sequences were mapped using
the option --outFilterMismatchNoverLmax (.05 that allows a maximal mismatch ratio of
0.05 (no mismatch allowed for reads <20 nt and 1 mismatch allow per 20 nt). HTSeq-
count (41) was used for total RNA gene annotation and counting. miRDeep2 was used
for novel miRNA prediction, known and novel miRNA annotation and counting (42).
EdgeR was used for differential expression analysis (43). A trimmed mean of M-values
(TMM) method in the EdgeR protocol was used for sequence read normalization. Only
genes with expression level >2 reads per million mapped reads in >14 samples (lowest

subject # in any group) were analyzed. TargetScan was used to predict DE miRNA
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targets in the DE mRNAs (44). Only predicted targets with context score percentile >50%
were included in further analyses. TF binding site prediction in the promoter (1000 bp
upstream of exon 1) was perform with the FIMO tool of Meme Suite (45). Molecular
network construction was done in Cytoscape (46). Gene enrichment analysis was

performed using the ClueGO tool in Cytoscape (47).

Statistical analysis

Results are presented as means + SD. Comparisons between multiple groups were
analyzed by one-way analysis of variance (ANOVA) followed by a Student—-Newman—
Keuls post-hoc test or Kruskal-Wallis one-way ANOVA on ranks, as needed. For RNA
sequencing data analysis, an ANOVA-like test in EdgeR based on generalized linear
models was used for differential expression analysis. Differential expression was defined

as P<0.05.

Results
Clinical characteristics and large artery evaluation

The demographic parameters are presented in Table III-1. Fifteen normotensive subjects,
16 hypertensive patients and 15 CKD patients were recruited for this study from June 25,
2013 to April 25, 2016. The CKD patients were slightly older than normotensive subjects.
The CKD group contained more male than female compared to the other groups that
presented only slightly more male than female. Both hypertensive and CKD patients had
higher systolic and diastolic blood pressure compared to normotensive subjects. High-
density lipoprotein (HDL) was lower in CKD patients compared to normotensive subjects.
Triglycerides and fasting blood glucose were similar in all groups. As expected, eGFR
was lower in CKD patients compared to both normotensive subjects and hypertensive
patients. It is noteworthy that eGFR was slightly lower in hypertensive patients compared

to normotensive subjects, but >60 ml/min/1.73 m®.

The hemodynamic characteristics are presented in Table III-2. As expected,

hypertensive and CKD patients presented higher systolic, mean and diastolic BP. Carotid
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internal diameter, IMT, wall/lumen, and wall cross-sectional area were similar in all
groups. The carotid circumferential wall stress was greater in hypertensive and tended to
be higher in CKD compared to normotensive subjects. The carotid distensibility was
lower, and carotid Young elastic modulus and carotid stiffness were higher in
hypertensive and CKD patients compared to normotensive subjects. The aorta was stiffer
in hypertensive and CKD patients compared to normotensive subjects, as demonstrated

by a greater carotid-femoral PWV.

Vascular small and total RNA profiling

Variable numbers and sizes of small arteries were dissected from gluteal biopsies of
skin/subcutaneous tissue of the buttock. Total RNA was extracted successfully in all the
samples except for one CKD patient due to the lack of arteries in the biopsies. On
average, 1.5 pg (0.3-4.5 pg) of total RNA was extracted from the small arteries per
subject. Due to the low RNA concentration in several samples, the RNA integrity
numbers (RINs) were determined only in a subgroup of samples (19 out of 46) using the
Agilent 2100 bioanalyzer. On average, a RIN of 7.9 was obtained, which indicate a good
RNA quality. Despite the fact that a RIN could not be measured, the remaining samples
with relatively low RNA concentration presented good RNA electrophoretic profiles (Fig.
[I1-4), as the proportions of 18S and 28S RNA are similar as the samples with high RNA
concentration and good RINs. All the samples were used to construct the small and total

RNA libraries.

An average of 24.1 million qualified single-end reads per sample was obtained in
the small RNA sequencing data, of which 78.3% and 15.3% were mapped to a unique
locus and multiple loci of the human genome hg38 by STAR, respectively. As for the
total RNA sequencing, an average of 27.9 million qualified pair-end reads per samples
was obtained, of which 86.6% and 7.8% were mapped to a unique locus and multiple loci

of the human genome hg38, respectively.

We identified 3 up-regulated and 6 down-regulated miRNAs, as well as 134 up-
regulated and 149 down-regulated mRNAs uniquely associated with the hypertensive
group, while 42 up-regulated and 39 down-regulated miRNAs, as well as 743 up-
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regulated and 348 down-regulated mRNAs were found uniquely associated with the CKD
group (Fig. III-1). Meanwhile, 2 up-regulated miRNAs, as well as 101 up-regulated and
75 down-regulated mRNAs were found in both groups.

We generated molecular networks to integrate predicted interactions between DE
miRNAs and inversely expressed DE mRNAs and between DE TF and DE genes, and the
3 top enriched gene ontology (GO) terms for the hypertensive and CKD groups. The
molecular networks showed that the hypertension-associated DE miRNA-targeting DE
mRNAs were highly enriched in gene ontology (GO) terms involved in peptidase activity,
mitochondrial activity and immune response (Fig. I1I-2), while the CKD-associated DE
miRNA-targeting DE genes were highly enriched in GO terms involved in tube formation,

fibroblast proliferation and EGF response (Fig. I11-3).

Common gene changes between Ang Il-infused mouse models and hypertensive

patients with and without CKD

Comparing all the DE miRNAs and mRNAs found in the 7-day and 14-day Ang II-
infused mice, essential hypertensive patients and CKD patients, we aimed to identify
conserved vascular injury-associated genes involved in RAAS activation. One common
DE miRNA, miR-145-3p, was down-regulated in both 7-day Ang Il-infused mice and
CKD patients. In terms of common DE mRNAs, 6 mRNAs (Zfp3612, Mafb, Ttyh3,
Slcl6a3, Kdm6b, Pld4) were up-regulated, and 3 mRNAs (Nucb2, Sic38a4, Ptn) were
down-regulated in the 14-day Ang Il-infused mice, hypertensive patients and CKD
patients. KCTDI2 and C3 were up-regulated, whereas Leol/ and Ybx2 were down-
regulated in both 14-day Ang II-infused mice and hypertensive patients. There were 42
up-regulated (not listed here) and 2 down-regulated (Enpep and Tuft/) mRNAs in both
14-day Ang Il-infused mice and CKD patients.

Discussion

DE miRNAs and mRNAs were identified in small resistance arteries of hypertensive and

CKD patients compared to those in vessels from normotensive subjects. Although similar
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degrees of BP elevation and large artery (carotid and aortic) stiffness were observed
between hypertensive patients and CKD patients, enrichment analysis in DE miRNA-
targeting DE mRNAs revealed GO terms that could be linked to different degrees and
types of small arterial changes between hypertension and CKD. It is noteworthy that the
hypertensive subjects have lower eGFR compared to the normotensive subjects, which
suggests that a subset of these subjects, although not classified as CKD, may display an

early stage of impaired renal function.

This is still an ongoing study with additional analyses and experiments to be
performed. Future experiments will include validating differential expression of selected
DE miRNAs and their DE mRNA targets by real-rime quantitative reverse transcription
polymerase chain (RT-qPCR), confirming miRNA-mRNA interactions by luciferase
reporter assays and gain- or loss-of-function studies by miRNA mimic or inhibitor
transfection, respectively. Candidate miRNAs and mRNAs selection will take into
account the results from the degree of differential expression (P value and fold change),
expression levels, gene enrichment analyses, RNA interactions and conserved gene

changes between our Ang Il-infused mouse model and patients.

The sole common DE miRNA between the Ang Il-infused mouse model and
patients, namely miR-145-3p, will be one of our main focuses in future experiments.
miR-145-3p has recently been shown to be down-regulated in different cancers (48, 49),
and we also observed down-regulation in the 7-day Ang Il-infused mice and CKD
patients. Chen et al. demonstrated that miR-145-3p was down-regulated in lung cancer
and was able to inhibit cell migration and invasion by targeting Phosphoinositide-
Dependent Protein Kinase-1 (PDK1) and suppressing mTOR activation (48). Goto et al.
reported that miR-145-3p was also down-regulated in prostate cancer, where it targeted
MELK, NCAPG, BUBI, and CDK]1, all of which were up-regulated in prostate cancer and
allowed prediction of patients’ survival (49). Our mouse data showed that Ang II infusion
caused up-regulation of genes involved in cell migration and proliferation. The CKD-
associated DE genes we found in the present study also revealed enrichment for cell
growth and proliferation. These genes may contribute significantly to vascular

remodeling and stiffening. The possibility to inhibit cell migration and proliferation
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makes miR-145-3p an interesting target for future clinical applications and to understand

the pathophysiological molecular mechanisms of vascular injury.

Among the 9 conserved DE mRNAs in the Ang Il-infused mouse model,
hypertensive patients and CKD patients, some have been associated with cardiovascular
disease. The AA and GA genotypes of single nucleotide polymorphism (SNP) rs2902940
of MAF BZIP Transcription Factor B (MAFB) have been shown to associate with
increased risk of coronary artery disease and ischemic stroke, compared to the GG
genotype (50). Interestingly, the association was found only in patients with higher body
mass index, hypertension or diabetes. The C genotype of SNP rs12601558 of Solute
Carrier Family 16 Member 3 (SLC16A43) has been linked to CKD in children (51) and
chronic hypoxia-induced pulmonary hypertension (52). Lysine Demethylase 6B (Kdm6b)
was shown to be up-regulated in the aortas of Ang II-infused rats, and was believed to
cause demethylation of H3K27me3, therefore activating the transcription of Na+-K+-
2Cl— Cotransporter 1 (NKCC1I), which plays a role in maintenance of vascular tone and
BP regulation (53). Phospholipase D Family Member 4 (PLD4) was reported to be a
susceptibility gene for systemic sclerosis (54), a connective tissue autoimmune disease
characterized by increased extracellular matrix protein production that is associated with
systemic and renal artery injury (55). Pleiotrophin (PTN) has been known to be a
heparin-binding cytokine that induces angiogenesis under normal and pathological
conditions (56). PTN treatment activates expression of Vascular Endothelial Growth
Factor (VEGF) in endothelial cells, improving cell migration (57). It was also able to
reduce Prostaglandin-Endoperoxide Synthase 2 (COX-2) expression and induce
Interleukin-10 (/L-10) and Transforming Growth Factor Beta (7GFp) expression in
macrophages, demonstrating an anti-inflammatory property. However, the relationship
between vascular damage and these conserved DE mRNAs and the underlying
pathophysiological molecular mechanisms are still unclear. Although preliminary
analyses indicate that miR-145-3p does not target any of these conserved DE miRNAs in
the canonical fashion, it does not rule out the possibility of non-canonical non-seed
binding or indirect targeting. Deeper analyses and further experiments are required to

investigate their potential interactions.
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Table III-1. Demographic characteristics

Normotensive Hypertensive
Parameters CKD patients

subjects patients
Number od subjects 15 16 16
Age (years) 525+11.3 59.0+10.3 65.7 +7.4*
Sex (male/female) 8/7 9/7 13/3
Body mass index (kg/mz) 259+4.1 26.3+3.0 289+5.2
Waist circumference (cm) 91.1+11.7 90.9+9.5 100.1 £15.9
SBP (mmHg) 116 11 129 + 15%* 135 £ 21**
DBP (mmHg) 78+ 6 81 £ 2% 79 £ 9*
Triglycerides (mmol/L) 1.0+ 0.6 1.1+£0.5 1.4+0.8
HDL (mmol/L) 1.8+ 0.6 1.7£0.5 1.4+0.3*
Fasting blood glucose

47+0.5 4.8+0.7 50+0.8
(mmol/L)
eGFR (ml/min/1.73 m?) 99.8+17.5 87.7+£12.5% 45.5 £ 11.2%*+

The baseline parameters of the normotensive and hypertensive subjects and chronic

kidney disease patients (CKD) were determined at the time of the recruitment. SBP and

DBP, systolic and diastolic blood pressure; HDL, high-density lipoprotein; eGFR,

estimated glomerular filtration rate. Data are presented as means = SD, *P<0.05 and

**P<0.01 vs normotensive subjects, and 7P<0.001 vs hypertensive subjects.
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Table III-2. Hemodynamic and mechanical parameters

Parameters Normotensive Hypertensive CKD patients
subjects patients

Number of subjects 15 16 16
Right radial artery pressures
SBP (mm Hg) 122 + 56 125 + 14* 127 £ 14*
DBP (mm Hg) 69 £8 77 + 9* 74 +7
MBP (mm Hg) 83+ 10 96 + 11** 94 + 9**
Estimated central pressures
SBP (mmHg) 101 £13 117 + 14* 118 + 15%*
DBP (mmHg) 70£8 78 + 9* 77 £ 8.2%
MBP (mmHg) 83+ 10 96 + 11** 94 + 9**
Right common carotid artery pressures and mechanical properties
SBP (mmHg) 102+ 14 122 + 16** 121 + 16**
DBP (mmHg) 69 £8 77 £ 9% 76 £ 8*
MBP (mmHg) 83+ 10 96 £ 11** 94 + 9**
Internal diameter (mm) 5.36 £0.59 5.55+0.75 5.94 £0.78
IMT (um) 876 + 132 861 + 149 924 + 134
Wall/Lumen 0.165 £ 0.033 0.159 + 0.044 0.157 £0.027
WCSA (mm’?) 17.2+13.5 17.3+£3.2 17.6 £14.9
Circumferential wall stress 339448 LR 404+ 10
(KPa)
Distensibility (kPa” x 10 37.1+ 13 19.4 £ 17.5%* 20.2 £ 9**
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Table III-2. Hemodynamic and mechanical parameters (Cont.)

Normotensive Hypertensive
Parameters CKD patients
subjects patients

Right common carotid artery pressures and mechanical properties

Young elastic modulus (KPa) 217+ 194 477 £ 347** 448 £260**

Stiffness (m/s) 547+1.14 7.66 = 1.86%* 7.60 £ 1.95%*

Aortic stiffness

Carotid-femoral PWYV (m/s) 79+1.4 9.4 +1.74* 9.7+2.2%

The hemodynamic and mechanical parameters of the normotensive and hypertensive
subjects and chronic kidney disease patients (CKD) were determined at the time of the
large artery evaluation. SBP, DBP and MBP, systolic, diastolic and mean blood pressure;
IMT, intima media thickness; WCSA, wall cross-sectional area; PWV, pulse wave
velocity. Data are presented as means + SD, *P<0.05 and **P<0.01 vs normotensive

subjects.
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Up-regulated mRNAs Down-regulated mRNAs

134 149
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Figure III-1. Venn diagrams are presenting the number of differentially expressed
miRNAs (upper panel) and differentially expressed mRNAs (lower panel) in small
resistance arteries uniquely associated with the hypertensive (HTN), uniquely associated
with the chronic kidney disease (CKD) patients and in both groups, compared to

normotensive subjects (P<0.05).
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Figure III-2. The figure represents a molecular network integrating differentially
expressed microRNA (miR) and gene data, the predicted interactions between miRs and
mRNAs (black lines), transcription factors and genes (purple arrow lines), and top 3
enriched gene ontology (GO) terms in small arteries of hypertensive patients compared to
normotensive subjects (¢<0.01). The microRNA and transcription factor symbol sizes are
proportional to the number of interaction with their targets. n = 15 for normotensive, 16

for hypertensive and 16 for CKD subjects.
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Figure III-3. The figure represents a molecular network integrating differentially

expressed microRNA (miR) and gene data, the predicted interactions between miRs and

mRNAs (black lines) and transcription factors and genes (purple arrow lines), and top 3

enriched gene ontology (GO) terms in small arteries of chronic kidney disease patients

compared to normotensive subjects (¢<0.001). The microRNA and transcription factor

symbol sizes are proportional to the number of interaction with their targets. n = 15 for

normotensive, 16 for hypertensive and 16 for CKD subjects.



139

RNA concentration: 29 ng/ul

[FU] 18S % area: 13.1
7.8 [ 28S % area: 18.8
RIN = 8.5
10 18S 28S
; P N
| o | | |
25 200 1000 4000 [nt]
RNA concentration: 9 ng/ul
[FU] 18S % area: 13.4
20— 28S % area: 17.4
RIN: Not determined
10
18S 28S
0— & e vl
| L | I I
25 200 1000 4000 [nt]

Figure II1-4. Determination of the quality of small artery RNA using an Agilent
2100 bioanalyzer. Representative electrophoretic profiles for small artery RNA sample
with high enough RNA concentration for detectable RIN of 8.5 (upper panel) and low

RNA concentration that resulted in undetermined RIN (lower panel) are presented.
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Abstract

Background: Chronic kidney disease (CKD) is a global health condition with a
worldwide prevalence of 13.4% for stage 5 and 10.6% for stage 3-5. There is an
epidemiological association between hypertension (HTN) and CKD. The prevalence of
high blood pressure (BP) has been reported to be over 85% in stage 3 and over 90% in
stage 4-5 CKD patients. Circulating cell-free small non-coding RNAs called microRNA
(miRNA) have been shown to associate with different pathologies including cancer and
cardiovascular disease, and accordingly possesses potential to serve as biomarkers with
clinical application. We aimed to identify differentially expressed (DE) miRNAs that
may be related to CKD.

Methods and Results: Normotensive, HTN (systolic BP > 135 mmHg or diastolic BP of
85-115 mmHg with BP) and CKD (estimated glomerular filtration rate (eGFR) <
60mL/min/m?) subjects (n=15-16 per group) were studied. Platelet-free plasma was
isolated by a 2-step centrifugation (1000xg followed by 10,000xg) from 6 ml total blood.
Plasma miRNAs were extracted using the QIAamp Circulating Nucleic Acid Kit. cDNA
libraries were prepared using the TruSeq Small RNA Library Prep Kit, and sequenced
with the HiSeq 2500 platform. FastQC was used for quality control. Sequences were
mapped by STAR to the hg38 genome and annotated by miRDeep2. DE miRNAs were
identified using EdgeR. Six up-regulated and 3 down-regulated miRNAs were found to
be uniquely associated with HTN, 2 up-regulated and 12 down-regulated miRNAs
uniquely associated with CKD, and 3 down-regulated miRNAs were found in both
groups (P<0.01 & g<0.1). Two down-regulated miRNAs in the HTN group, miR-26a-5p
(r=-0.33, P<0.05) and miR-151a-5p (r=-0.33, P<0.05), correlated with SBP. One up-
regulated miRNA in CKD group, let-7g-5p (r=0.31, P<0.05), correlated with eGFR.

Conclusion: DE platelet-free plasma miRNAs were identified in HTN and CKD patients.

Some miRNAs may have the potential to serve as biomarkers in CKD.
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Introduction

Hypertension and chronic kidney disease (CKD) are prevalent global health concerns that
account for millions of deaths per year (1, 2). There is an epidemiological association
between hypertension and CKD. The prevalence of high blood pressure has been reported
to be over 85% in stage 3 and over 90% in stages 4-5 CKD patients in the Kidney Early
Evaluation Program in 2000-2006 (3). Hypertension and CKD are both characterized by
vascular damage that includes vascular remodeling (4, 5), stiffening (6, 7) and endothelial

dysfunction (8-11).

microRNAs (miRNAs) are a class of small non-coding RNAs that regulate gene
expression post-transcriptionally by binding to the 3’ untranslated regions (UTRs) of
their target mRNAs and leading to mRNA degradation and translational repression (12-
14). Besides this canonical targeting machinery, a form of cell-free extracellular miRNAs
in biological fluids such as circulating blood and urine has been shown to play a role in
cell-cell communication. Circulating miRNAs were also reported to be associated with
multiple pathologies including cancer and cardiovascular disease in the past few years,
and therefore possess great value to serve as novel biomarkers for disease diagnosis and

prognosis (15-17).

Abnormal circulating miRNA levels have been observed in essential hypertensive
patients and CKD subjects. Li et al. used microarray to profile circulating miRNA in
essential hypertensive patients and identified 27 differentially expressed (DE) miRNAs
(18). However, the researchers in this study did not perform a high-speed centrifugation
(10,000 X g) to remove platelets in the plasma. Their circulating miRNA profile therefore
may likely come from platelets, as reported by Willeit et al. that platelet-rich plasma
showed much higher miRNA levers than platelet-poor plasma (19). Recently, Ulbing et
al. (20) used nanoString nCounter to identify DE circulating miRNAs associated with
CKD. However, it is also noteworthy that nanaString nCounter is a medium-throughput

profiling platform that limits the quantification to 800 known miRNAs.

In the present study, we profiled cell-free platelet-free circulating miRNAs using
RNA deep sequencing to identify not only all known miRNAs, but also novel miRNAs

that are associated with hypertension and CKD. Combined with vascular gene expression
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profiling that we have previously performed in subcutaneous small resistance arteries
from the same cohort of hypertensive patients with or without CKD and normotensive
control subjects (Chapter III), we sought to identify circulating miRNAs that may be used

as clinical biomarkers for vascular damage in hypertension and CKD.

Methods
Subject recruitment

The study protocol was approved by the Human Research Ethics Review Committee of
the Jewish General Hospital, where the study was carried out. All the subjects included in

the study provided written informed consent to participate.

A cohort of 15 normotensive subjects, 16 hypertensive patients and 16
hypertensive subjects with CKD were recruited in our previous study. Details of

recruitment criteria have been previously described (Chapter III).

Biological sample collection

On the day of subject inclusion, blood and urine were sampled in the morning under
fasting conditions. Blood was collected in BD Vacutainer EDTA or Vacutainer Plus
serum tubes for blood biochemistry and urine analysis determined in the department of
Diagnostic Medicine at the Jewish General Hospital according to routine methods. eGFR
was determined by the Modification of Diet in Renal Disease formula (21). Blood
samples on EDTA were centrifuged at 1,000 g for 15 min at 4°C to remove blood cells,
followed by centrifugation at 10,000 g for 10 min at 4°C to remove platelets. Plasma was

stored at -80°C until used for RNA extraction.

RNA extraction and small RNA library construction

Six ml plasma stored at -80°C was thawed, mixed thoroughly by inversion and
centrifuged at 10,000 g at 4°C for 3 min to remove remaining debris. Circulating

miRNAs was isolated from plasma with the QIAamp Circulating Nucleic Acid kit
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(Qiagen, Venlo, Netherlands) using the miRNA extraction protocol for 3 ml of plasma
with slight modifications. In brief, all reagents except for the washing and elution buffers
were up-scaled 2 times. The quantity of small RNA and % of miRNA were assessed with
an Agilent Small RNA kit using an Agilent 2100 bioanalyzer. RNA sample were
separated into 2 parts: 4-20 ng for small RNA library preparation as previously described
(Chapter III) and the remainder was reserved for real-rime quantitative reverse

transcription polymerase chain reaction (RT-qPCR) validation of selected genes.

RNA sequencing and data analysis

Small RNA libraries were sequenced was with an Illumina HiSeq 2500 system following
the manufacturer’s protocol at the platform of Integrated Centre for Pediatric Clinical
Genomics of the Research Center of the Sainte-Justine University Hospital. The miRNA

sequencing was done in the 1 x 50 bp high-output mode.

Sequence data were first examined for base quality using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Sequences were mapped
to the human genome hg38 with STAR (22). Small RNA sequences were mapped using
the option --outFilterMismatchNoverLmax (.05 that allows a maximal mismatch ratio of
0.05 (no mismatch allowed for reads <20 nt and 1 mismatch allow per 20 nt). miRDeep2
was used for novel miRNA prediction, known and novel miRNA annotation and counting
(23). EdgeR was used for differential expression analysis (24). A trimmed mean of M-
values (TMM) method in the EdgeR protocol was used for sequence read normalization.
Only genes with expression level >10 reads per million mapped reads in >14 samples

(lowest subject # in any group) were analyzed.

DE circulating miRNA validation by RT-qPCR

Reversed transcription was done with 2 ng of the isolated RNA using the Qiagen
miScript II RT Kit (Qiagen). gPCR was performed using the miScript Primer Assay with
miScript SYBR Green PCR Kit (Qiagen) according to the manufacturer’s protocol in an
Applied Biosystems® 7500 Real-Time PCR System (ThermoFisher Scientific, Waltham,
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MA). Primers were validated by PCR efficiency between 90% and 120% with single
amplicon in the qPCR dissociation curves. Geometric mean of the 3 least variable
miRNAs with at least 50 reads per million total mapped reads from the sequencing date

was used for normalization.

Statistical analysis

Results are presented as means + SD. Comparisons between multiple groups were
analyzed by one-way analysis of variance (ANOVA) followed by a Student-Newman—
Keuls post-hoc test or Kruskal-Wallis one-way ANOVA on ranks, as needed. For RNA
sequencing data analysis, an ANOVA-like test in EdgeR based on generalized linear
models was used for differential expression analysis. Differential expression was defined
under a threshold of false discovery rate (FDR or ¢) <0.1. A Pearson correlation was
performed between circulating DE miRNA expression and clinical parameters, as well as

between circulating DE miRNA and vascular DE gene expression.

Results
Clinical characteristics and large artery evaluation

The demographic parameters and hemodynamic characteristics were presented in our

previous study (Chapter III).

Platelet-free plasma small RNA profiling

Fifteen samples per group were used for the platelet-free plasma small RNA profiling.
Total RNA was extracted successfully from 6 mL of platelet-free plasma in all the
samples. However, the yield was very low. It was not possible to determine the RNA
yield using a NanoDrop spectrophotometer. Since it has been described that circulating
RNA are mostly small RNA, the quantity of small RNA was assessed with an Agilent
Small RNA kit using an Agilent 2100 bioanalyzer. On average, 27.2 ng (5.5-99.0 ng) of

small RNA was extracted from 6 mL of platelet-free plasma. Furthermore, the analysis of
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the electrophoresis profiles revealed that the circulating small RNA was enriched in
miRNAs (~36%). All the samples were used to construct the small and total RNA

libraries.

An average of 13.6 million qualified single-end reads per sample was obtained in
the small RNA sequencing data, of which 8.4% and 81.9% were mapped to a unique
locus and multiple loci of the hg38 genome by STAR, respectively. It should be noted
that one CKD RNA sample with low base quality (Q<20) and another CKD sample with
low read counts (27 thousand qualified single-end reads) were excluded for further small

RNA analyses.

We have Identified 6 up-regulated and 3 down-regulated miRNAs uniquely
associated with the hypertensive group, 2 up-regulated and 12 down-regulated miRNAs
uniquely associated with the CKD group and 3 down-regulated miRNAs in both groups
(Fig. IV-1). Two down-regulated miRNAs in the hypertensive group, miR-26a-5p (r=-
0.33, P<0.05) and miR-151a-5p (r=-0.33, P<0.05), were correlated with SBP. One up-
regulated miRNA in CKD group, let-7g-5p, was correlated with eGFR (r=0.31, P<0.05).

DE miRNA validation by RT-qPCR

Comparing our results with those from a previous publication (20), we found 4 common
DE miRNAs associated with CKD, namely let-7g-5p, miR-26a-5p, miR-191-5p and let-
7b-5p. Next, we used RT-qPCR to validate the expression levels of these miRNAs. let-
7g-5p, miR-191-5p and let-7b-5p showed a strong correlation between sequencing and

qPCR results, whereas a moderate correlation was found for miR-26a-5p (Fig. [V-2).

Correlations between circulating DE miRNA and vascular DE gene expression

Among the 4 validated DE miRNAs, low circulating let-7g-5p levels has been previously
linked to endothelial dysfunction in patients with lacunar infarction (25). /n vivo and in
vitro gain- and loss-of-function experiments showed that let-7g-5p targeted the
endothelial dysfunction marker plasminogen activator inhibitor (PA/-1) and was able to

reduce inflammation and vascular cell adhesion protein 1 (VCAM-1) secretion in
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endothelial cells. Moreover, considering that let-7g-5p is the only circulating miRNA
correlated with eGFR levels, this suggests a potential value of let-7g-5p to serve as a
biomarker for vascular damage in CKD. We had previously performed gene expression
profiling on subcutaneous small resistance arteries of the same subjects to identify DE
genes associated with vascular damage in hypertension and CKD (Chapter III). Next, we
looked at the correlations between vascular gene expression levels and circulating let-7g-
S5p expression levels. Among the top 10 correlated genes, 7 of them were also down-
regulated in small resistance arteries in CKD patients, and 8 of them were correlated with

at least 3 of the 4 validated DE circulating miRNAs (Table IV-1).

Discussion

In the present study, we have identified DE circulating miRNAs in essential hypertensive
patients and in CKD patients. Comparing our results with those from a previous
publication (20), we found 4 common CKD-associated miRNAs, among which let-7g-5p
has been linked to endothelial dysfunction (25). let-7g-5p was down-regulated in CKD
and was the only circulating miRNA correlated with eGFR levels. Moreover, out of the
genes whose expression levels in small arteries were correlated with circulating let-7g-5p
expression, the majority of the top correlated genes were also down-regulated in small
arteries of CKD patients. The above findings suggest a potential link between circulating

let-7g-5p and vascular damage in CKD.

Out of the top let-7g-5p-correlated genes, genome-wide association studies have reported
the association between Unc-51 Like Kinase 4 (ULK4) and hypertension (26-28), as well
as between Proprotein Convertase Subtilisin/Kexin Type 2 (PCSK2) and CKD (29),
myocardial infarction (30) and type 2 diabetes (31). ST6 N-Acetylgalactosaminide
Alpha-2,6-Sialyltransferase 2 (ST6GALNAC?2) protein levels in peripheral blood
mononuclear cells were shown to be a potential diagnostic biomarker for IgA
nephropathy, an immune complex-mediated glomerulonephritis that causes damage to
glomeruli and may lead to CKD (32). Ten-eleven translocation-2 (TET2), a DNA
demethylation enzyme that oxidizes 5-methylcytosine (5-mC) to generate 5-

hydroxymethylcytosine (5-hmC) and induce gene activation, has been shown to play a
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master regulatory role in smooth muscle cell (SMC) differentiation. Promoters of SMC
contractile genes displayed enrichment for 5-hmC and TET2 binding. The later were
reduced on promoters of SMC dedifferentiated genes. Moreover, TET2 overexpression
was able to activate SMC gene expression in fibroblasts and induce contractile phenotype
(33). TET2 was predicted to be a target of let-7g-5p in our preliminary analysis. However,

their relationship needs to be confirmed by future experiments.

The relationship between circulating let-7g-5p and correlated genes in small arteries is
unclear. Cell-cell communication may be involved in the crosstalk between circulating
miRNAs and vascular gene expression, and contribute to vascular damage in CKD.
Further analyses and experiments will be required to investigate the underlying molecular
mechanisms. It has been demonstrated that vesicle-associated circulating miRNAs
released from immune cells can be incorporated by the co-cultured vascular endothelial
cells, where they regulate expression of target genes (34, 35). One of the potential future
experiments to investigate the communication between circulating let-7g-5p and vascular
gene expression could be to co-culture extracellular let-7g-Sp-secreting cells with
endothelial cells in order to examine whether endothelial cells are able to take up the pre-
labelled secreted let-7g-5p. The next step would be to measure the expression levels of
potential let-7g-5p targets, the conserved correlated vascular genes and markers for
endothelial function, vascular injury and inflammatory processes in the recipient
endothelial cells. Considering that circulating let-7g-5p is down-regulated in CKD, it is of
clinical interest to investigate the potential protective effect of systemic administration of
vesicle-associated circulating let-7p-5p in vivo. However, in vivo miRNA delivery by
current methods is still technically more difficult compared to in vivo miRNA inhibitor
delivery. The former tends to induce stronger immunotoxicity and shows lower targeting
efficacy (36). A throughout examination on specific and non-specific targeting effects,
immunotoxicity and any potential abnormal phenotype should be conducted, if in vivo

experiments are performed in animal models.
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Up-regulated miRNAs Down-regulated miRNAs

HTN CKD HTN CKD

Figure IV-1. Venn diagrams represent the number of differentially expressed miRNAs in
platelet-free plasma uniquely associated with the hypertensive subjects (HTN), uniquely
associated with chronic kidney disease patients (CKD), compared to normotensive
subjects (P<0.01 & ¢<0.1). n=15 for normotensive, 15 for hypertensive and 13 for CKD

subjects.
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Figure IV-2. Correlations between RNA sequencing (RNA-seq) results and real-rime

quantitative reverse transcription polymerase chain reaction (RT-qPCR) results on let-7g-

5p, miR-26a-5p, miR-191-5p and let-7b-5p. n=36.
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Table IV-1. Correlations between circulating DE miRNA and vascular gene

expression.
Correlations with circulating miRNAs
DE in small
arteries

Vascular genes let-7g-5p  miR-26a-5p miR-191-5p  let-7b-5p

FC P R P R P R P R P
ULK4 0.87 * 0.62 *** 040 ok 0.43 ok 0.37 *
ST6GALNAC2 0.62 ¥ 059 **x o 0.38 * 0.50  ***
TET2 0.92 * 0.56 *** (.34 * 0.43 ok 0.40 **
$100A44 0.79  **x 055 **¥* 046 ok 0.46 ** 0.47 **
FDFTI 0.86 * 0.54 *** (.38 * 0.37 * 0.42 **
RDH10 0.53 *** 0.46 ok 0.58  ***
PCSK2 0.69 * 0.52 *** 047 *E 0.53  H**
COBL 0.87 ¥k Q.51 R
TGDS 0.50  *x*
LINC00654 -0.50 ***  -0.38 * -0.33 * -0.37 *

The top 10 let-7g-5p-correlated vascular genes are shown here. DE, differential

expression. FC, fold change. n=42. * P<0.05. ** P<0.01. *** P<0.001.
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9. miRNAs and vascular damage in hypertension and CKD

In the first and second studies, we investigated the role of miRNAs in vascular injury
using an Ang Il-induced hypertension mouse model and hypertensive patients with or
without CKD. It has been suggested that small artery remodeling may be the earliest
manifestation of target-organ damage in hypertension (68). In these 2 studies, we focused
on miRNA profiling in small resistance arteries. Combined with total RNA profiling, it
allowed us to study not only the differentially expressed miRNAs and mRNAs associated

with small artery injury, but also their interplay in molecular networks.

This approach led us to the identification of key miRNAs in the Delta-like homolog 1-
Type III iodothyronine deiodinase (DIkI-Dio3) region that are associated with Ang II-
induced vascular damage and hypertension. Among those D/kI-Dio3 miRNAs, miR-431-
S5p acts as a key regulators in the pathophysiological molecular networks of vascular
damage, by mediating expression of EAf, Collagen Type I Alpha 1 Chain (Collal), miR-
382, and potentially other ECM genes and DlkI-Dio3 miRNAs. Our translational
approach combines human and mouse studies that allow us to identify a conserved
miRNA, namely miR-145-3p, that is associated with vascular damage involving RAAS

activation.

9.1 DIk1-Dio3 region

The DIk1-Dio3 region is a conserved region flanked by the DI/kI gene and the Dio3 gene,
located on chromosome 12qF1 in mouse and chromosome 14q32 in human. The protein-
coding genes in this region are highly conserved across species, whereas the miRNAs are
conserved only in mammals (295). Not only do different genes in this region have
different degrees of conservation, they also possess different expression patterns between
the paternal and maternal alleles. The DIkI-Dio3 region is an imprinted region, in which
DIkl1, Retrotransposon Gag Like 1 (R#/1), Dio3 are only paternally expressed, whereas
the miRNA cluster, the SNORD mall nucleolar RNA cluster (in the human but not the
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mouse genome), the Maternally Expressed Gene family (MEG3 and MEGS in human and
Meg3 in mouse) are only maternally expressed (296, 297).

The miRNA cluster in the DLK/-DIO3 region is the largest known mammalian miRNA
cluster comprised of 2 sub-clusters. The larger one contains 43 and 41 currently identified
miRNAs in the human genome and mouse genome, respectively. In the smaller sub-
cluster, there are 11 and 20 known miRNAs in the human genome and mouse genome,

respectively (298, 299).

9.1.1 DLKI-DIO3 miRNAs in cell proliferation and migration

Dysregulation of DLKI-DIO3 miRNAs has been shown to associate with cell
proliferation and migration in multiple pathologies (300, 301), as well as with survival in
liver (302), lung (301) and ovarian (303) cancers. Nossent et al. demonstrated that miR-
487b is up-regulated in the aorta of Ang Il-infused rats. miR-487b targets Insulin
Receptor Substrate 1 (/RSI), which plays an important role in cell proliferation and
vascular remodeling via insulin signaling pathways (304). miR-541 was shown to be up-
regulated in proliferative vascular SMCs induced by Platelet-Derived Growth Factor-BB
(PDGF-BB) or fetal bovine serum (FBS). miR-541 mimic transfection was able to induce
vascular SMC proliferation by targeting transcription factor Interferon Regulatory Factor
7 (IRF'7) (305), which has been demonstrated to inhibit vascular SMC proliferation and
neointima formation (306). miR-411 was reported to promote lung cancer cell
proliferation by targeting tumor suppressor gene Forkhead Box O1 (FOXOI) (307).
Nadal ef al. demonstrated that increased miR-411 expression is associated with metastatic
relapse and poor survival in lung cancer. They also found that miR-411 expression is
correlated with epithelial-mesenchymal transition (EMT) gene expression, and miR-411
knockdown inhibits cell migration in lung cancer cell lines (307). miR-495, which was
up-regulated in breast cancer, was shown to promote cancer cell invasion and
proliferation by targeting Cadherin 1 (CDH1), a key player in EMT and cell-cell adhesion
during cancer cell invasion, and Protein Regulated In Development And DNA Damage
Response 1 (REDDI), an mTOR signaling inhibitor (308). miR-370 and miR-376a on the

other hand, displayed suppressive effect on cell proliferation and migration. Ning et al.
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showed that miR-370 inhibits gastric cancer cell proliferation and migration by targeting
EGFR (309). Zheng et al. demonstrated that miR-376a inhibits cell proliferation and
promotes apoptosis in liver cancer cell lines by targeting Phosphoinositide-3-Kinase

Regulatory Subunit 1 (PIK3R1) (310).

9.1.2 DLKI-DIO3 region in cardiovascular disease

Risk SNPs associated with coronary artery disease (37//7) and type I diabetes (3/2) were
identified in the DLKI-DIO3 region in large-scale GWASs. Wu et al. revealed linkage
evidence for hypertension, systolic BP and diastolic BP at the 14q32.2 region, which
corresponds to the DLKI-DIO3 region that contains the smaller miRNA cluster (3173).
Wezel et al. used a reverse target prediction strategy to predict miRNAs that target
atherosclerosis-related genes and found an enrichment of DLK/-DIO3 miRNAs. They
demonstrated that miR-494 levels are higher in unstable human carotid artery
atherosclerotic plaques than in stable ones; miR-494 knockdown by gene silencing
oligonucleotides reduces atherosclerotic lesion formation and stabilized atherosclerotic
plaques in carotid arteries (3/4). Aavik et al. also found an association between
atherosclerosis and increased expression of DLK/-DIO3 miRNAs including miR-127,
miR-136, miR-410, miR-431-5p, miR-432 and miR-433 (3/5). Up-regulation of DIkI-
Dio3 miRNAs was observed during neovascularization process in a mouse hindlimb
ischemia (HLI) model (298). Thirteen and 39 DlkI-Dio3 miRNAs were found up-
regulated 24 hours and 72 hours after HLI, respectively. Knockdown of miR-329, miR-
487b, miR-494, and miR-495 by gene silencing oligonucleotides increased
neovascularization and blood flow recovery after HLI. The authors also demonstrated
that miR-329 targets Toll Like Receptor 4 (71r4), Vascular Endothelial Growth Factor A
(Vegfa), Myocyte Enhancer Factor 2A (Mef2a) and Fibroblast Growth Factor Receptor 2
(Fgfr2), whereas miR-494 targets 7lr4, Fgfr2 and ADP Ribosylation Factor 6 (47f6).
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9.1.3 DNA methylation in DLK1-DIO3 miRNA expression

As an imprinted region, the DIkI-Dio3 region has different gene expression patterns
between the paternal and maternal alleles. This means that DNA methylation plays a
critical regulatory role mediating gene expression in this region. Global activation of
DLKI1-DIO3 miRNAs has been implicated in lung cancer (301, 307, 316). Molina-Pinelo
et al. observed DNA hypomethylation in the DLKI-DIO3 miRNA region, which may
explain the global activation of DLK/-DIO3 miRNA expression in lung cancer. Inverse
correlations were also found between DNA methylation levels and expression levels of
randomly selected genes in the DLK/-DIO3 region (297). Similarly, Dai et al. revealed
that 11 out of the 17 up-regulated miRNAs in a mouse lupus model are located in the
DIkI-Dio3 region, which is accompanied by DNA hypomethylation; DNA demethylation
treatment by 5-aza-2'-deoxycitydine is able to activate expression of selected DlkI-Dio3
miRNAs including miR-154, miR-127, miR-379, miR-382, miR-433, and miR-300 in
lymphocyte mitogen Con A-activated splenocytes (3/7). Up-regulation of
atherosclerosis-DLK-DIO3 miRNAs observed by Aavik et al. was also accompanied by
DNA hypomethylation (31735).

Considering that 14-day Ang II infusion induced a global up-regulation of DIki-Dio3
miRNAs in mesenteric arteries, this effect may be attributable to a common upstream
activator. DNA demethylation is one of the mechanisms that lead to gene activation in
imprinted regions. Ten-Eleven Translocation proteins (TETs) have been shown to play a
critical role in DNA demethylation at CpG islands in mammals by oxidizing 5-
methylcytosine to generate 5-hydroxymethylcytosine. Double-knockdown or double-
knockout of Tet/ and Tet? has been demonstrated to increase DNA methylation in
imprinted gene regions and suppress imprinted gene expression (3/8-320). Similar results
were shown in Tet! (321) and Tet3 (322) knockout. It is noteworthy that Tet/ and Tet3
were also up-regulated upon 14 days of Ang II infusion in our results. However, whether
Ang II infusion changes DNA methylation pattern in the DIkI-Dio3 region, and whether
Tetl and Tet3 play a role in DNA demethlyation in the DIlkI-Dio3 region causing miRNA
activation are still unclear. To address these questions, bisulfite sequencing would be
required to examine potential changes of DNA methylation pattern at the CpG islands of
the DIkI-Dio3 region by Ang II infusion, and by Tet! or Tet3 gain- or loss-of-function
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experiments. The next step is to determine whether Tet/ or Tet3 gain- or loss-of-function

alone is sufficient to change DIkI-Dio3 miRNA expression levels.

9.2 miR-431-5p and Ets homologous factor (Ehf)

Another potential mechanism that may cause a global up-regulation of DlkI-Dio3
miRNAs is the sharing of a common adjacent cis-regulatory region or presence of a
common TF binding site in their promoter regions. We extracted the differentially
expressed TFs that were predicted to regulate expression of 9 DIkI-Dio3 miRNAs which
were correlated with BP (Figure V-1). There are 4 TFs that target at least 6 out of 9 BP-
correlated DIkI-Dio3 miRNAs. Among those 4 TFs, EHF was also correlated with BP.
With our candidate miRNA selection criteria, we had chosen miR-431-5p for further
functional studies. EHF, which may regulate miR-431-5p expression, was also predicted
to be a downstream target of miR-431-5p. Moreover, the miR-431-5p binding site on the
Ehf3° UTR is highly conserved between mouse and human. We therefore focused on the
study of the role of the miR-431-5p-EAf pair in Ang Il-induced vascular injury and
hypertension.

-3 3

Log fold change

Il Correlated with BP

3 TF binding site +
correlated expression

TF binding site

miR binding site +
correlated expression

miR binding site

Figure V-1. Interactions between differentially expressed TFs and differentially
expressed DIkI-Dio3 miRNAs.
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9.2.1 miR-431-5p

miR-431-5p has been previously shown to play a role in skeletal muscle differentiation,
regeneration and dystrophy. Aged myoblasts exhibited reduced miR-431-5p levels.
Transfection of miR-431-5p mimics promoted differentiation and improved regenerative
capacity in aged myoblasts by targeting SMAD Family Member 4 (Smad4), which
inhibited myogenic differentiation (323). Overexpression of Paired Box 7 (Pax-7) has
been shown to down-regulate expression of the MyoD family of transcription factors,
leading to myogenesis inhibition in mouse skeletal muscle stem cells, whereas Pax-7
knockdown by siRNAs promoted myogenesis (324). Wu et al. demonstrated that miR-
431-5p targets Pax-7 in mouse skeletal muscle stem cells, inducing myogenic
differentiation and accelerating muscle regeneration after injury; overexpression of miR-
431-5p reduces muscular dystrophy in mdx mice (325). Myostatin (MSTN) is a member
of the transforming growth factor-B (TGF-B) superfamily that negatively regulates
skeletal muscle growth. Knockout of Mstn up-regulates miR-431-5p via the Ras-Mek-Erk
signaling pathway. Overexpression of miR-431-5p was able to abrogate MSTN-induced

suppression of skeletal muscle cell differentiation (326).

miR-431-5p has also been shown to regulate neuron outgrowth and regeneration.
Mutation in the Survival of Motor Neuron 1 (SMNI) is associated with
neurodegeneration, leading to loss of spinal motor neurons in spinal muscular atrophy
(327). Knockdown of Smnl by small hairpin RNAs (shRNAs) was demonstrated to
increase miR-431-5p levels and impair motor neuron viability and outgrowth. miR-431-
5p was found to regulate motor neuron outgrowth by targeting chondrolectin (Chodl)
(328). Wu et al. showed that sciatic nerve crush-induced injury activates miR-431-5p
expression in nerve cells; transfection of miR-431-5p mimics promotes post-injury
neuron regeneration by targeting Kringle Containing Transmembrane Protein 1
(Kremenl), which is an antagonist of Wnt/beta-catenin signaling and a negative regulator

of neuron outgrowth (329).
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9.2.1 EHF

EHF is an ETS family TF that has been shown to act as either a transcriptional activator
or a transcriptional repressor in epithelial cells. Albino et al. demonstrated that
knockdown of EHF by shRNAs induces stem-like and tumor-like features such as
increased EMT, the ability to propagate and form tumors, as well as metastatic properties
in prostate epithelial cells; re-expression of EHF inhibits those stem-like and tumor-like
features, and reduces cell migration and proliferation by regulating expression of genes
involved in EMT and stemness such as G Protein Subunit Gamma 11 (GNGII),
Vimentin (VIM), Cadherin 1 (CDH]I), Forkhead Box Al (FOXAI), COLIAI and Fibrillin
1 (FBNI) (330). However, other groups have observed an opposite role of EHF on tumor
cells (337, 332). Taniue et al. found that that EHF is required for colon tumor cell
survival via activating RuvB Like AAA ATPase 1 (RUVBLI1) expression, which allows
tumor cells to avoid p53-induced apoptosis (337). Park et al. found that EHF is down-
regulated by DNA damage-induced senescence in prostate and breast cancer cells;
knockdown of EHF by siRNAs inhibited cell proliferation, induced premature cellular
senescence and decreased telomerase activity (332). Fossum et al. demonstrated that
overexpression and knockdown of EHF in airway epithelial cells by expression vectors
and siRNAs, respectively, altered expression of gene associated with response to
wounding, maintenance of barrier function and inflammation; EHF knockdown was

accompanied by a slower rate of wound repair (333, 334).

9.2.3 The interaction between miR-431-5p and Ehf in Ang Il-induced vascular injury

and hypertension

Although miR-431-5p has been implicated in differentiation and proliferation of skeletal
muscle cells and motor neurons, its role in SMCs has not been studied before. We
demonstrated for the first time that miR-431-5p targets E4f in vascular SMCs, leading to
activation of Col/lal and miR-382-5p expression. Human EHF has already been shown to
negatively regulate COL1A41 expression in prostate cancer cells and inhibit cell migration
and proliferation (330). Increased type I collagen deposition is one of the main

mechanisms of vascular remodeling and stiffening (27-29). Periadventitial delivery to
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mouse carotid arteries of R1R2, a peptide that inhibits type I collagen deposition by
interfering with the binding of fibronectin to collagen, using pluronic gel was reported to
efficiently decrease carotid artery type I collagen deposition and reduce flow-induced
vascular remodeling and inflammation. I/n vitro treatment of RIR2 inhibited cell
proliferation and migration, and as well decreased VCAM-1 and ICAM-1 expression in
SMCs (335). However, considering that R1R2 has never been used in vivo in any other
published study and that potential side effects were not stated, whether it possesses
therapeutic value remain to be elucidated. Our study demonstrated that miR-431-5p
inhibition could be an alternative approach to inhibit collagen deposition via EHF. It is
noteworthy the R1R2 was shown to reduce vascular remodeling in carotid arteries
whereas we showed that miR-431-5p inhibitors reduces vascular stiffening in mesenteric
arteries. Whether miR-431-5p inhibition affects large artery stiffening is unclear as the
latter was not investigated in our study. Another target of EHF reported in our study is
miR-382-5p, which has been shown to control hematopoietic stem cell differentiation by
targeting the cell differentiation-associated transcriptional repressor MAX Dimerization
Protein 1 (MXDI) (336), as well as to inhibit tumor progression and metastasis by
targeting the EMT-associated TF Y box-binding protein 1 (YB-1) (337) and tumor
suppressor gene SET Domain-Containing Protein 8 (SETDS) (338). However, the role of
miR-382-5p on the vascular cell phenotype or hypertension has not been previously
investigated. Deeper analysis on the potential targets of miR-382-5p as well as functional
gain- and loss-of-function experiments will be required to examine whether miR-382-5p
plays a role in vascular injury. As a TF, EHF is expected to mediate expression of other
genes. According to the gene ontology (GO) enrichment analysis, the EHF targets in our
DE genes are enriched in genes involved in ECM, developmental processes, growth
factor signaling, responses to wounding, ossification, peptidase activity, cell proliferation
and protein transport. This result is partially consistent with what Fossum et al. found in
airway epithelial cells (333, 334). Although expression of other predicted targets of EHF,
namely Biglycan (Bgn), fibronectin 1 (Fn/) and connective tissue growth factor (Ctgf),
were not affected by siEHF treatment in human vascular SMCs, nor in mouse mesenteric
arteries by miR-431-5p inhibitor injection, future experiments should be conducted to

examine the effect of miR-431-5p inhibitors on other miR-431-5p targets and Ehf targets.
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9.3 miR-145-3p

Comparing the human and mouse vascular miRNA profiling results, there is only one
common miRNA, namely miR-145-3p, associated with vascular injury in both Ang II-
induced hypertension and human hypertension associated with CKD. Its opposite strand,
miR-145-5p, inhibits vascular SMC proliferation and differentiation by targeting different
TFs (239). Knockout of miR-145-5p caused structural changes in the SMC layers of the
vessels, compromised vascular contractility and significantly reduced BP (240-242).
However, miR-145-3p has only been implicated in migration and proliferation of cancer
cells but not SMCs (339, 340). miR-145-5p and miR-145-3p originate from the same pre-
miRNA. According to the canonical miRNA biogenesis pathway, they are co-expressed
by the genome and therefore co-regulated during transcription. When one is dysregulated,
the other should be as well. In fact, in the mouse mesenteric artery miRNA sequencing
profile, miR-145-5p was also down-regulated by 7 days of Ang II infusion like miR-145-
3p. However, miR-145-5p did not pass the 1.5-fold-change threshold that we set to define
differential expression. Although both miR-145-5p and miR-145-3p have been shown to
inhibit cell migration and proliferation, they have completely different seed sequences
and therefore target different genes. We focused on miR-145-3p because it reached

statistical significance in both the human and the mouse studies.

We have demonstrated in vitro by gain- and loss-of-function experiments that miR-145-
3p down-regulates Insulin Like Growth Factor 1 (Igf7), Fnl and Follistatin Like 1 (Fst/1)
in mouse vascular SMCs. (Data are not presented in this thesis.) Luciferase assays are
currently being conducted to confirm whether miR-145-3p targets these genes in the
canonical machinery. Igf1, Fnl and Fstll, which were all up-regulated by Ang II infusion,
have been associated with vascular growth and remodeling. Sun et al. showed that SMC-
specific Igfl knockout or IGFIR inhibition by OSI-906 attenuates small artery
remodeling in hypoxia-induced pulmonary hypertension (34/). IGF1 also plays a role in
brain vessel growth. Systemic IGF1 administration promotes angiogenesis, whereas
systemic blockade of IGF1 by antibodies inhibits injury-induced angiogenesis in the

brain (342). As one of the major ECM components in the media of the artery, fibronectin
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is a critical determinant of vascular stiffness. Increased fibronectin deposition has been
shown to contribute to vascular remodeling and stiffening (27-29). Chiang et al.
demonstrated that in vivo periadventitial administration of the fibronectin blocker pUR4
attenuates ligation-induce vascular remodeling and decreases ICAM-1 and VCAM-1 in
carotid arteries, whereas in vitro pUR4 treatment in vascular SMCs inhibits cell
proliferation (343). Fstll is required for SMC growth and differentiation in pulmonary
arteries (344) and has been shown to regulate pulmonary vasculature development via the

BMP/Smad signaling pathway (345).

It is noteworthy that the 7-day Ang II-induced down-regulation of miR-145-3p is no
longer found in the 14-day Ang II group while Igfl, Fnl and Fst/l are up-regulated by
both 7-day and 14-day Ang II infusion. It is well known that the gene-gene interaction
network is characterized by a high degree of complexity and robustness, which means
that in most cases genes are not regulated by a single factor. miR-145-3p is not expected
to be the sole mediator for /gf1, Fnl and Fstll expression. Up-regulation of Igf1, Fnl and
Fistl] observed in the 14-day Ang II group could be attributed to other miRNAs or TFs.

10. Circulating miRNAs in hypertension and CKD

In the third study, we performed small RNA sequencing in plasma to study circulating
miRNAs associated with essential hypertension and CKD, as well as with vascular injury
in these conditions. The differential expression of 4 miRNAs, namely let-7g-5p, miR-
26a-5p, miR-191-5p and let-7b-5p, were also observed by another research group (215),
and were validated by us using RT-qPCR. Among all the differentially expressed
circulating miRNAs, let-7g-5p was the only one whose expression was correlated with
eGFR. Combined with the vascular RNA profiling results from the same cohort of human
subjects, we have identified genes whose expression in small arteries was correlated with
circulating let-7g-5p levels. The majority of the top correlated genes were also dys-
regulated in small arteries of CKD patients. This suggests a potential link between

circulating let-7g-5p and abnormal vascular gene expression in CKD.
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10.1 let-7g-Sp

Low circulating let-7g-5p levels have been associated with endothelial dysfunction in
subjects who have had lacunar infarcts. /n vivo and in vitro gain- and loss-of-function
experiments showed that let-7g-5p targets the endothelial dysfunction marker
Plasminogen Activator Inhibitor (PA4/-1) and is able to reduce inflammation and VCAM-
1 secretion in endothelial cells (346). Activation or overexpression of Oxidized Low
Density Lipoprotein Receptor 1 (OLR1) has been reported to induce vascular SMC
proliferation, vascular remodeling and atherosclerosis (347, 348). Liu et al. demonstrated
that let-7g-5p targets OLRI and inhibits OLR1-induced vascular SMC proliferation.
Systemic in vivo let-7g-5p administration down-regulated OLRI in the aorta, and
attenuated high-fat diet-induced wvascular growth and atherosclerotic lesions in
Apolipoprotein E (apoFE) knockout mice (349). Let-7g-5p was also shown to prevent
PDGF-induced vascular SMC status switch from contractile to synthetic phenotype by
targeting PDGF Subunit B (PDGFB) and Mitogen-Activated Protein Kinase Kinase
Kinase 1 (MEKKI) involved in the PDGF/MEKKI1/ERK/KLF4 signaling pathway. In
vivo overexpression of let-7g-5p by lentivirus caused up-regulation of let-7g-5p in the

aorta and decreased atherosclerotic plaques in apoE knockout mice (350).

10.2 Circulating miRNAs and vascular damage

A few studies have demonstrated communication between extracellular miRNAs and
vascular cells in vitro, in which endothelial cell- or immune cell-originated vesicle-
associated miRNAs were taken up by co-cultured endothelial cells where they mediated
gene expression (/84-186). However, it is still unclear whether circulating miRNAs can
be incorporated into vascular cells and target gene expression in vivo. Chao et al.
observed a decrease of circulating miR-125b in adenine-induced CKD rats as well as an
inverse correlation between circulating miR-125b levels and the severity of vascular
calcification in CKD patients. They were also able to use circulating miR-125b levels in a

stepwise multivariate logistic regression model to predict vascular calcification
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progression in the same cohort of patients after a 2-year follow-up, as well as in another

independent cohort of patients (357).

Although circulating let-7g-5p was shown by us to correlate with vascular damage-
associated genes in CKD, whether it regulates gene expression in the vasculature and
plays a role in vascular damage remains to be elucidated. It is also unclear which tissues
circulating let-7g-5p originates from or what causes its down-regulation in CKD.
Injection of pre-labeled vesicle-associated let-7g-5p could be used to detect which tissues
will take up let-7g-5p and whether expression of target genes is mediated by the miRNA.
The origin of endogenous circulating let-7g-5p, however, is more difficult to determine.
Considering that circulating let-7g-5p may be associated with vascular damage in CKD,
renal vascular endothelial cells could be a potential source. Knockdown of let-7g-5p
specifically in candidate tissues or cell types can be conducted to examine whether
endogenous circulating let-7g-5p levels are altered. Regardless of the unknown upstream
regulators and its potential downstream effect on vascular cells, circulating let-7g-5p still

has potential value to serve as biomarker of vascular injury in CKD.

11. Limitations and challenges

There are limitations to our studies as well as challenges that we encountered during data
analysis. In the first study, we identified miR-431-5p and its target Ehf as key regulators
in Ang II-induced vascular damage and hypertension. Intravenous injection of miR-431-
5p inhibitors caused up-regulation of EAf and down-regulation of miR-431-5p, miR-382-
5p and Collal in mouse mesenteric arteries. We selected EAf as a miR-431-5p target, and
Collal and miR-382-5p as EHF targets for functional studies based on our candidate
approach criteria. However, miR-431-5p and EHF are expected to mediate expression of
many other genes that we did not investigate. Intravenous delivery of miR-431-5p
inhibitors is expected to cause a systemic knockdown of miR-431-5p elsewhere than only
in mesenteric arteries, therefore affecting expression of its targets in other tissues.

Although we did not observe weight changes in heart, kidneys, liver or spleen, future
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experiments will be required to examine potential toxicity and off-target effects in

different tissues and organs.

The design of our miRNA profiling project was directed toward identifying conserved
key miRNA regulators in vascular damage in essential hypertension with or without CKD
by conducting a multi-model study using different rodent hypertension models as well as
hypertensive and CKD patients. The Ang Il-infused mouse was the first rodent
hypertensive model that we used in combination with the human study to identify
conserved vascular damage-associated miRNAs that are involved in RAAS activation.
However, the expression levels of both candidate key regulators that we identified in the
first study, namely miR-431-5p and FEhf, were too low in the human small artery
expression profiles to allow statistical analysis. It is possible that miR-431-5p and EAf
levels are lower in human arteries than in mouse arteries, or lower in subcutaneous
arteries than in mesenteric arteries. As a result, we were not able to demonstrate whether
miR-431-5p and Ehf are involved in vascular damage in human hypertension and CKD.
Nevertheless, miRNAs or transcriptional factors with low expression levels can have
large regulatory effect on gene expression. A more sensitive measurement approach such
as deeper RNA sequencing or RT-qPCR with pre-amplification will be required in future

studies conducted on human small arteries.

Combining the mouse and human studies led us to the identification of miR-145-3p,
which was down-regulated in both Ang Il-associated and CKD-associated vascular
damage. However, no common miR-145-3p target was found in the differentially
expressed genes in both studies. The validation of miR-145-3p targets in mouse and
human vessels, as well as investigation whether miR-145-3p plays a role in vascular
damage, are ongoing. It is important to point out again that the gene-gene interaction
network is complex and robust. The expression of miR-145-3p targets is not expected to
be regulated solely by miR-145-3p. Other regulators that are differentially expressed
between the Ang II-infused mouse model and CKD patients may explain the difference in
miR-145-3p target expression between two studies. This remains a challenge for

candidate miR-145-3p target selection and future experimental design.
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We have also encountered challenges in data analysis when we had to set the threshold to
define differential expression. In the first study, we used a threshold of 1.5-fold change
with false discovery rate (FDR) < 0.05. In the second study, we used a threshold of P
value < 0.05. In the third study, we used a threshold of FDR < 0.1. The purpose of
applying FDR using the Benjamini—-Hochberg test was to correct for multiple
comparisons and achieve a lower type I error (false positive). However, when using an
FDR < 0.05 in the second and third studies, only very few differentially expressed
miRNAs were identified. This may be attributable to the well-known high genetic
heterogeneity in humans compared to the inbred mice we used in the first study. We
therefore applied a less stringent threshold in the human studies. Although a correction
for multiple comparisons lowers a type I error, it at the same time increases a type II error
(false negative) and may hinder us from finding true positive vascular damage-associated
miRNAs. In order to better analyze the data, we adopted an optimized approach to use
uncorrected P values or higher FDR in the differential expression analysis combined with
RT-gPCR validation to minimize both type I and type II errors, followed by correlation
analysis between clinical parameters and gene expression levels to identify key vascular

damage-associated miRNAs in hypertension and CKD.

12. Perspectives

Despite a variety of anti-hypertensive drug of different classes available in the market
and often used in combination, a significant proportion of the population of hypertensive
patients (33% in Canada and 50% in the USA, much higher percent elsewhere) have
uncontrolled BP (293). Current treatments for CKD are barely able to delay disease
progression (294). There is no cure for hypertension or CKD but there is growing
demand for better treatment. Small artery damage has been suggested to be the earliest
manifestation of target-organ damage in hypertension (68) and is tightly associated with
CKD (85, 86, 97, 98). Tissue miRNAs possess the potential to become master regulators
in cardiovascular disease development (20/-203), whereas circulating miRNAs are being

demonstrated to be valuable biomarkers for disease diagnosis and prognosis (283, 2835,
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286, 351). Our studies not only shed light onto the pathophysiological molecular
networks involved in vascular damage in hypertension and CKD, but also provide
potential important candidate miRNA regulators that may be utilized as therapeutic
targets as well as candidate circulating miRNAs that may be used as biomarkers for

vascular damage in hypertension and CKD.
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