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Summary

Summary

Microvascular dysfunction is a pathological hallmark of the diabetic
myocardium, and is central to the etiology of diabetes-associated cardiac events.
Herein, previous studies highlighted the role of the vasoactive micro-RNA 92a
(miR-92a) in small, as well as large animal models. In this study, the effects of
miR-92a in primary human cardiac microvascular endothelial cells (HCMEC)
and their mouse equivalents (MCMEC) were explored. | characterized
endothelial dysfunction and inflammation in HCMEC from diabetic patients and
reported their upregulation of miR-92a. Importantly, I could show that inhibition
of miR-92a in diabetic HCMEC rescued angiogenesis and ameliorated
endothelial bed inflammation. The in silico analysis identified four conserved
targets downstream of miR-92a with direct relevance to the observed phenotypes.
Of novelty, | reported the miR-92a-dependent downregulation of the coronary
essential metalloproteinase, ADAM10, in diabetic HCMEC. This was also shown
in diabetic porcine ventricular tissue. Accordingly, downregulation of ADAM10
Impaired angiogenesis, sprouting and wound healing in HCMEC and MCMEC.
Further, a dysregulation of the anti-inflammatory Krippel-like factors (KLF) 2
and 4 in diabetic HCMEC and diabetic porcine left ventricles was observed.
Indeed, ablation of KLF2 in non-diabetic HCMEC elicited the same
inflammatory phenotype as their diabetic counterparts. Upstream of KLFs,
dysregulation of myocyte enhancer factor 2D (MEF2D) in diabetic HCMEC and
porcine ventricular tissue was demonstrated. By virtue of dual luciferase reporter
assays, | confirmed direct interaction between miR-92a and all four targets.
Importantly, inhibition of miR-92a was also shown to restore their levels in
diabetic HCMEC.

Altogether, my results highlight novel molecular mechanisms in the pathogenesis
of cardiac microvascular dysfunction in diabetes and strongly qualify miR-92a as

a therapeutic target.



Zusammenfassung

Zusammenfassung

Die mikrovaskuldre Dysfunktion ist ein pathologisches Merkmal des
diabetischen Myokards und spielt eine zentrale Rolle bei der Atiologie von
Diabetes-assoziierten Herzerkrankungen. Friihere Studien haben die Rolle der
vasoaktiven Mikro-RNA 92a (miR-92a) sowohl in kleinen als auch in grof3en
Tiermodellen aufgezeigt. In dieser Studie wurden die Auswirkungen von miR-
92a in primaren humanen kardialen mikrovaskuldren Endothelzellen (HCMEC)
und ihren Gegenstiicken aus der Maus (MCMEC) untersucht. Ich habe die
endotheliale Dysfunktion und Entzindung in HCMEC von Diabetikern
charakterisiert und ihre Hochregulierung von miR-92a beschrieben. AuRerdem
konnte ich zeigen, dass die Hemmung von miR-92a in diabetischen HCMEC die
Angiogenese unterstitzte und die Entzlindung des Endothelbetts verringerte. Die
in silico-Analyse identifizierte vier konservierte Zielmolekile, die miR-92a
nachgeschaltet sind und einen direkten Bezug zu den beobachteten Phanotypen
haben. Neu ist, dass ich die miR-92a-abhéngige Herunterregulierung der
koronaren essentiellen Metalloproteinase ADAM10 in diabetischen HCMEC
nachweisen konnte. Dies konnte auch in diabetischem ventrikularem Gewebe von
Schweinen  gezeigt werden. Dementsprechend  beeintrachtigte  die
Herunterregulierung von ADAMI10 die Angiogenese, Sprossung und
Wundheilung in HCMEC und MCMEC. Dariber hinaus ist eine Dysregulation
der entziindungshemmenden Krippel-like Faktoren (KLF) 2 und 4 in
diabetischen HCMEC und diabetischen Schweineventrikeln festgestellt worden.
Tatsachlich flhrte die Ablation von KLF2 in nicht-diabetischen HCMEC zum
gleichen Entziindungsphénotyp wie in ihren diabetischen Pendants. Upstream
von KLFs wurde eine Fehlregulierung des Myozyten-Enhancer-Faktors 2D
(MEF2D) in diabetischen HCMEC und Schweineventrikeln festgestellt. Mit
Hilfe von dualen Luziferase-Reporter-Assays bestatigte ich eine direkte

Interaktion zwischen miR-92a und allen vier Zielmolekilen. Es hat sich auch
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Zusammenfassung

gezeigt, dass die Hemmung von miR-92a die Werte dieser Targets in diabetischen
HCMEC wiederherstellt.

Insgesamt zeigen meine Ergebnisse neue molekulare Mechanismen in der
Pathogenese der kardialen mikrovaskuldren Dysfunktion bei Diabetes mellitus

auf und qualifizieren miR-92a nachdrcklich als therapeutisches Ziel.



Introduction

1. Introduction
1.1. Diabetes mellitus (DM)

From the Greek word diabetes, i.e. to siphon or pass, and the Latin word mel, for honey or
sweet, diabetes mellitus (DM) is a metabolic disorder known from antiquity and describes the
inability to handle glucose, leading to a persistent state of hyperglycemia. While our modern
understanding identifies hyperglycemia as a hallmark of diabetes, the disease was previously
defined by its symptoms. The ancient Egyptian medical papyri, such as those of Kahun (2000
BC) and Ebers (1500 BC) described the symptoms of patients of extreme thirst and
polyurination. The sweet urine of patients was first described in ancient Indian medicine in the
5% century. The Chinese, Greco-Roman, and Arab medical practices further described the
symptoms of DM over eleven centuries AD. However, it was not until the 19" century that
pancreatic DM was described by Oskar Minkowski and Joseph von Mering in Strasbourg.
From identification of the role of the pancreas in glucose homeostasis, it was not long until
Frederick Banting and John MacLeod discovered insulin as key in this process, for which they
earned the Nobel prize in 1923 (reviewed in [1]). In over four millennia of documented human
history, DM remains a health affliction of contemporary humans, harvesting the lives of over
3 million people annually, according to the World Health Organization (WHO) [2]. In 2019,
an estimate of 463 million adults worldwide had diabetes, a number that was back then
expected to rise to 578 million by the year 2030 [3]. Only 2 years later, the International
Diabetes Federation (IDF) reported in their 2021 atlas edition on 537 million adults with DM
[4]. In Europe, sixty million people aged 25 and older have DM, this sums to over 10% of
Europeans of both sexes [2, 5]. As per Robert Koch Institute, the prevalence of DM in Germany
had experienced a 10-fold increase since the 1960 [6]. Herein, Germans with DM had twice as
much the risk of death compared to non-diabetics. In the United States, almost 1 in 10 people
have DM, and 2 of every 10 diabetics don’t know they have it. As a consequence of ageing and
obesity, the number of Americans diagnosed with DM has doubled in the last two decades [7].
The situation in low- and middle-income countries is not any brighter, if not worsening [8]. In
fact, almost 80% of diabetic people live in low- and middle-income countries [9]. While a
number of pathological, and in the case of gestational diabetes, temporary conditions lead to

hyperglycemia, the term diabetes commonly refers to two major types with distinct etiologies.



Introduction

1.1.1. Type 1 diabetes mellitus (T1DM)

Type 1 DM is a chronic autoimmune disease characterized by progressive destruction of the
pancreatic insulin producing beta cells (B-cells) in the islets of Langerhans by cytotoxic T-cells,
resulting in insulin deficiency and hyperglycemia [10]. TLDM is a polygenic disease, wherein
various susceptibility genes, along with precipitating environmental and/or infectious agents
trigger an overt immune reaction to B-cells [11]. As a result, the endocrine pancreas is
infiltrated with cytotoxic CD8+ T-cells along with cells of the innate immune system, as well
as B-lymphocytes [10-11]. The latter release autoantibodies against B-cell proteins, which are
characteristic measures in the blood of TIDM patients [10]. The disease usually presents itself
in children or young individuals, hence previously known as juvenile-onset DM. This can be
misleading, since TLDM can occur in any age, with 50% of cases occurring in adults, of which
half are misdiagnosed as type 2 DM [12-13]. TIDM affects one in every 250 individuals on
average, with more male than female bias [14]. The incidence of TLDM has been on the rise,
with overall annual increase of 2 — 3%, mostly children under 15 years old, peaking at those <
5 years old [15]. Type 1 diabetic patients are strictly dependent on exogenous insulin with high
risk of life-threatening bouts of hypoglycemia, and on the other end, diabetic ketoacidosis [10].
These critical conditions have been associated with neurocognitive complications in type 1
diabetic patients, which are linked to diabetes-induced vascular disease [16-18]. Type 1
diabetics succumb to the notorious long-term complications of DM, including retinopathy,
nephropathy and neuropathy, and above all cardiovascular disease (CVD) (discussed below)
[19-22]. Despite recent improvements in management, TLDM continues to be associated with
increased total mortality. In young adults with T1IDM, i.e. <45 years old, total mortality is 5
fold higher than among age-matched non-diabetics [23].
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1.1.2. Type 2 diabetes mellitus (T2DM)

The second type of DM accounts for over 90% of all cases of diabetes. T2DM is rather a
metabolic syndrome, where a suite of both genetic and lifestyle factors contributes to its
etiology [4]. Herein, T2DM ensues mainly as a result of poor diet; one characterized by
frequent consumption of food with high glycemic index and tans-fats, which leads to elevated
blood insulin levels, as well as triglycerides [24-25]. Combined with a sedentary lifestyle and
obesity, insulin-sensitive organs gradually develop a state of insulin resistance, which in turn
triggers a feedback response of increased insulin secretion (hyperinsulinemia). Overtime, the
pancreatic compensation fails in face of insulin resistance, leading to p-cell dysfunction [26-
27]. The triad of increased blood glucose, insulin and free fatty acids is an ominous metabolic
state that evoke a number of deleterious cascades, such as glucotoxicity, lipotoxicity, oxidative
stress, dyslipidemia and inflammation, that inflict all organ systems [28-29]. These manifest in
a wide range of diabetic infamous complications, such as retinopathy, neuropathy, nephropathy
and above all, CVD (discussed below) [26]. Importantly, T2DM harbors a genetic component
that has recently become appreciated thanks to advancing genome wide association studies
(GWAS). Over 500 risk variants and susceptibility genes have been identified in T2DM, and
its associated disease conditions [30-32]. The ever growing ageing population highlighted age
as another risk factor for T2DM [33]. Nevertheless, the increasing incidence of T2DM among
young adults and children portends a dismal public health future. In Germany, the projected
number of future T2DM cases is estimated between 10.7 — 12.3 million cases in 2040, with a
relative increase of 54% — 77% compared to 6.9 million in 2015 [34]. Worldwide, an estimate
of 462 million people have T2DM, which contributed to over a million deaths in 2017 [35]. It
is estimated that by the year 2035, 600 million adults will be living with T2DM [36].

11



Introduction

1.2. Cardiovascular complications of DM

“Those with cardiovascular disease not identified with diabetes are simply undiagnosed”

The quote belongs to Dr. Joseph R. Kraft (1920 — 2017), also known as the father of the insulin
assay or Kraft test. Dr. Kraft dedicated his career to develop a better understanding for the
etiology of diabetes-associated complications. His work highlighted the shortcomings in the
antiquated fasted oral glucose tolerance tests in identification of diabetics. He pioneered the
notion that DM and its induced cardiovascular damage starts years, if not decades, before the
first affirmative oral glucose tolerance test. For Kraft, abnormal and/or prolonged
hyperinsulinemia was a more sensitive metric, wherein 75% of subjects with normal glucose
tolerance tests had abnormal insulin response patterns, i.e. ‘diabetes in-situ’ [37]. From this
point onwards, patients had already stepped foot into the vicious cycle of the diabetic metabolic
syndrome, and their cardiovascular pathology had already started. Kraft’s prophecy from the
70’s has nowadays become widely accepted by virtue of more recent international studies
revealing that the risk of cardiovascular disease (CVD) had progressively increased among
‘normoglycemic’ individuals, much more in those with the slightest deviations in glucose
tolerance [38]. In fact, a 1 mmol/L increase in fasting plasma glucose levels was associated
with a 17% increase in the risk of future cardiovascular events and even death [39]. In their
2019 guidelines, the European Society of Cardiology (ESC), and the European Association for
the Study of Diabetes (EASD) advocated the screening for T2DM in all patients with CVD
[40]. Indisputably, DM is the number one risk factor; diabetics are 2 — 4 times more likely to
develop CVD, which accounts for 70 — 80% of deaths among them [41-43]. In Germany, based
on survey data from the Robert Koch Institute, age- and sex-adjusted odds for CVD was 2.35
times higher in diabetics aged 50 or older [44]. Strikingly, the onset for CVD commences 15
years earlier in diabetics [45]. Not only does this debilitate an individual’s quality of life, but
also constitutes a huge economic burden and encumbers every healthcare system. After all,

CVD, particularly myocardial ischemia and stroke, remain the top global causes of death [46].

Intuitively, the vascular system is at the forefront with the diabetic state of hyperglycemia and,
in T2DM, hyperinsulinemia. The hemovascular interface is where most of the diabetic
pathophysiology takes place, and perpetual insults thereof predispose to the most frequent
causes of morbidity and mortality in diabetic patients. While a plethora of cellular and
molecular pathways contribute to the pathogenesis of CVD in DM (discussed below), a

prominent straight forward example is the direct injurious effect of glucose.
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Elevated blood glucose damages the endothelial lining of vessels by non-enzymatic glycation
of proteins, the so called “Maillard reaction”, including structural proteins, e.g. collagen,
intracellular proteins, as well as circulating blood hormones and enzymes, leading to the
formation of advanced glycation end products (AGE) [47-48]. On one hand, AGE bind to cell
surface receptors (RAGE) and elicit maladaptive inflammatory and fibrotic response. On the
other hand, AGE promote crosslinking of connective tissue components, such as collagens and
laminins, compromising cardiac and vascular tissue compliance and leading to stiffness [49].
Moreover, the state of hyperglycemia/hyperinsulinemia in T2DM has been attributed
deleterious alterations in both the endothelium and the myocardium. Herein, cardiomyocytes
(CM), the functional units of the heart, undergo a series of metabolic adaptations and functional
dysregulations. This includes CM insulin resistance, impaired calcium (Ca®*) handling,
mitochondrial dysfunction and elevated stress of the endoplasmic reticulum (ER) [50-51]. This
is a drastic cellular condition for CM given the crucial functions of the ER in lipid synthesis,
Ca?" handling and protein folding. Diabetic CM hence accumulate an abundance of misfolded
proteins and display impaired autophagy, leading to increased cell death [52]. The term
“diabetic cardiomyopathy” (DCM), first coined in the 70’s, describes such state of adverse
structural remodeling and dysfunction of the diabetic heart, including hypertrophy, stiffness
and fibrosis, which are independent of other risk factors, such as coronary artery disease
(CAD), hypertension or valvular disease [50, 53-54]. DCM develops silently, and presents
itself later in the chronic setting of the disease. Initially, the diabetic myocardium displays
diastolic dysfunction and, in later stages, systolic dysfunction, culminating in heart failure [53].
The repertoire of cellular and molecular mechanisms underlying DCM are beyond the scope
of the current project. Importantly however, coronary microvascular dysfunction has been
shown to be central to the etiology of DCM. To emphasize, diabetic microvascular pathology

inculcates most other organ system complications of DM, e.g. retinopathy, nephropathy.

In the following sections | discuss the presentation and pathogenesis of cardiovascular
complications in DM, which can be categorized from a clinical perspective as macrovascular

and microvascular [55-56].
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1.2.1. Macrovascular complications of DM
Arteriosclerosis is a pathological hallmark in DM, and predisposes patients to a number of life
threatening complications, such as myocardial ischemia, pulmonary hypertension and stroke
[56]. Acute myocardial infarction (MI) and stroke represent the second most causes of death
from CVD in diabetics, amounting to 21% [57]. In Germany, almost one third of diabetic
patients undergo MI with higher rates of recurrence and in-hospital death, i.e. 11 — 13%,
compared to non-diabetics [58]. On the other hand, DM doubles the risk for stroke, especially
in women [59]. These substantially elevated risks are direct products of macrovascular
pathology manifested in atherosclerosis as a result of chronic inflammation, smooth muscle
proliferation and dysfunction of the endothelial lining of arterial walls in diabetes [56]. Herein,
the diabetic macrocirculation displays abundant plaques which contribute to vessel narrowing
and platelet aggregation leading to thrombosis and obstruction [60]. Moreover, sudden cardiac
death (SCD) is the most prevalent cause of death in diabetics, representing 27% of all
cardiovascular deaths [57]. Here, coronary artery disease (CAD) of macro- and microvessels,

is evidently the main contributor to SCD in diabetics, accounting for 47% of all cases [61].

1.2.2. Microvascular complications of DM
Microvessels are those with an internal diameter less than 200 — 300 um (excluding pre-
arterioles), i.e. from first to fourth order arterioles and venules to capillaries (3um). They are
the body’s main pivot for gas exchange, nutrient delivery, waste export, endocrine signaling
and systemic drug distribution [62]. Beside endothelial cells (EC) and their basement
membrane (BM), microvessels harbor other types of cells, such as vascular smooth muscles
(VSM) (mainly in arterioles), fibroblasts and pericytes. The microvascular endothelium is the
inner lining of these vessels and the interface with blood. In a healthy state, it is tightly
connected to its perivascular tissue by means of physical, neural and paracrine signaling [63].
Herein, reciprocal relations are established between microvessels and the parenchyma
(microvascular units) while simultaneously receiving and responding to systemic signals of all

flavors and regulating tissue homeostasis [62].

The human heart has countably more endothelial cells than cardiomyocytes; they are ~3 times
as many [64]. Each mm? myocardium harbors 3000 to 4000 capillaries [63]. This is not
surprising, given the exceedingly high demand on oxygen from cardiomyocytes. At rest,
myocardial oxygen extraction is 20 times that of skeletal muscles [65]. Upon increasing

myocardial metabolic demand, the coronary circulation has to instantly increase blood flow.
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The coronary microcirculation is especially vigilant in this regard, quickly adapting arteriolar
diameters to increasing demands [62]. Yet diabetic coronary microvessels fail on every aspect

of their duty.

Upon examination, diabetic myocardia typify a conspicuous microvascular pathology of
capillary and arteriolar rarefaction (Figure 1) [66]. These hearts also display loss of pericytes
and increased fibrosis. Such microvascular phenotype correlates with deteriorated myocardial
functional parameters, represented by increased wall stiffness, reflecting a state of diastolic
dysfunction [66]. Diabetic microvessels fail to regulate their arteriolar diameters, displaying
impaired vasodilation and increased vasoconstriction [67]. Studies on animal models reported
inward thickening of arterioles and increasing wall-to-lumen ratio [68-69]. Moreover, the
diabetic myocardial microvasculature is in a high pro-inflammatory state, characterized by
increased vascular leakage and adhesive properties leading to leukocyte and platelet adhesion
and infiltration in the vascular intima, as well as accumulation of activated macrophages

contributing to plaque formation, vessel narrowing and thrombosis [70-71].
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Figure 1. Cardiac microvascular phenotype in DM. (A) Tissue samples of patients with diabetes
mellitus (DM) undergoing heart transplantation display capillary rarefaction. (B) Besides a reduced
capillary density (platelet endothelial cell adhesion molecule-1 positive [PECAM-1 +]), (C) these patients
demonstrated a loss of pericytes (NG2 +). Adapted from Hinkel et al., 2017 [66].
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These structural anomalies (remodeling) severely reduce coronary flow reserve and jeopardize
the diabetic heart. They are also the underlying cause of failure of revascularization procedures,
e.g. percutaneous coronary intervention, to correct myocardial ischemia. Here, the “no-reflow”
phenomenon is a manifestation of myocardial microvascular pathology [72]. Moreover,
microvascular pathology is a common denominator in diabetic patients with heart failure with

preserved ejection fraction (HFpEF) and greater left ventricular remodeling [73].

Importantly, more patients with DM die from SCD than any other cardiovascular complication.
While the true underlying mechanisms for SCD in diabetes remain poorly understood, they
encompass a combination of cardiac ischemia and cardiac autonomic dysfunction. In this
regard, coronary microvascular complications are the main culprit, and have been associated
with elevated risk for SCD in diabetics [74]. Indeed, coronary microvascular dysfunction
renders the diabetic myocardium in a state of silent ischemia, and predisposes to fatal
arrhythmias [75]. Herein, diabetics with cardiac microvascular complications displayed longer
QT intervals upon electrocardiographic studies [76-77]. Together, these clinical findings
strongly implicate cardiac microvascular pathology in SCD among diabetic patients.

The ingrained pathological implications of cardiac microvascular dysfunction in DM and its
associated morbidity and mortality framed it as the main focus of the current study.
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1.2.3. Molecular mechanisms of diabetic micro-vasculopathy

Endothelial dysfunction — introduction to metabolic derangements

The default state of the endothelium is quiescence, an adaptive state of EC to regulate their
metabolism in face of high blood oxygen and shear stress [78]. When activated by
physiological cues, EC undergo metabolic rewiring to prepare for growth and migration.
Herein, EC rely on glucose, whose uptake occurs directly through glucose transporters
(GLUT), mainly GLUTZ, in an insulin independent manner [79-80]. Despite being in constant
contact with oxygen, glycolysis, rather than oxidative phosphorylation, remains the major
pathway, by which EC not only produce energy, but also their main anti-oxidant molecule,
glutathione [78, 80]. The latter is a product of the pentose pathway, where a fraction of glucose-
6-phosphate is utilized to produce nicotinamide adenine dinucleotide phosphate (NADPH),
which mediates regeneration of active glutathione (GSH) from glutathione disulfide (GSSG)
[80]. Due to their insulin-independent glucose uptake, EC, especially microvascular, are
vulnerable to hyperglycemia and elevated intracellular glucose levels. Herein, excess glucose
is shunted to a number of biochemical pathways with rather cytotoxic ramifications [81]. These

include the hexosamine, the polyol and the glycation pathways [82].

The hexosamine pathway produces uridine 5’-diphosphate N-acetylglucosamine (UDP-
GIcNACc) from the glycolytic intermediate fructose-6-phosphate. UDP-GICNAc is usually
involved in protein glycosylation, a process that gets out of control in diabetic EC and starts
impacting important cellular machinery, e.g. nitric oxide (NO) production, and impairs
angiogenesis (discussed below) [83-84]. In the polyol pathway, glucose is converted to sorbitol,
a precursor for formation of AGE, which wreak havoc on vital biochemical systems, such as
those involved in barrier function, NO bioavailability and endothelial redox signaling, among
others [85-88]. Upon binding to their receptors (RAGE), they trigger a cascade of oxidative
stress and inflammation [89-90]. Finally, the glycation pathway is activated from the abundant
glycolytic intermediates being converted to methylglyoxal, a pernicious metabolite impacting
both endothelial and myeloid cells leading to increased inflammation, thrombosis and cell
death [91].

The aforementioned biochemical derangements represent the basis, upon which DM hampers
every aspect of EC functionality. A plethora of downstream cellular and molecular pathways
weave an intricate network, which culminates in endothelial dysfunction. These have been the
subject of immense scrutiny by myriads of studies. Therefore, | shall introduce the main of

such pathways, emphasizing those with particular relevance to the present study.
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Nitric oxide bioavailability and endothelial insulin resistance

As previously narrated, the diabetic endothelium loses its pliability in response to sheer stress,
and in the heart, fails to adapt to increased myocardial demand. Tracing of this phenomenon
leads to nitric oxide (NO), the effector molecule in vascular smooth muscle relaxation. NO is
produced in the endothelium from L-arginine by the constitutively activated endothelial nitric
oxide synthase (eNOS or NOS3) downstream of laminar shear stress [92]. A number of
molecular derangements impact the endothelial NO production machinery and bioavailability
in DM. These include reduced eNOS expression and activity. The latter is a function of
phosphorylation ratio between two eNOS regulatory sites, Ser'*’” and Thr*® leading to
activation or inhibition, respectively. Diabetic eNOS displays an inhibitory shift by increasing
N-acteyl glycosylation of Ser'!’’ as a direct result of the hexosamine pathway, as well as
hyperglycemia-induced mitochondrial superoxide overproduction [83, 93]. Moreover, the
diabetic endothelium fails to balance the production of reactive oxygen species (ROS). This
mainly occurs as a results of over activation of the main ROS producing enzymes known as
NOX, short for NADPH oxidases. When balanced, NOX activity is crucial for vascular
homeostasis. In diabetes, however, NOX is increasingly activated, leading to overproduction
of superoxide anion (O2".), which in turn renders NO inactive by converting it to peroxynitrite
(ONOO) [94]. The latter can by itself further decrease NO bioavailability by inducing eNOS
enzymatic uncoupling, a process whereby eNOS produces superoxide anion instead of NO
[94]. Of particular importance in this process, is the eNOS cofactor tetrahydrobiopterin (BHa),
of which decreased availability contributes to eNOS uncoupling [95]. BHa is readily ablated
in the diabetic endothelium as a result of the increasing oxidative environment [96]. Indeed,
BH4 supplementation was reported to enhance NO production and ameliorate endothelial
dysfunction in animal models, as well as in patients of T2DM [96-97].

Interestingly, one important stimulus for NO production in the healthy endothelium is insulin
[98]. Binding of insulin to its tyrosine kinase receptor (IR) entails a cascade of phosphorylation
events that go in two different transduction pathways. The first starts with the IR substrate
(IRS-1), of which phosphorylation creates a binding motif for the Src homology 2 (SH2)-
domain containing effector kinase, phosphatidylinositol 3-kinase (P13K). Activation of PI3K
in turn triggers another cascade of phosphorylation events with multiple downstream targets
including eNOS [99-100]. Herein, eNOS is phosphorylated on Ser'’” by virtue of PI3K-
mediated activation of Akt [99, 101]. Importantly, this is a very sensitive pathway of insulin

action with crucial physiological outcomes; it results in a significant increase in endothelial
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NO and local blood flow. Moreover, it accounts for 25 to 40 % of muscle glucose uptake in
response to insulin [29]. The second arm of insulin signaling transduction involves the Ras,
Raf, and mitogen activated protein (MAP)-kinase/extracellular signal-regulated kinase kinase
(MEK) and MAP-kinase (MAPK) signaling axis [102]. This pathway is responsible for the
mitogenic effects of insulin, including its role in growth and differentiation. Though this is
probably an oversimplification of the pleiotropic actions of insulin, it is important to lay down
an understanding for its role in cardiovascular homeostasis. Importantly, the MAPK pathway
of insulin is involved in secretion of endothelin-1 (ET-1), a major vasoconstrictor that opposes
NO action [103]. Moreover, the mitogenic pathway of insulin promotes expression of pro-
inflammatory endothelial adhesion molecules, such as vascular endothelial adhesion molecule
1 (VCAM1) and E-selectin, involved in leukocyte adhesion to the endothelial lining; a critical

step in vascular inflammation [102, 104].

In diabetes, particularly T2DM, hyperglycemia and insulin resistance impose a selective
obliteration of the PI3K arm of insulin signaling and an overdrive of the mitogenic one. This
occurs as a result of cumulative insults of glucotoxicity, lipotoxicity, ROS and AGE, among
others (reviewed in [29]). Of note, coronary endothelial IR can exist in a hybrid heterodimer
form with the insulin-like growth factor 1 (IGF-1)-receptor (IGF-1R), which is 10-fold more
abundant than endothelial IR [105]. At physiological concentrations, i.e. 100-500 pM, insulin
selectively activates IR, with downstream activation of the PI3K pathway leading to NO
production [106]. At higher insulin levels, the IGF-IR is activated with consequential inhibition
of NO production [107].

Loss of endothelial barrier function — the role of PKC

Increased vascular permeability is another hallmark of the diabetic endothelium and among the
earliest pathophysiological cues. Herein, the endothelial barrier function is disturbed as a result
of diminished cell junction proteins, and elevated integrin expression. Moreover,
hyperglycemia induces activation of protein kinase C (PKC) downstream of glucose-induced
de novo synthesis of diacylglycerol (DAG), leading to phosphorylation of tight junction
occludins and subsequent increase in vascular permeability [108]. Increased PKC activity,
especially the beta isoform, has been reported to induce coronary vascular leakage in
streptozotocin (STZ)-induced diabetic porcine cardiac microvessels [109]. Glucose-activated
PKCp also phosphorylates vascular endothelial cadherin (VE-cadherin), the main component
of inter-endothelial adherens junctions (AJs), thereby corrupting vascular barrier function
[110].
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Angiogenic failure — the role of ADAM10/Notch

Myocardial capillary rarefaction in DM describes a state of reduced density of microvascular
networks. This is a direct reflection of the recession, as well as inability of endothelium to
infiltrate the myocardial tissue by angiogenesis. Angiogenesis denotes the formation of new
blood vessels from pre-existing ones, and it is the most distinguishing aspect of EC [111].
Herein, EC sense their environment and assign themselves different roles that are crucial to
grow a vascular network. The so called “tip cells” are at the distal end of the growing sprout;
they assume polarized, motile and invasive characters to guide the nascent sprout; while the
“stalk” cells trail behind by proliferation, driving the sprout forward [111]. Communication
between tip and stalk cells is imperative, as they constantly shuffle roles competing for leading
positions, and relies on a number of prudently regulated signaling molecules/pathways [112].
The most important pathway in such regulation is the vascular endothelial growth factor
(VEGF) and Notch pathway [113]. Herein, different members of the extracellular VEGF family
bind with varying preferences to mainly 3 types of surface transmembrane receptors (VEGFR)
on EC. The differential expression of these 3 receptor types dictate selection and/or
maintenance of EC identity, tip or stalk [112]. Binding of VEGF to its receptor, VEGFR2 on
one cell induces the expression of ligands for the transmembrane Notch receptors present on
adjacent cells. Mainly 4 types of Notch (1 to 4) and 4 types of ligands (Delta-like 1, 4 and
Jagged 1, 2) constitute the canonical Notch signaling [114]. Binding of Delta-like 4 (DLL4) to
its the extracellular domain of the Notch receptor on adjacent cells leads to proteolytic cleavage
events, ultimately releasing the intracellular domain of Notch (NICD), which translocates to
the nucleus and, together with other cofactors, activates transcription of several target genes.
Herein, DLL4-mediated activation of Notch represses tip cell behavior in a neighboring cell,
by regulation of VEGFR expression, a process referred to as “lateral inhibition” [112, 115].
Notch activity regulates the expression of VEGFR, as well as its own ligands, e.g. a tip cell
would express relatively higher VEGFR2 and VEGFR3, lower VEGFR1, higher DLL4 and
low Notch, while a stalk cell would display higher VEGFR1, lower VEGFR2 and VEGFR3,
lower DLL4 and higher Notch [112-113]. Such cross talk between Notch and VEGFR is

imperative in initiation of sprouting, tube network formation and maintenance.

Activation of the Notch receptor upon binding to its membrane-anchored ligand on neighboring
cells starts by endocytosis of the ligand. This in turn leads to pulling of the Notch extracellular
domain (NEC) and exposing it to the first proteolytic cleavage event, which is carried out by a

membrane anchored metalloproteinase called ADAM10, short for a disintegrin and
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metalloproteinase 10 [116]. Notch ectodomain shedding by ADAM10 is a critical step in Notch
activation; it prepares it for another inevitable cleavage by presenilin, a y-secretase complex

protease [117]. This releases the NICD, allowing for its transcriptional activity to take place.

The ADAM10/Notch signaling is essential for vascular development; transgenic mice lacking
ADAM10 in EC (AL04EC) recapitulate the same vascular defects seen in those with
endothelial specific Notchl and systemic Notch4 knockouts (N1IAEC/N4™) [118-119]. Herein,
A104EC mice experience a severe coronary vascular phenotype, dedifferentiation of arterial
EC, dysregulated VEGFR gene expression as well as deterioration of myocardial function
[119]. Besides its indispensable role in cardiovascular development, Notch1 has been found to
be cardioprotective in several pathological conditions [120-121]. Several lines of evidence
indicate that Notch1 dysregulation is involved in vascular inflammation and atherosclerosis, as
well as cardiomyocyte apoptosis upon ischemia/reperfusion injury [121]. Importantly, the
aforementioned impairment in glucose metabolism, and the associated deleterious
consequences in DM heavily impact the Notch pathway and angiogenesis [80]. However, the
role of ADAM10/Notch signaling in diabetic cardiac microvascular dysfunction is unexplored.

Inflammation — the roles of NF-xB, KLFs and MEF2

The aforementioned metabolic derangements in the diabetic endothelium all feed into a
heightened state of oxidative stress. Combined with mitochondrial dysfunction and defective
anti-oxidant detoxification machinery, superfluous amounts of ROS accumulate inside the
diabetic EC [122]. Together with hyperglycemia, AGE and dyslipidemia, especially in T2DM,
these factors elicit a strong inflammatory reaction. Clinical, as well as animal studies revealed
that the diabetic circulation is flooded with inflammatory mediators and cytokines [123-125].
These include C-reactive protein, tumor necrosis factor alpha (TNF-a), interleukin 6 (IL6),
intercellular adhesion molecule 1 (ICAM1), among others [123-125]. Both intracellular and
systemic pro-inflammatory signals converge on activation of inflammatory cascades, most
notably through the nuclear factor kappa B (NF-xB) [126]. NF-xB describes a family of 5
members sharing a Rel homology domain, which enables their homo- or hetero-dimerization,
DNA binding, as well as interaction with other inhibitory proteins, i.e. inhibitors of kB (IxB)
[127]. Only RelA (p65), c-Rel and RelB possess a transcriptional activation domain.
Commonly however, NF-kB refers to the most abundant heterodimer of p65 with p50; the latter
is also referred to as NF-xB1. This dimer is held inactive in the cytoplasm by association with
its inhibitor, IxBa. Canonical activation of the dimer takes place upon multiple inflammatory,

but also viral and bacterial components, e.g. downstream of the Toll-like receptors.

21



Introduction

Signaling through these stimuli activates kinases of the 1B (IKK), which in turn phosphorylate
IxB, leading to its degradation, thereby unleashing the heterodimer, allowing for its nuclear
translocation [127]. Since its discovery in 1986 by David Baltimore, NF-kB has become the
most characterized family of transcription factor in the biology of inflammation [127-129]. In
fact, the majority of transcriptionally regulated genes upon endothelial inflammation harbor
NF-kB binding sites in their promotor regions [130-131]. These include, interleukins, 1beta
(IL1), IL6, IL8, and interferon gamma (IFNy), among others [130]. Whereas expression of
these pro-inflammatory molecules is activated by NF-«kB, some can feedback an activation of
NF-kB, such as TNF-o and IL1 [127]. NF-kB is a potent inducer of endothelial adhesive
properties, by regulating the expression of a suite of adhesion molecules, including P-selectin,
E-selectin, ICAM1, and VCAML1 [126]. On the myeloid side of inflammation, NF-«B regulates
macrophage differentiation from monocytes by inducing colony stimulating factor (CSF) [132-
133]. Moreover, NF-kB promotes expression of matrix metalloproteinase 9 (MMP9) in
macrophages, which enables extracellular matrix degradation, thereby infiltrating vascular
walls [134].

The aforementioned molecular events downstream of aberrantly activated NF-xB by diabetic
signals are key steps in the development of vascular inflammation, atherosclerosis and
thrombosis in DM [71, 131]. Nevertheless, it is important to emphasize that NF-«B is essential
for development and function of the vascular and immune system. Therefore, in the healthy
endothelium, NF-xB is under surveillance by crucial other factors with great implications in

vascular homeostasis.

Evolution of vertebrates relied on key transitions that endowed them with their characteristic
vascular endothelium 540 — 510 million years ago [135]. Herein, exaptation of homologs from
ancestors into novel developmental and regulatory functions of the vertebrate endothelium was
crucial, and is best represented by the so called Kriippel-like factors (KLFs) [136]. German for
“cripple”, the name refers to the identified functions of Krippel protein in Drosophila
regulating body segmentation, the absence of which resulted in a “crippled” appearance of
larva. KLFs describe a family of highly conserved zinc-finger transcription factors with a wide
range of tissue distribution and function [137]. Their general structure bears a characteristic 3-
finger DNA binding domains towards the carboxylic terminus, a repression domain and an
activation domain towards the amine terminus [137]. They regulate gene expression by binding

to CACCC elements in GC-rich regions of their target genes [138].
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At the moment there are 17 KLF members identified in mammals, of which the second
member, KLF2 is the best characterized for its crucial roles in hemovascular development and
homeostasis. Along with KLF4 and KLF6, the 3 KLFs are particularly enriched in the
endothelium, with KLF2 and KLF4 being renowned for their vascular essential properties [139-
140].

KLF2 is essential for early mammalian embryonic development; null mice die early due to
defects in vasculogenesis and hemorrhage [141]. Laminar flow is the major driver of
endothelial KLF2 expression, where it maintains endothelial homeostasis by transcriptional
activation of a number of anti-inflammatory and anti-thrombotic effectors [142-145]. Herein,
KLF2 is a strong competitor of NF-xB [146]. In EC and monocytes, KLF2 thwarts the
transcriptional activity of the p65/p50 heterodimer by hijacking its transcriptional co-activators
p300 and PCAF (short for p300/cyclic adenosine monophosphate response element binding
protein (CBP)-associated factor), resulting in a strong abrogation of the aforementioned NF-
kB transcriptional activity [143, 147]. Moreover, association of KLF2 with p300/CBP/PCAF
leads to transactivation of a suite of endothelial protective factors. These include the coronary
atheroprotective phosphatidic acid phosphatase type 2B (PPAP2B), the anti-thrombotic
thrombomodulin (TM) and the barrier protective occludin [148-150]. Importantly, one long
appreciated aspect of KLF2 is its ability to strongly drive eNOS expression [143, 151]. More
recently, however, it was shown that it also protects against eNOS uncoupling via restoration
of EC antioxidant depots of BH4 and GSH [152]. Finally, KLF2 has been shown to maintain
the state of endothelial quiescence by repression of EC main glycolytic enzyme 6-
phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3) downstream of laminar flow,
thereby reducing glycolysis [153].

Similar to KLF2, KLF4 attributes vascular protective anti-inflammatory and anti-thrombotic
effects by regulating many of the same gene targets in EC [154-157]. This is evident in such a
way that the two paralogs are regarded as partially redundant, wherein one makes up for the
other [154]. While EC deletion of both KLFs is embryonically lethal, preserving a single allele
of either one is sufficient for life [154, 158]. However, whereas KLF2 is constitutive in EC,
KLF4 is rather adaptive [137]. Importantly, KLF4 activity has been more conspicuously
highlighted in myeloid cells, where it regulates macrophage polarization and inflammatory
gene expression [159]. Like macrophages, KLF4 was particularly demonstrated to be involved
in phenotypic switch of vascular smooth muscle (VSM) cells, a critical phenomenon in
atherosclerosis [160-161]. Importantly, KLF4 was also found ablated in VSM in diabetic
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patients as well as arteries of diabetic animal models [162]. Unsurprisingly, dysregulation of
these crucial KLFs has been reported in in vitro studies as well as animal models of DM, with
concomitant augmentation of NF-xB signaling [162-165]. However, their role in diabetic

human myocardial microcirculatory endothelium is still lacking.

Laminar flow (LF) has long been associated with atheroprotective properties; it maintains
endothelial quiescence, suppresses inflammation, as well as smooth muscle intimal migration.
As mentioned above, LF is, after all is the main driver of endothelial KLF expression with its
associated anti-inflammatory and anti-thrombotic transcriptional activity. One way this is
achieved is by myocyte enhancer factors 2 (MEF2), a family of highly conserved transcription
factors indispensable for cardiovascular development, morphogenesis and homeostasis [166].
MEF2 are categorized under the MADS-box (short for mini-chromosome maintenance
(MCM1) Agamous—Deficiens—Serum response factor) family with conserved A/T rich binding
motifs conserved in all eukarya [167]. In mammals, MEF2 comprises 4 members, MEF2A, -
B, -C, and -D, with a similar DNA-binding domain and diverse C-terminal transactivation
domains [167]. Beside a plethora of target genes, MEF2 are potent inducers of KLF2 and KLF4
expression. In fact, the way inflammation and NF-xB signaling can counter KLFs is via
repressing MEF2 at KLF promotors [168]. The tight connection between MEF2 and KLFs is
clearly demonstrated in knockout models. Herein, EC-specific deletion of MEF2 in mice copies
the severe vascular phenotypes of those from EC-specific combined KIf2 and Klf4 knockouts
[169]. Interestingly, like KLF2 and KLF4, MEF2 members exhibit partial redundancies in the
endothelium [169]. Whereas the 4 MEF2 are essential for cardiovascular development, in the
adult heart, however, MEF2A and MEF2D are the predominant isoforms [170]. Despite their

importance, MEF2’s role in diabetic vascular dysfunction remains to be elucidated.
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1.2.4. Current treatment regimens — why do they fail?

Diabetes has become a lingering malady of the human race. A plethora of therapeutic
approaches have been developed, not only to reform the roots of diabetes, but also halt its
devastating outcomes. These include a wide range of life style modifications and correction of
CV risk factors, e.g. obesity, and indeed insulin therapy for type 1 diabetic patients [171-172].
Moreover, a number of glucose lowering medications, as well as pharmacological and surgical
treatment of the failing organ systems have been in use [173]. Unfortunately, the cardiovascular
pathology of DM has been ever reluctant. Herein, several pharmacological agents have been
trialed to control blood glucose, dyslipidemia, hypertension, arrhythmias, inflammation, and
hypercoagulability. These include metformin, statins, renin-angiotensin system blockers,
antianginals, beta-blockers, aspirin, among others [174-177]. None of these pharmacological
treatments have so far achieved considerable benefits in terms of reducing morbidity and or
mortality from CVD in diabetics, especially with regard to coronary microvascular dysfunction
[175]. Of gravity, revascularization in diabetic patients with coronary microvascular disease
has constantly failed in myocardial reperfusion due to the previously mentioned “no-reflow”
phenomenon [72, 178]. Several in vitro and pre-clinical studies have conveyed promising
results with analogues of the human glucagon-like peptide-1 (GLP-1) as well GLP-1 receptor
agonists (GLP-1 RA) (reviewed in [175]). GLP-1 is a glucoregulatory hormone with potent
anti-hyperglycemic effects. Nevertheless, several studies have attributed cardioprotective
effects, including anti-atherosclerotic, anti-inflammatory and vascular restorative effects [175].
GLP-1 based therapies include liraglutide, semaglutide, albiglutatide, exenatide, among others
[179-181]. Herein, a number of clinical trials reported benefits in terms of percentage risk
reduction of cardiovascular events and mortality in T2DM patients, which entailed
recommendations of such GLP-1 RAs by the American Diabetic Association [182-183]. These
benefits were rather limited to non-fatal macrovascular events. However, when GLP-1 based
therapies were tentatively trialed in diabetics with coronary microvascular disease, they were
rather frail (reviewed in [175]).

These, among other examples of therapeutic interventions have so far yielded unconvincing —
if not frustrating — results. Hence, there is an incessant need for novel and innovative therapies
that are specifically catered to the multifaceted nature of the disease. Herein, our recently
advancing knowledge of molecular biology has opened doors for promising therapeutic
approaches based on small RNA molecules that have captured increasing glamour over the past

three decades, i.e. micro-RNAs.
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1.3. Micro-RNAs as novel molecules in biology and medicine

In 1993, Rosalind Lee and colleagues from the Ambros lab in Harvard reported on small
transcriptional products of the lin-4 gene, regulating the proper timing of post-embryonic larval
development in Caenorhabditis elegans (C. elegans) [184]. They found that lin-4 produced
two transcripts of 61- and 22-nucleotide long, wherein the longer one formed a stem-loop
structure that acted as a precursor to the smaller one. The smaller lin-4 displayed sequence
complementarity in the 3’-UTR of its target, lin-14, messenger RNA (mRNA) leading to its
downregulation. The year 2000 brought about the discovery of the second small regulatory
RNA in C. elegans, let-7, which served as a heterochronic switch, essential for coordination of
later larval stage developmental timing, which acted in the same manner as lin-4 [185-186].
The aforementioned functions of lin-4 and let-7 earned them the name “small temporal RNAs”
(StRNA). Importantly, let-7 was later found to be conserved in a wide range of metazoans, and
was the first sStRNA described in human [187-188]. Ever since, these small regulatory RNAs
instigated a surge of research studies in all biology, and were re-named as “micro” RNAs
(miRNAS) [189]. In one issue of Science in 2001, three articles featured with over a hundred
miRNAs identified in several metazoan taxa, some of which showing high level of
conservation [190]. Now, we know of 2600 mature miRNAs encoded in the human genome by
virtue of the miRBase registry (v. 2), and over 200,000 transcripts of different isoforms
(GENCODE v. 29) [191-192]. MiRNAs are small non-coding RNAs of 18 — 24 nucleotide
long that are ubiquitous in all phyla of life [193]. In fact, miRNAs have recently been described
in viruses, with wide implications in viral virulence [194]. Aside from their pivotal roles in

development, miRNAs are now known to regulate a vast range of biological functions.

1.3.1. MiRNA biogenesis and function
The process by which mature miRNAs are generated to mediate negative post-transcriptional
regulation involves multiple steps. While most miRNA genes are intragenic, i.e. residing within
intronic regions of genes or alternatively the 3°-UTR (untranslated region) of coding genes,
some are found within exons [195]. Nevertheless, some miRNAs occupy their own
transcriptional units in intergenic regions of the genome. Of these, some have their own
promotor (monocistronic), while other miRNAs are found clustered together under the control
of a single promotor (polycistronic) [196]. In case of the latter, the cluster is transcribed as one
long transcript encoding more than one miRNA [197]. Almost 40% of miRNAs are transcribed
from such clusters [198]. Transcription of miRNAs is carried out in the nucleus by RNA

Polymerase Il, and to a lesser extent, Polymerase Il [199]. The transcription product is a
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double-stranded RNA with a stem loop, referred to as “primary” miRNA (pri-miRNA). Upon
transcription, the nascent pri-miRNA is instantly processed by a co-transcriptionally recruited
protein complex called the Microprocessor. The microprocessor is composed of two main
subunits, DGCR8 (short for DiGeorge syndrome critical region 8) and an RNase Ill-like
enzyme called Drosha. DGCR8 recognizes the junction between the single- and double-
stranded region (SD junction) and the stem of its pri-miRNA substrate, whereas Drosha cleaves
it at its stem, a process called “cropping”. Cropping of the nascent pri-miRNA results in a
shorter ~ 60 nucleotide-long hairpin structure, referred to as “precursor” miRNA (pre-miRNA)
[199-200]. This is the canonical pathway to generate pre-miRNAs. Notwithstanding, studies in
Drosophila and C.elegans revealed another unconventional way for pre-miRNA generation,
that passes the Drosha cleavage event [201]. Here, pre-miRNAs are usually a product of mMRNA
splicing of host genes, where spliced-out introns mimic pre-miRNAs structure, and are
therefore called “mirtrons” [202]. Due to such similarity, mirtron-derived pre-miRNAs would
then feed into later steps of mMiRNA maturation. Upon generation, pre-miRNAs are recognized
by the exportin 5 protein complex (Exp5 / XPO5), which harbors a Ran guanosine triphosphate
protein, and carries the processed pre-miRNA in a U-shape-like pocket [203]. As implied by
its name, XPO5 then mediates nuclear export of pre-miRNAs [203]. Once in the cytoplasm,
pre-miRNAs are subjected to further processing by an RNase 111 ribonuclease called Dicer,
which cleaves a pre-miRNA on its 3°- and 5™-arms, yielding a miRNA duplex [204]. Dicer
exerts its function with cooperating partners, including the HIV-1 TAR RNA binding protein
(TRBP), together referred to as RISC-loading complex (RLC). RISC, short for the ‘RNA-
induced silencing complex’, is a ribonucleoprotein (RNP) complex, harboring a core argonaute
(AGO) effector protein, that brings about the process of RNA interference (RNAI) [205]. RISC
accepts different classes of endogenous as well as exogenous small RNAs, e.g. small
interfering RNAs (siRNAs) and Piwi-interacting RNAs (piRNAs) [206]. Like miRNAs,
siRNAs and piRNAs are negative post-transcriptional regulators of genes [206]. In the RISC,
duplex miRNAs are accommodated and further processed by argonaute proteins [207].
Therein, the duplex miRNA is unwound, and based on the thermodynamic stability of either
end, one stand is “selected” for RNAI by the ribonucleoprotein complex, i.e. mature miRNA,
and the other is degraded, i.e. passenger strand [208]. As a result, the mature miRNA in the
effector RISC may be produced from the 5’-arm (5p) or the 3’-arm (3p) [209]. Mature single
stranded miRNAs loaded on the RISC are referred to as miRISC. Figure 2 depicts the general

steps in miRNA biogenesis and maturation.
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Figure 2. Biogenesis and maturation of miRNAs. Adapted from Treiber et al., 2019 [210].

MiRNAs regulate gene expression at post-transcriptional level by targeting messenger RNAS
(mRNAs) on their 3’-UTR by antisense Watson-Crick base pairing, leading to cleavage and
degradation of the target mMRNA, or alternatively, prohibition of its translation [211-212]. Here,
miRNAS serve as guides in the process, where the mature miRNA guide the effector RISC to
bring about silencing by either mMRNA degradation or translation inhibition, usually depending
on the degree of miIRNA-mRNA sequence complementarity [213]. When near perfect
complementarity is established between mMIRNA and its target RNA, RISC exerts
endonucleolytic cleavage of the target mRNA by virtue of its slicer RNase, Argonaute 2
(AGO2) [213-215]. However, miRNAs more often display imperfect complementarity with
their target RNA [216-217]. Studies in Drosophila and C. elegans revealed that a 6- to 7-
nucleotide sequence, usually the positions 2-7 or 2-8 from the 5” end of miRNAs, referred to
as “seed” sequence, recognizes its binding motifs in the target 3°-UTR [218-220]. The seed
sequence can establish a match with up to 8 nucleotides in the target mMRNA 3" -UTR with even
higher efficacy [221]. As a result, four types of seed matches can be generated with a hierarchy
of targeting efficiency, i.e. 8mer > 7mer-m8 > 7mer-Al > 6mer; these are referred to as the
canonical site types (Figure 3) [220-221]. Such canonical, also known as “standard”, binding
to the seed match in the target mMRNA is enough for miRNA-RISC (miRISC) complex to exert
its silencing effect, mainly by mRNA deadenylation, eventually leading to transcript decay
[222].
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Figure 3. Canonical site types. In increasing order of binding targeting efficiency (weak to strong), the
matching of mature miRNA seed to target 3°-UTR is in the following order: Offset 6mer (position 3-8
match), 6mer (position 2-7 match), 7mer-Al (position 2-7 match + an ‘A’ match to position 1), 7mer-m8
(position 2-8) and 8mer (position 2-8 + and ‘A’ match to position 1). Adapted from TargetScan
(www.targetscan.org) and Agarwal et al., 2015 [221]. N: nucleotide, ORF: open reading frame, Poly(A):
mRNA 3’-Poly adenine tail.

MiRNAs can also non-canonically bind to the open reading frame (ORF) of mMRNA, however,
as in 6mer and offset 6mer canonical matches, with very low efficacy [221, 223]. In other cases,
target RNA pairing with the 3" region of the miRNA can support mismatches in the seed at the
5" end or even totally compensate for the lack of canonical pairing [216-217, 223-224].
Interestingly, non-canonical binding has also been found to include non-Watson-Crick base
pairing, e.g. G:U pairs, as well as bulges; this has been referred to as the “expanded” model of
miRNA targeting [225]. Binding of a miRNA to its target mRNA does not necessarily lead to
transcript cleavage or decay. Less often, yet well-document, miRNA-mediated silencing of
target genes operates via translation inhibition, usually by miRISC-mediated interference with
ribosomal translation initiation factors, or ribosomal drop off upon elongation [226-227].
MiRNA-loaded AGO2 has been also shown to thwart the process of translation initiation by
binding to the 7-methyl guanosine cap (m’G) of mRNA, thereby precluding the recruitment of
initiation factors [228]. Regardless of the silencing outcome, mMRNA-miRNA interaction leads
to reduced expression of the target gene. Bioinformatics, as well as high throughput
experimental data revealed that a single miRNA can have hundreds of direct mMRNA targets
and regulate the expression of up to a thousand genes [216, 221, 229-230]. Moreover, a single
MRNA can be controlled by several miRNAs. In fact, it has been shown that most mammalian
genes are conserved miRNA targets and almost one third of human genes were predicted
mIiRNA targets [223, 231]. Now we know that miRNAs are involved in intricate gene

regulatory networks (GRN) involved in of a wide range of biological functions essential for
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development, cellular differentiation, metabolism and homeostasis [232-233]. Herein, the
action of miRNAs is not limited to direct reduction of gene expression; they are integrated in
feedback loops within the global GRN, where they serve by buffering deleterious gene
expression variation caused by new mutations [234]. In fact, the expression-buffering
hypothesis qualifies miRNAs as an engine for evolution of animal complexity [234-236].
Indeed, dysfunctional miRNA-induced RNA silencing has been linked to multiple genetic
diseases [213]. More recently, however, the direct implication of miRNAs in the pathogenesis

of several disease has become increasingly appreciated [237-239].

1.3.2. MiRNAs in pathogenesis and potential therapy of DM and CVD
Dysregulation of several miRNAs has been reported in DM as well as CVD. The following are
prominent examples of aberrantly expressed miRNAs in the contexts of pancreatic B-cell

pathology, insulin resistance and importantly, cardiovascular disease in DM.

The pancreatic islet-specific miR-375 is among the earliest and most studied in the context of
B-cell dysfunction. It interferes with the process of glucose-stimulated insulin secretion (GSIS)
by inhibiting insulin granule fusion and exocytosis [240]. While essential for pancreatic alpha-
and beta-cell turn over, miR-375 has been shown to increase [3-cell apoptosis in response to
lipid overload [241-242]. Moreover, miR-375 interferes with the phophatidyleinositol 3-kinase
(P13K) signaling pathway downstream of insulin [243]. Interestingly, higher miR-375 levels
have been reported in T2DM and obesity mouse models, as well as type 2 diabetic patients
[242, 244]. Other miRNAs have also been implicated in the process of GSIS. Here, miR-9 acts
by targeting the GSIS-essential transcription factor, Onecut 2, whereas miR-96 brings about
the same outcome via upregulation of Granuphilin, a negative regulator of insulin exocytosis
[245-246]. Another miIRNA, MiR-335 was also shown to interfere with the granular priming
of insulin vesicles by downregulation of exocytotic proteins. Herein, miR-335 was clinically

demonstrated to be negatively correlated with insulin secretion index in prediabetics [247].

The inflammatory insult to the pancreatic B-cell is a hallmark of TIDM; pro-inflammatory
cytokines liberated by cytotoxic immune cells promote B-cell death, i.e. insulitis. Studies in
non-obese diabetic mice (NOD), which recapitulate the autoimmune insulitis of TLDM, as well
as human pancreatic islets revealed the role of miRNAs in the aforementioned process. Herein,
the research team of Romano Regazzi in Lausanne has shown that pro-inflammatory cytokines
induced B-cell expression of three miRNAs, miR-21a, miR-34a and miR-146a [248-249].
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Importantly, inhibition of miR-34a and miR-146a by specific antagomirs rescued [3-cell death
in human cells as well as in db/db mice models of T2DM [248].

MiRNAs have also been reported in regulation of insulin action in target tissues. In the liver,
miR-33a and b target the hepatocyte insulin receptor substrate-2 (IRS-2), essential for insulin
signaling [250]. Studies on obese mice with metabolic syndrome highlighted the involvement
of several miRNAs in the dysregulated hepatic insulin receptor expression and insulin
resistance thereof; these include miR-1271, miR-497, miR-424-5p, miR-15b, miR-96, and
miR-195 [251-256]. In the adipose tissues, the miR-29 family was reported in adipocyte insulin
resistance [257]. MiRNA microarray analysis revealed tens of differentially regulated miRNAs
in insulin-resistant adipocytes, of which miR-320 displayed a 50-fold increase. Therein, anti-
miR-320 oligo enhanced insulin sensitivity by enhancing downstream PI3K-mediated Akt
phosphorylation and GLUT4 trafficking [258]. In skeletal muscles, microarray profiling of the
Goto-Kakizaki (GK) rat model of T2DM identified several dysregulated miRNAs, including
the cluster of miR-23, miR-24, and miR-27 [259]. Recent studies on knock-out mice models
of this cluster displayed glucose intolerance. A finding that was translated in children with
T1DM, where expression of this miRNA cluster correlated with other disease-specific
immunometabolic derangements [260-261]. Skeletal muscle insulin sensitivity is mediated
through IRS-1. In mice models of metabolic syndrome, IRS-1 was found to be a target of miR-
29a, which mediated insulin resistance in these models [262]. Interestingly, this was later
confirmed in human patients with T2DM, where miR-29a and ¢ were both found to be
upregulated in their skeletal muscles, which correlated with their reduced GLUT4 levels and

the extent of their insulin resistance [263].

In the diabetic heart, a number of dysregulated miRNAs have been shown to contribute to the
development of DCM. Cardiac tissue from STZ-induced diabetic mice were significantly
depleted in miR-133a, a miRNA that has been shown to regulate CM glucose uptake via
GLUT4 downstream of Kriippel-like 15 (KLF15) [264]. Herein, overexpression of miR-133a
in rat neonatal CM prevented high glucose-induced hypertrophy. In contrast, miR-133a has
been attributed deleterious effects in the context of diabetes-induced prolongation of QT
interval, a phenomenon that has been also recapitulated in diabetic rabbit models. MiR-133a
targets the KCNH2, also known as Ik/HERG (human ether-a-go-go), encoding the alpha
subunit of potassium ion channel, implying a role in diabetic arrhythmias [265]. Further,
studies on glucose-induced mitochondrial dysfunction in CM implicated miR-1 as a mediator

of CM apoptosis by targeting the anti-apoptotic insulin growth factor-1 (IGF-1) [266].
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Impaired autophagy is another pathological hallmark of the diabetic CM. Overexpression of
miR-34a in the diabetic CM from mice models or in vitro in response to high glucose culture
was reported [267]. The researchers found that inhibition of this miRNA by the flavonoid
Dihydromyricetin restored CM autophagy [267]. The congruence between diabetic animal
models and human patients of CVVD were highlighted by studies from Li et al.; they employed
microarray profiling of plasma from patients with heart failure and revealed a number of
miRNAs that intersected with small RNA sequencing data from hearts of db/db mice [268-
269]. These include miR-340-5p, miR-34a-5p, and miR-320 [269]. They found that miR-320,
upregulated in CM, was involved in diabetic lipotoxicity and mitochondrial dysfunction.
Inhibition of miR-320 was deemed cardioprotective in this model [269]. Other cardiac miRNAs
were rather protective against DCM. Herein, miR-21 was found to be significantly depleted in
the failing hearts of db/db mice, and when restored, its expression attenuated diastolic
dysfunction in these mice and protected against diabetic lipotoxicity and hypertrophy of CM
in vitro [270].

The first insights on miRNA dysregulation in the diabetic cardiovascular component came
from on myocardial microvascular endothelial cells (MMVEC). Wang et al. performed a
microarray profiling on MMVEC from GK rats, and identified eleven differentially regulated
mIiRNAS: let-7e, miR-129, miR-291-5p, miR-320, miR-327, mir-333, miR-363-5p, miR-370,
miR-494, miR-503 and miR-664 [271]. Of these, miR-320 was functionally asserted to impair
angiogenesis, proliferation and migration of MMVEC by targeting VEGF-A as well as IGF-1
signaling. Inhibition of this particular miRNA was suggested as a therapeutic intervention for
cardiac microvascular dysfunction in DM [271]. Another miRNA, i.e. miR-503, was later
emphasized by the group of Costanza Emanueli in the context of diabetic limb ischemia and
EC dysfunction. Here, Caporali et al. reported upregulation of this miRNA in ischemic
muscular tissue from diabetic mice and in response to high glucose and AGE-induced injury
to human umbilical vein EC (HUVEC), as well as microvascular endothelial cells (HMVEC)
[272]. The underlying mechanism, they found, was via direct targeting of the cell cycle
regulators cdc25A and cyclin E1 (CCNEL). While angiogenesis is defective in cardiac
microvessels in DM, it is pathologically enhanced in the retina. Overactive VEGF signaling
and increased vascular permeability are involved in the pathogenesis of diabetic retinopathy
[273]. Herein, miRNA expression profiling from STZ-mice informed on the downregulation
of miR-200b. Intraocular injection of miR-200b mimics rescued retinal vascular permeability

in those mice, and normalized glucose-induced upregulation of VEGF in vitro [274]. The
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researchers in the cited study verified the findings from the murine diabetic models in human
retinal tissue from diabetic patients, where downregulation of miR-200b was observed by in

situ hybridization.

In the context of vascular inflammation, miRNAs displayed a great diversity. A potent anti-
inflammatory miRNA, miR-181b has been shown to operate by inhibiting NF-«B nuclear
translocation, hence thwarting the expression of a plethora of responsive genes, including EC
adhesion molecules [275]. Moreover, treatment with miR-181b ameliorated vascular
inflammation and atherosclerosis in apolipoprotein E-deficient in mice (ApoE "), as well as
models of endotoxemia [275-276]. Importantly, patients with sepsis displayed lower levels of
miR-181b, and could therefore greatly benefit from such treatment [275]. Studies from the
ApoE knockout mice highlighted the role of other rather inflammatory miRNAs. Therein, miR-
155 was reported in macrophage uptake of oxidized LDL particles and ROS formation [277].
Systemic delivery of miR-155 antagomirs ameliorated atherosclerotic plaque formation in
those mice. Patients with coronary heart disease had higher levels of this miRNA in their
monocytes, yet another clinically translatable finding [277]. Vascular smooth muscles cells
(VSMC) have their share of dysregulated miRNAs in diabetes. A study on db/db mice reported
elevated levels of miR-125b in VSMC, which promoted inflammation by inhibition of histone
H3 lysine-9 methyltransferase (Suv39hl), hence thwarting its repressive activity on multiple
inflammatory genes leading to their sustained expression [278]. This is a prominent example
for the epigenetic alterations imposed on vascular cells by the diabetic environment and the

deeply ingrained role for miRNAs thereof.
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1.3.3. MiR-17~92 cluster

In 2004, a paper by Ota et al. reported a region of the human genome pertaining to the long
arm of chromosome 13, i.e. 13931-q32, which was amplified in patients of B-cell lymphoma
[279]. Designated as ‘Chromosome 13 open reading frame 25 or C130rf25, the novel gene
encoded two transcripts, one of which harboring a cluster of mature miRNAs, i.e. miR-17~92.
C130rf25, also miR-17~92 cluster host gene (MIR17HG), stretches over 7 kb and encodes an
800-neucleotide transcript of a polycistronic cluster of six miRNAs: miR-17, miR-18a, miR-
19a, miR-20a, miR-19b-1 and miR-92a-1. Earlier reports described the cluster’s oncogenic
attributes due to its augmented expression in multiple solid and hematological malignancies; it
was hence dubbed an ‘oncomir’ [280]. Indeed, one of the first identified transcriptional
activators of the miR-17~92a cluster was the proto-oncogenic transcription factor c-Myc [281].
Notably, two paralogous miRNA families of the miR-17~92 cluster have been identified on
human chromosomes 7g22.1 and Xq26.2, namely the miR-106b~25 and the miR-106a~363
clusters, comprising 3 and 6 miRNAs, respectively [282]. A total 15 miRNAs in those three
families combined share 4 distinct seed sequence families defined after those of the miR-17~92
members: the miR-17 family, the miR-18 family, the miR-19 family and the miR-92 family
(Table 1) [283].

Table 1. Sequence and seed families of the miR-17~92 and their paralogs

miR-17 family miR-17-5p CAAAGUGCUUACAGUGCAGGUAGU
miR-20a 5p UAAAGUGCUUAUAGUGCAGGUAG
miR-20b-5p CAAAGUGCUCAUAGUGCAGGUA
miR-106a-5p CAAAGUGCUAACAGUGCAGGUA
miR-106b-5p UAAAGUGCUGACAGUGCAGAU
miR-93-5p CAAAGUGCUGUUCGUGCAGGUAG
miR-18 family miR-18a-5p UAAGGUGCAUCUAGUGCAGAUA
miR-18b-5p UAAGGUGCAUCUAGUGCAGUUA
miR-19 family miR-19a-3p UGUGCAAAUCUAUGCAAAACUGA
miR-19b-1-3p UGUGCAAAUCCAUGCAAAACUGA
miR-19b-2-3p UGUGCAAAUCCAUGCAAAACUGA
miR-92 family miR-92a-3p UAUUGCACUUGUCCCGGCCUGU
miR-92b-3p UAUUGCACUUGUCCCGGCCUCC
miR-25-3p CAUUGCACUUGUCCCGGCCUGA
miR-363-3p AAUUGCACUUGUCCCGGCCUGAA

The seed sequences are in red

34



Introduction

Despite the initial oncogenic view on the cluster, later studies have reported their deletion in
breast and ovarian cancers, as well as melanoma [284]. Moreover, it was found that miR-17
alone exhibits anti-tumorigenic effects [285-286]. Ever since, miR-17~92 gained a more
context-specific perspective. Unlike its paralogs, recent studies have identified over 30
transcription factors that regulate the expression of the miR-17~92 cluster in different tissues
[283]. Further, the cluster members were also found to regulate a number of its own
transcription factors, placing them in GRN with multiple feedback loops [283]. Herein, loss-
of-function studies highlighted the life and developmentally essential functions of the miR-
17~92 cluster. Ventura et al. performed the first study of such kind on the 3 paralogous clusters.
Both miR-106b~25 and miR-106a~363 were deemed dispensable, while loss of miR-17~92
resulted in post-natal lethality due to lung, heart and B cell developmental defects [282]. It was
not long until several studies ensued examining the biological activity of each member of the
family [283]. The full repertoire of miR-17~92 action and/or its individual members is well
beyond the scope of the current project [287]. Their cardiovascular roles, however, are of
particular interest. Perhaps the most striking of all is their role in cardiovascular development.
Upon cardiogenesis, miR-17~92 was found to orchestrate cardiac outflow tract development
downstream of the bone morphogenic protein (Bmp) signaling pathway by regulation of Isl1
and Tbx1l [288]. Herein, miR-17 and miR-20a are highlighted. Moreover, conditional
overexpression of miR-19a/b led to lethal arrhythmias and cardiomyopathy by targeting the
phosphatase and tensin homolog (Pten) and Connexin43 (Cx43) [289]. MiR-19b was also
found to promote differentiation of CM in vitro by regulation of the Wnt/p-catenin and the
glycogen synthase kinase-3 beta (GSK3p) pathways [290]. Importantly, one of the earliest
findings on the miR-17~92 cluster was their crucial role in vascular development and
angiogenesis. The team of Yajaira Suarez and William Sessa at Yale School of Medicine was
first to report the role of miRNAs in EC biology and angiogenesis by interrogating the role of
Dicer in conditional knockout models [291]. It had been already known that global Dicer
knockout was embryonically lethal due to severe angiogenic defects [292]. Herein, conditional
inactivation of Dicer in EC revealed its role in mediating the proangiogenic effect of VEGF.
When examined in HUVEC, the loss of Dicer impacted EC proliferation and led to
dysregulation of important signaling molecules, such as the angiopoietin-1 and VEGF
receptors tyrosine kinases (i.e. TEK (Tie-2) and KDR (VEGFR?2), respectively), eNOS and IL8
[293]. VEGF was found to induce expression of the miR-17~92 cluster, wherein the miR-18a,
miR-17-5p, and miR-20a could, in the absence of Dicer, restore EC proliferation. Moreover,

they reported the specific targeting of anti-angiogenic thrombospondin 1 (Tspl) by miR-18a.
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They then went further by examining the particular role of miR-17~92 cluster in EC by
generating inducible vascular EC—specific miR-17-92 knockout mice, where they reported
reduced retinal and ear angiogenesis by derepression of Pten as a common target shared by all
members of the cluster [294]. However, in another study by the same group on the same mouse
model, they reported a phenotype of enhanced EC morphogenesis and coronary arterial vessel
count. When subjected to limb ischemia, these mice displayed accelerated recovery and
arteriogenesis by 3D micro-computed tomography (micro-CT). Herein, they highlighted the
role of miR-19 as an inhibitor of arteriogenesis via direct targeting of the canonical WNT
signaling downstream Frizzled receptors (FZD) and its co-receptor of the low-density
lipoprotein receptor-related protein 5/6 class (LRP5/6) [295]. They also managed to enhance
blood flow in aged mice by specific locked-nucleic anti-sense (LNA) to miR-19. It was clear
that individual members of the miR-17~92 exhibit context- and tissue-specific functions.

MiR-92a

As the miR-17~92 cluster started to gain momentum in research describing the activity of its
individual members in the context of development and tumor angiogenesis, it was not long
until the last member on the 3"-end of the polycistronic cluster revealed its potential. The group
of Stefanie Dimmeler at the Goethe-University in Frankfurt were first to interrogate the activity
of miR-92a in EC, as well as in animal models. In 2009, a leading paper by Angelika Bonauer
et al. featured on Science, describing the anti-angiogenic properties of miR-92a. Herein, miR-
92a overexpression blocked sprouting and tube formation network of HUVEC in vitro, and
reduced the number of vessels they formed in nude mice when implanted in Matrigel plugs
[296]. In zebrafish (Danio rerio), overexpression of miR-92a by pre-miR-92a injection in
embryos led to severe developmental defects in their inter-segmental vessels (ISV). In mice
models of limb or myocardial ischemia, targeted inhibition of miR-92a by intravenous injection
of specific anti-sense oligos (antagomirs) led to significant improvements in neovascularization
and tissue perfusion of the ischemic limb, as well as cardiac left ventricular systolic and
diastolic functions. They went on examining miR-92a downstream targets by Affymetrix
MRNA expression profiles of differentially regulated genes upon its overexpression in EC, and
identified a number of vasoactive direct, as well as indirect, targets essential for vascular
development and homeostasis. These include mRNAs for integrin subunits o5 (ITGAS),
endothelial nitric oxide synthase (NOS3) and the histone deacetylase, sirtuin 1(SIRT1), among
others. These pioneering findings propelled a deluge of studies investigating the role of miR-

92a and/or the therapeutic potential of its inhibitors in a number of CVD models.
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A study by Wu et al. was inspired by the miR-92a-mediated regulation of eNOS, a direct
downstream target of the flow-sensitive and anti-inflammatory KLF2 [297]. In their study on
HUVEC, they confirmed the flow-dependent regulation of miR-92a, where oscillatory /
atherogenic flow upregulated miR-92a, which was indeed found to target KLF2, and its
downstream eNOS and Thrombomodulin (TM). Herein, miR-92a upregulation was deemed an

ominous atherogenic miRNA, of which inhibitors promise vascular protective properties.

In 2013, another elegant study featured in Circulation with powerful translational implications
[298]. Rabea Hinkel and colleagues from Ludwig Maximilian University of Munich
demonstrated the cardioprotective effects of miR-92a inhibitors in rather large animal models,
i.e. pigs. Herein, local myocardial delivery of locked-nucleic anti-sense to miR-92a (LNA-92a)
via heart catheter, either antegrade or retrograde, significantly reduced infarct size and
improved all measured parameters of myocardial function in porcine models of
ischemia/reperfusion injury. Importantly, LNA-92a enhanced capillary density (Figure 4), and
ameliorated inflammation. Moreover, they showed that mice models of global or CM-specific
knockout of miR-92a maintained their cardiac functional parameters upon induction of acute
myocardial ischemia. Finally, in vitro experiments highlighted the anti-inflammatory effects of

LNA-92a in HUVEC, as well as its cardiomyocyte protective effects.
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Figure 4. Regional locked nucleic acid modified antisense miR-92a (LNA-92a) application
improves vascularization. Capillary density was determined by platelet endothelial cell adhesion
molecule-1 staining (red) in the ischemic area at risk. Representative staining is shown in A (scale bar
=50 pym), and quantification in shown in B. Adapted from Hinkel et al., 2013 [298].
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More on miR-92a’s involvement in vascular pathology was addressed in a study by Loyer et
al., this time highlighting another vascular enriched KLF, i.e. KLF4, as a miR-92a target [299].
In their study, both in vitro and in vivo (using LDL receptor knock-out mice Ldlr”) models of
atherosclerosis displayed overexpression of miR-92a, as well as a number of inflammatory
markers, including IL6, ICAM1, and monocyte chemotactic protein 1 (MCP1), coupled with
reduced KLF2 and KLF4 expression. Moreover, miR-92a regulation was also found to be flow-
dependent; it was upregulated in atheroprone vascular regions (aortic arch) compared to more
protected ones (descending thoracic aorta). Antagomir inhibition of miR-92a was also found
to be protective against atherosclerosis in Ldlr’" mice and oxidized LDL-induced injury in
HUVEC. Both KLFs were deemed direct targets of miR-92a, of which downregulation together
with another novel target described by the authors, i.e. suppressor of cytokine signaling 5
(SOCS5), exacerbate the observed vascular inflammatory phenotypes

The vascular protective role of miR-92a inhibition was further demonstrated in a study by
Daniel et al. from Hannover Medical School as well as the Dimmeler group. In mice models
of arterial injury, systemic LNA-92a delivery promoted re-endothelialization and attenuated
vascular scar (neointima) formation [300]. Importantly, such protective effect was
recapitulated in EC-specific miR-92a knockout mice. The underlying mechanisms were
attributed to derepression of the miR-92a targets, Sirtl, Itga5 and the KLFs, KIf2 and Klf4, and
their downstream eNOS.

In yet another breaking finding from 2017, Hinkel and colleagues reported upregulated levels
of miR-92a in porcine models of DM [66]. Herein, characterization of INS<®*Y transgenic pigs
of permanent neonatal diabetes not only reflected the cardiac pathohistological phenotype of
microvascular dysfunction in human diabetic patients, but also functional deterioration of the

myocardial function.

Despite the abovementioned findings on miR-92a in CVD models, its role in DM-induced
cardiovascular phenotype remains elusive. Does overexpression of miR-92a in diabetic pig
myocardia reflect the situation in man? Is miR-92a involved in the diabetic vascular phenotype,
particularly its morbid microvascular complications? How does miR-92a behave in cardiac
microvessels on a molecular level? Are therapeutic interventions with miR-92a inhibitors
translatable in man, particularly in the context of diabetic microvascular dysfunction? These

are all questions that provoked the research endeavor presented in this doctoral study.
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1.4. Study objectives

In light of the available knowledge on diabetic cardiovascular complications, the pivotal role
of miRNAs in their pathogenesis, and the empirical evidence on miR-92a dysregulation from

animal models of CVVD and DM, the present study is set to the following epistemic goals:

1- Characterization of human cardiac microvascular phenotype in DM.
2- Does miR-92a play a role in such phenotype?
3- Elucidation of the underlying molecular mechanisms.

The methodology combines a set of qualitative and quantitative experiments to characterize
aspects of cardiac microvascular endothelial dysfunction in multiple relevant models of DM
compared to controls, measure the levels of miR-92a therein, conduct a treatment study based
on the findings, and finally identify and verify downstream molecular targets that contribute to
the observed phenotype. To this end | designed in vitro experiments to address the pathological
hallmarks of the diabetic myocardium in human patients, e.g. angiogenic defects and
inflammation. | applied molecular biology to quantify miR-92a in the diabetic models.
Moreover, | experimented with miR-92a specific inhibitors as well as mimics to establish
whether a correlation exists between miR-92a and the diabetic phenotype. Further, | conducted
in silico analysis to identify relevant and/or novel downstream molecular targets of miR-92a.
By means of molecular biology, | identified expression levels of these targets in diabetic
models and validated their contribution to the observed phenotype by independent loss-of-
function experiments. | described the relation and/or direct interaction between miR-92a and
its targets in human as well as two other mammalian species. Finally, | suggest a model by
which miR-92a dysregulation ensues as a result of diabetes and/or hyperglycemia.
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2. Materials and Methods

2.4. Cell culture

Primary human cardiac microvascular endothelial cells (HCMEC) (PromoCell C-12286)
obtained from cardiac ventricles of a 38-year old Caucasian female (Lot no. 446Z001.1), 63-
year old non-diabetic (Lot no. 447Z026.3), 63-year old type 2 diabetic (Lot no. 4517015.1), or
51-year old non-diabetic (PromoCell C-12285 - Lot no. 470Z011.7) Caucasian males were
cultured in PromoCell microvascular media (MV) (C-22020) or MV2 (C-22022) media,
supplemented with corresponding supplement mixes (C-39225 or C-39226, respectively) and

0.1% penicillin/streptomycin (PS). Cells were used for experiments between passages 2 to 8.

Human umbilical vein endothelial cells (HUVEC) from a single donor (ATCC PCS-100-010™)
or pooled from multiple donors (Lonza CC-2519 Lot: 463156) were cultured in PromoCell
endothelial growth media (EGM) (C-22010) or EGM2 (C-22011), supplemented with their
corresponding supplement mixes (C-39215 or C-39216, respectively) and 0.1%
penicillin/streptomycin (PS). Cells were used for experiments between passages 4 to 8.

MV/MV2 and EGM/EGM2 have a glucose concentration of 5.5 mM, reflecting that of non-
diabetic plasma [301]. For high glucose experiments, concentration was raised to 30 mM.

Mouse cardiac microvascular endothelial cells (MCMEC) (Cedarlane CLU510) were cultured
according to provider in Dulbecco's Modified Eagle Medium (DMEM) (Gibco™11965092)
with 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES)
(PanBiotech™ P05-01100), 1% PS and 5% fetal bovine serum (FBS). Cells are received at

passage 40, sub-cultured and used for experiments until passage 46.

THP-1 monocytes (ATCC TIB-202) were maintained in Roswell Park Memorial Institute
medium 1640 (RPMI 1640) (Biowest L0498-100), supplemented with 10% FBS, 0.05 mM 2-
mercaptoethanol (Roth® 4227) and 1% PS. Cells were kept in culture, and passaged indefinitely
by dilution in medium to a suspension concentration of 500,000 cells/mL.

All cells were cultured and maintained in polystyrene tissue culture flasks (Sarstedt, Germany),

and kept in a humidified incubator at 37° Celsius and 5% CO:x.

Passaging of adherent cells was done at near confluence, i.e. 80 — 90%. Herein, the culture
medium was sucked using a sterile glass tip attached to a vacuum pump. Cells were then

washed with pre-warmed calcium and magnesium ions-free phosphate buffer saline (PBS)
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(Gibco™ 10010023) to remove serum and/or growth factor residues. Cell detachment was
achieved by proteolytic digestion of cell adhesion proteins to culture vessel surface, and
facilitated by ion chelation. To this end, cells were incubated for 2 — 3 minutes with pre-warmed
0.25% trypsin / Ethylenediaminetetraacetic acid (EDTA) (Gibco™ 25200-072) at 37° C. Upon
verification of cell detachment by microscopic examination, trypsinization was then
interrupted by addition of serum or serum-containing culture medium. Cells in suspension were
collected in sterile Falcon™ polypropylene tubes and centrifuged at 250 RCF for 5 minutes.
Cell pellets were re-suspended in fresh medium and a 10 uL sample was diluted in 0.4% trypan
blue solution (Gibco™ 15250061), applied to C-Chip Hemocytometer (Neubauer Improved).
Live (Trypan-negative) cells were counted under inverted light microscope. Cell count was

determined by the following equation:

Count in 4 corner squares
4

Cells per mL = X dilution factor x 10000

2.5. Transfection

Cells in culture were transfected at 80% confluence in MV2 (HCMEC); EGM2 (HUVEC) or
serum-free DMEM (MCMEC) with Lipofectamine RNAIMAX reagent (Invitrogen 13778150)
and small RNA at a final concentration of 10 nM using manufacturer’s protocol. Transfection
complexes were first prepared by dilution of reconstituted small RNA solutions and
Lipofectamine in OptiMEM® (Gibco™ 31985062) according to manufacturer’s protocol and
culture vessel size. The two dilutions are mixed 1:1 and incubated for 10 minutes at room
temperature. Transfection complexes were then added to the cells and incubated for 4 — 6 hours,
followed by medium change and incubation for additional 24 hours in complex-free medium
before cells were used for assays. For wound healing and flow chamber assays, the cells are
collected by trypsinization 4 — 6 hours after transfection and seeded in their respective assay
culture vessel and regular culture medium for 24 hours or until a confluent layer is established.
The following small RNA (Ambion®) were used in this study: Anti-miR™ hsa-miR-92a-3p
(Ant-92a) (AM10916); anti-miR™ Negative Control (Ant-Ctrl) (AM17010); pre-miR™
MIRNA precursors hsa-miR-92a (PM10916) and mmu-miR-92a (PM10312) (pre-92a); pre-
miR™ miRNA precursor negative controls (pre-Ctrl) (AM17110 / AM17111) or Silencer®
siRNAs against human ADAM10 (ID: s1006) (siADAM10); KLF2 (ID: s20269) (siKLF2);
KLF4 (ID: s17793) (siKLF4); MEF2D (ID: s8656); MEF2A (ID: s230700) or mouse Adam10
(I1D: 59937) (siAdam10); KIf2 (ID: s68830) (siKlf2); Klf4 (ID: s68837) (siKlIf4); or negative
controls (4390844 / 4390846) (siCtrl).
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2.6. Tube formation

Angiogenesis by tube formation was performed in p-Slide Angiogenesis (Ibidi 81506)
according to manufacturer’s protocol (Application Note 19), and the following modifications.
10.5 pL Matrigel® matrix basement membrane (Corning® 354234) were pipetted at 0 — 4° C
using pre-chilled pipette tips in the slide inner-wells, and allowed to solidify at room
temperature. An average of 12,500 — 13,000 endothelial cell suspension/well were seeded on
top (outer-well), and incubated in a humidified incubator at 37° C and 5% CO. Tube formation
was examined after 12 hours of incubation and bright-field 5x-microscopic images were taken
by Leica DMi8 (Leica Microsystems, Germany).

2.7. Wound healing

Wound healing assays were performed in a Culture-Insert 2 Well in p-Dish 35 mm (Ibidi
80206) according to manufacturer’s protocol (Application Note 21). Alternatively, the 2-well
culture inserts for self-insertion (Ibidi 80209) were used wherever feasible. Cell suspensions
of 5x10° cells/mL were prepared and 50 — 70 pL cell suspensions were added per well of the
2-well insert, and cells were incubated for 24 — 36 hours to form monolayers. The inserts were
then carefully removed with sterile forceps and the cells were washed with PBS, and fresh
medium was added. Phase contrast 5x-microscopic images were taken at time intervals 0, 8

and 24 hours.

To perform wound healing with BioTek Cytation 1™ multimode reader (Agilent), the Culture-
Insert 2 Well for self-insertion was inserted in the middle of a 6-well cell culture plate (TPP®
92006), and the procedure was followed as mentioned above. The time-lapse imaging was
performed using the device’s bright field camera. Using the device’s software, a protocol was
established, wherein 5x-microscopic images were taken at 5-minute intervals over 6-hours. The

image beacons were adjusted manually for every wound.

2.8. Flow chamber assay

HCMEC suspensions were prepared at a 5x10° cells/mL, and 40 pL were added to each channel
of p-Slide VI®* (lbidi 80606). Cells were incubated for 24 — 36 hours to form stable
monolayers. The flow chamber experiment was adapted with modifications from Stachel et al.,
2013 [302]. Briefly, THP-1 monocytes were stained with Vybrant™ Cell-Labeling Solutions
Dil (V-22885) or DiO (V-22886) according to manufacturer’s protocol. Cells were washed
with PBS and a concentration of 7.5x10° cells/mL was prepared in their culture medium.
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A perfusion system was established; two 50 mL Original-Perfusor® syringes (Braun) were
filled with THP-1 cell suspension or MV2 medium (washing medium), connected with
perfusion lines to a 3-way valve and placed each in Perfusor® Space pumps (Braun). A tube
adapter set (Ibidi 10831) was connected to the valve and in the flow chamber inlets. A flow of
47.4 mL/hour was established to simulate venous shear stress 1 dyn/cm? and flow round was
run for each channel as the follows: 2-minute washing medium, 5-minute cell suspension and
2-minute washing medium. The flow slide was then imaged by phase contrast and fluorescent
imaging (Leica Microsystems, Germany).

Figure 5 depicts the general setup for methods: 2.3, 2.4 and 2.5 from Ibidi.

-
Ny = Flow chamber
(Inflammation)

Wound healing
(Migration)

Tube formation
(Angiogenesis)

Figure 5. Assay of endothelial cell function (e.g. HCMEC) using Ibidi culture vessels.

2.9. Endothelial spheroid assay

The endothelial spheroid assay is an established method to evaluate sprouting behavior. When
EC are cultured in hanging drops, they form spheroids; when these spheroids are embedded in
collagen matrices they tend to form sprouts, the count and length of which can be analyzed as

read-outs for angiogenic behavior in a 3D environment.

We applied the protocol from Tetzlaff and Fischer, 2018, using MCMEC instead of HUVEC
[303]. Briefly, MCMEC were cultured, transfected, trypsinized, collected and counted as
previously mentioned in 2.1 and 2.2, and 80000 cells were suspended in 4 mL microvascular
media and 1 mL methocel stock solution. Methocel stock solution was prepared by dissolving
3 g of autoclaved methyl cellulose (Sigma-Aldrich M9512, 4000 centipoises) in preheated
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serum-free EGM (PromoCell C-22010), and centrifuged to 5000 x g. Using a multi-pipette 25
ML drops of the cell suspension-methocel were pipetted in Petri dishes and incubated upside
down in humidified 37° Celsius and 5% CO: incubator for 24 hours. Spheroid formation was
examined under inverted cell culture microscope and upon successful formation, spheroids
were collected in warm PBS, and centrifuged at 200 x g for 5 minutes. The supernatant is
discarded and Spheroids are then re-suspended in 2 mL methocell solution containing 20%
FBS. Collagen medium was prepared on ice by mixing 6 mL collagen stock solution* and 0.75
mL 10x M-199 medium (Sigma-Aldrich M0650), then pH was adjusted by pL-wise addition
of sodium hydroxide (NaOH) until color change is observed (yellow to orange) as indicator.
Two mL of the collagen medium are added to 2 mL of spheroid suspension and carefully mixed
to avoid air bubbles, and 1 mL of the mix is added per well of 24-well plates, and incubated at
37° Celsius and 5% CO2. An hour later, 100 pL. microvascular medium is added per well; in
our hands this was important to induce sprouting. Sprouts were examined after 24 and 48 hours,
imaged and analyzed for sprout length and count by Leica DMi8 and built-in software (Leica

Microsystems, Germany).

2.10. Proliferation assay
10,000 HCMEC cells were seeded in fibronectin-coated (Sigma-Aldrich F1141) p-Slide 8 Well

chambered coverslip (Ibidi 80806) and incubated overnight. Proliferation assay was performed
following the manufacturing instructions of the Click-iT™" Plus EdU Cell Proliferation Kit
(Alexa Fluor™ 488) (Invitrogen C10637). Cells were treated with 10uM EdU for 24 hours.
Medium was sucked and cells were washed with PBS, fixed with cold 4% formaldehyde for
10 minutes, and washed again with PBS. Nuclei were stained by 4', 6-Diamino-2-phenylindole
dihydrochloride in Antifade solution (DAPI/Antifade) (Chemicon® S7113) for 10 minutes,
washed with PBS, and imaged with fluorescent microscopy (Leica Microsystems, Germany).
Proliferating cells were detected by positive EdU staining and the percentage of proliferating

cells was calculated on the total cell number by nuclear staining.

2.11. Western Blot

Cells were collected by trypsinization, centrifuged at 250 RCF for 5 minutes and washed with
calcium and magnesium ions-free PBS and centrifuged at 250 RCF for 5 minutes. Cells were
lysed for 10 minutes on ice in lysis buffer (10 mM Tris/HCI pH 7.5; 150 mM NaCl; 0.5 mM
EDTA,; 0.5% NP-40) containing cOmplete™ protease inhibitor cocktail (Sigma 11697498001)
and PhosphoSTOP™ phosphatases (Roche) (Sigma 04906845 001). Lysates were centrifuged
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at 8000 RCF and 4° C for 10 minutes. Supernatants were recovered and protein concentration
was quantified by Pierce™ Detergent Compatible Bradford Assay Kit (Thermo Scientific™
23246). Herein, 30 puL samples were diluted in 1 mL Bradford reagent (i.e. added to 970 pL)
in single use Nano-photometer cuvettes (Roth Rotilabo® PMMA Semi-micro 1.6 mL XK23),
and colorimetric measurements were performed at 595 nm in NanoPhotometer® NP80
(IMPLEN, Germany). Protein concentrations are identified relative to a previously set standard
curve with Albumin Standard (Thermo Scientific™ 23209). Samples were diluted to equal
concentrations in Laemmeli buffer (BioRad 1610747) with 50 uM Dithiothreitol (Roche) and
incubated at 95° C for 7 minutes to fully denature proteins according to U. K. Laemmeli [304].
Gel electrophoresis of protein samples was performed according to manufacturer’s instruction
manual (Biorad 1658100) [305-307]. Laemmeli-denatured protein samples were run on
stacking and resolving Tris-Glycine gels (TGX Stain-Free™ FastCast™ Acrylamide Kit —
Biorad 1610180 or 1610182), or precasted Mini-PROTEAN TGX Stain-Free Gels (Biorad
4568083) and in Tris/Glycine/Sodium dodecyl sulfate (SDS) running buffer. Protein transfer
to polyvinylidene difluoride (PVDF) membranes was performed in transfer buffer (Biorad
10026938) and Trans-Blot® Turbo™ Transfer System (Biorad 1704150). Membranes were
blocked for 1 hour with 3% bovine serum albumin (BSA) (Roth® T844.4) in Tris-buffered
saline with 0.3% Tween® 20 detergent (TBST), and incubated overnight with the following
primary antibodies in blocking solution at a 1:1000 dilution: mouse monoclonal anti-GAPDH
(Cell Signaling 97166); rabbit monoclonal anti-ADAM10 (Abcam ab124695); rabbit
monoclonal anti-Cleaved Notchl (Vall744) (Cell Signaling 4147); rabbit polyclonal anti-
KLF2 (Thermofisher PA5-40591); rabbit polyclonal anti-KLF4 (Cell Signaling 4038); mouse
monoclonal anti-VCAML1 (Santa Cruz sc-13160) or mouse monoclonal anti-ICAM1 (Santa
Cruz sc-8439). Membranes were washed thrice in TBST and once in TBS for 5 minutes on a
rocking plate. Membranes were then incubated accordingly in Horseradish-Peroxidase-linked
secondary anti-mouse (Cell Signaling 7076S), or anti-rabbit (Cell Signaling 7074S) antibodies
in 3% BSA in TBST for 1 hour at room temperature. Membranes were then washed as
previously and the signals were developed by treatment with enzymatic chemiluminescence
(ECL) reagents (Amersham™ RPN 2232). Chemiluminescent signals were read on the
membranes by ChemiDoc™ Imaging System from Biorad and analyzed by Image Lab 6.1
software from Biorad. Adjusted band volumes for target proteins were normalized to those of
GAPDH as housekeeping control.
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2.12. Quantitative PCR

Cells were collected by trypsinization, centrifuged at 250 RCF for 5 minutes and small and/or
large RNA was extracted by NucleoSpin® miRNA kit (Macherey & Nagel, Germany)
according to manufacturer’s protocol. RNA quality and quantification was performed by
spectrophotometry (NanoDrop™ - Thermo Scientific); guidelines regarding wave length
absorbance ratio of 260/280 and 260/230 were followed, so that the ratios between wave
lengths 230:260:280 = 1:2:1 were accepted. For gene expression analysis, 500 ng RNA were
used for cDNA synthesis by Omniscript® Reverse Transcription kit (Qiagen 205113) following
manufacturer’s protocol. Quantitative PCR was run using TagMan™ Fast Advanced Master
Mix (Applied Biosystems 4444557) and the following TagMan assays (primers): human beta-
actin (ACTB) (Hs99999903_m1); ADAM10 (Hs00153853 m1); KLF2 (Hs00360439 gl);
KLF4 (Hs00358836_m1); NOS3 (eNOS) (Hs01574659 m1); MEF2A (Hs01050409_m1);
MEF2C  (Hs00231149 mi1); MEF2D  (Hs00954735 ml); SLC2A4  (GLUTA4)
(Hs00168966_m1); SLC2A1 (GLUT1) (Hs00892681 m1l); mouse beta-actin (Actb)
(Mm02619580_g1); Adaml10 (Mm00545742_m1); KIf2 (Mm00500486 gl); KIf4
(Mm00516104_m1).

For miRNA quantification, 20 ng RNA were used for the cDNA synthesis using TagMan™
Advanced miRNA cDNA Synthesis Kit (A28007) and TagMan™ Advanced miRNA Assay
(A25576) and the following assays for both human and mouse: hsa-miR-92a-3p (assay ID
477827_mir) and hsa-miR-26a-5p (assay ID 477995 _mir) as endogenous control. Real-Time
PCR (RT-PCR) was run using the recommended thermal cycling profiles and StepOnePlus™

software v2.3 (Applied Biosystems) to calculate the comparative Cr (relative quantification).

Myocardial tissue from INS®®*Y transgenic diabetic pigs and non-diabetic littermates were
obtained from the Institute of Molecular Animal Breeding and Biotechnology, Gene Center,
LMU Munich [66, 308]. Those pigs harbor an insulin mutation that disrupts a sulfide bond
between the A and B chains of the insulin molecule leading to misfolded insulin structure and
impaired secretion, as well as pancreatic B-cell apoptosis [308]. Tissue was dissociated in ML
buffer from NucleoSpin® miRNA kit (Macherey & Nagel, Germany), and gentleMACS™
Dissociator and M-tubes (Miltenyi Biotec). RNA extraction and gene expression analysis was
performed as previously described using the following TagMan assays (primers): pig beta-actin
(ACTB) (Ss03376563_uH); ADAM10 (Ss03373280_m1); KLF2 (Ss06942161 gl1); KLF4
(Ss03391985_m1) and MEF2D (Ss06884968_m1).
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2.13. ImageJ analysis

Tube formation was analyzed using Angiogenesis Analyzer software of ImageJ. A tube in my
analysis is the structure referred to by the program as “master segment”, and was included in
measures if it contributed to a continuous mesh structure (Figure 6). To minimize artifacts, a
threshold of 120 pixels was set for the master segment size. Upon running the automatic
analysis, network features are detected, analyzed and values are provided by the software. Two
parameters were considered as endpoints for tube formation measures: total tube length (UM)

and tube count.

Wound healing was analyzed using ImageJ polygon selection to trace and measure the open
wound area on native phase contrast images. Wound healing is represented as percentage of
open wound at a later time point relative to the initial wound area upon chamber removal (time
0).

Adherent THP-1 to endothelial monolayers in flow chambers were counted by particle number
quantification in ImageJ. Briefly, images were split in 3 color components, and depending on
the dye (Dil or DiO), the red- or green-colored image was subjected to threshold adjustment.

Particle analysis settings were applied and particles were counted.

ImageJ
angiogenesis
analyzer

Figure 6. Automatic detection of tube formation network in bright field images by ImageJ
angiogenesis analyzer. Elements are color-coded to distinguish master segments (yellow); small
segments (double red); branches (green); junctions (blue dots at branch bases) and master junctions
(blue dots encircled in red). Scale bars equal 100 uM.
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2.14. Immunofluorescence

Myocardial tissue from INS®®#Y transgenic diabetic pigs and non-diabetic littermates (see 2.9.)
were cryo-sectioned to 5 um-thick sections, mounted on histology slides. Sections were fixed
with cold acetone for 10 minutes, washed with PBS and blocked for 1 hour with a blocking
solution of 2% bovine serum albumin (BSA) (Sigma A9647) and 0.2% Triton®-X (Roth
3051.2) in PBS. Sections were incubated overnight with rabbit monoclonal anti-ADAM10
(Abcam ab124695) and mouse monoclonal anti-CD31 (PECAML1) (Invitrogen MA1-80069)
primary antibodies at 1:50 dilutions. Sections were then washed thrice with PBS before
incubation with secondary antibodies. Goat anti-rabbit Alexa Fluor® 488-coupled (Invitrogen
A-11008) and goat anti-mouse Alexa Fluor® 594-coupled (Invitrogen A-11005) secondary
antibodies were incubated with sections for 2 hours at 1:200 dilutions. Sections were washed
thrice with PBS, and 40x magnification images were taken by fluorescence microscopy (Leica
Microsystems, Germany). Analysis of fluorescence intensity was performed by the

microscope’s built-in software.

2.15. Dual-Luciferase bioluminescence

Human embryonic kidney 293 cells (HEK293) (ATCC CRL-3216) were cultured in BRAND®
bioluminescence-compatible, i.e. white with transparent flat bottom, 96-well plates
(cellGrade™ 781974) at 30,000 cells/well seeding density in antibiotic-free DMEM,
supplemented with 5% FCS. At 90-95% confluence, transfection of predicted targets’ 3'-UTR
in expression vectors (PEZX-MTO06 backbone) with reporter Firefly and Renilla luciferase
reporters (GeneCopoeia) was performed according to manufacturer’s protocol using
EndoFectin™ Max Transfection Reagent (EF013). One hundred ng of the following plasmids
DNA were transfected / well: mouse Adam10 (NM_007399.4) (GeneCopoeia™ MmiT090821-
MTO06); mouse KIf2 (NM_008452.2) (GeneCopoeia™ MmiT088487); mouse KIf4
(NM_010637.3)  (GeneCopoeia™ MmiT054570); mouse Itga5 (NM_010577.4)
(GeneCopoeia™ MmiT093043); human MEF2D (NM_001271629.2) (GeneCopoeia™
HmiT130501) and control vector (GeneCopoeia™ CmiTO00001-MTO06). After 4 - 6 hours, pre-
92a or pre-Ctrl were transfected as previously mentioned (section 2.2) and incubated for
another 48 hours. Assay of luciferase activity was performed according to manufacturer’s user
manual of Luc-Pair™ Duo-Luciferase Assay Kit 2.0 (LF001). Bioluminescence was read by
BioTek Cytation 1™ multimode reader (Agilent) and the ratio of firefly to Renilla (FLuc/RLuc)
was calculated. Figure 7 depicts the method’s general setup.
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Figure 7. Assay of miR-92a direct interaction with predicted target gene mRNA 3 -UTR by
bioluminescence.

2.16. Glucose uptake assays

Glucose uptake in HCMEC was measured by means of bioluminescence using Glucose
Uptake-Glo™ (Promega J1342). The assay principle relies on treating the cells with 2-
deoxyglucose, which can be transported across the cellular membrane similar to normal
glucose. Inside the cell, phosphorylation of 2DG occurs in the same manner as glucose and
leads to the formation of 2-deoxyglucose-6-phosphate (2DG6P). Unlike glucose-6-phosphate
(G6P), 2DG6P cannot be utilized by cellular enzymes, leading to its accumulation. Cell lysis
by kit-provided acid detergent releases 2DG6P and destroys cellular NADPH. 2DG6P can then
be detected via exogenously provided G6P dehydrogenase, which oxidizes 2DG6P in the
presence of nicotinamide diphosphate ions (NADP*) to form 6-phosphodeoxygluconate and
NADPH. NADPH is then further utilized by Kit-provided reductase enzyme to convert
proluciferin to luciferin, which is then used by kit-provided recombinant luciferase to generate
light. Cells were cultured in BRAND® bioluminescence-compatible 96-well plates (cellGrade™
781974) at 100,000 cells per well. Transfections were done as previously described, and cells
were incubated with the transfection complex for 4 — 6 hours before medium was refreshed and
cells were incubated for 24 hours. On the assay day, cells were washed twice with PBS to
remove residual glucose in the media and pulsed for 10 minutes with 50 puL/well 1 mM 2DG.
Uptake was then stopped and cells were lysed by the kit’s Stop Buffer, and the acid is
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neutralized by the kit’s Neutralization Buffer using recommended volumes. Wells were then
treated with 100 pL of equilibrated detection buffer prepared according to manufacturer’s

protocol (below):

Component Per Reaction
Luciferase Reagent 100ul
NADP+ Tul
G6PDH 2.5ul
Reductase 0.5ul
Reductase Substrate 0.0625ul

Luminescence was then read using BioTek Cytation 1™ multimode reader (Agilent), and

values were normalized to their respective controls.

2.17. Statistical analysis

Data were analyzed using GraphPad Prism or Microsoft Excel 2016 software and were
presented as mean + SEM (error bars). Sample size and experimental replicates were indicated
in figure legends. Statistical analysis was performed by Student’s t test (two groups) or one-
way ANOVA (4 groups). P values, *P <0.05; **P <0.01; ***P <0.001; and ****P <0.0001
were considered statistically significant, whereas “ns” denotes statistically not significant

difference.
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3. Results

To characterize EC dysfunction in the diabetic cardiac microcirculation, the impact of miR-
92a therein and the underlying molecular mechanisms, | employed three different EC models;
HUVEC, HCMEC and MCMEC. They were utilized wherever technically feasible to answer
different study questions. Both HCMEC and MCMEC are from cardiac origin. Primary
HCMEC were obtained from human cardiac ventricles, and are therefore the most relevant
model to address the diabetic cardiac microcirculation, and importantly, the translational
potential of miR-92a targeting. MCMEC, being an immortalized mouse cell line, enabled initial
pilot studies on conserved downstream targets and more feasible molecular biology assays.
HUVEC, on the other hand, provided informative insights to endothelial heterogeneity and

shall be presented later in the Results section.

To verify the molecular findings from CMEC of both man and mouse in a third species,
ventricular tissue samples from diabetic porcine models, i.e. INS®®* transgenic, were utilized

wherever applicable. These shall be contextually presented within the Results chapter 3.4.

3.4. Cardiac microvascular endothelial cells (CMEC)

3.4.1. In vitro modeling of DM: effects of high glucose culture
In a simple experimental setting to examine the effect of glucose on endothelial cell function,
HCMEC were cultured and passaged in two glucose concentrations in their culture medium,
i.e. 5.5 mM (normal) or 30 mM (high). Cells were then subjected to tests of endothelial cell

function, i.e. tube formation, wound healing and flow chamber assays.

Analysis of the angiogenic potential revealed a significant reduction in tube formation
parameters, such as total tube length and tube count, in HCMEC cultured in high glucose
compared to those in normal glucose. The finding applied to both male and female cells with
initially notable difference in angiogenic phenotypes. Female HCMEC displayed higher
sensitivity to glycemic stress, with 58.4% decrease in total tube length, and 59.27% decrease
in total tube count (Figure 8). Male HCMEC, however, were less sensitive to high glucose
culture conditions, with 16.57% decrease in total tube length, and 21.28% decrease in tube

count (Figure 8).
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Figure 8. Effect of high glucose culture on HCMEC angiogenesis. (A — C) Analysis of tube formation
parameters (n = 6), and representative bright field images in female HCMEC under 5.5 or 30 mM
glucose. (D — F) Analysis of tube formation parameters (n = 5), and representative bright field images
in male HCMEC under 5.5 or 30 mM glucose. Scale bars equal 100 pm.

In wound healing assays, female HCMEC showed a trend of reduction in migration under high
glucose conditions compared to normal glucose. High glucose wound areas were 28.9% bigger
at 8 hours (Figure 9). Statistically, however, the difference was not significant. Despite a
relatively slower baseline migration rate in male HCMEC, evident in relatively larger open
wound area at 8 hours, they did not show a significant difference in migration upon wound

healing when assayed under high glucose conditions (Figure 9).
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Figure 9. Effect of high glucose culture on HCMEC migration in wound healing experiment. (A,
B) Analysis of wound area (yellow trace on images) in percentage in female HCMEC under 5.5 or 30
mM glucose at 0 and 8 hours (n = 3), and representative phase contrast images. (C, D) analysis of
wound area (yellow trace on images) in percentage in male HCMEC under 5.5 or 30 mM glucose at 0
and 8 hours (n = 4), and representative phase contrast images and. Scale bars equal 100 um.

The inflammatory state of male HCMEC cultured in normal or high glucose was tested in flow
chamber assays, where fluorescently labeled THP-1 monocytes were allowed to flow over
unstimulated HCMEC monolayers. Analysis showed a significant increase (i.e. ~ 1.9 fold) in
adherent THP-1 cell count to HCMEC monolayers cultured in high glucose compared to those

cultured in normal glucose (Figure 10).
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Figure 10. Characterization of the inflammatory phenotype of HCMEC under high glucose
culture. (A) Analysis of fold change in adherent THP-1 monocytes count to HCMEC monolayers
cultured in 5.5 or 30 mM glucose (n = 4). (B) Phase contrast, fluorescence and merged images of
HCMEC monolayers cultured in 5.5 or 30 mM glucose; and adherent THP-1 monocytes (green). Scale
bars equal 100 pm.

Moreover, quantitative PCR analysis of miR-92a relative expression displayed significant
upregulation of ~ 1.44- and ~ 1.77-fold in both female and male HCMEC upon high glucose

culture, respectively (Figure 11).
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Figure 11. Effect of high glucose culture on miR-92a levels in HCMEC. Quantitative PCR analysis
of miR-92a levels in female (A) and male (B) HCMEC cultured in 5.5 or 30 mM glucose (n = 3).
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3.4.2. Characterization of type 2 diabetic HCMEC
To validate the previous findings in a pathologically relevant model, HCMEC from a type 2
diabetic patient were obtained and compared to those from an age-, sex- and ethnically-

matched non-diabetic control donor.

Diabetic HCMEC displayed significantly compromised angiogenic potential in tube formation
assays compared to non-diabetic controls. Analysis of tube formation parameters showed ~
23% reduction in total tube length, and = 35% decrease in tube count of diabetic tube network

on Matrigel compared to non-diabetic controls (Figure 12).
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Figure 12. Characterization of the angiogenic phenotype in diabetic HCMEC. (A, B) Analysis of
total tube length and tube count in HCMEC from matching non-diabetic or diabetic males (n = 4). (C)
Representative bright field images of tube formation. Scale bars equal 100 um.

Furthermore, migration of diabetic HCMEC was significantly reduced when compared to non-
diabetic controls. In a wound healing assay, diabetic wound areas were ~ 20.4% larger at 8
hours, and ~ 79% larger at 24 hours than non-diabetic controls (Figure 13).
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Figure 13. Characterization of migration in diabetic HCMEC. (A) Analysis of wound area (yellow
trace on images) in percentage over 8 hours of migration in non-diabetic or diabetic HCMEC from
matching donor males (n = 3). (B) Representative phase contrast images. Scale bars equal 100 pum.

Moreover, endothelial beds from diabetic HCMEC showed a pronounced inflammatory
phenotype in the flow chamber assay, where monocyte retention was ~ 2 times higher than

non-diabetic controls (Figure 14).
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Figure 14. Characterization of the inflammatory phenotype in diabetic HCMEC. (A) Analysis of fold
change in adherent THP-1 monocyte count to HCMEC monolayers from matching non-diabetic or
diabetic donors (n = 4). (B) Representative phase contrast, fluorescence and merged images of
HCMEC monolayers and Dil-labeled THP-1 monocytes (red) from matching non-diabetic or diabetic
donors. Scale bars equal 100 pm.
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Importantly, the aforementioned phenotypes of endothelial cell function correlated with
significantly upregulated levels of miR-92a in diabetic HCMEC. Quantitative PCR analysis
showed ~ 1.8-fold increase in relative expression of miR-92a in diabetic compared to non-
diabetic HCMEC (Figure 15).
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Figure 15. MiR-92a expression in diabetic HCMEC. Quantitative PCR analysis of miR-92a
expression levels in non-diabetic or diabetic HCMEC from matching male donors (n = 4).

3.4.3. MiR-92a inhibition rescued the diabetic phenotype in HCMEC
To investigate the therapeutic potential of targeting miR-92a in the cardiac microcirculation
under diabetic conditions, | transfected non-diabetic HCMEC cultured under normal or high
glucose with antisense small RNA (antagomir) to miR-92a (Ant-92a) or non-targeting control
(Ant-Ctrl). Likewise, | transfected diabetic HCMEC with Ant-92a or Ant-Ctrl. Upon
verification of the transfection efficiency, I performed the aforementioned tests of endothelial

cell function, wherever technically possible, given the limitations of primary cell culture.

Transfection efficiency was first evaluated with a fluorophore-labeled small non-targeting
RNA (Figure 16). Indeed, Ant-92a transfection led to ~ 98% decrease in miR-92a expression

compared to control as per gPCR relative quantification (Figure 16).
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Figure 16. Small RNA transfection efficiency and efficacy in HCMEC. (A) Bright field and
fluorescence images of HCMEC upon transfection with BLOCKIT Cy-3-labeled RNA with RNAIMAX
Lipofectamine transfection kit. (B) gPCR quantification of miR-92a upon specific antagomir transfection
(Ant-92a) compared to control (Ant-Ctrl (n = 4). Scale bars equal 100 pm.

In angiogenesis assay, no difference was found in either tube length or count in male non-
diabetic HCMEC when cultured in normal or high glucose upon transfection with Ant-92a

compared to control (Ant-Ctrl) (Figure 17).
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Figure 17. Inhibition of miR-92a on angiogenesis in HCMEC under high glucose culture. (A, B)
Analysis of total tube length and tube count in male non-diabetic HCMEC cultured in 5.5 or 30 mM
glucose upon transfection with miR-92a inhibitor (Ant-92a) compared to control (Ant-Ctrl) (n = 4). (C)
Representative bright field images. Scale bars equal 100 pm.
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On the other hand, inhibition of miR-92a in type 2 diabetic HCMEC rescued angiogenesis in
tube formation assays. Ant-92a transfection led to significant increases in total tube length and

tube count in diabetic HCMEC compared to control-transfected cells (Figure 18).
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Figure 18. Inhibition of miR-92a rescues angiogenesis in diabetic HCMEC. (A, B) Analysis of total
tube length and tube count in non-diabetic or diabetic HCMEC from matching donors upon inhibition of
miR-92a by (Ant-92a) compared to controls (Ant-Ctrl) (n = 4). (C) Representative bright field images of
tube formation network. Scale bars equal 100 um.

In the wound healing assay, however, miR-92a inhibition did not influence diabetic HCMEC
migration (Figure 19). Likewise, in EdU incorporation assays, no difference in cell
proliferation was observed in either non-diabetic or diabetic HCMEC upon miR-92a inhibition

by antagomir transfection compared to control-transfected cells (Figure 20).
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Figure 19. Migration in non-diabetic or diabetic HCMEC upon miR-92a inhibition. (A) Analysis of
open wound in percentage over 8 hours of migration in non-diabetic or diabetic HCMEC from matching
donors upon miR-92a inhibition (Ant-92a) compared to controls (Ant-Ctrl) (n =4). (B) Representative
phase contrast images. Scale bars equal 100 pm.
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Figure 20. Proliferation assay in non-diabetic or diabetic HCMEC upon miR-92a inhibition. (A)
Analysis of EdU-positive cell count (in percentage) of non-diabetic or diabetic HCMEC upon treatment
with miR-92a inhibitor (Ant-92a) or control (Ant-Ctrl) (n = 3). (A) Representative fluorescence images of
nuclei (DAPI) and DNA-incorporated EdU (Alexa 488). Scale bars equal 100 pum.
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Importantly, miR-92a inhibition correlated with noticeable amelioration of the inflammatory
phenotype in diabetic HCMEC. In the flow chamber assay, there was a marked reduction in
adherent THP-1 count to diabetic endothelial beds transfected with Ant-92a compared to
controls. Analysis showed that the reduction in adherent THP-1 count upon Ant-92a
transfection in diabetic HCMEC rendered their values not statistically different from the non-
diabetic HCMEC of either transfection (Figure 21).
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Figure 21. Inhibition of miR-92a rescues the diabetic inflammatory phenotype in HCMEC. (A)
Analysis of fold change in adherent THP-1 monocyte count upon flow assay on HCMEC monolayers
from matching non-diabetic or diabetic male donors upon inhibition of miR-92a (Ant-92a) compared to
controls (Ant-Ctrl) (n = 4). (B) Representative phase contrast, fluorescence and merged images of
HCMEC monolayers and Dil-labeled THP-1 monocytes (red). Scale bars equal 100 pm.
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3.4.4. In silico prediction of miR-92a targets
To identify the underlying molecular mechanisms of observed endothelial phenotype in
diabetes upon miR-92a overexpression or inhibition, | performed in silico analysis of predicted
miR-92a gene regulatory networks. To this end, | used TargetScan (version 7.2; targetscan.org
— March 2018 update) as a database for canonical miRNA-mRNA targeting [221]. TargetScan
adopts a quantitative model that takes into account several features which correlate with target
repression to come up with the so called “context++” model. The context++ score is the sum
of contribution of 14 site features identified by Agarwal et al., 2015 and attributed a predictive
value that adds to a quantitative model of miRNA targeting efficacy. Figure 18A depicts an
example search result for the TargetScan-predicted miR-92a target ADAM10 in human, and a
breakdown of the context++ score calculation for the position 490-496. Sites with higher
complementarity and stronger binding, e.g. 8mer or 7mer-m8 generally have lower context
scores than 6mer sites. However, other factors included in the context++ score calculation
explain the varying efficacy of a given site in one 3'-UTR than in another. Figure 18B shows
conservation of miR-92a seed sequence matches in orthologs of human and mouse target

genes’ mRNAs.

In light of available literature data, several miR-92a targets were found to be of particular
relevance to the aforementioned EC functions, i.e. ADAM10, KLF2, KLF4, and MEF2D.
Furthermore, previous Affymetrix chip analysis in HUVEC revealing differentially regulated

genes upon miR-92a inhibition has as well guided our selection of some plausible targets.

Table 2 lists my selection of conserved targets in human (Homo sapiens), mouse (Mus
musculus) and pig (Sus scrofa) that were further studied in vitro within the scope of this
doctoral thesis, and their calculated context++ scores for each miR-92a binding site in the
corresponding 3°-UTR. TargetScan does not offer the match position or context++ score
calculations for the predicted targets in the pig. The former can, however, be identified using

the Nucleotide data base from the National Library of Medicine.
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Figure 22. In silico prediction of miR-92a targets by TargetScan. (A) Example search result for the
TargetScan-predicted miR-92a target ADAM10 in human, and a breakdown of the context++ score
calculation for the position 490-496. (B) Conserved seed sequence matches in human and mouse miR-
92a target genes. The sequence highlighted in yellow is target sequence of miR-92a in the
corresponding 3°-UTR of mRNAs of represented genes in mouse and human.
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Table 2. In silico analysis results of miR-92a predicted downstream targets by TargetScan

Target MRNA  Match position Site type  Site context score

490-496 7mer-m8 -0.22
Hs-ADAM10
510-516 7mer-Al -0.13
Hs-KLF2 242-249 8mer -0.50
362-368 7mer-Al -0.06
Hs-KLF4
674-681 8mer -0.41
858-865 8mer -0.28
Hs-MEF2D
2814-2821 8mer -0.09
489-495 7mer-m8 -0.22
Mm-Adam10
509-515 7mer-Al -0.10
Mm-KIf2 214-221 8mer -0.57
433-439 7mer-Al -0.10
Mm-KIf4
751-758 8mer -0.36
Mm-Mef2d 1057-1064 8mer -0.24
7mer-m8
Ss-ADAM10 NA NA
7mer-Al
Ss-KLF2 NA 8mer NA
Ss-KLF4 NA 8mer NA
8mer
Ss-MEF2D NA NA
8mer

NA: not available at TargetScan
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3.4.5. ADAM10: a novel miR-92a target dysregulated diabetic hearts
The metalloproteinase ADAM10 was selected as an in silico-predicted miR-92a target. It has
been previously shown to play an important role in regulation of EC tip-stalk behavior and

therefore studied in the context of angiogenesis, sprouting and EC migration [118].

Gene expression analysis of ADAM10 by qPCR showed a significant reduction in diabetic
HCMEC compared to non-diabetic controls. Relative quantification of ADAM10 mRNA
recovered from diabetic HCMEC samples revealed a 68% decrease (Figure 23). This was also
shown on protein levels, wherein ADAM10 was 33% lower in protein lysates recovered from
diabetic HCMEC compared to non-diabetic controls as shown by Western blot analysis (Figure
23).
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Figure 23. ADAM10 expression in diabetic HCMEC. (A) Quantitative PCR analysis of ADAM10 in
non-diabetic or diabetic HCMEC (n = 4). (B) Western blot analysis of relative quantification of ADAM10
to GAPDH as housekeeping protein in non-diabetic or diabetic HCMEC (n = 4). (C) Representative blot
of bands at corresponding molecular mass in kilodalton (kDa).
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Interestingly, gene expression analysis of ADAM10 in the ventricular myocardial tissue from
INSCY transgenic diabetic porcine models shows a spatial differentiation over the long axis,
where ADAM10 is significantly downregulated towards the apex in diabetic porcine ventricle
compared to their non-diabetic wild-type littermates (Figure 24).
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Figure 24. Differential expression of ADAM10 in the left ventricular tissue of diabetic porcine
models. (A — C) gPCR analysis of ADAM10 gene expression over the long axis of the left ventricle in
non-diabetic (Non-Db) vs INS©%4Y transgenic diabetic (Db) pig tissue from base to apex, respectively
(n=4).
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Importantly, visualization of ADAM10 in myocardial tissue sections of diabetic pigs showed

a marked reduction in immunofluorescence intensity in both micro- and macro-vascular

compartments (PECAML1 co-localization) compared to those from non-diabetic littermates

(Figure 25).
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Figure 25. Dysregulation of ADAMI10 in the diabetic porcine cardiovascular system. (A)
Immunohistochemistry of ADAM10 (green) and PECAML1 (red) in micro- and (C) macrocirculation in
non-diabetic (Non-Db) or INS®4Y transgenic diabetic (Db) pig heart slices. Co-localization marked in
merged images with white arrows. (B, D) Fluorescence intensity measurement of ADAM10 expression

of corresponding images. Scale bars = 100 pum.
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To find out whether miR-92a levels correlate with ADAM10 gene expression and protein
levels, CMECs were transfected with pre-miRs to miR-92a (pre-92a) or control-miR (pre-Ctrl).
Transfection with pre-92a results in ~ 85-fold increase in miR-92a levels in CMEC by gPCR
analysis (Figure 26).
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Figure 26. Overexpression of miR-92a by pre-miR transfection. gPCR of miR-92a in non-diabetic
HCMEC upon transfection with pre-92a compared to control (pre-Ctrl).

Indeed, overexpression of miR-92a in non-diabetic HCMEC by pre-92a transfection led to
significant downregulation of ADAM10 mRNA by gqPCR analysis compared to control-
transfected cells (Figure 27). Similarly, on protein levels, overexpression of miR-92a in either
non-diabetic HCMEC or MCMEC led to significant ablation of ADAM10 in protein lysates
analogous to those from cells transfected with sSIRNA to ADAM10 (siADAM10) and compared
to control-transfected cell (siCtrl or pre-Ctrl) (Figure 27).

68



Results

A B C
ADAM10 ADAM10 (MCMEC)
MCMEC
1.5 1.5
Q D >
s * - . ) LSS g
§ o O W @ &
S o o '\V‘ Q‘ Q
= 1.0 < 1.0 o)
k= o
g ; ADAM10 - - ~ — 84 kDa
o 2
¢ 0.5 2 05
b [a) GAPDH ool vt ) e — 37 kDa
g <
0.0- 0.0 ,
& @ & @'\Q S g
e < % 2 3 @
< é\v" AR
D E
ADAM10 (HCMEC) HCMEC
1.5+ D 42
O § &
*ok K o O &
5 ok 2 5
% 1.0
° ADAM10 | 84 kDa
o
= 0.5
g : GAPDH »l—37 kDa
<
0.0-
\oxs\ ‘,‘\\Q K
) 0?- Q&
¥

Figure 27. miR-92a overexpression on ADAM10 gene and protein expression in CMEC. (A) gPCR
analysis of ADAM10 relative expression levels in non-diabetic male HCMEC upon overexpression of
miR-92a (pre-92a) or control (pre-Ctrl). (B, C) Western blot analysis of ADAM10 relative protein levels
to GAPDH (housekeeping) in MCMEC upon its knockdown (siAdam10) or miR-92a overexpression
(pre-92a) compared to controls (siCtrl or pre-Ctrl) (n = 3), and representative blot with corresponding
molecular mass in kilodalton (kDa). (D, E) Western blot analysis and representative blot of ADAM10
relative protein levels to GAPDH (housekeeping) in non-diabetic male HCMEC upon ADAM10 knock-
down (siADAM10), miR-92a overexpression (pre-92a) or control (siCtrl) (n = 3).

Importantly, inhibition of miR-92a in diabetic HCMEC by antagomir transfection (Ant-92a)
led to statistically significant increase, i.e. 24%, in ADAM10 levels by gPCR analysis compared
to control transfected diabetic HCMEC (Figure 28). These data show a strong correlation

between diabetes and/or miR-92a levels and ADAM10 gene expression and protein levels.

Finally, to find out whether the aforementioned apparent regulation of ADAM10 by miR-92a
is a result of direct interaction, | performed a dual-luciferase reporter assay by co-transfection
of pre-92a and a mammalian expression vector of mouse Adam10-3"-UTR downstream of
reporter Firefly luciferase, and Renilla luciferase as constitutive endogenous control. Indeed,
pre-92a transfection led to significant reduction in FLuc/RLuc ratio compared to control

transfected cells (pre-Ctrl) (Figure 28), indicating direct interaction.
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Figure 28. Restoration of ADAM10 expression levels in diabetic HCMEC upon miR-92a inhibition,
and proof of direct interaction. (A) gPCR analysis of ADAM10 relative expression levels in Db
HCMEC upon miR-92a inhibition (Ant-92a) compared to control (Ant-Ctrl) (n = 5). (B) Dual luciferase
reporter assay analysis of activity (Firefly / Renilla Luc) in mammalian expression vector of mouse
Adam10-3"-UTR downstream of firefly luciferase upon overexpression of miR-92a (pre-92a) in HEK293
cells compared to control (pre-Ctrl) (n = 4).

3.4.6. ADAMI10 in tube formation and migration of CMEC
To investigate the functional attributes of ADAM10 in CMEC, | knocked-down Adam10 in
MCMEC by siRNA transfection (siAdam10), and cells were subjected to different assays of
EC migration and tube formation. Ablation of Adaml10 mRNA in siAdam10-transfected
MCMEC cells was verified by gPCR analysis (Figure 29). Figure 27 shows the corresponding
ablation of ADAM10 protein in MCMEC upon Adam10 knock-down.

In angiogenesis assays, knock-down of Adaml10 led to significantly reduced loop counts
compared to controls (siCtrl) (Figure 29). In spheroid assays, knock-down of Adam10 led to
significant reduction of sprout lengths, whereas sprout counts showed no significant
differences (Figure 29). In congruence with these findings, knock-down of ADAM10 in non-
diabetic HCMEC led to minor, yet significant decrease in total tube length in angiogenesis
assays, while the decrease in tube count was not statistically significant (Figure 29). These data
show a strong correlation between ADAM10 levels and the observed phenotype in CMEC tube
formation. Moreover, the observed angiogenesis and sprouting phenotypes indicate a strong

involvement of ADAML0 in the regulation of tip-stalk cell behavior in CMEC.
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Figure 29. Characterization of ADAM10 role in CMEC angiogenesis. (A) gPCR analysis of Adam10
expression in MCMEC upon siRNA-mediated knock-down (siAdam10) relative to control (siCtrl) (n = 4).
(B) Analysis of loop count in MCMEC upon knock-down of Adam10 vs control (n =4). (C) Representative
bright field images of tube formation phenotype. (D, E) Analysis of sprout length (um), and count in
MCMEC spheroids in collagen upon knock-down of Adam10 vs control. (F) Representative bright field
images. (G, H) Analysis of total tube length, and tube count in non-diabetic male HCMEC upon knock-
down of ADAM10 (siADAM10) vs control (siCtrl) (n = 3). () Representative bright field images of tube
formation. Scale bars equal 100 pm.
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In wound healing assays, knock-down of Adam10 led to significant reduction in migration;
knock-downs’ wound areas were =~ 29% larger at the 6" hour time point compared to controls
(Figure 30). The availability of Cytation 1 multimode reader allowed for further
characterization of the migratory ability of MCMEC by time lapse imaging. Wound healing
analysis parameters by Cytation 1 are represented in Figure 30. Plotting the percent change in
open wound area over time shows significant differences in the slope, as well as the area under
curve in Adaml0-ablated MCMEC compared to controls, which are in line with earlier

readouts from fixed time point.

Analysis of single cell kinetics revealed a more restricted migration pattern in Adam210 knock-
downs compared to controls demonstrated in significantly decreased accumulated distance
(Figure 30).
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Figure 30. Characterization of ADAM10 role in MCMEC migration. (A) Analysis of relative open
wound area in percentage in MCMEC at 6 hour-migration upon knock-down of Adam10 by siRNA
(siAdam10) vs control (siCtrl), (n = 4). (B) Representative phase contrast images. Scale bars equal 100
um. (C — F) Analysis of the same experimental conditions repeated with time-lapse imaging (Cytation
1) showing the slope and area under curve (AUC). (G, H) Corresponding single cell kinetics and
analysis of accumulated distance (n = 4).
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3.4.7. KLF2 and KLF4 are miR-92a targets dysregulated in diabetic
myocardia and CMEC

The Krippel-like factors 2 and 4 were selected as miR-92a targets that have been validated in

previous reports to play pivotal roles in EC biology [154, 297, 299].

Indeed, gene expression analysis by qPCR showed significant reductions in KLF2 (= 70.9%)
and KLF4 (= 78%) mRNA levels in diabetic HCMEC compared to matched non-diabetic
controls (Figure 31). On protein levels, however, only KLF2 showed significant reduction in
relative expression in diabetic HCMEC compared to the non-diabetic control by Western blot
analysis (Figure 31). Notably, the Western blot analysis in Figure 31 correspond to a different
non-diabetic donor, i.e. 51-year old Caucasian. Moreover, inhibition of miR-92a in diabetic
HCMEC restored KLF2 gene expression as shown by gPCR analysis, where the increment in
relative KLF2 mRNA in Ant-92a-transfected diabetic HCMEC was statistically significant in
comparison to their Ant-Ctrl-transfected counterparts (Figure 31). However, this did not apply
to KLF4, as inhibition of miR-92a in diabetic HCMEC did not lead to significant changes in
its relative expression levels as analyzed by qPCR (Figure 31). Interestingly, overexpression
of miR-92a in non-diabetic HCMEC by pre-92a transfection did not alter KLF2 mRNA levels,
whereas KLF4 mRNA were decreased by = 24% compared to pre-Ctrl-transfected non-diabetic
HCMEC (Figure 31).
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Figure 31. Expression of KLF2 and KLF4 in diabetic HCMEC and in correlation of miR-92a. (A, B)
Quantitative PCR, and (C - E) Western blot analyses with representative blot of KLF2 and KLF4 relative
gene, and protein expression, respectively, in non-diabetic or diabetic HCMEC (n = 3). The Western
blot analysis here correspond to a different non-diabetic male donor than the gPCR experiments in the
figure. (F, G) Quantitative PCR of KLF2, and KLF4 in diabetic HCMEC upon antagomir-mediated
inhibition of miR-92a (Ant-92a) vs control (Ant-Ctrl) (n = 4), and (H, 1) in non-diabetic HCMEC upon pre-
miR-mediated overexpression of miR-92a (pre-92a) vs control (pre-Ctrl) (n =4).
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In the INS®®# transgenic diabetic porcine hearts, gene expression analysis of KLF2 and KLF4
showed significant downregulation of both genes in the left ventricle over the cardiac long axis

from base to apex compared to their wilde-type littermates (Figure 32).
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Figure 32. Differential expression of KLF2 and KLF4 in the left ventricular tissue of diabetic
porcine models. Quantitative PCR analysis of (A — C) KLF2 and (D — F) KLF4 over the long axis of the
left ventricle in non-diabetic (Non-Db) vs INS®%4Y transgenic diabetic (Db) pig tissue from base to apex,
respectively (n = 4).
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To verify whether miR-92a can directly target KLF2 and KLF4, | performed dual luciferase
assays with the corresponding 3'-UTR target clones as previously described. Due to high
degree of conservation, | used mammalian expression vectors bearing mouse KIf2 and KIf4 3°-
UTR. | co-transfected the vector with pre-miR-92a (pre-92a) or control pre-miR (pre-Ctrl).
Indeed, miR-92a overexpression by pre-92a co-transfection diminished the reporter activity of
both KIf2 and KlIf4 3"-UTR target clone expression vectors when assayed by bioluminescence,

indicating direct interaction (Figure 33).
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Figure 33 Direct targeting of KIf2 and KIf4 by miR-92a. Analysis of dual luciferase reporter activity
fold change (Firefly / Renilla Luc) in mammalian expression vectors of mouse Klf2- and KIf4-3*-UTR
upon overexpression of miR-92a (pre-92a) in HEK293 cells compared to controls (pre-Ctrl) (n = 4).

3.4.8. KLFs 2 and 4 as regulators of CMEC function
The anti-inflammatory roles of KLFs 2 and 4 has been reported in a number of in vivo and in
vitro studies. To verify this in CMEC, | knocked-down KLF2 or KLF4 in non-diabetic HCMEC
by siRNA transfection, and performed flow chamber assays with labeled THP-1 monocytes.

Evidence of knock-down is shown in Figure 34.
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Figure 34. Knock-down of KIf2 and KIf4 in MCMEC. gPCR analysis of (A) KIf2, and (B) Klf4 relative
quantification in MCMEC upon siRNA knock-down (n=4).
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Indeed, knockdown of KLF2 in non-diabetic HCMEC correlated with significant increase in
adherent THP-1 monocytes count (= 70%) to the endothelial monolayers compared to the
control-transfected (Figure 35). Interestingly, analysis show no significant difference in
adherent THP-1 to non-diabetic HCMEC monolayers where KLF4 was downregulated (Figure
35).
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Figure 35. Characterization of the inflammatory phenotype in HCMEC upon KLF2 or KLF4 knock-
down. (A) Analysis of fold change in adherent THP-1 count in non-diabetic HCMEC monolayers upon
knock-down of KLF2 (siKLF2) or KLF4 (siKLF4) relative to controls (siCtrl) (n = 4). (B) Representative
phase contrast, fluorescence and merged images of HCMEC monolayers and DiO-labeled THP-1
(green). Scale bars equal 100 pm.

To investigate the role of our target KLFs in CMEC migration, | performed wound healing
assays in MCMEC upon knockdown of KIf2 or KIf4 by siRNA transfections. Analysis of open
wound area by automated time lapse imaging showed that only the downregulation of KIf2
brought about significant decrease in cell migration (Figure 36).
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Figure 36. Migration phenotype in MCMEC upon ablation of KIf2 or KIf4. (A) Bright field images by
Cytation 1 plate reader of MCMEC migration at 0 and 6 hours upon knock-down of Klf2. (B) Analysis of
6-hour open wound areas in percentage in MCMEC upon knock-down of KlIf2 or KIf4 (n = 4). Scale bars
equal 1 mm.

3.4.9. Inter-regulation of KLFs
The redundancy between KLFs has been previously reported [154]. In order to test whether
redundancy and/or inter-regulation exists between KLF2 and KLF4 | analyzed gene expression
of either one upon knock-down of the other in MCMEC. Interestingly, knock-down of KIf2 led
to significant downregulation of KIf4 mRNA, while KIf2 mRNA levels were not affected by
knockdown of KIf4 (Figure 37), suggesting a role of KLF2 in regulation of Klf4 gene
expression in MCMEC.
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Figure 37. Inter-regulation of KIf2 and KIf4 in MCMEC. Quantitative PCR analysis of (A) Klf4 gene
expression upon knock-down of KlIf2 in MCMEC and (B) KIf2 gene expression upon knock-down of Klf4
in MCMEC, each compared to respective controls (n = 4).
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3.4.10. Downstream inflammatory mediators of KLFs
Studies have highlighted the role of KLFs in regulating downstream inflammatory molecules
in EC [143, 309-310]. These include, but are not limited to, vascular cell adhesion molecule 1
(VCAM1) and intercellular adhesion molecule 1 (ICAM1) [143, 309-311]. To find out whether
upregulation of these inflammatory adhesion proteins can explain the observed phenotype in
diabetic HCMEC, where KLFs are dysregulated, we analyzed VCAM1 and ICAML1 relative
protein levels in lysates from non-diabetic or diabetic HCMEC. Indeed, VCAM1 was
significantly upregulated in diabetic HCMEC, which conforms with their significantly reduced
KLF2 expression, whereas the obvious trend in ICAM1 relative increase did not meet statistical
significance (Figure 38). Accordingly, inhibition of miR-92a in diabetic HCMEC led to

significant reduction in VCAML protein expression (Figure 38).
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Figure 38. Expression of inflammatory adhesion molecules in diabetic HCMEC. (A, B) Analysis of
relative protein expression of VCAM1 and ICAML1 in diabetic HCMEC relative to non-diabetic controls
(n = 4). (C) Representative blot. (D) Analysis of relative protein expression of VCAM1 in diabetic
HCMEC upon inhibition of miR-92a (Ant-92a) relative to control (Ant-Ctrl). (E) Representative blot.
GAPDH is considered as housekeeping protein (n = 3).

80



Results

3.4.11. Myocyte enhancer factors 2 (MEF2): novel targets in

diabetic hearts
Several reports have highlighted the crucial role of MEF2 family in cardiovascular homeostasis
[167, 169]. In silico analysis shows that the mRNA for human MEF2D, as well as its mouse
orthologue, harbor a highly conserved target site for miR-92a’s seed sequence in their 3°-UTR,
i.e. 5-GUGCAAUA-3" (Table 2). Interestingly, the human MEF2D 3"-UTR harbors a second
mMiR-92a target site downstream, which is not present in the mouse’s (Table 2) (Figure 39).
Both sites are 8-mer target sites. Moreover, analysis of the predicted mRNA sequence of
porcine MEF2D using the Nucleotide data base of the National Library of Medicine revealed

conservation of the two 8-mer target sites found in the human orthologue (Figure 39).

miR-92a Seed
3'-AUCACGUUAU .5
MEF2D
E— ...AGUGCAAUASMEr GGUGCAAUASBMer
— Mef2d
...AGUGCAAUABmer
MEF2D

...AGUGCAAUABmer GGUGCAAUASMer

Figure 39. Evolutionary conservation of MEF2D miR-92a seed match in human, mouse and pig

Herein, dual-luciferase assays with human MEF2D 3°-UTR target clones revealed direct
regulation by miR-92a, as evident from significant reduction in reporter luciferase activity upon
miR-92a overexpression in HEK293 cells (Figure 40). Moreover, overexpression of miR-92a
in non-diabetic HCMEC showed a slight, yet significant, downregulation of MEF2D mRNA
by gPCR analysis (Figure 40).
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Figure 40. Direct targeting of MEF2D by miR-92a. (A) Dual luciferase reporter assay analysis of fold
change in activity (Firefly / Renilla Luc) in mammalian expression vector of human MEF2D-3-UTR
downstream of firefly luciferase upon overexpression of miR-92a (pre-92a) in HEK293 cells compared
to control (pre-Ctrl) (n = 3). (B) Quantitative PCR analysis of MEF2D in non-diabetic HCMEC upon pre-
miR-mediated overexpression of miR-92a (pre-92a) vs control (pre-Ctrl) (n = 3).

Interestingly, analysis of MEF2D gene expression in diabetic HCMEC by gPCR shows
significant downregulation of its mMRNA levels relative to non-diabetic controls (Figure 41).
Moreover, this applied to ventricular tissue from diabetic pigs where MEF2D mRNA was
significantly ablated in extracts, as quantified by PCR (Figure 41). Indeed, inhibition of miR-
92a restored MEF2D expression levels in diabetic HCMEC. Quantitative PCR analysis showed
significant increase in MEF2D mRNA levels in 92a-anatgomir transfected diabetic HCMEC
(Ant-92a) relative to controls (Ant-Ctrl) (Figure 41).
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Figure 41. Expression of MEF2D in diabetes. Quantitative PCR analysis of MEF2D mRNA levels in
(A) male diabetic HCMEC relative to matched non-diabetic controls and (B) the left ventricle of INS®%4Y
transgenic diabetic (Db) pig tissue vs non-diabetic wild-type littermates (n = 4). (C) qPCR analysis of
MEF2D mRNA levels in male diabetic HCMEC upon miR-92a inhibition (Ant-92a) relative to controls
(Ant-Ctrl.) (n = 3).
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Earlier reports have demonstrated the close regulation of the glucose transporter 4, GLUT4, by
MEF2 members A and D, where MEF2D was shown to compete with MEF2A over GLUT4
promotor and, in turn, relatively reduce GLUT4 (SLC2A4) gene expression [312-313].
Downregulation of MEF2D as a result of diabetes or via direct interaction with miR-92a might
therefore be expected to influence GLUT4 (SLC2A4) gene expression. | verified this by testing
SLC2A4 gene expression in diabetic HCMEC and upon miR-92a overexpression. Indeed, pre-
92a transfection in non-diabetic HCMEC correlated with significant increase in quantified
SLC2A4 mRNA by gPCR relative to control transfected cells (pre-Ctrl). This was functionally
asserted by glucose uptake assays, where | report significant increase in glucose uptake in miR-
92a overexpressing non-diabetic HCMEC relative to controls (Figure 42). Therein,
overexpression of miR-92a led to = 65% increase in glucose uptake relative to controls. In
diabetic HCMEC however, basal glucose uptake was significantly diminished; there it was =
34% less compared to non-diabetic (Figure 42). Interestingly, there was no significant
difference in GLUT4 relative gene expression in diabetic HCMEC compared to non-diabetic
controls (Figure 42). To find out whether the observed finding is due to other EC glucose
transporter, | analyzed relative gene expression of GLUT1 (SLC2A1). However, no significant

difference was calculated either (Figure 42).

In accordance with these findings, no significant differences were observed in MEF2A mRNA
levels in diabetic HCMEC relative to their non-diabetic controls, or in miR-92a-overexpressing
non-diabetic HCMEC when relatively quantified to their control transfected counterparts
(Figure 43).
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Figure 42. Expression of GLUT4 (SLC2A4) and glucose uptake in relation to miR-92a. (A)
Quantitative PCR of GLUT4 (SLC2A4) in non-diabetic HCMEC upon miR-92a overexpression (pre-92a)
relative to control (pre-Ctrl) (n = 3). (B) Analysis of glucose uptake luminescence assay (fold change)
in non-diabetic HCMEC upon miR-92a overexpression (pre-92a) relative to controls (pre- Ctrl) (n = 3).
(C, D) Quantitative PCR analysis of GLUT4 (SLC2A4), and GLUT1 (SLC2A1) in male diabetic HCMEC
relative to non-diabetic counterparts (n =3). (E) Glucose uptake luminescence assay analysis (fold
change) in diabetic HCMEC relative to non-diabetic controls (n = 3).
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Figure 43. Expression of MEF2A in diabetic HCMEC and in relation to miR-92a. (A) gPCR analysis
of relative MEF2A mRNA levels in non-diabetic vs diabetic HCMEC (n = 6). (B) qPCR analysis of
MEF2A mRNA levels in non-diabetic HCMEC upon miR-92a overexpression (pre-92a) relative to
control (pre-Ctrl) (n = 3).
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3.4.12. Regulation of KLFs by MEF2

MEF2 transcription factors have been reported to be the master regulators of KLF2 and KLF4
expression in endothelial cells downstream of hemodynamic flow [314-315]. To find out
whether this applies to our CMEC, and whether the observed dysregulation of KLF expression
in diabetes are linked to the observed MEF2D dysregulation in our diabetic models, | knocked-
down MEF2A or MEF2D in non-diabetic HCMEC and analyzed KLF2 and KLF4 gene
expression. Indeed, knockdown of MEF2D, but not MEF2A, led to significant downregulation
in KLF2, but not KLF4, gene expression (Figure 44). Interestingly, knockdown of MEF2A led
to significant downregulation of KLF4 and not KLF2 (Figure 44). Neither did knockdown of
MEF2D or MEF2A affect the expression level of each other (Figure 44).
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Figure 44. Regulation of KLF2 and KLF4 by MEF2A or MEF2D. Quantitative PCR analyses. (A, E)
Evidence of knockdown of MEF2A or MEF2D by respective siRNAs (SiIMEF2A or siMEF2D). (B, C, F,
G) Relative quantification of KLF2 and KLF4 upon knockdown of MEF2A or MEF2D, respectively,
compared to controls (siCtrl) (D, H) Relative quantification of MEF2D or MEF2A upon knockdown of
MEF2D or MEF2A, respectively, compared to control (siCtrl) (n = 4).
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3.5. Human umbilical vein endothelial cells (HUVEC)
3.5.1. High glucose culture on HUVEC function and miR-92a levels

To understand the effect of high glucose culture, HUVEC were cultured and passaged in
normal (5.5 mM) or high (30 mM) glucose before they were subjected to endothelial function
assays. In tube formation assays, there was no significant difference in total tube length, tube
count or branching point count between normal and high glucose (Figure 45). In wound healing
assays, there was a significant difference in the wound area analyzed after 8 hours in normal
(5.5 mM) and high (30 mM) glucose (Figure 45). High glucose wounds were > 25% larger than

normal glucose ones.
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Figure 45. Effects of high glucose culture on HUVEC tube formation and migration. (A, B) Analysis
of total tube length in um and tube count in HUVEC under 5.5 or 30 mM glucose, respectively (n = 5).
(C) Representative phase contrast images of tube formation. (D) Analysis of relative open wound area
in percentage over 8 hours of migration in HUVEC under 5.5 or 30 mM glucose (n =5). (E)
Representative phase contrast images. Scale bars equal 100 um.
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In flow chamber assays, no significant difference was observed in the adherent THP-1 cell
count to HUVEC monolayers when they were cultured, and assayed, in normal (5.5 mM) or
high (30 mM) glucose (Figure 46).
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Figure 46. Effect of high glucose culture on HUVEC inflammatory state. (A) Analysis of fold change
in adherent THP-1 count to HUVEC monolayers cultured in 5.5 or 30 mM glucose upon flow chamber
assay (n = 3). (B) Representative phase contrast, fluorescence and merged images of HUVEC
monolayers cultured in 5.5 or 30 mM glucose, and DiO-labeled THP-1 monocytes (green) after flow
chamber assay. Scale bars equal 100 pm.

Interestingly, and unlike HCMEC, gPCR analysis of miR-92a levels in HUVEC revealed
significant downregulation (= 44.5%) in high glucose, compared to normal glucose cultures

(Figure 47).
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Figure 47. Effect of high glucose culture on miR-92a expression in HUVEC. Quantitative PCR
analysis of miR-92a relative expression levels in HUVEC cultured 5.5 or 30 mM glucose (n = 4).
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3.5.2. Overexpression of miR-92a in HUVEC
Earlier reports described an anti-angiogenic role of miR-92a in HUVEC [296]. | attempted to
reproduce the published data. Therefore, | overexpressed miR-92a in HUVEC by pre-miR
transfection, and subject the cells to tube formation and wound healing assays to investigate
possible effects of miR-92a on HUVEC’s angiogenic, and migratory potentials. Figure 48
shows proof of overexpression of miR-92a in HUVEC by pre-92a transfection, compared to
control (pre-Ctrl). Transfection with pre-92a in HUVEC leads to significant, 20-fold increase

in its levels compared to controls.

miR-92a
30 *x
c I
o
IS
(8]
& 20
c
©
=}
(o
£ 104
©
T
©
0_
¢ R
<

Figure 48. Overexpression of miR-92a in HUVEC. Quantitative PCR analysis of miR-92a in HUVEC
upon pre-miR transfection (pre-92a) relative to control (pre-Ctrl) (n = 5).

In angiogenesis assays, no significant differences were observed in either total tube length or
tube count in HUVEC cultured in normal (5.5 mM) or high (30 mM) glucose upon
overexpression of miR-92a (pre-92a) compared to controls (pre-Ctrl) (Figure 49). Likewise, in
wound healing assays, no differences were observed in the analyzed wound areas at 8 hours in
HUVEC in either glucose concentration upon overexpression of miR-92a (pre-92a) compared

to controls (pre-Ctrl) (Figure 49).
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Figure 49. Overexpression of miR-92a upon high glucose culture on HUVEC tube formation and
migration. (A, B) Analysis total tube length and tube count in HUVEC under 5.5 or 30 mM glucose
upon overexpression of miR-92a by pre-miR transfection (pre-92a) or controls (pre-Ctrl). (n = 7). (C)
Representative phase contrast images of HUVEC tube formation. (D) Analysis of relative open wound
area in percentage in HUVEC cultured in 5.5 or 30 mM glucose upon overexpression of mir-92a by pre-
miR transfection (pre-92a) or controls (pre-Ctrl) over 8 hours of migration (n = 4). (E) Representative
phase contrast images. Scale bars equal 100 pm.

3.5.3. Downstream targets of miR-92a in HUVEC
The aforementioned observed disparity in HUVEC compared to HCMEC prompted further
investigation of the miR-92a targets of interest. We performed quantitative PCR analysis of
miR-92a target genes in HUVEC upon overexpression of miR-92a by pre-miR transfection.
Interestingly, overexpression of miR-92a did not influence ADAM10 mRNA levels in HUVEC,
as no significant difference was observed between pre-92a-transfected cells compared to

controls (pre-Ctrl) (Figure 50).
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Unlike HCMEC, overexpression of miR-92a (pre-92a) led to significant decrease in KLF2
MRNA levels compared to controls (pre-Ctrl) (Figure 50). Like HCMEC, KLF4 mRNA levels
were significantly downregulated in HUVEC upon overexpression of miR-92a by pre-miR
transfection (pre-92a) compared to controls (pre-Ctrl) (Figure 50).
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Figure 50. Analysis of gene expression of miR-92a targets in HUVEC upon its overexpression.
Quantitative PCR analysis of (A) ADAM10, (B) KLF2 and (C) KLF4 in HUVEC upon overexpression of
miR-92a by pre-miR transfection (pre-92a) or controls (pre-Ctrl) (n = 4).

Finally, | compared basal levels of expression of miR-92a targets in HCMEC and HUVEC by
gPCR. Indeed, ADAM10 gene expression analysis revealed significant increase in HCMEC
than in HUVEC. Relative quantification revealed =~ 50% increase in ADAM10 mRNA levels in
non-diabetic HCMEC compared to HUVEC (Figure 51). On the other hand, gene expression
analysis of KLF2 and KLF4 by qPCR revealed no significant differences between HUVEC and
non-diabetic HCMEC (Figure 51).
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Figure 51. Gene expression analysis of miR-92a targets in HUVEC vs HCMEC. Quantitative PCR
analysis of (A) ADAM19, (B) KLF2 or (C) KLF4 in HUVEC vs HCMEC (n = 3).
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4. Discussion

Diabetes is a plight to modern human societies, particularly in developed and/or western
countries. In the EU alone, 9% of the total health care budgets of Member States were spent on
diabetes management in 2019, and figures are on the rise [316]. This is certainly a high price
to pay, inasmuch as the abundance of other current challenges. Being the number one risk
factor for cardiovascular disease and multiple organ failure, diabetes is no short of a health
calamity. The rising numbers speak volumes about the inadequacy of our current disease
management protocols, and call for novel therapeutic interventions. Timely, advents in
molecular medical research over the past decades have opened doors to a better understanding
of disease pathophysiology, and paved the way for the development of innovative therapeutic
tools, e.g. small RNA / nucleic acid therapy. Therefore, in the present doctoral study | availed
myself to the wealth of scientific knowledge to build an epistemological approach to diabetes-
associated cardiovascular complications, and potential therapeutic targets. To this end, |
designed research methodologies and applied several laboratory and analytical methods to
investigate molecular determinants of diabetic vascular dysfunction, as well as promising
therapeutic targets thereof. Herein, the previous work of Hinkel et al. on micro-RNAs,

particularly miR-92a, was set as a foundation to this research project [66, 298].

4.4. Optimized in vitro models and the 3R principle

As introduced, the work presented here prioritizes cardiac microvascular complications in
diabetes. To study this, | optimized relevant in vitro research models and utilized them
throughout the course of this project. Optimized in vitro models are a corner stone of the so
called “3R” principle, standing for “replace”, “reduce” and “refine” [317]. Since its
introduction in the late fifties, the 3R principle aims at limiting animal experimentation, and
any avoidable suffering it entails [318]. This emanates from an ethical standpoint of living
sentient beings. The 3R principle advocates replacement of animal experiments wherever
possible, reduction of the number of animals in scientific experiments, and refinement of
experimental procedures on living animals, thus minimizing stress and suffering to
indispensable levels [317]. The Laboratory Animal Science department at the German Primate
Center is committed to the 3R principle in its research conduct. Hence, the work presented here
does not include any live animal experiments, and no extra animals had to be sacrificed for its

sake.

92



Discussion

4.5. Endothelial cell models & endothelial heterogeneity

To study the diabetic vascular pathology, the in vitro research models utilized here are
primarily endothelial cells (EC) of different origins. In order of presentation in the Results’
section, HCMEC come first, followed by MCMEC and lastly, HUVEC. Chronologically,
however, as | started with protocol generation and optimization, |1 used HUVEC due to their
ease of obtainment and culture [319]. Moreover, there is an ample literature available on
modeling diabetic vasculopathy, as well as the role of our miRNA of interest, i.e. miR-92a,
where HUVEC is used as the main in vitro research model [320-323]. In fact, one of the leading
studies addressing the role of miR-92a as a repressor of the EC angiogenic program reported
their in vitro results in HUVEC [296]. In my hands, however, characterization of HUVEC
under the set experimental conditions did not reflect the pathological alterations in the diabetic
cardiac microvessels, much less with regard to miR-92a. The controversy on the role of miR-
92a in HUVEC has already been reported by studies and is discussed in further detail later in
this chapter [324]. However, upon incorporation of cardiac microvascular EC (CMEC), the
findings were in stark difference compared to HUVEC. The gained experience, therefor, brings
about a brief discussion of endothelial heterogeneity that shall aid in understanding of the
findings presented here.

While general basic research questions can still be addressed in EC regardless of their origin,
the vascular endothelium is far from homogenous. This trails its origins to the developing
embryo. During embryogenesis, EC arise de novo from mesodermal progenitors to form
primitive vascular plexi [325]. In the embryo proper, the nascent vascular network undergoes
arteriovenous specification as a product of shear stress, which elicits differential gene
expression programs in EC that govern their commitment to either arteries or veins, and later
to lymphatic EC [326]. Specification to either arterial or venous EC is orchestrated by a set of
well-studied signaling molecules, namely the Notch/VEGF or COUP transcription factor 2
(COUP-TFII), respectively [326]. On a macrovascular level, artery and vein EC display distinct
transcriptomic and phenotypic profiles, which get even more heterogeneous on a microvascular
level [327-328]. This is because as the endothelium expands during morphogenesis, it develops
in an organ-specific manner, where the intimate interaction between EC and tissue-resident
parenchymal and stem cells shapes the endothelial identity within each vascular bed, a
phenomenon that persists through adulthood [329]. Recent studies employing single cell RNA
sequencing (ScCRNA-Seq) have clearly demonstrated this by dissecting organ-specific

transcriptomes of EC, which attributes overall tissue homeostasis [325, 330].
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In light of this knowledge on EC, the discrepancy of results between HUVEC and HCMEC
can be understood, especially when cellular response to nutrients, such as glucose, or mRNA
activities are under investigation. Whereas HUVEC are embryo-driven macro-vascular venous
endothelial cells, HCMEC are highly-specialized adult micro-vascular coronary EC. Every
identical aspect of these cells entails a degree of differentiation. Commercial availability of
HCMEC, especially from diabetic donors, bestowed this project with a great advantage by

enabling a more accurate modelling of the cardiac microvascular pathology in DM in vitro.

| present results of HCMEC from 4 different adult donors of Caucasian background; three non-
diabetics and one type 2 diabetic. One non-diabetic donor was a female, and the other three
were males, two of which were age-matched, i.e. 63-year olds non-diabetic and diabetic, while
one was almost a decade younger. | used the cells over short term passages, i.e. until passage
8, to maintain cellular identity and avoid trans-differentiation. The cells retained their
morphological characteristics and angiogenic ability throughout these passages. When primary
HCMEC were cultured and passaged they typified endothelial morphology and proliferated,
however at slightly different rates. Herein, female cells stretched over slightly larger areas, and
proliferated at a relatively slower rate. Moreover, as seen from the results, the angiogenic
phenotype displayed notable differences at normal culture conditions, judging from the two
main outcomes | used to quantify tube formation, i.e. total tube length and tube count. Indeed,
tubes formed by male HCMEC where almost 4 times higher in their cumulative length and
over 7 times the count of the female HCMEC. Herein, the genomic sex of EC adds another
layer of heterogeneity that gets more pronounced upon disease modeling, and therefore merits

further discussion.

The vasculature of males and females have been deemed heterogeneous. Pioneered by Huxley
et al., studies have shown remarkable distinctions in morphology as well as gene and protein
expression between male and female macro- and microvascular EC [331-332]. Some
prominent examples include, but are not limited to, cell area, proliferation rate, lactate
production and expression of sex hormone receptor mRNA and protein. Interestingly, male
microvascular EC significantly upregulated androgen receptor (AR), estrogen receptor-o
(ERa)) and VCAMI levels, whereas female cells dominated in ICAM1, PECAM1 and integrins
av and B3 expression [331]. This well explains the prominent angiogenic phenotype seen here
in male cells, considering the proangiogenic signaling of ERa [331]. In female cells, on the
other hand, the morphology reflects the role of integrins in dictating how cells spread and line

capillaries. Moreover, the cellular response to inflammatory stimuli, e.g. lipopolysaccharide
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(LPS), was also shown to be sex specific, wherein male cells were more conspicuous in their
inflammatory phenotype than female cells [332]. Certainly, there are important clinical
implications of these findings. For instance, presentation of coronary heart disease is often
microvascular in females, whereas in males, the macrovascular pathology is more dominant
[333-334]. Importantly, with regard to diabetes, studies have shown that diabetic women had
earlier occurrences and higher mortality from myocardial infarction, as wells as lower
revascularization rates than diabetic men [335-336]. In congruence with these clinical findings,
the following discussion of my results shall also reflect aspects of sexual dimorphism in cardiac
microvascular endothelial dysfunction upon in vitro modeling of DM. However, it is important
to state that inter-individual genetic differences irrelevant of genomic sex were not addressed

in the current study, hence their contribution to the observed phenotype cannot be excluded.

4.6. High glucose culture to model DM

Culturing in high glucose medium (30 mM) was one straight forward way to model diabetic
hyperglycemia in vitro. Certainly, the diabetic pathogenic milieu is more complex, however,
studies have shown that the mere exposure of EC in culture to high glucose elicits considerable
alterations [320-321, 337-339]. The results presented here show an impact of high glucose on
HCMEC angiogenesis, where female cells suffered greater deterioration of tube network than
their male counterparts. Once more, this calls for further research into sex-driven heterogeneity
of CMEC in response to hyperglycemic injury. The molecular effects of high glucose on
endothelial tip and stalk cell behavior, crucial for angiogenesis, remains to be fully elucidated.
However, it has been shown that tip and stalk EC differ in their glycolytic activity downstream
of Notch/VEGF signaling, as well as key glycolytic enzyme, PFKFB3, both crucial for
angiogenesis [340-341]. Despite the unsettled debate in the literature on which is more or less
glycolytic, glycolytic differences are crucial to the sprouting and proliferation by tip and stalk
EC, respectively, which culminate in a stable angiogenic network [340, 342-343]. Despite the
lack of phenotype in HUVEC, in HCMEC, however, it is safe to assume that high glucose
might disrupt the energetic balance necessary to establish the tip-stalk phenotype. In fact, this
has been shown in human coronary artery EC (HCAEC), where high glucose culture induced
alterations in cellular energetics, i.e. Warburg effect, via hypoxia-inducible factor 1o (HIF-1a)
[344]. This can be understood given the tight regulation of both PFKFB3 and VEGF by HIF-
la upon tip-stalk cell specification [343]. It would be of interest to examine this pathway in
our model of glucose-induced disruption of angiogenesis in HCMEC, especially since most of

the available literature on the matter are derived from HUVEC or retinal EC.
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While no significant effects of high glucose were reported in wound healing assays, there was
an obvious trend of decreased migration and proliferation in female HCMEC in high glucose
culture (P = 0.08). In inflammatory assays, male HCMEC displayed a prominent inflammatory
phenotype upon high glucose culture. Indeed, previous studies have also pointed to the
inflammation-triggering effect of glucose in microvascular EC by activation of NF-«xB-
dependent signaling, and consequent elevation of IL1, IL6, TNF-a, VCAMI, ICAM1
expression [345]. In HUVEC, however, high glucose culture did not show any increase in
inflammation. This comes in contrast to previously reported findings in HUVEC showing
significant increases in the inflammatory surface markers, ICAM1, VCAML1 and endothelial-
leukocyte adhesion molecular 1 (ELAM1) upon exposure to higher glucose concentrations,
peaking at 16.5 mM [346-347]. Interestingly, in the study by Altannavch et al., neither 11 nor
22 mM of glucose cause significant increase in ICAM1 expression. Moreover, in the study by
Takami et al., the increased ICAML1 expression was significant after 3 hours of exposure to
16.7 mM glucose, and correlated with increased THP-1 monocyte adhesion to HUVEC
monolayers [346].

From a clinical perspective, the observed dysfunction of CMEC upon high glucose culture is
alarming given the multiple under-the-radar bouts of acute hyperglycemia in undiagnosed or
poorly managed diabetic patients, pre-diabetics, or even non-diabetics e.g. the Dawn
Phenomenon, Somogyi effect and stress-hyperglycemia [348-350]. Such findings might be
helpful in stratifying the diagnostic criteria for diabetes and pre-diabetes, e.g. revise cutoff
values for glycosylated hemoglobin (GHb) [351]. Herein, a meta-analysis from 2012 found
that for every 1% increase in GHb, there was a 25% increase in mortality from cardiovascular
disease, and 17% increase in fatality from coronary heart disease [352]. This can be understood

in light of the results presented here depicting the impact of acute hyperglycemia on CMEC.

One prominent finding here is the upregulation of miR-92a expression in both male and female
HCMEC in response to high glucose culture. This is congruent with the previously reported
findings from Hinkel et al., where miR-92a was among 3 micro-RNAs significantly
upregulated in ventricular tissue from INS®®*Ydiabetic porcine hearts [66]. The results
discussed here represent the first report from human primary EC. Moreover, they provide an
argument for the direct contribution of coronary microvascular EC to the reported overall
cardiac tissue upregulation of miR-92a in diabetes. And finally, they show that the mere

exposure to high glucose, though acute, can trigger miR-92a upregulation.
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Interestingly, high glucose culture in HUVEC showed the opposite response with regard to
miR-92a expression, highlighting the extent of heterogeneity in EC models. As introduced,
miR-92a has been previously shown to be a vasoactive miRNA, with direct influence on EC
angiogenesis and inflammatory response. In the following sections, I discuss a new model of
subcellular signaling in which miR-92a plays a pivotal role in the phenotype of HCMEC under
high glucose and, importantly, in HCMEC from diabetic patients.

4.7. Cardiac microvascular dysfunction in DM: the phenotype

and the rescue
The availability of primary HCMEC from a type 2 diabetic patient enabled a direct comparison

to those from non-diabetic donors. Herein, the diabetic patient matched in sex, age and ethnicity
to our 63-year old male non-diabetic HCMEC. Therefore, we ran most of the molecular and
functional characterization experiments comparing two 63-year old Caucasian male HCMECs
from a non-diabetic or type 2 diabetic donors. One advantage provided by HCMEC from a
diabetic patient is that they reflect the chronic nature of the disease, where biochemical,
hemodynamic and epigenetic alterations accumulate over years — if not decades — in situ. As
expected, characterization of the diabetic HCMEC showed significant shortcomings in all
aspects of EC functions, also when compared to non-diabetic HCMEC in high glucose.
Importantly, type 2 diabetic HCMEC also significantly upregulated miR-92a. This concurs
with the clinical evidence from analysis of miR-92a in sera of type 2 diabetic patients with
coronary artery disease [353]. In the referenced study by Wang et al., serum miR-92a levels
showed a positive correlation with coronary artery disease in diabetic patients, as well as a
number of inflammatory cytokines downstream of activated NF-«B pathway. In congruence
with this, | could show that diabetic HCMEC monolayers do display a heightened
inflammatory phenotype, as well as elevated expression of the known NF-kB-downstream
adhesion molecule VCAML. It would be of interest to investigate the activity of NF-«B, e.g.
nuclear p65 or phosphorylated-IkBa, as well as, other downstream targets of this pathway, e.g.
MCP1, in diabetic HCMEC. Interestingly, in the aforementioned study, miR-92a levels also
correlated with blood HbAlc, establishing the link between glycemic control and the level of
this miRNA. My results complement these clinical findings in patients’ sera by arguing for
direct contribution of cardiac micro-circulatory EC to blood miR-92a levels. In fact, it has been
shown that miR-92a produced by EC can be liberated in circulating micro-particles and

detected at higher levels in plasma from patients suffering acute myocardial infarction, as well
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as those with stable coronary artery disease [354]. Herein, miR-92a-laden endothelial micro-
particle levels were shown to be significantly higher in patients with acute myocardial
infarction compared to those with stable coronary disease or healthy controls. Not only does
this reflect the direct relation between EC activation and blood miR-92a levels, but also
demonstrates a diagnostic value of circulating miR-92a in discriminating these two patient

groups.

In light of the aforementioned findings, targeting miR-92a with anti-sense inhibitor was the
next logical step to verify the contribution of miR-92a to the observed diabetic phenotype. As
introduced, inhibition of miR-92a has already been proven to be of a therapeutic value in
porcine models of myocardial ischemia; delivery of locked-nucleic antisense (LNA) to miR-
92a enhanced collateralization and prevented capillary rarefaction in these models [298]. Here,
| provide the first report on the utility of such approach in diabetic human CMEC. Antagomir-
mediated inhibition of miR-92a led to a significant enhancement of tube formation
(angiogenesis) in diabetic HCMEC, as well as an amelioration of their inflammatory status.
Perhaps this is the most prominent result of the current study with particular translational

relevance.

Inhibition of miR-92a, however, did not enhance diabetic HCMEC 2-dimentional migration or
proliferation in wound healing or EdU-incorporation assays, respectively. This implies that the
observed effect of miR-92a antagomir on angiogenesis is confined to regulation of tip and stalk
cell-related molecular pathways induced when cells are cultured on extracellular matrix-like
substance, i.e. Matrigel. Here, the increased transfection sensitivity of female HCMEC — where
the effect of high glucose was greater — precluded an investigation of the effects of miR-92a

inhibition on angiogenesis. This is one limitation of our study.

4.8. Why miR-92a is upregulated in DM: glucose-uptake
hypothesis

Before exploring the molecular mechanism of miR-92a and/or its inhibition on regulation of
angiogenesis and inflammation in diabetic HCMEC, the observation that high glucose and/or
diabetes upregulates miR-92a level begs the question: why do CMEC upregulate miR-92 in
response to a glycemic challenge? If this can be viewed as an adaptation selected for in EC,
then it is safe to speculate that miR-92a upregulation might serve as a coping mechanism.
Indeed, studies have previously highlighted the integral role of the miR-17~92 cluster in

metabolic reprogramming in cancer cells by regulation of the mammalian target of rapamycin
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complex 1 (mTORC1) signaling pathway [355]. Herein, miR-17 and 20, both sharing the same
seed sequence, were reported to actively participate in such regulation by targeting the tumor
suppressor LKB1. Interestingly, the cited study by lIzreig et al. reported miR-17, miR-20 and
miR-92a as the three most abundantly processed mature miRNAs from the miR-17~92 cluster
in the Eu-Myc lymphoma cells [355]. Nevertheless, they excluded a role for miR-92a in their
described mechanisms. Whether miR-92a is just a processing byproduct or plays an actual role,
and whether the same applies to CMEC upon diabetes or glycemic stress remains to be
elucidated. | attempted to challenge the hypothesis by testing whether miR-92a increases
HCMEC glucose uptake. Indeed, I could prove this by glucose uptake assays in non-diabetic
cells overexpressing miR-92a. Moreover, gPCR analysis showing an increase in the glucose
transporter GLUT4 relative gene expression in non-diabetic HCMEC overexpressing miR-92a
justifies this hypothesis. Interestingly, however, type 2 diabetic HCMEC displayed decreased
glucose uptake despite insignificant changes in gene expression of the two EC glucose
transporters, GLUT1 and GLUT4, and overregulated miR-92a. One possibility is that diabetic
HCMEC have impaired trafficking of GLUTS. In the coming sections, | discuss the possible
mechanism by which miR-92a might serve by increasing EC GLUT4 gene expression, and how
this is dysregulated in diabetes despite miR-92a overexpression. However, one might argue
that in their healthy state, HCMEC upregulation of miR-92a is coupled to their enhanced
glucose uptake upon initial glycemic challenges, and that such ability is lost later over the
chronic setting of diabetes.

4.9. How miR-92a is upregulated in DM

The previous section might explain why miR-92a is upregulated in HCMEC in response to
high glucose, however, the mechanism by which miR-92a is upregulated remains elusive. As
introduced, miR-26a and miR-133a were also reported by Hinkel et al. as upregulated in
diabetic porcine hearts [66]. And in the previous section | discussed the reported abundance of
miR-92a from its host cluster. One might ask: what are the molecular mechanisms, by which
miR-92a, or even other micro-RNAs are overexpressed in diabetes? To answer this question, |
first resort to epitranscriptomics as one way to explain the differential regulation of miRNAs
in diabetes, among others [356-357]. While several layers of miRNA regulation have been
described, post-transcriptional modification of miRNA has been reported as early as two
decades ago [358]. Of the multiple post-transcriptional modifications on miRNAs that have
later been identified to affect their maturation and activity, methylation on nitrogen-6 position

of adenosines (m®A [N6-methyladenosine]) is one that has been recently reported in abundance
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in multiple CVD, as well as cancers [356, 359-361]. The process of m®A RNA methylation is
brought about by methyltransferase complexes composed of the so called “writer” enzymes in
association with their cofactors [362-363]. Of the writer enzymes, methyltransferase-like 3
(METTL3) is of particular importance, as it harbors the catalytic domain capable of
methylation of pri-miRNAs, which facilitates their further processing and maturation to
miRNAs [364]. Interestingly, dysregulation of METTL3 has been reported in diabetes, and
even under high glucose culture of different EC types [357]. A recent study reported an
important role of METTLS3 in the processing and maturation of the proangiogenic miRNA let-
7e-5p and, importantly, the miR-17~92a cluster [365]. Therefore, it would be of great interest
to interrogate the epitranscriptomic alterations in our diabetic models. This might as well

clarify the discrepancy seen between HUVEC and HCMEC in this regard.

One important mechanism highlighted by studies explaining the regulation of relative
expression of the miR-17~92 cluster members relies on the tertiary structure of its pri-miRNA.
Chaulk et al. investigated this, and showed that the pri-miRNA transcript of the polycistronic
cluster is folded in a globular tertiary structure over the 3'-terminal, i.e. towards both miR-19b
and miR-92a, hence burying those two pri-miRNA members in the 3'-core of such globule
[366-367]. This, in turn, leads to protection of these core pri-miRNAs from the
Microprocessor’s Drosha, resulting in generally decreased processing and expression levels of
the mature forms of miR-19b and miR-92a, relative to other members of the cluster [366-367].
Moreover, it has been shown that Drosha processing on the pri-miRNA hairpin structure is
accompanied by subsequent nuclear exosome-mediated degradation of the remaining cleavage
product [368-369]. Therefore, in their model, processing of ‘outer’ pri-miRNAS one by one
increases the likelihood of exonucleolytic degradation of the ‘core’ miRNAs. Indeed, they have
shown that inhibition of one relevant nuclear exosome protein (PMscl100) led to ~2-fold
increase in miR-92a levels and function [366]. If this model holds validity, it would be safe to
speculate that the Drosha-coupled nuclear exosomal processing capacity is diminished in
diabetic EC causing increased miR-92a expression levels. Importantly, this would also mean
that one should expect elevated levels of the other miR-17~92 ‘core’ member, miR-19b; yet
another inhibitor of arteriogenesis (see 1.3.3.). These might be worthy of exploration to

understand how miRNA dysregulation ensues upon cellular exposure to the diabetic milieu.
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4.10. Fishing for targets: rationale of target selection

To understand the molecular mechanisms underlying the effects of miR-92a in EC, | sought
after downstream targets with particular relevance to the observed phenotypes identified by
functional characterization, i.e. angiogenesis, migration and EC bed inflammation. I confined
the follow-up experiments to four downstream targets of miR-92a, i.e. ADAM10, KLF2, KLF4
and MEF2D. ADAM0 is a metalloproteinase imperative for activation of endothelial Notch
and its downstream signaling, which is indispensable for tip-stalk cell specification and
development of organ-specific vascular beds, especially the coronaries [118]. Both Krippel-
like factors 2 and 4 are thoroughly studied in the context of endothelial inflammation [310].
MEF2D belongs to a family of transcription factors crucial for cardiovascular development and
homeostasis; MEF2 are also known upstream regulators of both KLFs [169, 370]. As in silico-
predicted miR-92a targets, to my knowledge, none of these has been previously described in
the context of cardiac microvascular dysfunction in diabetes. Indeed, there are over a 1000
other miR-92a downstream targets that are predicted by TargetScan, many of which are worthy
of further investigation in this context. However, there are factors that steered our selection
decision beside literature knowledge, namely the level of conservation of seed sequence match
in different species, as well as the context score. The former is strikingly apparent in our
selected targets, especially ADAM10. The latter is helpful to predict the effective binding and
regulation by miRNA; the lower the context++ score, the higher the predicted targeting
effectiveness by the miRNA [221]. This could also be seen in ADAM10 in both human and
mouse context++ scores. TargetScan also offers data on canonical mMiIRNA-mRNA targeting in
zebrafish. Interestingly, the two seed sequence matches seen in the mammalian species
presented here are conserved in the zebrafish adam10a ortholog, i.e. 7mer-Al (position 977-
983) and 7mer-m8 (position 2750-2756), reflecting the high degree of conservation in this
particular interaction. Further, both human and pig share two 8mer target sites in their MEF2D
orthologs; according to TargetScan, these two are also conserved among major orders of
Eutheria. In rodents, however, both mouse and rat — but not squirrel — lack the second
downstream 8mer site, indicating its loss in the muridae common ancestor. On the other hand,
both human and mouse share two target sites of 7mer-Al and 8mer in their KLF4 orthologs,
while pig shows only one, i.e. 8mer. The high level of conservation of these two sites in
amniotes, and the conservation of the downstream 8mer site in amphibians, all indicate a recent

loss of the upstream site in the domestic pig.
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Importantly, neither do mef2d nor their downstream kif2 or kif4, be it in their two fish paralogs,
are predicted miR-92a targets in zebrafish despite the overall gene conservation. The two
families of transcription factors, Mef2 and KIf2 were indeed shown to be highly conserved in
vertebrates, and in zebrafish, were demonstrated to be crucial for cardiogenesis and vascular
homeostasis, respectively — despite controversial reports on the role of zebrafish KIf2 in its
vascular system [371-374]. However, the strong presence of miR-92a seed sequence matches
in their orthologs in tetrapods adds a layer of regulation of those genes that reflects the
evolution of cardiovascular complexity and associated regulatory networks upon the transition
to land dwelling vertebrates, and later to endothermic homeothermy [375-376]. This is
corroborated by studies showing the particularly imperative roles for the miR-17~92 cluster in
mammalian heart development (see 1.3.3) [282, 377]. Moreover, this argues for the expression-
buffering and evolution under canalization hypotheses postulated for the role of miRNAs in
animal evolution (see 1.3.1) [233-235]. Importantly, the aforementioned findings exclude the

zebrafish as a model to study these particular signaling molecules in relevance to miR-92a.

4.11. ADAM10: a novel player in diabetic microcirculatory

dysfunction
In this study | describe the dysregulation of the miR-92a target ADAM10 in the micro- and

macrocirculation of the diabetic myocardium, with congruent evidence from both human and
porcine models. Upon characterization, | show that ADAM10 ablation impacts all aspects of
CMEC angiogenesis and migration. This can be easily understood in light of the available
knowledge on ADAM10 regulation of tip-stalk cell specification via Notch [378]. In HCMEC,
and MCMEC, | show an inverse relationship between miR-92a and ADAM10 expression.
Indeed, | confirm the direct targeting of ADAM10 by miR-92a, and the restoration of its
expression by Antagomir treatment. In HUVEC, however, this could not be reproduced; miR-
92a overexpression did not bring down ADAMI10 levels. Interestingly, this finding is
reminiscent of a similar one reported in the literature, where miR-92a overexpression did not
bring about significant downregulation of its target, SIRT1 in HUVEC, but did significantly
bring it down in coronary EC [300]. One way | interpret this is possibly as a product of
alternative cleavage and polyadenylation (APA) affecting the length of 3'-UTR, and the cis-
acting elements within [379-380]. This might apply to HUVEC considering their embryonic
nature. Indeed, studies have shown that the process of 3-UTR lengthening is associated with

embryonic development and morphogenesis; highly differentiated cells display longer 3'-UTR
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reflecting a higher level of posttranscriptional control [381]. However, it remains speculative
whether HUVEC’s ADAM10 (or even SIRT1) mRNA bear shorter 3" -UTR than its HCMEC
counterpart due to APA, thus possibly losing the miR-92a seed sequence matches. Moreover,
gPCR shows that non-diabetic HCMEC display a significantly higher basal level of ADAM10.
Altogether, this aids in understanding of why overexpression of miR-92a in our HUVEC did

not impact angiogenesis.

ADAMI0 is a critical regulator of angiogenesis and coronary vascular bed development [118-
119], Diminished levels of ADAM10 in diabetic HCMEC, as well as porcine ventricular tissue,
can not only explain the observed phenotype, but also its rescue upon miR-92a inhibition in
HCMEC. However, due to the minimal effects observed in non-diabetic HCMEC upon
ADAM10 knockdown, it is very likely that other molecular pathways might as well contribute
to the diabetic angiogenic deficiency. The pro-angiogenic effects of miR-92a-antagomir in
HCMEC can therefore involve other molecular pathways (discussed below). Further, I show
that ADAM10 was also downregulated in the macrocirculation of diabetic porcine ventricular
tissue. However, on gene expression level, its downregulation in diabetic pig ventricles was
confined to the apical side; this might reflect the relative dependence of the apical tissue on
microcirculation and where fibrosis is also known to be more prominent [382]. At the time of
writing this dissertation, and to my knowledge, the work presented here is the first report on
ADAM10 in the pathogenesis of diabetic cardiovascular dysfunction; we published this in 2021
[383].

4.12. KLFs dysregulation model to explain the diabetic

vascular inflammation

Diabetic vascular inflammation is clinically indisputable. The cardiac microvasculature is
particularly vulnerable to the heightened state of systemic inflammation in diabetes [81, 384].
Herein, the diabetic coronary microvasculature displays elevated oxidative stress and impaired
eNOS bioavailability leading to endothelial dysfunction [384]. Here, characterization of in
vitro models of diabetes revealed an exaggerated phenotype of endothelial bed inflammation
manifested in increased retention of flowing THP-1 monocytes. Be it under high glucose
culture in non-diabetic HCMEC or in their type 2 diabetic counterparts, the phenotype reflects
increased endothelial adhesive properties. Mechanistically, this occurs as a result of increased
expression of EC surface adhesion molecules, which mediate the process of tethering and
rolling [104]. Since all my presented flow chamber experiments were performed with
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unstimulated monocytes, the phenotype is attributed to the endothelial side. The endothelium-
enriched KLF2 and KLF4, have been thoroughly studied as vascular protective transcription
factors, regulating multiple anti-oxidant, anti-inflammatory, anti-thrombotic and anti-adhesive
targets [310]. Here, I report dysregulation of both KLF2 and KLF4 in diabetic HCMEC, and in
diabetic porcine left ventricles, implying a common pathway to the observed cardiovascular
phenotypes in different diabetic models. While no previous reports have described these two
factors in the context of diabetic microvascular dysfunction, earlier studies in HUVEC have
demonstrated the impact of high glucose on KLF2 expression [163]. Others have shown that
KLF2 activation prevented the high glucose-induced inflammatory phenotype in HUVEC by
reducing monocyte adhesion [165]. One way KLF2 exerts such anti-inflammatory roles in the
endothelium is by transactivation of the transcription factor EB (TFEB), which in turn thwarts
the NF-kB-downstream expression of adhesion molecules, such as VCAM1 and E-selectin
[164]. In congruence with our findings, a study by Song et al. showed that TFEB activity was
downregulated in diabetic mice [164]. Moreover, | verified the aforementioned findings by
showing that downregulation of KLF2 in non-diabetic HCMEC was enough to elicit the same
inflammatory phenotype seen in their diabetic counterparts. As introduced, the anti-
inflammatory role of KLF2 is not confined to EC. From the myeloid side, it has long been
shown that KLF2 abrogates inflammatory activation of monocytes, macrophages and
neutrophils [147, 385-386]. It would therefore be of interest to examine the expression level of
KLF2 in the diabetic myeloid component. On the other hand, KLF4 was not significantly
downregulated in diabetic HCMEC. This can be justified given the reported partial redundancy
of the two KLFs, as well as the reported lethality of postnatal combined endothelial-specific
knock-out in animal models [154, 158]. Therefore, maintenance of some activity of one KLF
in the absence of the other can be understood as an essential adaptation. This is supported by
the study of Sangwung et al., demonstrating the necessity of at least a single allele of either
KIf2 or KIf4 for life in mice [154]. We have also alluded to this by gene expression analysis of
MCMEC KIf2 and KIf4 upon knock-down of either one, revealing significant downregulation
of KIf4 upon knock-down of KIf2, but not the other way around. KLF2 might therefore be
superior to KLF4 in regulating inflammation in the CMEC. Notwithstanding, KLF4
dysregulation has been reported to influence macrophage polarization [159]. In fact, studies
have shown that in atheroprone microenvironment, EC liberate miR-92a-laden extracellular
vesicle that signal and promote pro-inflammatory macrophage phenotypic polarization by
downregulating macrophage KLF4 [387]. Interestingly, in the cited study by Chang et al., EC
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inhibition of miR-92a thwarted this phenomenon. It is therefore worthy to extrapolate these

findings to the situation in diabetes in future experiments.

Our dual luciferase reporter assays confirm that both Kifs are indeed direct miR-92a targets.
This comes in concordance with our results, as well as previously published reports in HUVEC,
wherein miR-92a downregulates both factors [388]. In a study by Wu et al., miR-92a
downregulated KLF2 in a flow-dependent manner in HUVEC, bovine aortic EC (BAEC) and
in mouse carotid artery ex-vivo [297]. In their study, oscillatory (atherogenic flow) upregulated
miR-92a leading to reduced levels of KLF2 and its downstream targets eNOS and
thrombomodulin (TM). Not only did inhibition of miR-92a in diabetic HCMEC restore KLF2
levels, but probably also its function as a well-established inhibitor of the EC pro-inflammatory
cell surface proteins, such as VCAML1 [143, 309-310]. Indeed, miR-92a Antagomir treatment
of diabetic HCMEC led to significant reduction in protein expression of VCAML1, which also
explains the anti-adhesive effect of miR-92a Antagomir in diabetic HCMEC in the flow-
chamber assay. Interestingly, while miR-92a inhibition restored KLF2 levels in diabetic
HCMEC, overexpression of thereof did not alter KLF2 mRNA levels in non-diabetic HCMEC.
This implies that the increase of miR-92a in diabetes alone is not sufficient to explain the
dysregulation of KLF2. This is not surprising since KLF2 is one of the most evolutionary
protected genes in recent species. This has been clearly demonstrated in a bioinformatics study
by Sweet et al. showing substantial guanine/cytosine (GC) enrichment in mammalian and bird
KLF2 compared to their reptilian and non-amniotic orthologs, however without altering the
protein’s basic makeup [136]. Additionally, they showed that KLF2 had accumulated more
guanine or cytosine in the third position of its codons (GC3), allowing for mutational resistance
by codon degeneracy, mRNA stability and translational efficiency. Herein, the human KLF2
shows exceptionally higher GC content (74%) towards the 5" end of its coding sequence (CDS),
corresponding to its activation and repression domains. Interestingly, they also reported
significantly increased occurrence of KLF-binding motifs in recent species, with extraordinary
enrichment in primates, and humans on top of this trajectory. This, along with empirical
evidence of embryonic lethality from knock-out models, highlight the unequivocal importance
of KLF2 and the grave consequences of its dysregulation in diabetic cardiovascular system
[141, 389]. Herein, restoration of KLF2, e.g. by miR-92a inhibitors, can therefore be of great

therapeutic value in a clinically realizable setting.
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4.13. MEF2D as a novel player in diabetic microvascular

dysfunction

The aberrantly regulated KLFs in diabetic hearts is an alarming finding, begging an
explanation. As expression of both KLF2 and KLF4 is associated with hemodynamic flow,
disturbances thereof, e.g. as a result of diabetes-associated atherosclerosis, can inculcate their
dysregulation. One way to explain this on the molecular level, is by examining their flow-
dependent master regulators, i.e. myocyte enhance factor 2 (MEF2) group of transcription
factors [155, 370]. MEF2 operate directly downstream of flow-induced activation of
extracellular signal-regulated kinase 5 (ERKS5), which in turn phosphorylates MEF2 to activate
KLF2 and KLF4 expression by binding to their promotor and distal enhancer regions,
respectively [314-315]. Of the four MEF2 members A, B, C and D, MEF2A and MEF2D were
selected for further investigation in our study as the predominant isoforms in the adult heart
[170]. Interestingly, as predicted by in silico analysis, MEF2D was verified by our reporter
assays as a direct miR-92a target, and our gene expression analysis revealed its significant
downregulation in our diabetic models. This is yet another novel finding of my project,
describing a role for MEF2D in the cardiac microcirculation and its diabetes-induced
pathology. | confirm these findings upon knock-down of MEF2D, showing a concomitant
significant reduction in KLF2 expression. Like KLF2 and KLF4, MEF2 behave in a partially
redundant fashion; this has been demonstrated by studies on knock-out models [169, 390].
Expectedly, MEF2A expression was not significantly altered in diabetes. While the impact of
miR-92a overexpression was of minimal effect in non-diabetic HCMEC, its inhibition was
capable of restoring MEF2D expression level in their diabetic counterparts; again promising a
therapeutic potential. Importantly, as the MEF2 family of transcription factors have been
shown to be crucial for angiogenesis by regulation of the Notch gene family, their dysregulation
in diabetic HCMEC as well as in diabetic porcine ventricles supports the explanation of the
observed angiogenic defects thereof [169, 390]. After all, like ADAM10, the proangiogenic
effects of miR-92a-antagomir can involve derepression of MEF2D. It would be of interest to
follow up on our experiments by investigating the loss or knockdown of either MEF2, e.g. by

SiRNA knock-down, in the context of HCMEC angiogenesis.

Importantly, both MEF2A and MEF2D have been reported in regulation of expression of the
glucose transporter GLUT4, where MEF2A is the more potent transactivator and MEF2D
competes with it over the same promotor [312]. MEF2D, therefore acts as a partial agonist
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controlling GLUT4 expression in the presence of MEF2A. Herein, | postulate a hypothesis,
wherein the overexpression of miR-92a is one way, by which highly glycolytic EC cope with
the glycemic stress by downregulating MEF2D downstream of miR-92a, hence increasing
MEF2A occupancy of GLUT4 promotor, leading to its upregulated expression and increased
glucose uptake. Indeed, | show a correlation between miR-92a overexpression and both GLUT4
and glucose uptake in non-diabetic HCMEC, and probably explaining the initial response of
HCMEC to glycemic challenge by overexpressing miR-92a. It would be of interest to test this
further.

Finally, the downregulated MEF2D in diabetic HCMEC and porcine ventricular tissue can be
understood in light of the epigenetic changes that ensue as a result of hyperglycemia, as well
as hemodynamic disturbances. This is justified by the strict regulation of MEF2 by class lla
histone deacetylases (HDACs). Herein, HDACS5, a member of class Ila HDACs, forms a
repressive complex with MEF2 that is released upon laminar flow (LF)-induced
phosphorylation of HDAC5 by ERKS and derepression of MEF2 [391]. This has been
demonstrated to be the main mechanism by which MEF2 activate KLF2 expression [391].
Indeed, HDACs have been thoroughly studied in the context of diabetes, where they have been
ascribed the dysregulation in multiple gene expression programs [392]. For example, HDAC5
inhibitors have been shown to induce GLUT4 expression and enhance insulin sensitivity in
skeletal muscles [393]. Consistently, in diabetic HCMEC, glucose uptake was significantly
reduced despite no significant differences in expression of either GLUT1 or GLUT4 in my
hands. It would therefore be of interest to investigate the HDACS5 phosphorylation status, and
the possible utility of HDACS inhibitors to restore MEF2D and/or KLF2 levels in our diabetic
models. Whereas miR-92a upregulation was postulated as an initial mechanism to increase
glucose uptake in CMEC by fine tuning the MEF2D-MEF2A activity, later accumulation of
epigenetic changes over the chronic diabetic setting might render this ineffective by severely

downregulating MEF2D and disrupting the balanced regulation of GLUT4 expression.

Figure 52 summarizes the molecular findings of the current study.
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Figure 52. Molecular alterations of DM and the role of miR-92a in its cardiovascular phenotype.
(Created with BioRender.com)

4.14. Translational prospects

At the time of writing this dissertation, humanity is jubilating their triumph over the devastating
pandemic of corona virus disease 2019 (COVID-19). By virtue of novel mRNA vaccines, the
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is no longer a menace to the
world population [394]. Such unprecedented success highlighted the eminence of RNA
therapeutics as the horsepower of contemporary medicine [395-396]. However, long before the
COVID-19 vaccines, RNA therapeutics have been heavily investigated in the context of CVD
[397]. As of miRNAs, the aforementioned powerful findings from in vitro and pre-clinical
research are awaiting their translational fruition. Indeed, some have already made it. The work
of Thomas Thum at Hannover Medical School has recently demonstrated encouraging results
in phase 1b clinical trials with CDR132L, a novel antisense oligonucleotide to cardiac miR-
132-3p [398]. On such trail, miR-92a is not far behind. Born with great translational potential,
miR-92a has been brought forward by elegant studies of Dimmeler and Hinkel et alia. Now,
MRG-110 has become the first anti-miR-92a-3p to undergo a clinical trial for safety and
efficiency in healthy adults — yet so far only via systemic infusion [399]. Notwithstanding,
investigation of volunteers’ peripheral blood compartment showed significant downregulation
of miR-92a, as well as derepression of its target ITGAS. As demonstrated by Hinkel and
colleagues in porcine animal models, therapeutic benefits were achieved only upon local
myocardial delivery [298]. The challenge is up for future studies to develop and test effective

delivery modes and validate the clinical efficacy of such novel miRNA inhibitors in patients.
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5. Conclusion

The present doctoral study is an endeavor of empirical science to understand the molecular
determinants of diabetic cardiovascular complications. It emphasizes pivotal aspects of
microvascular dysfunction in the diabetic myocardium utilizing human in vitro primary
endothelial models, combined with those of other mammalian species. Building on previously
reported findings on micro-RNAs in diabetic cardio-vasculopathy, miR-92a was especially
qualified for further investigation. Herein, | could demonstrate the pathogenic role of miR-92a
dysregulation in the diabetic coronary microcirculation. Moreover, | described novel molecular
targets and/or interactions in the diabetic myocardium, with particular relevance to miR-92a,
namely ADAM10, KLF and MEF2, inter alia. The presented experiments and findings prove
their unequivocal involvement in the microvascular phenotype of capillary rarefaction and
inflammation, as well as direct interaction with miR-92a. Importantly, these findings strongly
qualify miR-92a as a therapeutic target for this pathological condition and justify further
clinical studies with miR-92a inhibitors. The study at hand seeks filling of knowledge gaps in
the pathogenesis of diabetic cardiovascular complications, but more so opens new avenues of
research into molecular understanding of cardiovascular disease and promising miRNA-based

therapeutics for such a global health concern.
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