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ABSTRACT

Background: Small non coding RNAs (sncRNAs) are endogenous short
non coding molecules that regulate gene expression at post-translational
level and are involved in several physiopathological processes.
Circulating sncRNAs could be found free in biological fluids or loaded
into extracellular vesicles, such as microparticles (MPs) in order to reach
other tissues and amplify their signal. Next-generation sequencing (NGS)
has become the main platform for biological research and biomarker

discovery in the profiling of sncRNAs.

Aim: The aim of this study was: 1) to set up a protocol using NGS
technology for the identification and quantification of circulating
sncRNAs involved in atherosclerotic plaque composition in type 1
diabetic patients (T1DM); 2) to characterize the phenotypes of
circulating MPs derived from TIDM, associated with the plaque
composition to evaluate the impact of these extracellular vesicles as

carrier of specific small non coding RNAs, involved in these pathways.

Material and Methods: Total RNA of 61 T1DM patients with fibrous
(CFP; n 30) or calcified (CCP; n 31) carotid plaques was extracted from

plasma samples, using a kit for biological fluids. For NGS sequencing,
25 CFP and 26 CCP were evaluated. The preparation of libraries was
assessed using the Qiagen system. The sncRNA libraries pool was
sequenced through the NGS sequencer MiSeq (Illumina), and the
analysis performed by two bioinformatics tools (Partek Flow and CLC
Genomics Workbench software). MPs derived from plasma of 40 T1IDM
patients with fibrous (CFP; n 20) or calcified (CCP; n 20) carotid plaques
was assessed by centrifugation (40min x 14,000 rpm a 4°C) and
characterized using flow cytometry (CytoFLEX, Beckman Coulter).



Results: An unbiased and accurate sncRNome-wide quantification was
obtained, detecting already known circulating sncRNAs (miRNAs, n
2632; piRNAs, n 3286; and tsRNAs, n 640). The bioinformatic analysis
using two software on the already known 2632 miRNAs showed a
different profile in TIDM with CCP compared to TIDM with CFP.
Circulating level of several miRNA implicated in vascular remodeling
and glucose metabolism were upregulated in patients with CCP,
compared to CFP (miR-503-5p, miR-93-5p, miR-106b-5p and let-7d-5p)
and downregulated (miR-451a, miR-10a-5p and miR-29b-3p) in patients
with CCP, compared to CFP.

We found that MPs released from endothelial cells and Platelets are
enhanced in TIDM with vascular calcification (CCP) compare with
T1DM with fibrous plaque (CFP); interestingly, a population of MPs
derived from a niche of cells positive for CD34 and a-smooth muscle
actin (aSMA) is also increased in CCP. Furthermore, the subgroup of
MPs positive for calcification marker was significantly enhanced in
patients with CCP in comparison to CFP patients with the main
contribution given by CD34+ cells, suggesting a key role of these cells

in the development of this vascular complication.

Conclusions: In conclusion, our results demonstrate the power of NGS
technology to identify a huge amount of circulating sncRNAs and to
discover RNA molecules present in human plasma. The identification of
new molecular biomarkers with this ultra-high throughput and sensitive
technique (NGS) will help to go further insight specific
pathophysiological processes, such as atherosclerotic plaque
composition in diabetes, allowing a potentially more targeted therapeutic
approach. Furthermore, we demonstrate that microparticles exhibit
differential markers in the presence of vascular calcification suggesting

a potential role as carrier of small molecules to amplify their signal.
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INTRODUCTION

1. Type 1 diabetes mellitus

Type 1 diabetes mellitus (TIDM) is a chronic disease characterized
by increased blood glucose levels (hyperglycaemia). It is generally thought
to be due to an immune-associated or directly immune-mediated, destruction

of insulin-producing pancreatic 3 cells (1).

Although type 1 diabetes was largely considered a disorder that typi-
cally affects children and adolescents, this opinion has changed over the past
decade. Polydipsia, polyphagia, and polyuria along with hyperglycaemia
(symptoms associated with disease onset) remain diagnostic hallmarks in
children and adolescents, and to a lesser extent in adults (2). In fact, in adults
diagnosis of type 1 versus type 2 diabetes, characterized by insulin resistance
as the main cause of hyperglycaemia, can be challenging. Around 5-15% of
adults diagnosed with type 2 diabetes might actually have islet autoantibod-
ies, therefore T1DM is underestimated (3).

In order to take in to account the heterogeneity of TIDM, a novel
classifications was proposed: type 1A (autoimmune) diabetes that affects the
majority of patients (70-90%) along with the loss of B cells due to
autoimmunity response and self-reactive autoantibodies production, and type
1B (1diopathic) diabetes, whose specific pathogenesis remains unclear with
often no immune response detectable(4). A subset of individuals within this
latter group have monogenic forms of diabetes, such as maturity onset
diabetes of the young (MODY); However, latent autoimmune disease of
adults (LADA) and ketosis-prone diabetes attempt to distinguish adult cases
of type 1 diabetes from those with type 2. However, the presence of a chronic
inflammatory infiltration that affects pancreatic islets at the symptomatic

onset of type 1 diabetes is the basis of this observation.

Despite any classification, T1DM patients need for exogenous insulin

replacement for lifetime treatment. The discovery of insulin in 1921 was
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clearly the most significant therapeutic event in the history of type 1 diabetes
although in modern countries the management of T1IDM is improved by
insulin analogues and mechanical technologies such as insulin pumps and
continuous glucose monitoring in order to emulate the physiological role of

the endocrine pancreas and to prevent complications.

In fact, insulin therapy diminishes the risk of ketoacidosis and
alleviates T1DM-associated metabolic abnormalities. However, patients with
T1DM still experience substantial morbidity and mortality owing to chronic
complications. T1DM patients have a reduction of life expectancy of 12 years
and fourfold increased risk of death manly due to cardiovascular causes

compared to subjects without diabetes (5).

1. 1 Long-term complications of TIDM

HbAlc (glycated haemoglobin) is considered a marker of long term
glycaemic control and a predictor of complications, mainly caused by
hyperglycaemia(6). The DCCT and EDIC studies showed that tight
glycaemic control and consequently normal level of HbAlc result in reduced
long term complications: these results support the hypothesis that a good

glycaemic control may induce metabolic memory for many years (7),(8).

First of all, high blood levels of glucose lead to change in the cellular
metabolism: the exacerbate glucose uptake into the cells induces
overproduction of reactive oxygen species (ROS) by the mitochondrial
electron transport chain resulting in oxidative stress and consequently DNA
damage. It has been reported that DNA strand breaks activate a specific
pathway that interferes with glycolysis and activates pathogenic signals
producing glycolytic intermediates. These products block two enzymes,
endothelial nitric oxide synthase, and prostacyclin synthase and their anti-

atherosclerotic effects (fig.1) (9).
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Figure 1: Intracellular effects of high glucose level. Oxidative stress and the increased
production of reactive oxygen species (ROS) are induced by increased intracellular glucose
levels resulting in DNA strand breaks. DNA damage activates the production of polymers of
ADP-ribose by PARP which block the activity of glyceraldehyde-3-dehydrogenase
(GAPDH). As consequence, glycolytic intermediates are diverted into pathogenetic

signaling pathways. AGE, advanced glycation end product; TIDM, type 1 diabetes mellitus.

These pathologic mechanisms result in different outcomes depending
on tissues and compartments involved. In fact, the complications of chronic
diabetes are mainly subdivided into microvascular and macrovascular

complications.
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1.1.1 Microvascular complications

Microvascular complications include several conditions typical of
diabetes such as nephropathy, retinopathy, and neuropathy as result of the
inability of cells that arrange retina, renal glomeruli, and peripheral nerves to
manage the increased level of extracellular glucose. However, concomitant
risk factors as smoking and hypertension or genetic susceptibility increase the

hazard of developing vascular complications.

Diabetic Retinopathy could lead to vision loss and the prevalence in
T1DM is >80%(10). It is characterized by impaired blood flow and early
aneurysmatic changes in the retinal vessels within their compensatory
increased proliferation. These new vessels are more fragile and permeable
leading to haemorrhages and decrease retinal perfusion until blindness.
Moreover, TIDM patients show an increased risk of developing macular
oedema, cataracts, and glaucoma, therefore they should be routinely screened
(11).

Diabetic nephropathy causes chronic kidney disease (CKD) in the 20-
40% of TIDM typically after 10 years from the diagnosis of diabetes (12).

In general, the diagnosis of nephropathy is based on the increased of urinary
albumin excretion (from microalbuminuria 30-299 mg/24h to
macroalbuminuria > 300mg/24h) and a reduction of estimated glomerular
filtration rate (eGFR), in absence of other signals of renal damage. The role
of hyperglycaemia in this microvascular complication is reported to be
crucial, in fact, several studies show levels of glycosylated haemoglobin
below 8.0 percent are associated with the regression of microalbuminuria.
The microalbuminuria could be stabilized or even prevented in patients
treated with antihypertensive drugs (ACE inhibitors) and statins (13).
Diabetic neuropathy includes several disorders which are grouped in
diabetic peripheral sensorimotor neuropathy (DPN) and autonomic
neuropathy (DAN).
DPN affects 21% of T1DM subjects and these patients should be monitored

every 5 years since the diagnosis of diabetes. This disorder involved

8
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peripheral nerves, therefore, depending on that, symptoms may be very
different. The early stage of DPN for sensitive nerves included pain,
dysaesthesia, and loss of protective sensation (LOPS) know as sensorial
deficit (14).

DAN involves vegetative nervous system and affects cardiovascular,
genitourinary and gastrointestinal nerves. In particular, cardiac autonomy
neuropathy (CAN) is an independent risk factor for cardiovascular mortality
and comes over 40% of TIDM. At early stage it could be asymptomatic or
induce only a reduction in the heart rate variability which occurs in exercise
intolerance, orthostatic hypotension, and resting tachycardia. Patients with
CAN with deficient autonomic responses may be at particular risk of severe

hypoglycaemia (15).

1.1.2 Macrovascular complications

Cardiovascular disease is becoming a more common macrovascular
complication as type 1 diabetes live longer. They mostly manifest in TIDM
as coronary artery disease (CAD), heart failure, cerebrovascular disease and
peripheral artery disease (PAD). These conditions are not specific to diabetes
but T1DM show a two-eightfold increased risk of developing these conditions
which are more aggressive in these patients. Even if several studies show that
it takes many years to notice the effect of glucose levels on macrovascular
outcomes, tight glycaemic control in T1DM may reduce by 42% the incidence

of cardiovascular disease (8).

The pathophysiology underlying this phenomenon has been attributed to
vascular alteration and reflects an accelerated atherosclerotic process, that
appears to be different in diabetic patients compared to non-diabetic subjects.
Vascular lesions exhibit a larger content of lipid-rich atheroma, macrophage
infiltration, and subsequent thrombosis in patients with diabetes than in
patients without diabetes. These differences suggest an increased
vulnerability for coronary thrombosis in patients with diabetes mellitus. (16).

The inflammatory process represents a crucial mechanism in atherosclerosis
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and many pieces of evidence show that it is exacerbated in diabetes,
especially in TIDM. Obesity, an abnormal distribution of fat in the body,
thrombosis, hyperglycaemia, and even hypoglycemia lead to an inflammatory
state. In particular, acute hypoglycaemia seems to be involved in complex
mechanisms that activate pro-inflammatory, prothrombotic and pro-
atherogenic pathways (17).

Coronary Artery Disease (CAD) or ischemic heart disease is a cardiac
disorder characterized by impaired fluid load within oxygen that affects
myocardial tissue. Clinically, CAD could be asymptomatic, detectable
through the presence of coronary plaque by coronagraphy, and symptomatic
in turn distinguished in two categories: chronical coronary disease with stable
angina, and Acute Coronary Syndrome (SCA) which includes unstable
angina (Al), acute myocardial infarct (IMA) and sudden death. Type 1
diabetes represents a risk factor, especially for symptomatic CAD (16).

Heart failure is a syndrome characterized by several clinical symptoms
and signs such as dyspnea, asthenia, and oedema within frequent
hospitalizations and loss of life expectancy. In many cases of diabetes, it
could be owed to CAD as a consequence of premature ageing affecting these

patients.

Cerebrovascular diseases include many common and disabling disorders
such as ischaemic or haemorrhagic stroke, aneurysms, and arteriovenous
malformations. Stroke appears as a sudden localized neurologic deficiency
due to a reduction of blood flow, for a few seconds until reperfusion of the
area named Transient Ischemic Attack (TIA), or it persists for several
minutes within cerebral tissue death with permanent damage. Diabetes is a
well-known risk factor for stroke trigging pathological changes into the main
vessels involved in endothelial dysfunction, increased arteriolar stiffness and

chronic inflammation.

Peripheral Artery Disease (PAD) is a syndrome characterized by stenosis
and occlusion that involves aorta or lower limb arteries leading to no pulse in

the lower extremities and muscular atrophy. The first cause of PAD is

10
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atherosclerosis although there are several predictors in TIDM: age, sex, foot
ulcers, diastolic pressure, HbAlc, and microvascular complications. It could
be asymptomatic therefore, it is important to monitor these patients to avoid

negative outcomes.

1.1.3 Atherosclerosis and vascular calcification in T1IDM

Long term complications in diabetes are driven by inflammation and by
slowing blood flow accelerating atherosclerosis. The initial event in the
development of atherosclerosis is endothelial damage and the accumulation
of low-density lipoprotein (LDL) in the sub-intimal space of the arteries due
to increased endothelial permeability. Endothelial dysfunction is followed by
the adhesion and migration of monocytes and T cells in the intima in response
to the expression of adhesion molecules on the endothelial surface. Then, the
recruitment of proliferative smooth muscle cells (SMCs) from the tunica
media to the tunica intima, provides the formation of atheroma in the neo-
intima. SMCs produce extracellular matrix molecules, such as collagen and
elastin, thus forming a fibrous cap covering the plaque mostly composed by
apoptotic macrophage-derived foam cells, enriched in oxidized LDL (18).
Platelet adhesion to the intima markedly contributes to the rapid growth of
the atherosclerotic lesion.

During the progression of atherosclerosis, endothelial cells, macrophages,
and smooth muscle cells undergo cell death by apoptosis or necrosis. The
destruction of foam cells and the loss of smooth muscle cells can cause the
destabilization of the atheroma core and the fibrous cap ruptures, owing to
the release of metalloproteases. However, the collagen matrix produced by
muscle cells within the fibrous cap maintains the plaque stable and protects it
from rupture and thrombosis (19). In this context, microvascular and
macrovascular calcifications are considered well-known markers of
subclinical atherosclerosis burden, especially in diabetes.

Vascular calcification (VC) is a complication that occurs during aging, in

particular in association with diabetes and it is associated with inflammatory

11
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status. VC can be morphologically classified into 2 distinct forms depending
on the location, within the intima or the media. Although medial calcification
is the most common form in diabetes and affects peripheral arteries where
smooth muscle cells (SMCs) and elastic membrane loss elasticity, we are
focused on intima calcification that is the predominant type of calcification
seen in coronary and carotid atherosclerotic diseases.

The earliest lesion morphology exhibits pathological intima thickening
caused by SMCs apoptosis and by the release of matrix vesicles contained
cholesterol-enriched lipids that occur on the formation of microcalcification.
The extent of plaque calcification within lesion progression is exacerbated by
macrophages infiltration of the lipid pool along with necrosis. Area of
confluent calcification involved cellular matrix and necrotic core as

fragments or diffuse areas.

It is well recognized that calcification has a dual function, which either
promotes plaque progression towards an unstable, rupture-prone phenotype
and favors stabilization, depending on the type of pattern of calcium
deposition. In general, the pattern of vascular calcification could be
recognized as spotty or granular microcalcification that is associated with a
proinflammatory process and lesion instability, while sheet-like or laminated
macrocalcification, often observed in fibrotic lesions and supports plaque
stabilization. However, sheet-like matrix calcification forming nodular
calcification, eventually erupts into the luminal space causing a potentially

fatal thrombosis.

Several studies suggest that diabetic patients have differential
mechanisms of plaque growth in comparison to non-diabetic subjects due to
the main role of hyperglycaemia ad inflammation. This leads to a different
core size of atherosclerotic plaque in these patients. Diabetic patients exhibit
a larger percentage of lipid-reach atheroma and greater area occupied by
macrophages and T cell components in the lesions which is comprehensible

considering the autoimmune nature and genetic susceptibility of TIDM.

12
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Factors, such as blood osmolarity, caused by hyperglycaemia, the
activation of protein kinase C and increased expression of glycoproteins have
been implicated in the effect of diabetes on platelet function.

Since vascular calcification significantly impacts morbidity and mortality in
diabetes, a better understanding of its induction and development will open
the way to develop new therapeutic strategies.

Furthermore, since there is no current specific treatment for vascular
calcification we hope that identifying specific predictive risk factors may
point the way towards a remedy that could help prevent or even slow the

process of calcification.(20)

13
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1.2 Risk factors of cardiovascular diseases in T1IDM

Several epidemiologic studies recognize many elements that affect the
incidence and the prevalence of CVD in TIDM. Besides risk factors in
common with T2DM such as obesity, insulin resistance, reduce physical
activities, traditional factors of risk for CVD like hyperglycaemia,
dyslipidemia, hypertension, and smoking represent targets during therapy and

prevention in TIDM.

Hyperglycemia and level of HbA I c are strongly associated with CAD,
in diabetic patients within an increasing risk of death for cardiovascular
complications. Therefore, promoting tight glycaemic control, also at the onset
of disease represents the good practice in order to induce metabolic memory,

as soon as possible (21).

Obesity is becoming a risk factor for TIDM as a consequence of the
increasing prevalence of this condition in the general population as well as in
type 1 diabetes. A possible explanation of this tendency in TIDM could be a

higher intake of calories in order to avoid hypoglycaemia (17).

Dyslipidemia is an abnormal amount of lipids in the blood which is
associated with TIDM compared to the normal population. However, not
balanced glycemia, increased weight and insulin resistance induce more
atherogenic cholesterol production in TIDM. Therefore, during the therapy,
a concomitant condition of dyslipidemia should be carefully considered,
particularly in presence of other risk factors for CVD as hypertension, CKD
and familiarity, prescribing statins along with other hypolipidemic drugs as
necessary (22).

Diabetic Nephropathy is a complication strongly associated with
CVD showing common risk factors. In fact, the activation of the renin-
angiotensin-aldosterone system along with fluid retention contributes to
increased blood pressure in these patients. Consequently, diet modification
and insulin treatment represent the first line in primary prevention (23).

Hypertension is an independent risk factor for CVD and affects 43%

of TIDM. The main cause of this tendency is due to hyperglycemia, therefore,

14
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medical recommendations include a hypotensive diet with reduced intake of
sodium and increased physical activities together with tight glycaemic control
(24).

Accordingly, in the clinical practice, duration of diabetes along with
blood pressure, LDL cholesterol level, HbAlc, albuminuria, eGFR, BMI
(body mass index), and physical activities should be constantly monitored as

primary prevention for CVD in TIDM.

The recognition of disease heterogeneity may be a way to better
personalize the treatment of TIDM in order to avoid vascular complications.
In terms of scientific progress, one of the main goals of researchers is
discovering new molecular markers that could be potentially useful for early
diagnosis of these conditions and as new more focused therapeutic targets to

avoid them.

15
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1.3 Challenging discover of Molecular biomarkers of vascular

calcification in T1IDM

Vascular calcification (VC) has been considered for a long time a
passive process related to ageing rather than an actively regulated and
complex process. Many dynamic changes can trigger or promote VC,
therefore, several potential biomarkers, risk factors and therapeutics have
been proposed to be taken in to account for better handling and prevention of

this condition.

Fibroblast growth factor-23 (Fgf-23) is a small protein that promotes
phosphate excretion by reducing its proximal readsorption and the
gastrointestinal absorption of calcium and phosphate trought the inhibition of

Vitamin D conversion in its active form. (25)

Several studies show that Fgf-23 null mice develop VC and poor phosphate
diet plays a major role in calcification abnormalities. These findings suggest
that it could be a hall marker of VC, corroborating the hypothesis that it
contributes to VC as subclinical cardiovascular injury, as shown in CKD
patients with elevating serum level of Fgf-23. In fact, several studies
confirmed the correlation between higher serum Fgf-23 levels and mortality

and VC, regardless serum phosphatase levels(26).

Fetuin-A (fet-A) 1s a potential inhibitor of calcification produced by
the liver that seems to be related to chronic inflammation state. The formation
of fetuin-A calciprotein particles (CPP) induces the clearance of hydroxyl
apatite crystals, binding early calcium phosphate deposits and inhibiting their
growth along with the amount of mineral deposition in the vessels during VC
process(27). Furthermore, many studies support the evidence that lower
serum Fet-A levels are associated with vascular calcification. These findings
corroborate the hypothesis of Fet-A as a new biomarker for this disease,
although the exact role of Fet-A in vascular calcification needs to be further

evaluated (25).

Matrix Gla Protein (MGP) is a vitamin K dependent carboxylated

protein expressed by chondrocytes, vascular SMCs, endothelial cells and

16



Introduction

fibroblasts ables to inhibit arterial calcifications. As Fet-A, MGP binds
calcium crystals and plays a role in the maintaining of VSMCs phenotype
preventing osteoblastic differentiation, a phenomenon that occurs during
vascular calcification. MGP could protect mineral nucleation sites on elastin
preventing spontaneous calcification of the elastic laminae. The activation of
MPG depends by vitamin K carboxylation, therefore, vit K deficiency induces
magnificient of VC phenomenon in experimental models (28). This finding
explains the observation that warfarin leads to extensive VC also in human
studies and that Vit K therapy partially reverses warfarin effects in VC in rats.
Since warfarin is commonly used as anticoagulant drug in therapy, the effects
on VC process should be considered and further studied are needed, as long

term consequences, especially in diabetic and CKD patients(25).

Bone Morphogenic Protein- 2 (BMP2), a TGFp like growth factor
family member, is a key factor involved in many processes from the tissue
remodeling in adults to the development in the embryo. BMP2 regulates the
bone formation promoting osteoblast differentiation and mineralization,
while its inhibition protects against atherosclerosis and against VC, in vivo
and in vitro studies. BMP2 expression is increased in calcified VSMC which
suggests its key role in the trans-differentiation osteogenic phenotype during
VC(25).

Osteoprotegerin (OPQG) is a regulatory factor derived by stromal cells
in the bone marrow which guides the bone turnover, inhibiting osteoclast
differentiation as a decoy receptor for NF-KB ligand (RANKL system). OPG
also inhibits alkaline phosphatise (ALP) activity and its levels were found to
be significantly higher in CKD patients (25). This molecule is considered a
protective factor against VC by blocking bone remodeling process in vessels,
since it neutralizes the pro-apoptotic action of TRAIL (TNF-related
apoptosis-inducing ligand) responsible for vascular cell apoptosis strongly
contributing to mineralization(29). According to several studies, OPG seems
to be a marker of VC onset rather than a progression predictor, in fact OPG

levels were significantly increased in patients with moderate calcification but
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not in several VC. Although there are some evidence of correlation between
OGP levels and calcification, its role as marker rather than a protector or as
an active player in this process should be elucidated. Recombinant OGP
treatments were proposed to decrease or even inhibit VC with promising

results in mice model, nevertheless, they are not in clinical study.

Osteopontin (OPN) is a phosphoprotein that inhibits mineralization
and it is expressed in mineral tissues. OPN blocks hydroxyapatite formation
and activates osteoclast function. OPN is active as inhibitor of mineralization
in VSMC when phosphorylated, binding mineralized crystal surface. On the
contrary, in its cleaved form facilitates vascular mineralization acting as a
proinflammatory cytokine and proangiogenic factor(30). For these reasons,
its potential role as serum biomarker for calcification is still debated. On the
contrary, OPN plays a key role in inflammatory process and its relation with
diseases related to inflammation such as atherosclerosis, diabetes and other

autoimmune disorders has already been shown.

Osteocalcin (OCN) is a vitamin K dependent matrix protein with a
strong affinity for hydroxyapatite. It is expressed in calcified atherosclerosis
plaques and its role in VC is still controversial. In fact, even if OC inhibits
crystal growth, on the contrary, it seems to promote differentiation and
mineralization, upregulating sox9, ALP and mineral content in VSMC and
chondrocytes, in vitro. Several studies also demonstrated its metabolic role
stimulating insulin secretion and glucose uptake in responsive cells, arguably
involving hypoxia- inducible factor 1 alfa (HIF-1a) that triggers a gene
expression modulation of glucose metabolism factors (25). Furthermore, a
subpopulation of circulating endothelial progenitors cells expressing OCN
shows procalcific polarization in diabetic patients affected by CAD.
However, OCN role as potential serum marker of VC is still discussing for
controversial findings in several studies, therefore in order to use it as a
diagnostic or screening tool, its place in VC pathogenesis must be clarified.

Pyrophosphate (Ppi) is a small molecule acts as a calcification

inhibitor blocking hydroxyapatite crystal formation. It has been shown that a
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decrease of PPi along with high phosphate levels and type 1 collagen could

accelerate the calcification process(31).

For each one of these potential biomarkers, there is a downside as
involved in many pathways and diseases: their direct effects on the
vasculature could lead at the same time to indirect effects in other tissue and
pathways, such as bone turnover. Therefore, these actions are not so easy to
discriminate. In fact, there is also a substantial overlap between VC regulatory
mechanisms and those that regulate bone mineralization in the skeleton, or
CKD and other complications of diabetes. Therefore a good biomarker should
be achieved clinical goal ,for instance, selecting high-risk patients, providing
a prognostic value that should be as specific as possible for the targeted long
term complications.

For this reason, in the last two decades it is catching on new classes
of molecules detectable in biological fluid that could regulate specific

pathways, such as small non-coding RNAs.
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2. Non-coding RNAs

Over the last years, the rapid development of high —throughput
sequencing technologies has revealed a regulatory function of RNA in protein
synthesis leading researchers to re-examine the roles of RNA in
physiological and pathological processes. It is well known that only 3% of
the transcripts encode for proteins, while at least 80% of the genome is
actively transcribed. Since the discover of ribosomal RNA (rRNA) and
transfer-RNA (tRNA), has been raised the question of whether the remaining
non-protein coding transcripts are considered transcriptional noise or actual
molecules contain genetic information, recently named non-coding RNAs

(sncRNAs) (Fig.2)
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“sncRNAs” “IncRNAs”
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= transcribed by RNA Polymerase Il = transcribed by RNA Polymerase Il
= endogenously processed by = mostly 5‘-cap, polyadenylated (in
endonucleases part), spliced
= well conserved = poorly conserved
> 2000sncRNAs > 30000 IncRNAs

Figure 2: The main classes of non coding RN As.

sncRNAs could be divided into two main classes according to their
size, biogenesis, and conservation during evolution.: Long non-coding RNAs
(IncRNAs) and small non-coding RNAs (sncRNAs). It has been estimated
that the transcriptome contains about 100000 IncRNAs and more than 10000
sncRNAs that have been studied to date and new classes are constantly

discovered such as circular RNAs (circRNAs) (32).
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2.1 Long non-coding RNAs

Long non coding RNAs are a type of non-coding RNAs longer than
200 nucleotides that can regulate gene expression acting as epigenetic regu-
lator, transcriptional and post-transcriptional factors.
IncRNAs have different roles in the regulation of protein synthesis binding
proteins that regulated mRNA splicing or interacting with transcription
factors and coordinating the localization of RNA-protein complex on
promoter sequences. IncRNAs can also drive the recruitment of
methyltransferases to specific genetic loci in order to regulate chromatin
remodeling and gene expression. Furthermore, some IncRNAs may maintain
a low coding potential, encoding small peptides or micro peptides (less than
100 amino acids) involved in various biological processes. It is a
heterogeneous class of molecules hard to detect and manipulate because of

their instability in biological fluid and their short lifespan (33).

2.2 Small non-coding RNAs

Small non-coding RNAs are a huge class of small molecules no longer
than 200 nucleotides which include several categories of molecules with
different size, structure, and function. sncRNAs are divided in two main
classes: housekeeping or structural sncRNAs such as tRNA or rRNA, and
regulatory sncRNAs that including microRNAs (miRNAs), small-
interference RNAs (siRNAs), piwi-associated RNAs (piRNAs), tRNA-
derived small RNA (tsRNAs), small nuclear RNAs (snRNAs) and small
nucleolar RNAs (snoRNAs). However, additional new classes of small RNAs
are emerging through the next-generation sequencing (NGS) analysis, which

markedly expanded our knowledge of small RNAs.
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2.2.1 microRNAs (miRNAs)

microRNAs represent the most widely studied class of ncRNAs.
miRNAs are small RNA molecules of about 22 nucleotides that mediate post-
transcriptional gene silencing, regulating gene expression and protein
synthesis. They are involved in many processes including proliferation,
differentiation, apoptosis, and development and several studies demonstrated
that they are implicated in different diseases.
miRNAs can regulate the expression level of hundreds of genes

simultaneously and many of them cooperate to modulate a specific target.

miRNA biogenesis

miRNA genes are transcribed by RNA polymerase II (Pol IT) as a long
primary transcript with a local hairpin structure (pri-miRNA) (fig.3a).

a b c

Pri-miRNA Exportin-5 Dicer

Helicase o /\1 inding

long 3’ overhang

Figure 3 The main actors of miRNAs Biogenesis. a) A typical pri-miRNA; Exportin-5

structure; c¢) Dicer structure

miRNA transcription is controlled by RNA Pol Il-associated
transcription factors and by epigenetic regulators adding modifications such
as DNA methylation and histone acetylation or methylation(34). miRNA
sequences are dislocated in all the genome, however, in human genome, the
majority of canonical miRNAs are encoded by introns of non-coding or
coding transcripts, whereas rarely could be encoded by exonic regions. Often,
several miRNA loci constitute a polycistronic transcription unit distributed in

close proximity to each other. The miRNAs in the same cluster are generally
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co-transcribed, even though each miRNA can be additionally regulated at the
post-transcriptional level. Generally, miRNA genes that reside in the introns
of protein-coding genes share the promoter of the host gene, but it is not
unusual that they have multiple transcription start sites with promoters
distinct from those of their host genes.

Following transcription, the pri-miRNA undergoes several steps of
maturation: the nuclear RNase III Drosha cleavages specifically on double-
stranded RNA, the stem-loop, to release a small hairpin-shaped RNA of ~65
nucleotides in length (pre-miRNA)(35). Drosha works with its essential
cofactor DGCRS8 with RNA-binding activity, formed a complex called
Microprocessor (fig 4).
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Figure 4: miRNA biogenesis. Pri-miRNA transcript is cleaveged by the microprocessor to
generate pre-miRNA; pre-miRNA is exported to cytoplasm by Exportin5 (XPOS5) and then
processed by Dicer along with AGO proteins. The forming complex (miRISC) allows to start
the silencing process with the generation of a mature miRNA. Mature miRNA binds its gene

target to induce its translation repression.
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Drosha-mediated processing of intronic miRNA does not affect splicing of
the host pre-mRNA thought it occurs co-transcriptionally before splicing
catalysis, whereas when it is located in the exonic region, Drosha-mediated

cleavage leads to destabilization of the host mRNA.

Then, pre-miRNA is exported into the cytoplasm, through the
interaction with protein exportin 5 (EXP5) forming a transport complex along
with RAN-GTP, a GTP-binding nuclear protein (Fig.3b). The crystal
structure of this complex forms a 'baseball mitt'-like structure into which the
pre-miRNA stem is placed, avoiding the interaction between the pre-miRNA
and positively charged inner surface. There is a basic tunnel-like structure at
the bottom of the mitt-like structure, which strongly interacts with the two-

nucleotide-long 3’ overhang of the pre-miRNA(36).

Following translocation, GTP is hydrolyzed and the complex is
disassembly at the release of the pre-miRNA into the cytosol, where pre-
miRNA is cleaved by Dicer near the terminal loop, liberating a small RNA
duplex. Dicer is an RNase III-type endonuclease of ~200 kDa (Fig. 3¢) and
pre-miRNA is recognized by its N-terminal helicase domain by interacting
with the terminal loop, whereas the PAZ (PIWI-AGO-ZWILLE) domain
binds to the termini of pre-miRNA(37). Dicer binds to pre-miRNA with a
preference for a two-nucleotide-long 3’ overhang that was initially generated
by Drosha. In mammals and flies, Dicer binds to the 5’ phosphorylated end of
the pre-miRNA and cleaves it 22 nucleotides away from the 5’ end.

Human Dicer activity is mediated by the interaction with TAR RNA-binding
protein (TRBP; encoded by TARBP2) and with dsRBD cofactor PACT (also
known as PRKRA)(38).

When a small RNA duplex is generated by Dicer, it is loaded onto an
Argonaute (AGO) proteins forming a complex called RNA-induced silencing
complex (RISC) in two steps: the loading of the RNA duplex and its
subsequent unwinding. AGO proteins play a critical role in miRNA

biogenesis by forming the catalytic engine of the silencing complex.
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The mature miRNA functions within an AGO protein complex (Figure XX),
which comprises a single polypeptide chain composed of four characteristic
domains: the amino (N)-terminal domain, the Piwi—Argonaute—Zwille (PAZ)
domain, the middle (MID) domain and the P-element induced wimpy testes
(PIWI) domain(39). All four human AGO proteins can incorporate siRNA
and miRNA duplexes, but only one of the two single-stranded RNA will be
utilized to base pair with target mRNA (RNA messenger) for gene silencing,
commonly the guide strand. The guide strand is determined during the AGO
loading step, mainly on the basis of the relative thermodynamic stability of
the two ends of the small RNA duplex, whereas the released passenger strand
is degraded quickly. The less abundant passenger strand (miRNA¥*) is also

less potently active in silencing (40).

microRNA functions

miRNA target sites are generally located in the 3" UTR of mRNAs
(RNA messengers); they possess strong complementarity to the seed region,
which is the main criterion for target-site prediction. The strongest canonical
(seed-matching) target sites are those that complement miRNA nucleotides
2-8 and have an adenine opposite miRNA nucleotide 1 (known as ‘t1A’),
followed by those complementing nucleotides 2—8 without a tlIA and
nucleotides 2—7 with a t1 A. t1 A is not recognized by the miRNA guide strand,
but by a binding pocket within AGO. Target sites with complementarity to
nucleotides 2—7 or 3—8 of the miRNA are much weaker but still considered
canonical(41).

MicroRNAs (miRNAs) mediate gene silencing by guiding Argonaute
(AGO) proteins to target sites in the 3’ untranslated region (UTR) of mRNAs.
The miRNA-loaded AGO forms the targeting module of the miRNA-induced
silencing complex (miRISC), which promotes translation repression and
degradation of targeted mRNAs. AGO-miRNA binding to the 3" UTR leads
to gene silencing through translation repression and mRNA decay (42). The

latter involves recruitment by AGO of a member of the glycine-tryptophan
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protein of 182 kDa , (GW182). GW 182 interacts with polyadenylate-binding
protein (PABPC), thereby promoting mRNA deadenylation. It leads to
decapping and makes the mRNA susceptible to rapid degradation by 5-3’
exoribonuclease 1 (XRN1)(43).

Inhibition of translation initiation is also caused by interfering with
the function of eukaryotic initiation factor 4 A-I (eIF4A-I) and eIF4A-II (44).
the miRISC induces their dissociation from target mRNAs and thereby
inhibits ribosome scanning and assembly of the elF4F translation initiation
complex. A recent investigation in human and D. melanogaster cells reported
that the AGO Trp-binding pockets that mediate GW 182 binding are required
for translation inhibition (41). Thus, miRISC-mediated translation inhibition
is still incompletely understood.

Both modes of miRISC-mediated gene silencing are thought to be
interconnected, and ribosome profiling assays revealed that inhibition of
transcription of mRNA is a reversible process responsible for 66-90% of
protein silencing, while the degradation of mRNA is an irreversible
process(45,46).

Each miRNA can silence hundreds of genes, although the effect on
gene is generally mild, and multiple miRNAs can regulate the same gene.
miRNA binding of neighboring target sites on a target mRNA can result in
cooperative repression. Furthermore, entire cellular pathways can be

regulated by individual miRNAs or miRNA clusters. (47).

microRNA nomenclature

New knowledge of miRNA origins, biogenesis, and function requires
a revision of nomenclature guidelines to provide an unbiased naming
protocol. Classification rules have not yet been unified, but it is generally
considered that miRNAs with the same sequences at nucleotides 2—8 of the
mature miRNA belong to the same 'miRNA family'. For instance, the human
genome contains 14 paralogous loci (encoding 'miRNA sisters') that belong

to the let-7 family. Thirty-four miRNA families are phylogenetically
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conserved from C. elegans to humans, and 196 miRNA families are
conserved among mammals. miRNA sisters generally act redundantly on
target mRNAs, but distinct roles have also been suggested.

Genes encoding miRNA sisters are indicated with lettered suffixes (for
example, mir-30a and mir-30b). The same mature miRNA is generated from
multiple separate loci, thereby numeric suffixes are added at the end of the
names of the miRNA loci (for example, mir-29b-1 and mir-29b-2). Each
locus produces two mature miRNAs: one from the 5’ strand and one from the

3’ strand of the precursor (for example, miR-30c-5p and miR-30c-3p)(48).
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2.2.2 Small-interference RNAs (siRNAs)

siRNAs are short ncRNA molecules comprising 20-25 nucleotides
derived from longer double-strand precursor RNA molecules that are cleaved
by DICER to induced degradation of perfectly complementary target
mRNAs. siRNAs protect genome integrity in response to foreign or invasive
nucleic acids such as transposons, transgenes, and viruses (49).
In general, the double strands RNA (dsRNA), transcripted by cellular genes,
by infecting pathogens or artificially introduced into the cells, are processed

by Dicer in the cytoplasm into a smaller dsSRNA molecules (fig.5)

Complementary binding of the
guide strand 1o tasget mANA

Figure 5: Gene silencing mechanisms of SiRNA. dsRNA is processed by Dicer into siRNA
which is loaded into the RISC. AGO2 cleaves the passenger strand of siRNA. The guide
strand then guides the active RISC to the target mRNA. The full complementary binding
between the guide strand of siRNA and the target mRNA leads to the cleavage of mRNA.

This short dsSRNA molecule (siRNA) has 3’ two-nucleotide overhangs and
interacts with RNA-induced silencing complex (RISC), activating the
endonuclease argonaute 2 (AGO2) component of the RISC. It cleaves the
passenger strand (forward strand) of the siRNA while the guide strand
(reverse strand) remains associated with the RISC. Subsequently, the guide
strand into the active RISC interacts with its target mRNA inducing specific

gene silencing(50).
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2.2.3 Piwi-interacting RNAs (piRNAs)

piRNAs are a class of small non coding RNAs of 24-30 nucleotides
Dicer-independent that binds the PIWI protein, a sub-family of Argonaute
proteins. Piwi was originally discovered in Drosophila, in which it functions
in germline stem-cell maintenance and self-renewal ( P-element-
Induced Wimpy Testes or Piwi). piRNAs are transcribed from specific
genomic loci known as piRNA clusters that give rise to long non coding RNAs

(IncRNAs) then processed into piRNAs (51).

One of the main functions of piRNA in mammalians is to control
transposon mobilization in the germline genome. Transposons are repetitive
sequences spread in large proportion of mammalian genomes, and a fraction
of these repeats are mobile elements, also termed transposable elements
(TEs)(52). TEs play crucial roles in driving genome evolution by rising the
development of new genes and novel immune strategies. Active
retrotransposition which requires active cell divisions, is more frequent in
germ cells to allow the imprinting and epigenetic reprogramming in these
cells. However, this plasticity could results in deleterious effects by
uncontrolled retrotransposition and therefore, requires tight handling of TEs
action. In order to preserve the integrity of the genome that is transmitted to
the next generation, an additional retrotransposon control has evolved in

germline through the piRNA pathway(53).

Primary Biogenesis

piRNAs are mainly distinguished based on their biogenesis (fig.6).
Primary piRNAs are transcribed as single-stranded in somatic cells or as a
piRNA precursor double-stranded in germinal cells, by RNA polymerase II,
from piRNA clusters(54).

In mammalian, the piRNA precursors are exported into the
cytoplasm, facilitated by Maelstrom (MAEL), a conserved HMG-box domain
protein with RNA-binding activity(54). In the cytoplasm, piRNA precursors
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associate with the RNA helicase MOV10L1, en anzyme essential for piIRNA
biogenesis. This complex interacts with PLD6 (MITOPLD), an endonuclease
that generates the 5’ uridine end (1U) of primary piRNAs. Intermediate
fragments with a 5’ uridine (1U) are preferentially bound by PIWI proteins
and thereby stabilized. PIWI-bound piRNA intermediates then undergo 3’ end
processing, which most likely involves exonucleolytic shortening by a 3'-5'
trimmer that has not been identified in mammals yet. The process is facilitated
by Tdrkh, a Tudor and KH domain-containing protein, whose absence causes
the accumulation of 31-37 nucleotide (nt) long intermediates(55).

Double strands piRNA originated from piRNA clusters are processed
directly by PIWI proteins to undergo 3' end processing. In particular, in
Drosophila germline cells, dual-stranded piRNA clusters are loaded onto

both Piwi (following the same process) and Aubergine (Aub) to form piwi-

piRISCs (fig.6) (56).
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Figure 6: piRNA biogenesis. piRNA are generated starting from two processes. The primary
pathway or primary biogenesis generates primary piRNA which can drive the production of

secondary piRNA in the ping-pong pathway or secondary biogenesis.
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Secondary Biogenesis

piwi-piRISC initiate a process known as the 'ping-pong' amplification
cycle in the cytoplasm to produce secondary piRNAs and repress transposon
transcript derived from the same piRNA cluster. In the ping-pong pathway,
argonaute and Piwi act in a complementary fashion to cleave sense and
antisense of transposon transcripts and piRNA.(57) Secondary piRNAs
derived from the cleavage of transposon transcripts overlap with the primary
piRNA generated during primary biogenesis, for 10 nt in 5’ and often have
adenine at their tenth position. Secondary piRNAs generation in a feed-
forward mechanism results in the consumption of transposon transcripts,
thereby silencing transposons. Furthermore, they could be recognized by
another piRNA precursor that in turn enhance the generation of new mature

primary piRNAs and eventually start a new cycle.(58)

piRNA functions

The primary function of piwiRNAs is transposon silencing. Trans-
poson are mobile genetic elements which promotes DNA recombination,
such as replication and insertion in new sites, generating double-stranded
DNA breaks or disrupt coding sequences (54). As consequence, transposons
can drive aberrant expression of neighboring genes. Therby the main role of
PIWI proteins is protect germ cells from the expression of transposons
through the complex piRNAs and PIWI proteins, called the PIWI ribonucle-
oprotein (piRNP). piRNP is involved in transposon repression and transpos-
able element expression and mobilization suppression, by two different
mechanisms: at level of transcri ption and post-transcription.

PIWI proteins and piRNAs can trigger the establishment of repressive
epigenetic DNA or chromatin modifications, thus inducing efficient trans-
poson silencing on the transcriptional level. Besides transcriptional trans-

poson control, nuclear PIWI proteins are guided by piRNAs towards nascent
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transposon transcripts and activate endonuclease to facilitate the degradation
of the transposons.

Post —transcriptionally, piRNAs induce target degradation of trasposoms el-
ements (TE) splicing the transposable element transcripts through PIWI pro-
teins by a base-pairing recognition between piRNAs and transposon tran-
scripts, as previously described in the ping pong cycle (59).

Recent studies have investigated another potential role of piRNAs in
the cellular division. For instance, the mammalian piRNAs can be divided
into two classes, pre-pachytene, and pachytene piRNAs, depending on the
stage of meiosis at which they are expressed in developing spermatocytes
(60), In mammals, fetal piRNAs silence transposons in male germ cells. By
contrast, the most abundant piRNA population in mammals, the pachytene
piRNA:s, is depleted of transposon sequences (54).

Interestingly, antiviral defense in somatic tissues is typically ascribed
to siRNAs. However, some species use piRNAs against viral infection. A
possible explanation for the use of two classes of small silencing RNAs to
fight viruses may reflect the difference between RNA interference (iIRNA)
and piRNA pathways: iRNA is triggered by double-stranded RNA, whereas
mature piRNAs are single-stranded RNA. The two pathways may target RNA
from different types of viruses or stages of viral infection, boosting the overall

antiviral response.

pIRNA nomenclature

The complexity of nomenclature of piRNAs depends on the various
genome versions used by different non-coding RNA databases in reference
studies. piRNA-disease association studies incorporated data from various
reference piRNA databases, and each of them has unique ID. For example,
piRNABank and piRNAQuest use have piR 000001 and piRBase follows
piR_hsa 000001, which makes piRNA search quite challenging. However,

piRBase is the first database that systematically integrates various types of
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data to support piRNA functional analysis: the total numbers of unique piR-
NAs and species have been increased. As piIRNA studies expanded rapidly,
Databases are constantly updated with more related information supporting

iRNA functional analysis (61).
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2.2.4 tRNA derived Small RNA (tsRNAs)

tRNA-derived small RNA (tsRNA) are ubiquitous molecules of 28-36 nucle-
otides that belong to the small non-coding RNA. tsRNA are generated by the
cleavage of transfer RNA (tRNA) which are the fundamental components of
the translation machinery in that they deliver amino acids to the ribosome.
The discovery of tsSRNAs can be dated back to the late 1970s, when they were
considered as product of tRNA random degradation and attracted only mini-
mal interest. The wide application of high-throughput next generation se-
quencing technology has unveiled various tsRNAs from bacteria to humans

and their production is conserved throughout evolution (62).

Biogenesis of tRNAs

The biogenesis of mature tRNA begins with the transcription of pre-
cursor tRNA (pre-tRNA) by RNA polymerase III. The 5’ leader sequence and
a 3’ polyuracil (poly-U) tail of a newly transcribed pre-tRNA can be cleaved
by endonucleolytic ribonuclease P (RNase P) and ribonuclease Z (RNase Z),
respectively, followed by the addition of a 3" CCA tail with the help of the
tRNA nucleotidyl transferase. The mature tRNAs have a length of 73-90 nts
and adopt a clover-leaf shaped secondary structure, composing a D-loop, an

anticodon loop, a T-loop), a variable loop, and an amino acid acceptor stem.

tsRNA biogenesis

tsRNAs are produced through the activity of various endonucleases
attacking single-stranded of mature tRNA in open loop structures. It has been
supposed that extent chemical modifications could modulate endonucleolytic
cleavage of mature tRNAs thereby influencing tsRNA biogenesis. On the
other hand, many tRNA modifications support various ‘proofreading’ steps
during tRNA maturation into a functional structure, therefore loss of particu-
lar tRNA modifications might impact efficient folding thereby allowing
stress-induced endonucleases to better access single stranded of mature tRNA

regions. Specific tRNA modifications likely change the structural context of
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tRNAs thereby modulating access for endonuclease activities or serving as
platforms for specific enzymes. These modified nucleotides could limit the
extent of exonuclease activity and thus increase the stability of produced tsR-
NAs. tsRNAs can be extremely stable with half-lives measured in days and
this stability is connected to numerous nucleotide modifications as well as to

correct tertiary structure (63).

Based on the length and cleavage sites of mature tRNAs, tsSRNAs can be
divided into two main types: stress-induced tRNA fragments ( tsRNAS) pro-
duced by specific cleavage in the anticodon loop of mature tRNAs with 28—
36 nts length; and tRNA-derived fragment (tRF) constitutively expressed with
about 14-30 nts length and derived from the mature or primary tRNAs (fig.7).
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Figure 7: tsRNA are distinguished in two main classes. (up) constitutive tRNA fragments
(tRFs);(down) Stress- induced tRNA fragments (tsRNAsS)

Both types of tsSRNA can accumulate during different biological pro-
cesses in several species and have very different biogenesis pathways that are
slowly being uncovered. Moreover, the naming conventions of tsSRNAs are
inconsistent, as researchers generally named the identified tsSRNAs in their

systems primarily based on their own preferences (64).
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Stress-induced tRNA fragments (tsRNA"*)

tsSRNAs™™* are produced by cleavage of tRNAs in response to stress,
such as starvation, oxidative stress, nutritional deficiency, hypoxia and hypo-
thermia, heat and cold shock or ultraviolet irradiation (63). In addition, tsR-
NAsS™ appeared to increase during aging. Two subtypes of tsSRNAgSTes
have been discovered, 5'-tiRNAs and 3'-tiRNAs, which are generated by the
cleavage in or near the anticodon loop of a tRNA. During stress tRNA cleav-
age in humans is carried out by ribonuclease as RNase angiogenin (ANG)
which is a member of the RNase A superfamily. ANG was discovered and
characterized by its ability to promote new blood vessel growth, making it a
potential anticancer therapeutic target. In human cells, tRNA is protected by
several ribosomial proteins and only ~ 1% of tRNA is cleaved by ANG during
a stress response. However, it is surprising that some tRNAs are more sus-
ceptible than others to stress-induced cleavage by ANG and which tRNA are
targeted for cleavage can change in response to different stresses, further in-
dicating selectivity(65) .

tsSRNAsS"™™* are mainly located in the cytoplasm, with a small amount in
the nucleus and mitochondria, and can also be detected in the circulation sys-
tem of human. Interestingly, specific tsRNAsS" were also detected in human

breast milk and in mature mouse sperm indicating tsSRNAsS™®

production for
directed transmission into the next generation(66). Some high-throughput ex-

periments indicated that 5’-tiRNA is more abundant than 3'tiRNA.

Constitutive tRNA fragments (tRFs)

tRFs are produced by the cleavage of mature tRNAs in the absence of cellular
stress exposure. These stress independent- tsSRNAs are constitutively pro-
duced throughout the lifespan of an organism,in specific cell types or at spe-
cific developmental stages. Some of these represent the same molecule as a
stress-induced fragment and even share a biogenesis pathway, but are exem-

plified by their stable noninduced production.
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High levels of constitutive tsSRNAs were detected in both hematopoietic
and lymphoid systems as well as in cell and vesicle-free blood fractions, sug-
gesting that these tsSRNAs can be secreted and exist as stable entities outside
of membranous organelles (67).

These small RNAs, referred to as tRFs, are 19-21 nucleotides and are
generated as a result of cleavage in any of the tRNA loops. One of the more
intriguing tRNA-derived small RNA implicated in cancer biology, termed
tRF-1001, is derived from the 3’ trailer of tRNASer. Select tRFs have been
identified in various healthy tissues including heart, colon, lung, and small

intestine (68).

tsRNA functions

tiRNA and tRF have been recognized as small non coding RNAs with a
relevant biological role. These framments hold similar functions with mi-
croRNAs regulating mRNA stability. For example, 3-tRFs derived from
tRNASY-GCC in mature B lymphocytes or from tRNAMCAS in non-small cell
lung cancer cells have miRNA-like structure and function, inhibiting protein

translation or cleaving partially complementary target site.

It has been well characterized that stress-induced tRNA cleavage results
in reduction in protein synthesis. Specific stress-induced tsRNAs displaced
various eukaryotic initiation factors from both capped and uncapped mRNA
causing translational repression such as tsRNA-AlaV%C and tsSRNA-Cys®“Y,
In another mode of action, tsSRNAs>"* indirectly interfered with protein syn-
thesis, in particular through binding to ribosomal components. Interestingly,
these tsSRNAsS"™* competed with mRNA for ribosomal binding in response

to alkaline stress conditions.

Some tsRNAsS™ are involved in the regulation of osmotic stress, ANG-
cleaved tsRNAs associate with cytochrome c to promote survival. At the on-
set of apoptosis, cytochrome c is released from the mitochondria to form a

large protein structure called the apoptosome.(69) Various tsRNA interact
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with cytochrome c upon release from the mitochondria to block apoptosome
formation and promote survival.

Emerging data shows that tsRNAsS™ play vital roles in regulating stem
cell fate. In hematopoietic stem/progenitor cells (HSPCs), the ribonuclease
ANG cleaves mature tRNA and the tRNA fragments are able to repress trans-
lation which is required for maintaining the stemness of these cells. Recent
work has revealed that some tsSRNAs can regulate epigenetic inheritance. In
sperm from mice fed a high-fat diet (HFD), there was a marked increase in

tsSRNA (70).

Changes in tsSRNAs>™* abundance have been observed in many stress-
exposed or virus-infected cell types or tissues. Some evidence suggest that
they promote viral replication through an increase of transcription and protein
synthesis. Profiling of small RNAs in liver from human subjects with ad-
vanced hepatitis B or C revealed that tsRNAsS™* were significantly increased

in humans with chronic viral hepatitis.

Furthermore, since tsSRNAs originate from pre-tRNAs and from mature
tRNAs, they could bind to tRNA interacting proteins thereby competing with
their parental molecules and resulting in the modulation of specific molecular
pathways and thereby cellular physiology (71).

Interestingly, small RNA pathway components can associate with tsR-
NAs under specific conditions in fact also a human Piwi-like protein (Hiwi2),
preferentially interacted with tsRNAs, which the authors named tRNA-de-
rived piRNAs (63).

tsRNA nomenclature

The naming of tsRNAs, both in literature and public databases, is still
largely inconsistent. Starvation-induced tsRNAs in eukaryotic cells were first
reported in Tetrahymena and simply named tRNA fragments. However, other
authors labelled the products of stress-induced tRNA fragmentation in differ-

ent organisms with different names such as stress-induced tRNA-derived
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RNAs (sitRNAs) or tRNA-derived, stress-induced RNAs (tiRNAs). In addi-
tion, tsRNAs existing under steady-state conditions were either called tRNA-
derived fragments (tRFs) or tRNA-derived small RNAs (tsRNAs,). Others
have called these RNAs, tRNA-derived RNAs (tDRs) or even tRNA-derived
small non-coding RNA (tsncRNAs) (72).

Although various authors attempted to introduce some order into the no-
menclature, the net result was only a distinction between tRNA halves (28—
36 nucleotides) that are largely stress-induced (often also called tiRNAs) and
tRFs (14-30 nucleotides) that are produced under steady-state conditions.
Therefore, attempts to systematically name tsSRNAs and assign recognizable

nomenclature is necessary.
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2.2.5 Small nuclear RNAs (snRNAs)

Small nuclear RNAs comprise a small group of highly abundant, non-
polyadenylated, non-coding transcripts with an average size of 150 nt
localized in the nucleus with important functions in intron splicing and other

RNA processing.

The snRNAs can be divided into two main classes on the basis of
common sequence features and protein cofactors: Sm-class RNAs are
characterized by a 5'-trimethylguanosine cap, a 3’ stem-loop and a binding
site for a group of seven Sm proteins (the Sm site) that form a
heteroheptameric ring structure. Lsm-class RNAs contain a monomethyl
phosphate cap and a 3’ stem-loop, terminating in a stretch of uridines that
form the binding site for a distinct heteroheptameric ring of Lsm proteins
(32).Generally, in transcript splicing, snRNA presents as a ribonucleoprotein
particles (snRNPs) along with additional proteins that form a large particulate
complex (spliceosome) bound to the unspliced primary RNA transcripts in
order to mediate the process. For instance, Ul snRNA is a component of the
spliceosome and recognizes splice donor sites (or 5’ splice sites) through
direct base-paring. Selection of a 5’ splice site is influenced by several factors,
including sequence complementarity between the splice site and Ul snRNA,
local secondary structure of pre-mRNA, trans-acting proteins bound to
adjacent regions, and competition with other 5’ splice sites.

Besides splicing, additional evidence indicate snRNPs function in
nuclear maturation of primary transcripts in mRNAs, gene expression
regulation, splice donor in non-canonical systems and in 3'-end processing of
replication-dependent histone mRNAs.(73) For instance, U7 snRNA is
involved in the 3’ processing of histone mRNA and is not inherently involved
in pre-mRNA splicing. However, by changing the sequence bound by like-
Sm (LSm) proteins, U7 snRNA can be converted into an artificial splicing
factor that induces either inclusion or skipping of an exon, depending on the
location of the target site on the transcript and presence of any additional

modifications in the U7 snRNAs(74)
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2.2.6 Small nucleolar RNAs (snoRNASs)
snoRNAs are intermediate-sized ncRNAs (60-300 bp). The term

small nucleolar RNA was originally coined to reflect the nucleolar
localization of the first members of this group relative to their nucleoplasmic
cousins, the snRNAs They are components of small nucleolar
ribonucleoproteins (snoRNPs), which are complexes that are responsible for
sequence-specific 2'-O-methylation and pseudouridylation of ribosomal
RNA (rRNA). Post-transcriptional modifications of rRNAs take place in the
nucleolus and facilitate rRNA folding and stability.

snoRNAs are responsible for targeting the assembled snoRNPs to a
specific target (59). The RNAs commonly referred to as snoRNAs comprise
two families, the C/D and H/ACA RNAs. Most C/D and H/ACA RNAs
function in ribosomal (r)RNA modification and processing in the nucleolus.
However, the C/D and H/ACA RNAs have evolved many functions and
targets as well as a corresponding range of cellular localization that includes

sites outside of the nucleolus to gain access to different substrates (32).

2.2.7 Other classes of sncRNAs. Many classes of ncRNA have been
described that are associated with the transcriptional start sites (TSSs) of
genes: for example, promoter-associated small RNAs (PASRs), TSS-
associated RNAs (TSSa-RNAs), promoter upstream transcripts (PROMPTs)
and transcription initiation RNAs (tiRNAs) - responsible for
misunderstanding with tsRNAs. For all of these classes, their biological
functions are poorly defined, although they are probably involved in

transcription regulation (59).
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2.3 Circulating sncRNAs and their potential as biomarkers

Molecules generated locally could be released by cells and tissues and
distributed through biological fluids. Their altered concentrations have been
linked to various diseases, becoming proper biomarkers that provide useful
biological and clinical information. These molecules provide useful
information to identify and categorize patients toward an individual risk
profile, to diagnose and monitor disease conditions, and to effectively draw
prognoses of patients and to adapt treatments. Therefore, noninvasive and
highly sensitive biomarkers can provide a detailed and more accurate

fingerprint of the patient’s disease state.

Recently, interest in small noncoding RNAs (sncRNAs) has begun
increasing not only because they represent the vast majority of the human
transcriptome but also because they have been associated with several
pathological conditions, such as cancer, cardiovascular disease and diabetes

mellitus.

SncRNAs have been demonstrated to cross the membrane barrier,
propagating their information between adjacent and distant cells. Indeed,
circulating sncRNAs have been described in different human body fluids,
including blood, serum/plasma, urine, and breast milk. Circulating sncRNAs
are found to be stable and detectable in body fluids, even though these
environments contain high amounts of RNases. Furthermore, some plasma
sncRNAs are also stable at different range of pH, at room temperature, or
after freezing and thawing cycles. These features make circulating sncRNAs
suitable as biomarkers for for diagnostic and prognostic applications or
therapeutics (75).

Several sncRNAs have been proposed as potential biomarkers in
diabetes and its long-term complications. In particular, microRNAs have been
proposed as biomarkers that discriminate for type 1 diabetes mellitus. For
istance, some studies demonstrated that the expression of miR-25-3p and
miR-320c are increased in the serum of new-onset T1DM subjects, while the

expression of miR-375 correlates with the level of beta-cell death in new-
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onset patients. Furthermore, the level of miR-574 correlated with
autoantibodies in T1DM subjects, although decreased plasma miR-574
expression has been linked to diabetic nephropathy and T2DM. Indeed,
several microRNAs are well known to be related to many common risk

factors of diabetes (76).

miR-126 is one of the most frequently investigated miRNAs in
diabetes mellitus and its complication. It is highly enriched in endothelial
cells and in platelets and plays a key role in endothelial homeostasis, in
maintaining vascular integrity, in angiogenesis and in wound repair. Since
endothelial activation and inflammation are hallmarks of micro- and
macrovascular complications in diabetes, loss of miR-126 was considered
predictor as well as risk estimation/classification marker not only for early
diabetes but also for endothelial dysfunctions due to diabetes. Our previous
study also contributed to these foundings (77). Furthermore, this miRNA
concentration negatively correlated with HbAlc levels, suggesting a
damaging effect driven by long-term high plasma glucose. Decreased levels
of miR-126 are also associated with reduced response to VEGF (vascular
endothelial growth factor) and endothelial dysfunction: when released by EC,
miR-126 modulates VEGF responsiveness, thus contributing to vascular
protection in a paracrine manner. It was demonstrated that miR-126 targets
SPRED1 (Sprouty-related, EVH1 domain-containing protein) and PIK3R2
(phosphoinositol-3 kinase regulatory subunit 2), negative repressor of VEGF
pathway. In particular, as VEGF is a crucial mediator in diabetic nephropathy,
miR-126 could be helpful also in predicting this type of complication.
Furthermore, several studies showed and confirmed that reduced circulating
levels of miR-126 were observed, and correlated to peripheral artery disease
in T2D. Jansen et al. found that loss of miR-126 is related to CAD risk (78).
Unlike T2D, the role of miR-126 in T1D is not yet fully clarified although the
analysis of blood and urine samples of T1D patients confirmed lower miR-

126 levels in urine T1D compared to controls
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Other microRNAs are also related to several vascular complications of

diabetes.

MiR-21 was initially recognized as a profibrotic miRNA in cardiovascular
diseases. Its upregulation was proposed as useful biomarker for already
existent fibrotic remodeling known to induce fibrosis in many organs
including heart and kidney, since involved in endothelial-to-mesenchymal
transition. Recent studies showed that MiR-21 was upregulated both in
plasma and urine samples of pediatric T1D patients. Furthermore, the positive
correlation emerged in urine samples between miR-21 and the inflammatory
C-reactive protein (CRP) suggesting the presence of ongoing inflammatory
events in the kidney of T1D patients. Olivieri et al. confirmed higher plasma
levels of miR-21 also in T2DM patients with cardiovascular complications
(79).

MiR-29 is another relevant miRNA involved in diabetes and its
complications. MiR-29 family is composed by miR-29a, miR-29b, and miR-
29c, sharing the same seed sequence. The most important function of miR-29
consists of its protective role in fibrotic disease, although an increase in miR-
29 levels is found in the serum of T1D children and adult patients with T2DM.
Both hyperglycemia and pro-inflammatory cytokines, the hallmarks of DM,
upregulated the expression of miR-29 family miRNAs. Furthermore, focused
studies on miR-29 family proposed miR-29 as biomarker for atherosclerosis
in T2D patients. Furthermore, urinary miR-29a was significantly increased in
patients with high albuminuria than in normo-albuminuria suggesting that it
is also involved in nephropathy (80).

This miRNA also appears to play an important role in vascular calcification
regulating the activity of both osteoblasts and osteoclasts. Disruption of the
fine-tuning of these miRNA family members is not only associated with
vascular calcification but also with arterial stiffening, in fact, miR-29b
correlated with carotid intima-media thickness in T2D patients. In contrast,
the main target of miR-29 is a disintegrin and metalloproteinase with

thrombospondin motifs-7 (ADAMTS-7). ADAMTS-7 is downregulated by
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miR-29 and this results in reduced activity of BMP-2. The end result is
protection against vascular calcification and preservation of arterial
elasticity.(81) However, others reported that miR-29 promotes vascular
calcification through the downregulation of elastin production in turn
associated with the transition of VSMCs to an osteogenic phenotype and with
augmented calcium deposition in the vascular wall (82). Further studies are

necessary to clarify the established role of this miRNA in CV pathway (81).

Other miRNAs have been identified to be dysregulated in patients
with calcification-related diseases. miR-223, a microRNA physiologically
involved in the bone formation process, have been positively associated with
Elevated inorganic phosphate concentrations in turn associated with
increased risk for vascular calcification, suggesting a role of this miRNA in

vascular calcification (83).

On the other hand, many miRNAs have been identified as protecting
against vascular calcification. For instance, the miR-30 family has a
protecting role not only against vascular calcification but more in general
against cardiovascular diseases. In fact, in our previous study, we investigate
the protective role of circulating miR-30c-5p in particular in the progression
of atherosclerosis showing that it is associated with incidence and prevalence
of this condition and could be a predictive marker since its downregulation is
already present 11 years before the development of carotid plaque. We also
demonstrate that it is involved in apoptotic pathway modulating the
expression of Caspase 3. Other studies demonstrated that miR 30b and miR-
30c target RUNX2, a transcriptor factor that regulates osteocalcin, receptor
activator of nuclear factor x-B ligand (RANKL) and osteopontin, which in
turn modulate bone matrix formation and are considered themselves VC
biomarkers (84).

Considering the canonical biological markers of CV previously de-
scribed, it is interesting to note that miR-297a may regulate the calcification
process via suppression of fibroblast growth factor 23 (FGF23) or the re-

duced bioavailability of miR-143 in cells undergoing inorganic phosphate-
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induced calcification results in increased expression of platelet-derived
growth factor (PDGF), which is associated with the propagation of vascular
calcification. This miRNA also targets mediators intensively secreted during
calcification as osterix and Smadl, higher level of miR-32 was detected in

the plasma of patients with coronary artery calcification (85).

Regarding other sncRNA, only a few studies have been reported about
the role of circulating piRNAs in metabolic diseases. For instance, the over-
expression of two piRNAs (DQ732700 and DQ746748) interferes with the
generation of metabolic factors coupling glucose sensing to insulin release
providing initial evidence for an involvement of piRNAs in the control of
beta-cell functions under both physiological and pathological condi-
tions(63,86).

On the other hand, specific tsSRNAs were also found in biological flu-
ids such as saliva, tears, urine and breast milk. Although connections between
tsSRNA function and human health remain largely descriptive, several studies
described the interaction of tRNA derivatives under various environmental
stresses. For instance, during acute inflammation, increased levels of tsSRNAs
could be detected in the circulatory system suggesting that these molecules
may act as information carriers and signaling messengers. For istance, mature
mouse sperm contain high levels of tsSRNAs influencing epigenetic mecha-
nisms in the fertilized zygote (86). Specifically, in vivo, in mouse model the
modulation of tsSRNA in response to diet manipulation leading to metabolic
changes including insulin resistance and glucose intolerance in the offsprings.
Interestingly, offspring born from mice fertilized by sperm with high concen-
trations of tRNA fragments displayed a higher incidence of glucose metabo-
lism disorders Futhermore, the 5'-tRNA®M fragments could mediate
TRMT10A deficiency-induced oxidative stress and beta-cell apoptosis. In ad-
dition, paternal physical exercise appeared to influence the abundance of
small RNAs in sperm and their transmission of ‘metabolic memory’ into the

next generation (87).
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However, most of these conclusions regarding piRNAs and tsRNAs
have been made through association, using classical genetic animal knockout
models for processing and modification systems. Therefore, solid functional
proof using actual patient-derived material, which would allow connecting
the observed changes in sncRNAs abundance and identity with human syn-

dromes is still largely lacking.

2.3.1 Transport mechanisms of circulating sncRNAs

Circulating sncRNAs are present in most biological fluids, relatively
stable, and hold great potential for disease biomarkers and novel therapeutics.
Circulating miRNAs are transported by extracellular vescicles (EV) which
are membrane-derived vesicles such as exosomes and microparticles, apop-
toticc bodies, and by the association to RNA-binding proteins, such as nucle-
ophosmin, Ago2 (Argonaute protein 2), or lipoprotein complexes like high-
density lipoprotein.

Protected from ribonucleases by their carriers, sncRNAs are delivered to re-

cipient cells modulating the expression of genes and altering cellular pheno-

type (88),(75).

2.3.2 Extracellular vescicles (EV) as carrier of sncRNAs

EVs are highly heterogeneous structures that differ in size, biochemi-
cal content, and by their biogenesis and secretory mechanisms.
Current nomenclature distinguishes different populations of EVs: exosomes
which are small vesicles (30—100 nm) that originate from intracellular endo-
somes and are released by fusion of multivesicular bodies with the plasma
membrane; microvesicles/ectosomes which are generally larger (100—-1000
nm) and originate from budding and blebbing of the plasma membrane;
apoptotic bodies which are the largest class of extracellular vesicles (500—
2000 nm) released from cells during apoptosis; and lipoproteins, namely

high-density lipoproteins (HDL) and low-density lipoproteins (LDL), which
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are both highly abundant in plasma. Whereas exosomes and MPs are com-
posed of a bilayer-phospholipid shell and hydrophilic core, lipoproteins con-
sist of a single layer of lipids, a hydrophobic core, and are defined by specific
structure-function apolipoproteins. Futhermore, biophysical studies suggest
that miRNAs could be also associated with protein complexes 50-300 kDa in
size, which includes AGO?2 as well as other ribonucleoprotein in and out of
membrane-derived vesicles.
All these extracellular vesicles serve as carriers for sncRNAs and seem to be
the main source of plasma sncRNAs (88).

scnRNA-based intercellular communication is composed of three crit-
ical processes. First, scnRNAs must be selectively and actively secreted from
cells and packaged into appropriate carriers. Second, scnRNAs must be pro-
tected from circulating RNAses and transferred to targeted or receptor-spe-
cific recipient cells. Third and most importantly, miRNAs must retain the
ability to recognize and repress mRNA targets within recipient cells.

This specific sorting and packing mechanisms is not completely
understood, although several studies suggest that it is regulated by specific
sequence motifs, posttranscriptional modifications, or subcellular

localization.

Extracellular vesicles and their sncRNA content can be taken up by
recipient cells, enabling cell-to-cell communication. To propagate their
RNAderived information, vesicle fuse with the membrane of target cells,
enter the cell by endocytosis or remain attached to the plasma membrane

activating specific signaling pathways.

Recently it has been investigated the role of the EV- miRNA signature
in physiophatological processes. For example, and some evidences
demonstrate that isolated EV from the plasma of T1DM subjects could serve
as a potential source of biomarkers to early diagnose, disease progression, and
reaction of the autoimmune process in TIDM. Several other miRNAs were
highlighted to be predictive of diabetic complications. Jansen et al. showed

that endothelial cells were the major cell sources of MPs containing miR-126

48



Introduction

and miR-26a, and hyperglycemia reduces the packaging of these miRNAs
into EV. Furthermore, endothelial apoptotic bodies can convey miR-126 to
atherosclerotic lesions, demonstrating unique paracrine-signaling function for

miRNA, during atherosclerosis, through EVs(76).

A recent report provided evidence that miRNA-containing vesicles
regulate intercellular communication between endothelial cells and SMCs by
selective packaging of regulators of SMC phenotype: miR-143/145 in

endothelial cell-derived vesicles are transported to SMCs, in the vessel wall.

Other miRNAs (miRNAs 30, 125-b, 143, 145 and 155) released by
EV into recipient cells regulate the expression of a specific set of osteogenic
genes such as Smadl, RUNX-2, ALP and osterix(89). In addition to these
findings, un abnormal concentration of these miRNAs released by EVs
induce a shift in calcium and MAPK signaling pathways implicated in SMC-

mediated calcification (89).

Even through the major part of the studies concerning EV is focused
on their content in miRNAs, recently evidence confirmed the presence of
other classes of sncRNAs in circulating EV. For instance, the comparison of
cellular and vesicle-borne tsRNAs in the immune system showed that
immune cells contained exclusively 30-35 nt-long tsRNAs while
extracellular vesicles carried 40-50 nt-long tsRNAs. These combined
observations suggested that specific tsSRNAs could serve as signaling
molecules in the blood and lymphatic circulatory systems. Furthermore,
metabolic labeling revealed that tsRNAs entered maturing sperm through
micro-vesicles (called epididymosomes), which are secreted from somatic
cells lining the epididymis (63).

Summarizing, these foundings suggest that an easily available non-
invasive analysis of sncRNAs contained in EV from biological samples such
as plasma or urine represents a interesting source of peculiar information

related to human diseases.
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3. Extracellular Vescicles
3.1 Extracellular vesicles in cell to cell communication

EV release is stimulated via multiple physiological and pathological
conditions, making themselves potential diagnostic biomarkers for
monitoring various diseases, regardless of their content in sncRNAs.
Physiological conditions, such as shear stress, cellular activation or apoptosis
normally induce ther release of EV. In fact, EV are detected in a number of
biological fluids, including peripheral blood, urine, saliva, synovial fluid,
seminal fluid, nasal secretions, tears, vitreous humor, cerebrospinal fluid and
breast milk. Circulating EV levels per se has been shown to be associated
with various cardiovascular and metabolic disorders, including

atherosclerosis and diabetes mellitus(76) .

EVs are structures consisting of fluid surrounded by a phospholipidic
bilayer, originated by mother cell membranes and contain a large variety of
lipids and proteins. In addition, EVs contain a soluble interior cargo
composed by proteins and genetic material (mRNAs and micro RNAs.
During EVs generation, specific proteins may be included or excluded from
the cell membrane, thus surface protein expression can be not identical to

their parental cells.

EVs were initially precipitated from platelet-free plasma although for
many years they were considered inert cellular debris. EVs are nowadays
recognized as a heterogeneous population of circulating small vesicles

originating from almost all cell types.

EVs classification is based on their different sizes and biogenesis in
“Microparticles” (MPs), “exosomes’ and “apoptotic bodies”. Most exosomes
express proteins such as tetraspanins (CD9, CD63, and CD81), Alix, flotillin,
TSG101 and Rab5. The enrichment in cholesterol, ceramide, sphingolipids
and raft-associated phosphoglycerides, provides an additional tracking
opportunity for exosomes characterization. EVs shedding is highly influenced

by intracellular elements such as calcium, that affects membrane
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phospholipid distribution through specific enzymes such as flippase,

floppase, and scramblase.

Cell activation and apoptosis, along with an increase in cytosolic
calcium, alter the normal distribution of phospholipids in the plasma
membrane, due to inhibition of flippase activity, with a consequently
increased phosphatidylserine (PS) exposure on the outer membrane. EVs
represent a novel mechanism through which cells exchange genetic
information and are able to induce epigenetic changes of neighboring cells by

horizontal transfer of RNA (88).

3.1.1 Microparticles and their singular features

Microparticles (MPs) were first described as “platelet dust” in the
early 1960s!, and were assumed to be biologically nonsignificant shortly after
their discovery. In the recent years, MPs are now receiving great attention for

their biological role and as potential biomarkers of several diseases.

Membrane glycoproteins, distinctive of the parental cells, allow a fine
identification of their origin. The establishment of a set of EVs markers,
indicative of their cell or tissue origin, could be useful for the quantification
of specific vesicle subsets in biological samples and their potential disease

correlation.

This issue has been especially unraveled for microparticles, which
among extracellular vesicles is the only class that maintains this characteristic
feature: besides the membrane glycoproteins externalization which allows
microparticles identification, additionally, they express specific protein

markers that define the cell origin (88).

To characterize the cellular origin of MPs in peripheral blood, the
most common approach is to stain MPs with fluorescently-labeled antibody
directed against antigens of parental cells: glycophorin A (CD235a) for blood
cells and erythrocyte-derived MPs; CD45 and CDS8 label lymphocytes-
derived MPs (LMP); CD62E, CD144 and CD146 for endothelial-derived
MPs (EMP); CD62P, CD41 and CD42 for platelets -derived MPs (PMP);
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3.2 Microparticles in Diabetes and Its vascular complications

Pathological remodeling of the vasculature involves an intricate and
dynamic interaction between vascular cells (endothelial cells, smooth muscle
cells, and adventitial cells), blood cells (platelets, leukocytes), and their direct
microenvironment. In the next paragraphs, the contribution of each type of
cell and their EV in diabetes and its long term complication such as

atherosclerosis and VC is further described.

3.2.1 Endothelial cell-derived MPs (EMP)

The endothelium acts as a selective barrier in the continuous exchange
of molecules between blood and tissues. Vascular endothelial cells (ECs) are
largely involved in the regulation of normal vascular tone and permeability,
homeostasis maintenance, coagulation/fibrinolysis balance, the composition
of subendothelial matrix, leukocytic diapedesis and thrombogenesis
prevention. A pathological event such as dyslipidemia, hyperglycemia or
inflammation occurring cell activation thus endothelial dysfunction.
Dysfunctional EC release MPs, vasoactive substances and chemotactic
factors altogether contribute to the initiation of inflammatory response and to
eventual atherogenic development. Besides activated EC, apoptotic EC may
also release EMPs with a different surface immunophenotype. In detail,
activated cell-derived MPs express a high amount of CD62E, while apoptotic
EMPs are mainly Annexin V+. An elevated ratio of annexinV+ EMPs to
CD62E+ EMPs reflects an impaired immune phenotype of EMPs and allows
to diagnose through a specific pattern of EMPs, the origin and degree of
endothelial dysfunction in dysmetabolic disorders (76).

EMPs play a remarkable role in coagulation, inflammation,
endothelial function, and angiogenesis and thus disturb the wvascular
homeostasis, contributing to the progression of vascular diseases. In fact,
elevated levels of circulating EMPs were found in plasma from patients with

vascular diseases and atherosclerosis.
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3.2.2 Platelets derived MPs (PMP)

EVs from platelets are released when platelets attach to the vessel wall
and are involved in several processes in the human body, such as coagulation
and atherosclerosis. PMP are distinguished through the detection of surface
molecules such as CD62P, LAMP-1, CLEC-2, and GPVI. Since EVs express
phospholipids on their surface, they are capable of binding (activated)
coagulation factors. Interestingly, their coagulation activity is 50—100 times
higher compared to activated platelets. In fact, a genetic disorder that is
associated with deficient EV formation by platelets leads to bleeding. This
suggests that the promotion of coagulation by EVs is an important
physiological mechanism (90).

Besides the involvement of platelet-derived EVs in the coagulation
process, PMP have crucial roles in different biological functions: hemostasis,
host defense, response to injury, and immune response. In fact, they retain
many properties of their parent cells, such as the presence of surface-specific
antigens, the ability to deposit chemokines to the vessel wall and to confer

inflammatory signals to distal sites.

PMP have been shown to influence vascular cells (endothelial cells and
smooth muscle cells) and leukocytes, thereby changing their phenotype and
function. When isolated PMP are incubated with monocytes, they bind to
monocytes and since PMP are rich in inflammatory molecules (e.g., CD40L)
they can adhere to leukocytes by CD62P — PSGL-1 interactions and transport
pro-inflammatory signals (91).

Although platelets do not make contact with VSMCs under healthy
conditions, it might occur after vascular damage leading to changes in
proliferation, migration, marker expression and phenotype of VSMCs, and so
PMP might alter the behavior of surrounding cells. Taken together, PMP
influence both phenotype and behavior of leukocytes and vascular cells, thus
are important initiators and propagators in vascular remodeling and

downstream processes, such as calcification.
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3.2.3 Macrophage-Derived Vesicles

Atherosclerosis creates moderate hypoxia (2% oxygen) for local cells
and leads to activation of pro-inflammatory responses. Pro-inflammatory
macrophages secrete elastolytic cathepsins and collagen-degrading MMPs
(e.g., MMP-2 and -9). This process lead to proteolytic extracellular matrix
degradation and remodeling which cause atherosclerotic plaque instability
and rupture, the leading cause of cardiovascular morbidity. Inflammation
precedes and may serve as a requisite step for the onset of both atherosclerotic

and calcification.

Macrophages can directly contribute to cardiovascular calcification
through release of calcifying EVs in a hyperphosphatemic milieu. In EVs
released by macrophages, calcium mineral nucleates on complexes
containing S100A9, a pro-inflammatory and pro-thrombotic factor , PS, and
annexin V on the EV membrane. Accumulation and aggregation of these EVs

results in mineral growth within atherosclerotic plaques (92).

3.2.4 Matrix Vesicles and calcified Vesicles derived from vascular smooth
muscle cells

SMC-derived EVs are the most studied type of calcifying EVs in
cardiovascular tissues. Vascular smooth muscle cells (VSMCs) are the most
abundant cell source of the vasculature. Their role is central to vessel dilation
and constriction as well as vessel remodeling. VSMCs produce components
of the vascular extracellular matrix (ECM), therefore altering the composition
of connective tissue and can increase the number of VSMCs present in the
vasculature by proliferating. VSMCs are commonly considered to be
heterogeneous, having either contractile or non-contractile (synthetic)
phenotype.

In contractile phenotype VSMCs contract and relax to enable blood
flow around the body. in this state, they express highly VSMC-specific
markers for contractility such as SM-aA, calponin, and SM22a. These cells

have low motility, hence decreased cellular migration is observed, as well as
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decreased levels of proliferation. Under physiological conditions, most
VSMCS showed contractile phenotype actively secreting Matrix Vesicles
(MV5s) to regulate microenvironment. MVs are a subgroup of EVs, which are
coated in double membranes and consist of phosphatidylserine and annexin
but also contain endogenous calcification inhibitors such as vitamin K -

dependent matrix GLA protein (MGP) and circulating fetuin-A (93).

When synthetic, VSMCs exhibit a marked decrease in expression for
VSMC-specific contractility markers, but express more highly markers for
matrix metalloproteinase, collagenase, osteopontin and an increase in

production of EVs (90).

Phenotype switching enables VSMCs to maintain blood flow as well
as support the vascular niche. During vessel repair, migration and
proliferation of VSMCs are necessary. Terminal differentiation of VSMCs is
not a definitive end and it is possible to switch between phenotypes depending
on the demand of the vascular niche. Contractile VSMCs are generally
referred to as quiescent differentiated cells, whereas the synthetic state is

associated with plasticity and a sort of dedifferentiated state of VSMCs.

Smooth muscle cells and osteoblasts share similar mesenchymal
origins and under pathological stresses, SMCs can exhibit an osteoblast-like
phenotype. In a hyperphosphatemic environment or inflammation-driven
atherosclerosis, vascular SMCs upregulate expression of osteogenic

differentiation genes and release EVs enriched with pro-calcific factors.

The role of EVs released by VSMCs is significant in VSMC
phenotype switching and calcification. VSMCs have been found to release a
variety of EVs when in either synthetic or osteogenic phenotype.
Furthermore, EVs share similarity to osteoblast EVs, having calcium-binding
capacity and osteoblast-like ECM production. However, under pathological
conditions, certain vesicles acquire calcification potential. In fact under Long-
term stress and mineral imbalance, VSMCs in synthetic phenotype, promote

the release of MVs and switch into a calcified state.
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Calcified EVs released by VSMCs are the smallest molecules to form
microcalcification. It is revealed that SMC-derived calcifying EVs tend to
aggregate and form microcalcifications in areas with sparse collagen when
released into the extracellular matrix (ECM). Large calcification formed by
the accumulation of microcalcification gradually create mature minerals.(90)
These observations indicate a role for EVs in the formation and progression

of cardiovascular calcification.

One major challenge in EV research is to distinguish between
different EV populations, such as calcifying EVs, and MVs. Annexins present
on calcifying EVs play a dual role of Ca2+ uptake and counteracting the
calcification inhibitory activity of fetuin-A during ectopic mineralization.
calcifying EVs express high level of annexin A5 .The precise function of
annexins in calcification has not been fully unraveled. Increases of annexin
A2, annexin A5, and alkaline phosphatase co-localisation are proportional to

decreases in fetuin-A expression within in vitro VSMC calcification models.

Interestly, prothrombin (PT) contains a Gla domain. It has been
recently demonstrated that production of calcifying VSMC-derived EVs can
be inhibited by PT interaction. The Gla domain of PT interacts with the
surface of EVs, preventing nucleation sites for calcification. Furthermore,
circulating levels of PT are reduced in patients with vascular calcification.
Accordingly, in the absence of MGP, VSMC-derived EVs act to induce
calcification, suggesting a potentially novel role for inhibition of calcification

via PT-EV interactions.

3.2.5 Mesenchymal Stem Cells as Perivascular Progenitors

During vascular damage, loss of VSMCs attracts perivascular
Mesenchymal Stem Cells (MSCs) from the adventitia, which are a source of
VSMCs and contribute to repair after vascular injury. Indeed, the presence of
a specialized progenitor population of VSMCs localized in the adventitia of

muscular arteries has been suggested by several groups.
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\The perivascular niche or pericytes are present at intervals along
microcapillaries, and pericyte-like cells are also located in the adventitia of
large arteries. A pericyte is defined as mesenchymal stem cell (MSC) that is

completely or partially embedded in the endothelial basement membrane.

It was first described many years ago that pericytes have an osteogenic
potential and subsequently pericyte-like cells with osteogenic capacity were
isolated from VSMCs nodules of human aorta. A decade ago it has been
reported that Scal+/CD34+/PDGFRp+ cells that reside in the adventitia of
arteries possess a differentiation capacity towards smooth muscle cells and
osteoblasts in vitro (90). Thus, the presence of adventitial MSC-like cells with
osteogenic and myogenic potential until recently the involvement of these

MSC-like pericytes in cardiovascular disease development was discussed.

Adventitial progenitors have been found to differentiate into
osteoblasts, chondrocytes, adipocytes, macrophages as well as VSMCs. This
has led to the hypothesis that adventitial progenitor cells are master regulators
of the vascular niche. When progenitor dysfunction occurs, differentiation of

VSMC:s to an osteoblastic, chondrogenic or macrophage-like arise.

It was recently revealed that the Hedgehog transcriptional activator
Glil specifically labels perivascular MSC-like cells. Glil+ cells reside in the
pericyte niche with direct contact with endothelial cells of the
microvasculature and in the adventitia of large arteries (94). Glil+ cells
possess all criteria that have been used to define a MSCs, including surface
marker expression, tri-lineage differentiation and plastic adherence.

Futhermore, Glil+ cells are a major cellular source of myofibroblast
in fibrosis of all major organs such as lung, kidney, liver, heart and bone
marrow and could be differentiated into calponin+, aSMA+, smoothelin+
VSMCs in vitro. This data indicates that adventitial Glil+ MSC are indeed
progenitors of VSMCs. These studies indicate a great migration of Glil+ cells
into the media and neointima during chronic injury and atherosclerosis.

Multiple co-staining experiments indicated that adventitial Glil+ cells

first differentiated into contractile VSMCs (a-SMA+, calponin+) and then
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underwent a phenotypic switching with loss of contractile VSMC markers
and acquisition of synthetic VSMC state. Importantly, during vascular
calcification, a high percentage of Glil+-derived cells acquired nuclear
expression of the transcription factor Runx2 indicating differentiation into
osteoblast-like cells thus, adventitial Glil+ cells are important progenitors of
synthetic VSMCs and osteoblast-like cells in the vascular wall. Adventitial
Glil+ cells can be considered an important therapeutic target in vascular

calcification (90).

Thereby, we speculate that these niche of MSCs may also secrete EVs

and contribute to vascular calcification.
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AIM OF THE STUDY

The aim of this study was:

1y

2)

to set up a protocol using NGS technology for the identification
and quantification of circulating sncRNAs involved in
atherosclerotic plaque composition in type 1 diabetic patients

(TIDM);

Characterize the phenotypes of circulating MPs derived from
T1DM, associated with the plaque composition to evaluate the
impact of these extracellular vesicles as carrier of specific small

non coding RNAs, involved in these pathways.
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MATERIAL AND METHODS

Workflow of the study
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Figure 8: Workflow of the study. TIDM (Type 1 Diabetes Mellitus); MP (Microparticle);
CFP (Carotid Fibrous Plaque); CCP (Carotid Calcified Plaque);
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1. Subjects

This study was performed with the collaboration of the Unit of
Metabolic Disease, Department of Medicine-University of Padova and the
Center of Center for Biomedical Research on Diabetes and Associated
Metabolic Diseases, Department of Endocrinology and Nutrition, University
Hospital de la Santa Creu i Sant. 61 subjects with type 1 diabetes were
recruited from the diabetic outpatient clinics at University Hospital Germans
Trias 1 Pujol and at University Hospital Arnau de Vilanova in the North-
Western region of Spain (Catalonia).

Inclusion criteria were as follows: age >18 years; type 1 diabetes for
at least 1 year; normal renal function (estimated glomerular filtration rate

(eGFR) >60 mL/1.73mq.min).

Exclusion criteria were: previous cardiovascular diseases, defined as
any form of clinical coronary heart disease, stroke or peripheral vascular
disease (including any form of diabetic foot disease); and a urine
albumin/creatinine excretion ratio >300 mg/g.

This study was carried out in accordance with the International Ethical
Guidelines and the principles of the Declaration of Helsinki; Local Ethics
Committee of both participating centers approved the protocol (PI11/11 and
PI-13-095); all participants signed informed consent forms. Patients filled out
a complete lifestyle questionnaire regarding medical history, current therapy,
smoking habits, and physical activity.

For each subject, age, sex, body mass index and waist circumference
were obtained by standardized methods. Plasma glucose, serum total
cholesterol, triglyceride, HDL cholesterol were measured using routine
enzymatic methods (95).

For Next generation Sequencing and for microparticles analysis,
fasting blood samples were collected into EDTA-containing tubes and

centrifuged at 3000g for 10 min. Plasma was stored at -80°C until use.
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1.1 Carotid Ultrasound Imaging

The detailed protocol to evaluate the presence of carotid plaques by
ultrasound has been previously described (95). Briefly, carotid
ultrasonography imaging was performed using a LOGIQ® E9 (General
Electric, Wauwatosa, WI, USA) equipped with a 15-MHz linear array probe
or a Sequoia 512 (Siemens, North Rhine, Westphalia, Germany) equipped
with a 15-MHz linear array probe.

Plaques were identified using B-mode and color Doppler examination
in both the longitudinal and transverse planes, to consider circumferential
asymmetry. They were defined as a “focal structure that encroaches into the
arterial lumen of at least 0.5 mm or 50% of the surrounding carotid intima
media thickness value or demonstrates a thickness of 1.5 mm, as measured
from the media-adventitia interference to the intima-lumen surface”

according to the Mannheim consensus (96).

Further, the LOGIQ E9 ultrasound system had a 3D image acquisition
system with a low depth sweep box with a 45° angle and a slow acquisition
time to scan the volume. Volume acquisition used 3 orthogonal sectional
plans (A, B, C) and started with the sectional image (A), which gave a 2D
image showing the longitudinal view of the carotid arteries and bulb. Images

B and C showed the transverse and horizontal axes, respectively.

The volume sweep was recorded as raw data and used for volume
calculations. Volume calculation was made by delineating the plaque
contours and with the transverse plane (B) as described previously(97).
Atherosclerotic plaques were classified using the well-known five-type
classification system based on visual assessment of echogenicity with vessel
lumen and adventitia as reference structures: uniformly echolucent,
predominantly echolucent, uniformly echogenic, predominantly echogenic
and extensively calcified plaques (95).

For the aim of this study, we additionally reclassified individuals into
two clinical categories: fibrous (hypoechoic) and calcified (hyperechoic)
plaques. The arterial territories explored included the common and internal

carotid territories and the bifurcation from the left and right carotid arteries.
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All participants in this study underwent the same carotid ultrasound
examination, and all measures and ultrasound studies were assessed at each

participating hospital by the same researcher.
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2. NGS pre-sequencing analysis
2.1 sncRNA Extraction

SncRNAs from plasma samples was extracted using the miRNeasy
Serum/plasma” kit (Qiagen, Germany), according to the manufacturer's
protocol. This kit combines phenol/guanidine-based lysis of samples and
silica-membrane—based purification of sncRNA. Briefly, 200 pl of plasma
was lysed with 5 volumes of lysis buffer Qiazol, a monophasic solution of
phenol and guanidine thiocyanateand, then incubated with chloroform to
separated lysate into aqueous and organic phases by centrifugation. The
upper, aqueous phase represents RNA partition then extracted, and ethanol is
added to provide appropriate binding conditions for all RNA molecules from
approximately 18 nucleotides (nt) upwards. The sample is then loaded into
the RNeasy MinEluite spin column, where sncRNAs bind to the membrane
and phenol and other contaminants are efficiently washed away. High-quality

RNA is then eluted in 40 ul of RNase-free water and stored at -80 °C.

2.2 Pre-library amplification Quality Control: house keeping miRNA
profiling by qPCR

Before starting the preparation of sncRNA libraries, the quality of
blood samples and RNA extraction were tested in order to guarantee the high
level of efficiency of NGS. In particular, the presence of retro
transcriptase enzyme inhibitors, contaminants or haemolysis were

determined using a protocol previously described (84).

Briefly reverse transcription was performed using the miRCURY
LNA™ Universal RT (Exiqon, Denmark). Individual miRNAs were detected
by CFX500 (Biorad, California, USA) using ExiLENT SYBR® Green master
mix and LNA™ primers (Exiqon, Denmark), for hsa-miR-103a-3p as
miRNA reference for plasma samples, and hsa-miR-451 as haemolysis
control. Then, we used the values of Cq to determine the quality a of the RNA
isolation, the cDNA synthesis reaction and the PCR efficiency.

We did not use spike-ins for normalization in biofluid samples

(plasma, serum) because this approach does not correct for many aspects of
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technical variation (e.g. variation in endogenous RNA content), as reported

previously (84).

2.3 sncRNA NGS libraries preparation

Universal cDNA synthesis and library preparation of sncRNAs from
plasma samples was obtained using QIAseq® miRNA Library kit (Qiagen,
Germany), according to the manufacturer's protocol. The QIAseq miRNA
Library Kit has been optimized to prepare sequencing libraries of miRNA and
other similarly sized RNAs such as piRNAs and tsSRNAs with a 3° hydroxyl
group and a 5’ phosphate group.

Briefly, in an unbiased reaction, adapters are ligated sequentially to
the 3’ and 5° ends of sncRNAs. Subsequently, universal cDNA synthesis with
UMI assignment, cDNA cleanup, library amplification and library cleanup
are performed (fig.9). Each step is futher described below.

5' PO, 3 miRNA
5! PO, — 3! 3' Ligation
l Pre-adenylated
adapter
5! e— — ! 5' Ligation
. l Reverse-transcription
O — e with Unique
3 - 5! Molecular Index
RT primer with UMI (UMI) assignment
g. ? 5 cDNA cleanup
For with Index l
— . Sfv. a8
/3- 5 Library amplification
5 3 and Sample Index
T assignment
l Universal Rev S

Library cleanup

Figure 9: miRNA sequencing library preparation using the QlAseq miRNA Library Kit.
37 and 5’ adapters were ligated to mature miRNAs. The product was reverse-transcribed to
cDNA using a reverse transcription (RT) primer with a Unique Molecular Index (UMI).
Then, ¢cDNA cleanup was performed and library amplification occurred with indexing
forward primers and a universal reverse primer. After final library cleanup, the sncRNA

library is then ready for QC and subsequent NGS.
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2.3.1 Adapter ligation

A pre-adenylated DNA adapter was ligated to the 3’ ends an RNA
adapter was ligated to the 5 end of all sncRNAs. These adapters are highly
optimized for efficient ligation as well as prevention of undesired side

products.

The manufacturer's protocol does not recommend assessing the
concentration of total RNA derived from plasma samples but rather starting
with 5 ul of the eluate total RNA. The reaction mix content a specific buffer

Ligation Activator and specific enzymes to allow the ligation of the adapters.

At first, the 3” pre-adenylated DNA adapter was added incubating the reaction
mix for 1 hour at 28°C and for 20 minutes at 68°C. Immediately after chilling,
the 5’RNA adapter and their specific reagents were added to the reaction

product and incubate at the same temperatures, to allow the ligation.

At the end of this step we obtained fragments with known terminal

sequences.

2.3.2 ¢cDNA synthesis and cDNA cleanup

The RT primer binds to a region of the 3’ adapter and facilitates
conversion of the 3°/5° ligated sncRNAs into cDNA. The reverse
transcription (RT) primer contains an integrated Unique Molecular Index
(UMI) to assign a UMI to every sncRNA molecule. During reverse
transcription, a universal sequence is also added that is recognized by the
sample indexing primers during library amplification. The UMIs into the
reverse transcription process enable unbiased and accurate sncRNome-wide

quantification by NGS.

NGS analysis is traditionally based on the number of reads, but reads
can be misleading and sequencing bias can result in an overestimation of
sncRNA expression. At low input, this effect is amplified, which is why
biofluid experiments or other experiments with low input can be so difficult
to execute successfully. UMI technology adds molecular tags to each
sncRNA molecule to eliminate this bias. For example, there are three copies

of miRNA 1 and two copies of miRNA 2 in the sample X, and the total
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number of unique tags is five in the ratio 3:2 for these miRNAs. The raw reads
following sequencing may not reflect a 3:2 ratio due to sequencing bias or
PCR error, but the UMI count ensures that the data reflects the reality in the
sample (fig. 10).

Overestimation of sncRNA expression

20,000,000
13,000,000 = Total Reads
= Row miRNA Reads
10,000,000 = miRNA UMis
5,000,000 True sncRNA expression

P i

100ng 10ng Ing
Total RNA Input

Figure 10: Effect of Unique Molecular Index (UMI) count on sncRNA expression by NGS

analysis .

After reverse transcription, a cleanup of the cDNA was performed using
a streamlined magnetic bead-based method, in order to enrich the samples
with cDNA fragments that contain the adapter and remove the exceeded

reagents.

2.3.3 Libraries amplification and cleanup

The library amplification step provides for the use a universal reverse pri-
mer and a specific forward primer that contains a barcode to assign each sam-
ple aunique index. This Barcode is then recognize during the sequencing step
to collect the sequences derived from the same sample. The un-biased ampli-
fication of all sncRNAs in a single reaction ensures that sufficient target is
present for next-generation sequencing. A HotStartTaqg DNA polymerase
drives the amplification of the libraries and is activated by this heating step
(95°C for 15 minutes) following by 22 cycles of denaturation, annealing and
estimation steps . After library amplification, a cleanup of the sncRNA library
is performed using a streamlined magnetic bead-based method. This step al-
lows to enrich the library with specific size RNA and to remove eventually
contaminants, aqdapter dimers and inhibitors. This important and delicate

procedure could strongly influence the efficiency and the results.
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2.4 NGS Library pre-sequencing Quality Control (QC)

2.4.1 sncRNA library QC by High Sensitivity DNA electrophoresis

sncRNA Libraries were analized by LabChip GX Touch Nucleic Acid
Analyzer (PerkinElmer, Massachusetts, USA) using HT DNA S5K/RNA
LABCHIP kit (D-MARK Biosciences, Canada, USA) according to the
manufacturer’s instructions. A typical electropherogram obtained from
sncRNA library shows a peak between 170-180 bp corresponding to miRNA-
sized library and a smaller peak approximately of 188 bp corresponding to a

piRNA-sized library.

2.4.2 sncRNA library QC by qPCR.

The analysis of quality sncRNA libraries was also performed by qPCR
using three different primers: the first, called NGS 3C Primer, for assessing
the performance of 3’ adapter ligation; the second, NGS 5C Primer, for as-
sessing the performance of 5 adapter ligation and the third, NGS RTC Pri-
mer, for the performance of reverse transcription reaction. The analysis of
amplification curve of all the three different qPCR reactions should give a
threshold cycle (Cq) less than 28, indicating a correct library preparation, Cq
values for some of all the PCR controls greater than 28 suggest a poor library

preparation.

2.5 sncRNA Library quantification by fluorimetric spectroscopy
The Qubit dsDNA HS assay is a fluorometric assay that uses dsDNA-

binding dyes in order to determine accurately NGS library concentration. 2
ul of sncRNA Library were loaded in a Qubit® 3.0 Fluorimeter (Termo Fisher
scientific, Massachusetts, USA). Briefly, Qubit working solution was
prepared mixing Qubit dsSDNA reagent with Qubit Buffer in 1:200 ratio. After
calibration with Qubit standard 1 and 2 incubating 10 pl with Qubit working
solution, 2 pl of each sncRNA Focused Library were incubated with Qubit

working solution to obtain the concentration of the samples in ng/ul. The
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molarity of each sncRNA Focused Library (in nM) was determined using the
following equation:

(X ng/nl)(106)/(112450) = Y nM
A pool of libraries to sequence in multiplexing was generated in equimolar
amounts (4 nM) by dilution with RNAase free water of each sample to reach
the final concentration as recommended by [Mlumina.

(https://support.illumina.com/help/pooling-calculator/pooling-

calculator.htm) Finally, pool of libraries was measured by Qubit® 3.0

Fluorimeter to verify the correct final concentration
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3. Next Generation Sequencing on sncRNA libraries:

SncRNA libraries were sequenced using MiSeq Illumina Platform
following manufacturer’s instructions. Miseq is a Next Generation
Sequencing system with a sequencing by synthesis technology (SBS).

SBS uses four fluorescently labelled nucleotides to sequence on a
flow cell surface in parallel, the tens of millions of clusters obtained from
bridge amplification: fragments in each cluster are linearized by cleavage
within one adaptor sequence and denatured, generating single-stranded
template for sequencing. During each sequencing cycle, a single labelled
deoxynucleoside triphosphate (AINTP) is added to the nucleic acid chain. The
nucleotide label serves as a terminator for polymerization and after each
dNTP incorporation; the fluorescent dye is imaged to identify the base and

then enzymatically cleaved to allow incorporation of the next nucleotide.

Sequencing fragments are immobilized on a flow cell surface designed to
facilitate access to enzymes ensuring high stability of surface bound template

and low non-specific binding of fluorescently labelled nucleotides.

Flow cell with v3 chemistry and 150 cycles ( Mi Seq reagent kit v3)
was used to performed the sequencing in single reads of 75 pb fragments for
sncRNA library. Since this flow cell allows to generate around 30 million
reads per run, 9 samples per run were loaded to guarantee almost 3 million
reads per sample. Furthermore, to verify the accuracy and reproducibility of
the results some replicates were included in the study.

DNA fragments from the pool of 9 libraries at 4nM were denatured
with 0.2N NaOH into single strands and then further diluted to reach a final
concentration of 20 pM. This concentration is estimate to generate an
optimum cluster density of 1200-1400 k/mm?2, to avoid the phenomenon
called “overclustering” in which the instrument is unable to discriminate the
brightness of the reads due to their exceeded abundant.

An excessive cluster density (overclustering) or a low cluster density
(underclustering) do not enable the instrument to properly recognize and
count the reads obtained with precise estimate. Overclustering increases

signal brightness, which makes finding the focal plane difficult and causes

71



Material and methods

poor template generation, poor cluster registration, and other image analysis
issues. These issues negatively affect sequencing data. In fact when
overclustering is extreme, image focusing can fail and terminate the run at

any cycle (Run failure).

3.1 NGS quality control

[llumina Platforms provide several internal quality control during the
sequencing run such as the Phred Q scores. Q score reveal how much of the
data from a given run is usable in a resequencing or assembly experiment.
Low Q scores can lead to increased false-positive variant calls, resulting in
inaccurate conclusions. The process of generating a Phred quality scoring
scheme is largely the same of Sanger sequencing.

Q scores are defined as a property that is logarithmically related to the base
calling error probabilities (P):

0O =-101logl0 P

For example, if Phred scale assigns a Q score of 30 (Q30) to a base, this is
equivalent to the probability of an incorrect base call 1 in 1000 times. This
means that the base call accuracy (i.e., the probability of a correct base call)
15 99.9%. When sequencing quality reaches Q30, virtually all of the reads will
be perfect, having zero errors and ambiguities. This is why Q30 is considered

a benchmark for quality in next-generation sequencing (98).

Finally, the data obtained from the sequencer are collected as FastQ files, one

for each samples and loaded into bioinformatics tool for the analysis.
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4. NGS post sequencing analysis
4.1 sncRNA analysis by Bioinformatic tools.

Expression analysis is crucial for the understanding of small RNA
regulation and it is a starting point for genetic functional studies. High-
throughput small non-coding RNA sequencing (sncRNA-seq) offers
advantages compared to the other methods, specifically by distinguishing
very similar small RNA sequences. Its unbiased nature also allows detection
of novel sncRNAs. Despite these advantages, there are many bioinformatics
challenges in the processing of high-throughput small RNA sequence. The
short sequence length makes these sncRNAs difficult to map in large,
complex, and repetitive reference genomes, as human genome, and many
small RNAs are composed of near-identical family members. In recent years,
several bioinformatics tools have been developed to manage the mounting
flow of sncRNA-related data, with different method of normalization, such
as scaling normalization, Trimmed Mean Method (TMM) in edge R (99),
global normalization and DEseq that uses a negative binomial model (100).

In this study, two different bioinformatics tools were compared for
evaluating their sensitivity and accuracy in detecting and quantifying
sncRNA: Partek Flow (Partek,Missouri, USA) and CLC genomics
workbench 12.0.3 (Qiagen, Germany).

These bioinformatics tools provide different specific pipelines for
sncRNAs analysis characterized by a first part that includes adapter trimming
and alignment of the sequences for the quantification of sncRNAs, and a
second part, which includes normalization and differential expression

analysis.

4.1.1 sncRNA quantification analysis
The first part is similar for both tools which steps are the following:

e Upload of data: Fragment sequences from each sample with a length
of 75 bp from NGS were loaded as FastQ files into bioinformatics
tool. FASTQ file is a text file that contains the sequence data and each
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entry in a FASTQ files consists of 4 lines: a sequence identifier with
information about the sequencing run and the cluster; the sequence
(the base calls; A, C, T, G and N); and the base call quality scores.

e Trimming Adapter Sequences: Adapter sequences should be
removed from reads because they interfere with downstream analyses,
such as alignment of reads to a reference. The adapters on the 3° ends
contain the sites that allow library fragments to attach to the flow cell.
Cut-adapt is the tool that searches for the adapter in all reads and
removes it.

e UMI sequences count: As previously described, the aligned
sequences were counted considering the presence of UMI to optimize
the quantification.

e Aligning reads with reference genome: The goal of read alignment
is to map comparatively short sequencing reads efficiently to a large
reference genome to identify the 'correct' genomic loci from which the
read originated. The Bowtie package enables ultrafast and memory-
efficient alignment of large sets of sequencing reads to a reference
sequence, such as the human genome (101). In our study, a sequential
alignment strategy was used to map on several databases: reference
human genome hg38 was used and miRBase v.22.1 was considered
as first annotation model. All the sequences recognized in miRBase
were collected as mature miRNAs, while sequences do not have a
match with miRBase annotated sequences were collected as
unmapped and were used for further alignment with databases for

other classes of sncRNAs.

4.1.2 Annotation Models

The choice of a correct annotation model as sncRNA database is an
important and critical issue since there are several options that are not quality-

assured.
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o miRNA annotation model (miRBase)

The miRBase database is a searchable database of published miRNA
sequences and annotation. Each entry in the miRBase sequence database
represents a predicted hairpin portion of a miRNA transcript with the
information on the location and sequence of the mature miRNA. Both hairpin
and mature sequences are retrieved by name, keyword, references and

annotation and all the sequences are also available for download (102).

The latest release of the miRNA database (miRBase Release 22.1,
October 2018) downloaded in Partek and CLC Genomics bioinformatics
tools, has catalogued 1917 annotated hairpin precursors, and 2654 mature
sequences in humans, although the functional importance of many of these

miRNA annotations remains to be determined.

After a systematic effort to validate experimentally miRNAs from
miRBase version 14, it is estimated that nearly one-third of the tested loci
(173 of 564) lacked convincing evidence that they produce authentic
miRNAs. Although some of the misannotated miRNAs have been removed
from the database during the years, many more have since been added without
validation, suggesting that current miRNA database might be substantially
inflated. For this reason, the users can now send feedback to report authentic

miRNAs from false annotations.

The main criteria to validate authentic miRNAs are: the 5" homogeneity
(although one should be cautious, because some authentic miRNA loci
naturally produce alternatively processed isoforms); sequencing reads
abundance; phylogenetic conservation; evidence for RNase Ill-mediated
processing such as the loss of miRNA following Drosha or Dicer knockdown;

and evidence of Argonaute proteins association.

e piRNA annotation model (piRBase)

In light of the rapidly increasing studies on piRNA, several piRNA related
databases, such as piRNABank, piRNAQuest, piRNA cluster database and
IsopiRBank, have been generated. However, all these databases are limited

for piRNAs sequences and from the number of species. piRBase v1.0
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implemented the number of unique piRNA sequences to 173 million,

including 21 species (61).

tsRNA annotation model (MINTbase)

MINTbase is a repository database that comprises nuclear and

mitochondrial tRNA-derived fragments (‘tRFs’) found in multiple human

tissues. MINTbase contains information about 26 531 distinct human

tRFs from 11 719 human datasets(103).

4.1.2 sncRNA normalization and Differential Expression Analysis

After the enrichment of aligned sequences with sncRNAs database,

read count numbers for sncRNA across samples have to be normalized and

several option could be considered for the analysis of the data to compare two

or more groups of samples.

Filter Reads feature: Low expression miRNAs (low reads) may be
indistinguishable from noise and will decrease the sensitivity of
differential expression analysis. For this reason, an option could be
considered to filter the data, considering the sncRNAs with a

minimum number of reads count by setting a cutoff.

Normalization: All RNA-seq experiments are subject to sources of
systematic variation such as library size, transcript length, and G-C
content Small RNA-seq experiments are further impacted by the
highly non-normal distribution of expression of different small RNAs,
particularly miRNAs (104). Often a few miRNAs account for a very
large fraction of total reads while the vast majority of miRNAs each
contribute a small percentage of reads. Moreover, sample input
amounts of extracellular RNA are often extremely limited, increasing
the potential for both sampling error and experimental bias. To
address these issues, a number of normalization methods have been
developed. Although, there is no consensus regarding the optimal

normalization method, but it is known that different methods can
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result in different results in downstream analysis, particularly

differential expression analysis (DE).

Trimmed mean of M-values (TMM) is a scaling method that involves
application of a standard linear mathematical operation to each
sample. TMM determines a scaling factor, which is the weighted

trimmed mean of log expression.

Another general approach to normalization is to preserve the
distribution of the data among different data sets such as DESeq. In
DESeq, a scaling factor for each sample in the dataset is obtained by
computing the median of the ratios of each sncRNA in one sample
over the geometric mean of that sncRNA across all samples. The same
scaling factor is then applied to the read counts for all of the genes in
that sample.

For these considerations, two different methods of normalization
were compared: DESeq from PArtek and TMM from CLC Genomics.
Differential expression analysis (DE): Finally, there are several
statistical model to perform the differential expression analysis of
smallRNA seq data and each software provides different options

described above
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4.2 Partek Flow Software

Partek Flow is a software for analysis from next generation sequencing

data of sncRNA, RNA transcriptome and whole genome, exome or targeted

panel DNA sequencing. The software allowed managing tasks to customize

the workflow providing quality control for alignment, for quantification, and

statistical analysis. This tool enables a reserve workstation online and

efficient online support. The pipeline generated from the Partek Flow for our

study is designed below (fig. 11 and 13).

4.2.1 sncRNA Quantification

Dedu te: Quantify to
xxxxx miRbase
v22

b S L —_ ——fololy
8o Dedupicate UM
Unaligned reads o igpedrens PSR ecupicoied Quarkdy fo RefSeq counts
el custom
database
(piRBasev.1
MINTbase v.2)

Figure 11: Pipeline of Partek flow: quantification of sncRNA libraries

Upload of data: Unaligned reads from NGS were downloaded as
FastQ formats.

Trimming Adapter Sequence: This task (Trim tags) allows to trim
the adapter with known sequence at 3’ end, retaining only the
fragments with the features reported in fig. 12. Sequences with less
than 15 pb or without adapter or without UMI are discarded and are

not used for the analysis.

5 3
—————————————————————————————————— =
: Sequence :I Adaptor " UMI |

__________________________________

Figure 12: structure of a DNA fragment in sncRNA library
Align insert sequences: Bowtie was used for the alignment of the
sequences with miRBase v.22.1 database considered as first

annotation model, in the human genome (hg38). The sequences
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unmapped were collected as unaligned reads for analysis with

piRBase v.1 or with MINTbase v.2 for tsRNAs.

UMI sequences count: The “Deduplicated UMIs” task enable to take

in to account UMI and optimize the quantification.

Partek flow also allows performing several optional tasks to evaluate

the quality of the data.

4.2.2 sncRNA Differential Expression Analysis

microRNA counts

Filter features Hierarchical
clustering / heat

map

Filtered counts Feature list

Reads>20

Feature Pathway
distribution enrnchment

m O m

GSA Hierarchical

Normalization

(TMM)

Normalized counts Feature list clustering / heat
map

Pathway
enrichment

Figure 13: Pipeline of Partek flow: Differential expression Analysis of sncRNA libraries

*

Filter Reads feature. The sncRNAs with reads count >20 were
considered for the analysis while those with lower than 20 reads were
discarded.

Normalization and differential expression analysis (DE). Partek
flow allows choosing among several normalization methods, in
particular, we performed DESeq2 and TMM.

The DESeq?2 task can be invoked from data nodes directly generated
by quantification tasks that contains raw read count values for each
feature in each sample and cannot be run on a normalized counts data
node because DESeq?2 internally corrects for library size. The package
DESeq?2 provides methods to test for differential expression by use of
negative binomial generalized linear models; the estimates of
dispersion and logarithmic fold changes incorporate data-driven prior

distributions (100).
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TMM normalized counts were analyzed with GSA task. Gene-specific
analysis (GSA) is a statistical model used to test the differential
expression of sncRNA in Partek Flow. The goal of GSA is to identify
a statistical model that is the best for a specific gene and then use the
best model to test for differential expression.

Exploratory analysis task: These options provide to generate a heat

map and visualize a pathways enrichment in of the results.
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4.3 CLC Genomics Workbench software

CLC Genomics Workbench is a comprehensive analysis package for
the analysis and visualization of data from all major next-generation
sequencing (NGS) platforms. It supports key next-generation sequencing
features within genomics, transcriptomics, and epigenomics research fields.
This tool provides quality control, alignment, quantification, statistics, and
visualization tasks. The software also allowed managing each task to
customize the suggested ready-to-use workflow; indeed, we performed the

analysis using the following pipeline. (fig. 14 and 15)

4.3.1 sncRNA Quantification
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Grouped on mature sequence ‘Gmuped on seeds ‘Glouprd on custom databases |Unmipptd reads ‘Repon
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Matuie miRNA sample 1miRBan ‘RNAnlnlllllo miRBase identifier mappings
= Grouped on custom databases
Annotate with RNACentral Accession Numbers

|Annotated mature miRNA sample piRBase v.1
Y MINTbase v.2

Annotated mature miRNA sample

Figure 14: Pipeline of CLC Genomics Workbench-Quantification of sncRNA libraries
e Upload of data: Unaligned sequences derived from NGS data were

downloaded as FastQ formats.

e Trim Adapter and UMI sequences count: Adapter sequence was
trimmed and sequences with less than 15 pb or without adapter or

without UMI are discarded and are not used for the analysis.
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Align insert sequences: The ready-to-use workflow provides the
alignment with miRBase v.22.1. The unmapped sequences were
aligned with piRBase v.l and with MINTbase v.2 databases,
respectively for piRNA and for tsRNAs.

CIC Genomics also allows performing several optional tasks to

evaluate the quality and the accuracy of the data.

4.3.2 sncRNA Differential Expression Analysis

Subsample of annotated reads count >20

I Expression tables (Mature or Sead)
— =T
Expression Data
Ditferential Expression for miRNA
Statistical Comparisan Tracks Statistical Comparison Tables A
Expression Data | Statistical comparison | Feature frack
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/ Expression Data | Statistical comparisons | Annotation resoutce m
P /
= P / i s v
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Statistical Comparisens GOA
Gene Set Test

Output Table

N P / Expression Bronser

Figure 15: Pipeline of CLC Genomics Workbench- Differential expression Analysis of
sncRNASs.

Filter Reads Feature: The sncRNAs with reads count >20 were
considered for the analysis creating a subsample collection, sncRNAs
with read count lower than 20 were discarded.

Normalization and differential expression analysis (DE): The
software enables to choose among several normalization methods,
although in the ready-to-use workflow only Trimmed Mean Method
(TMM) is set. The differential expression analysis by this software
provides a GLM model (Generalized Linear Model) with a negative
binomial distribution, similar to EdgeR or DESeq2 (100,105)
Exploratory analysis task: These options provide to generate a heat

map and visualize a pathways enrichment in of the results.
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4.4 Post- sequencing QC: miRNA profiling by qPCR

2 ul of purified sncRNA were retrotranscripted and PCR real time was
performed with Tagman probes. (Termo Fisher scientific, Massachusetts,
USA). Briefly reverse transcription was performed using the TagMan Ad-
vanced miRNA cDNA Synthesis Kit which provides a pre-amplification step
of the CDNA using universal primers and specific master mix to uniformly
increase the amount of cDNA for each target. Individual miRNAs were de-
tected by CFX500 (Biorad, California, USA) using TagManFast Advanced
Master Mix with TagMan Advanced miRNA assays, for hsa-miR-122-5p,
hsa-mir-431-5p and hsa-mir-93-5p, according to the manufacturer's protocol.
Mean of Cq values of replicates obtained by qPCR were compared with the

reads count result in NGS data for each sample.

4.5 Putative Target Gene for miRNAs Network Analysis

Target genes for miR-39-5p, miR-503-5p, miR-29b-3p, miR-451a,
miR-10a-5p, miR-106b-5p and let7d-5p were identified and compared using
a bioinformatics tool with online target prediction algorithm, miRWalk
(http://zmf.umm.uniheidelberg.de/apps/zmf/ mirwalk2/ index. html). Gene
targets for these miRNAs were selected through gene ontology (GO)
functional analysis and through ontology biological process (GOBP). To

create the visualization summary networks, Cytoscape v3.2.1 was used.

4.6 Statistical analysis

For the miRNA screening study, a sample size calculation was
performed to determine the number of samples to assure a statistically
significant difference between sncRNA from plasma patients with carotid
fibrous or calcified plaques. We performed a power calculation to test
whether our sample size could provide enough power to detect a fold change
at least 1.4 for circulating miRNAs of expression level between the two
groups.

For this aim we calculated that the sample size should be at least of 19

subjects per group to reach a desired power of 80%, standard deviation
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estimated at 0.5 and average power with a FDR (false discovery rate) of 10%.
Since our experimental design provides 25 subjects with fibrous plaque and
26 subjects with calcified plaque for NGS analysis , our sample size should
be large enough to reach the required 1.4 fold change(106).

Continuous variables are expressed as mean + standard deviation;
comparisons between two groups were performed with the Student’s t test.
To determine the association between studied variables regression analysis
were performed. Statistical significance was accepted at p<0.05. SPSS ver 25
(IBM_SPSS statistics, Bologna, Italy) and GraphPad Prism ver 8.0.2
(GraphPad software, San Diego , CA, USA) was used.

84



Material and methods

5. Circulating microparticles Analysis
5.1 Microparticles Characterization

Platelet-poor plasma (PPP) was prepared within 3 h of blood
collection by double centrifugation (3000g for 15 min). Microparticles
(MPs). MPs derived 40 T1DM patients with fibrous (CFP; n 20) or calcified
(CCP; n 20) were isolated from 350 pl of PPP through centrifugation at
18000g for 40 min at 4 °C.

The resulting pellet is the enriched fraction of isolated MPs. MPs were
resuspended in 350 pl of phosphate-bufered saline (PBS, Sigma, USA) and
stored at —80 °C until use. Samples, analysed only after a single freeze—thaw
cycle, were thawed by incubation for 5 min in a water bath at 37 °C

immediately before assay.

All assays were performed on flow cytometer CytoFLEX (Beckman
Coulter, Miami Florida). The MPs gate was established using a blend of
mono-dispersed fluorescent beads of three diameters (0.5, 0.9, and 3 pum)
(Megamix, BioCytex, DiagnosticaStago, France)(77).

Ten pl of freshly thawed MPs were directly incubated for 20 min at
room temperature in the dark with 2 pl of fluorescent conjugated monoclonal
antibodies against cell-type specific antigens and 2 pl of annexinV-FITC
(fluorescein isothiocyanate) from Annexin V-FITC Apoptosis Detection Kit
(EBIO -Termo Fisher scientific, Massachusetts, USA).

Endothelial-derived MPs were identified using CD62E-PE
(phycoerythrin, EBIO -Termo Fisher scientific, Massachusetts, USA), and
platelet-derived MPs using CD62P-APC (Allophycocyanin, EBIO -Termo
Fisher scientific, Massachusetts, USA); leukocyte-derived MPs using CD45-
PE (EBIO-Termo Fisher scientific, Massachusetts, USA); Tissue Factor-
bearing (TF + MP) with CD142-PE (clone HTF-1; EBIO -Termo Fisher
scientific, Massachusetts, USA); mesenchymal/stem cell-derived MPs using
CD34-PE (EBIO -Termo Fisher scientific, Massachusetts, USA); Smooth
Muscle cell-derived MPs with aSMA-PE, (aSmooth Muscle Actin, R&D
systems, Minnesota, USA) and MPs positive for calcification marker with

ALPL-Alexa Fluor-700 (Alkaline Phosphatase, R&D systems, Minnesota,

85



Material and methods

USA). MPs were also labelled with Calcein-AM 20uM (Sigma-Aldrich,
Missouri, USA)

The samples were diluted in 80 pl of 0.22 um filtered Annexin-V
binding buffer or filtered PBS before analysis. MPs count was expressed as

absolute numbers per microliter.

The data from CytoFLEX Platform were analysed with CytExpert
Software (Beckman Coulter, Miami Florida).

5.2 Immunofluorescence of MPs

MPs labeled with fluorescent-conjugated monoclonal antibodies were fixed
with 4% paraformaldehyde, and after centrifugation and resuspension in 15
ul of Elvanol mounting medium, seeded on slides. Images were captured
using Leica  DMI6000CS fluorescence microscope (Leica
Microsystems,Germany) was used and samples were analysed with DIC and
fluorescence objectives. Images were acquired at 100x/1-4 oil immersion lens
(image size 1024 x 1024 pixel). Images were acquired using a DFC365FX
camera and processed using the Leica Application Suite (LAS-AF) 3.1.1.

Software (Leica Microsystems).
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1. Clinical Parameters of T1DM

Results

The main clinical parameters of the study group of type 1 diabetic

patients are reported in table 1. Subjects were divided into two groups

according to the presence of Carotid Fibrous Plaque (CFP, n=30) or to the

presence of Carotid Calcified Plaque (n=31; CCP) determined by Carotid

Ultrasound Imaging. There were no significant differences in the baseline

characteristics between TIDM patients with CFP and T1DM patients with

CCP, except for LDL level which are slightly higher in TIDM patients with

CFP.
TIDM Fibrous Plaque Calcified Plague
Variable (n=61) CFP CCP P-value
(n=30) ((1=21))

Age 52,54 + 8,25 52,10 + 8,88 52,97+ 772 0,686
Sex (F/M) 35/26 1713 18/13 0,686
Diabetes Duration (years) 24,87 = 11,42 25,13 £10,31 24,61+-1258 0,860
BMI (kg/m?) 26,72+ 3,73 26,98 + 3,30 26,47+414 0,596
PAS (mm Hg) 13331+1358 129,97+1351 136,55+13,06 0,058
PAD (mm Hg) 7721+10,09 76,43 10,06 77,96+ 10,22 | 0,557
Glycemia (ma/dL) 160,42 + 82,07 152,97+:80,86 167,64+ 83,91 0,490
Triglycerides (mg/dL) 93,11+ 47,39 102,06 + 57,41 84,45+ 33,87 0,148
Cholesterol (ma/dL) 181,39 + 38,04 190,56+40,57 17251+33,72 0,063
HDL (mg/dL) 59,87 + 17,03 58,16 + 17,90 61,51+ 16,26 | 0,447
LDL (mg/dL) 105,24 £ 30,25 113,60+ 32,71 97,16 + 25,67 0,033*
HbAIc (%) 7,62+ 0,97 771+ 1,15 754+ 0,77 | 0,488
IMT (mm) 0,74+ 0,13 0,74+ 0,14 0,74+ 0,12 0,990
GFR (mL/1,73 mq.min) 94,51+ 14,86 93 + 13,39 95,97+ 16,25 0,440

Table 1: Clinical parameters of the study cohort. BMI (Body Mass Index); PAS (Systolic
Artery Pressure); PAD (Diastolic Artery Pressure); HDL (High Density Lipoprotein); LDL
(Low Density Lipoprotein); HbAIc (glycated haemoglobin); IMT (Intima Media Thickness);

GFR (Glomerular Filtration Rate). The values are expressed as mean = DS
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2. NGS pre-sequencing analysis

2.1 Pre-amplification Quality Control

The quality of sncRNAs isolated was determined to proceed in the
NGS library preparation process, in particular to verify the presence of re-
trotrascriptase inhibitors or eventually contaminants and the presence of hae-
molysis in plasma samples.

For this goal, in a subgroup of plasma samples from T1DM randomly
selected, the values of Cq (threshold cycle) of two microRNAs, has-miR-451
e has-miR-103a-3p was determined by qPCR.

The Cq values obtained show good amplification of the reaction of
gPCR (15<Cg>28) and there was no significant difference in the values of Ct
among the samples. The reproducibility of Ct values was around 90% with a

CV <10% (fig.16).

c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 ¢c12 c¢13 c14 c15 c16 c17 ¢c18 c19 c20 c21
* miR-103a-3p miR-451

Figure 16: Pre-amplification QC by gPCR. After reverse transcription, sncRNAs extraction
products underwent amplification by qPCR. Blue dots represents Cq values obtained for
miR-103a-3p and red dots for miR-451 for each samples in duplicate.
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2.2 Pre-sequencing Quality Control by High Sensitivity DNA
electrophoresis
Accurate quantification and proper quality check of next-generation
sequencing libraries is key to a successful sequencing run. For this goal,
several quality controls (QC) of snc RNA library have been performed.
First, sncRNA libraries has been analysed by Lab Chip, before
sequencing, to verify the quality of the sequences obtained and their

enrichment in small non coding RNAs.

An example of a “good quality” sncRNA library electropherogram compared
with a “bad quality” is shown in Figure 17. In the first case (fig. 17a) there is
an evident and a net peak at approximately 180 bp (miRNA-sized library),
and and a smaller at 188 bp (piRNA-sized library).

In the second electropherogram, (fig. 17b) it is not possible to
discriminate any peaks for the presence of contaminants or of the lack of

amplification of the sncRNA libraries.
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Figure 17: Pre-sequencing QC by electropherogram. Representative electropherograms of

a good quality sncRNA library (a) and a bad quality sncRNA library (b)
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A second option to verify the quality of sncRNAs library is the
evaluation of gel-electrophoresis which allows to discriminate the presence
of contaminants in the libraries (fig. 18).

For istance, the presence of dimers is represented by a band at 150
pb, low concentration of the libray is characterized by a weak signal, the
presence of smears indicates a library of bad quality and absence of bands

corresponds to the lack of amplification.

Ladder1
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Cc1
Cc2
C3
c4
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D2
D3

Good quality library Bad quality library 50
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— ’ ’ 30
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Figure 18: Pre-sequencing QC by Gel-electrophoresis. Representative gel of sncRNAs
libraries shown good quality, presence of dimers, low concentration, bad quality or absence

of fragments.

2.3 Pre-sequencing Quality Control by qPCR

A third option for library QC usually performed in case of unsuccess-
ful library preparation and no peak was observed during Lab Chip analysis is
the evaluation by qPCR, which allows to determine whether it could be due
to a technical or sample issue.
As described in the methods, the quality control by qPCR enables to follow
each step of library preparation by evaluation of Cq values for C3’ ligation,
C5’ ligation and reverse transcription steps.
A value of threshold cycle (Cq) less than 28 indicates that all these steps have

been performed correctly, while a value of Cq greater than 28 for one or for
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all steps suggests that the library preparation has not been performed correctly

or that the sample has been compromised (fig.19).

Amplification
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Figure 19: Pre-sequencing QC by qPCR. Representative Cq values of C3’ ligation control
obtained in case of good quality library ( Cq < 23), low concentrated library (Cq = 27), bad
quality library (Cq>28), no library (Cq>30)
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3. Next Generation Sequencing on sncRNA libraries:

Several sequencing runs were performed to obtain an accurate
sncRNome-wide quantification by NGS of 26 CFP and 25 CCP type 1

diabetic patients.

The quality of the NGS runs was evaluated by several parameters such as

cluster density, Passing Filter clusters and Q-score.

3.1 Cluster Density

The evaluation of the cluster density represents an important step of
the internal quality control performed by MiSeq instrument. The density of
clusters on a flow cell significantly affects data quality and yield from a run,
and it is a critical metric for measuring sequencing performance.

A cluster is a clonal group of library fragments on a flow cell and each
cluster produces one single read. During clustering, each fragment binds to
the flow cell and seeds a template that is amplified until the cluster consists
of hundreds or thousands of copies.

Issues with cluster registration can be diagnosed with the Imaging
Metrics. For each tile (raw), a report of run metrics is generated showing the
intensity values extracted from each cluster.

With optimal clustering, they reflect numeric intensity values. With
overclustering, no value is reported even though clusters are visible in the
thumbnail images. This is an indication that image extraction failed due to
overclustering.

Figure 20 shows two representative images of clusters obtained from

our runs with optimal cluster density (left) and overclustering (right) density.
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In the first case, optimal cluster density maximizes total data output,

while in the second case, overclustering density results in lower data output.

Figure 20: Representative Thumbnail images of clusters. Picture of clusters captured

during a sequencing run cycle with optimal cluster density (left) and overclustering (right).

3.2 Base Calling and Passing Filter:

During a sequencing run, the Real-Time Analysis software extracts
intensities from images to perform base calling, and then assigns a quality
score to the base call. Base calls are made from the resulting signal
(intensity) that each cluster emits.

[Mlumina sequencers perform an internal quality filtering procedure
called chastity filter, and reads that pass this filter are called PF (Passing
Filter). The chastity is defined as the ratio of the brightest base intensity
divided by the sum of the brightest and second brightest base intensities.
Clusters of reads pass the filter if no more than one base call has a chastity
value below 0.6 in the first 25 cycles. This filtration process removes the least
reliable clusters from the image analysis results.

Density box plots generated by the software compare tile cluster
density to %PF cluster density. Cluster density indicates how many clusters
are on the flow cell, while %PF cluster density indicates how many of those

clusters passed filter. (fig. 21)
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Figure 21: Cluster density and Passing Filter. Density box plots of optimal cluster density
and % passing Filter clusters (left) compared with a case of overclustering (right). blue boxes

illustrate raw cluster density range, green boxes illustrate %PF cluster density range, and

red lines indicate median cluster density values.

With optimal density, the raw cluster density and %PF box plots
appear close together. As density, increases beyond optimum, the %PF
decreases and the box plots appear further apart. In addition, clusters might
be misidentified so raw cluster density is underestimated. In our example,
with severe overclustering, no clusters pass filter and the %PF plot is
displayed as a horizontal green line at zero density.

In our experiments we obtained an optimal cluster density (1718,68+
117,81 K/mm? ) as expected for V3 chemistry in Illumina technology, with
high %PF (83,89+ 2,45) among the sequencing runs.

3.3 Q-Score

Q-Score (Phred quality score) is used to measure base calling
accuracy, and it is one of the most common metrics for assessing sequencing
data quality. It indicates the probability that the sequencer calls a given base
incorrectly.

Q scores can reveal how much of the data from a given run is usable
in a resequencing or assembly experiment. Low Q scores can lead to
increased false-positive variant calls, resulting in inaccurate conclusions.
[llumina’s sequencing chemistry delivers unparalleled accuracy, is ideal for a

range of sequencing applications, including clinical research.
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In all our runs we obtained a Q30 (Q-Score provide by MiSeq) with

an average of 95,35% + 0.75 (fig. 22)
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Figure 22: Q-score for lllumina sequencing. Representative histogram with the resulting

O-score as Q30 obtained by sequencing run with Illumina platform.
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4. NGS post-sequencing and bioinformatics Analysis

The data obtained from Illumina platform are collected as FastQ files,
and analysed by bioinformatics tools. Since we want to compare the results
obtained from the two different software Partek flow and CLC Genomics
Workbench which provide different algorithms and normalization methods
for the differential expression analysis (DE), we decided to set up the same

features for quantification analysis step.

4.1 Quantification analysis:
4.1.1 Adapter trimming and reads count

Removal of adapter from the fragment sequences by trimming is the
first steps in analyzing NGS data. As reported in the Methods, the adapters
contain the sequencing primer binding sites, the index sequences, and the sites
that allow library fragments to attach to the flow cell. Figure 23 shows the
sequence length distribution in relation to total reads. Al the length of 19-24
nucleotides there is a peak with the maximal amount of reads corresponding
to the size of miRNAs class, at the length of about 27 nucleotides a small peak

is present corresponding to the size of piRNAs class.
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Figure 23: Representative trimmed read length distribution. count of the trimmed reads
related to the size of the fragments. The major part of them are distributed in the typical
range size of miRNAs and piRNAs.
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4.1.2 Alignment to reference genome and annotation models

The second step of NGS analysis is the alignment of the trimmed fragment
sequences to a reference genome (Homo Sapiens — human hg38) and to
selected specific annotation models for sncRNAs, by Bowtie aligner
characterized by high accuracy for short reads of <55bp. The results obtained

from this analysis are summarized in Figure 24

Unmapped
sncRNAs
26,35%

miRNAs

uncharacterized 57,82%

mapped
sncRNAs
10,8%

piRNAs
4,57%

tsRNAs

0,43%

Figure 24: Distribution of the reads among the classes of sncRNAs. miRNAs, piRNAs,
tsRNAs, other sncRNAs mapped across the genome and unmapped sncRNA-size molecules

are expressed as percentage of the total reads count/sample.

Among the total number of reads obtained from our NGS data, we found that
57,82% of the reads were recognized as already known miRNAs, 4.57%
corresponds to piRNAs and 0,43% to tsSRNAs. Futhermore, we obtained that
10.8 % of the reads were collected as uncharacterized sncRNAs, mapped in
the human genome while 26,35% of the reads were unmapped molecules with

tha same size of sncRNA.

4.1.3 Quantification of miRNAs, piRNAs e tsRNAs

Quantification of count reads was performed using miRBase v.22.1
for the quantification of mature miRNAs, piRBase v.1 for piRNAs and
MINTbase v.2 for tsSRNAs.
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o miRNAs quantification

As expected, miRNAs were the most abundant class of sncRNAs in
our samples. Figure 25 shows the distribution of the number of reads to each
miRNA in the annotation model. More than 20% of miRNAs are high
expressed among the samples collecting up to 20000 reads/sample, 23% of
miRNAs count about 1000-200 reads/sample and 55% of miRNAs are low
expressed (200-20 reads per sample).

20000-10000 reads
7%

10000-1000 reads
15%

200-20 reads

55% 1000-200 reads

23%

Figure 25: Distribution of the reads among already known miRNAs in TIDM. Number of

miRNAs according with their reads are expressed as percentage of total miRNAs

Figure 26 shows the most expressed circulating miRNAs in plasma samples
from T1DM: miR-16-5p collected more than 150000 reads/sample, followed
by miRNAs with under half of counted reads, such as miR-486-5p with
almost 60000 reads/sample

hsa-miR-16-5p
hsa-miR-486-5p
hsa-let-7f-5p
hsa-miR-126-3p
hsa-let-7a-5p
hsa-miR-103a-3p
hsa-miR-223-3p
hsa-let-7i-5p
hsa-miR-92a-3p

hsa-miR-146a-5p

0 20000 40000 60000 80000 100000 120000 140000 160000
Read Count

Figure 26: The most abundant circulating miRNAs in TIDM. the top ten of the highest

expressed miRNAs among the 51 samples
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e piRNAs quantification
piRNAs were the second most abundant class of sncRNAs found in
our samples. Figure 27 show the distribution of the reads mapped to each
piRNAs in the annotation model. Only 7% of piRNAs were high expressed
among the samples collecting up to 50000 reads/sample, while 20% of
piRNAs counted more than 200 reads/sample and 80% of piRNAs were low
expressed (200-20 reads per sample).

50000-1000 reads
7%
1000-200reads
13%

200-20reads

80%

Figure 27: Distribution of the reads among piRNAs in TIDM. The number of piRNAs

according with their reads are expressed as percentage of total piRNAs

Among the most expressed circulating piRNAs in T1IDM, only piR-hsa-
23209 and piR-hsa-32159 collected more than 25000 reads/sample, directly
followed by piRNAs low expressed with less than 2000 reads/sample (fig.
28).

piR-hsa-23209
piR-hsa-32159
piR-hsa-23210
piR-hsa-32182
piR-hsa-32167
piR-hsa-1177
piR-hsa-5938
piR-hsa-28212
piR-hsa-32195

piR-hsa-27282

0 5000 10000 15000 20000 25000 30000 35000

Read count
Figure 28: The most abundant circulating piRNAs in TIDM. The top ten of the highest
expressed piRNAs among the 51 samples
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e tSRNAs quantification
tsRNAs were the lowest expressed class of sncRNAs in our samples.
Figure 29 show the distribution of the reads mapped for each tsRNAs in the
annotation model. 63% of tsRNAs are barely detectable (20-50 reads per
sample) while 32% are low expressed with no more than 200 reads/sample.
Only 7% are higher expressed among the samples collecting up to 1000

reads/sample.

1000-200 reads
5%

200-50reads
- 32%

50-20reads
63%

Figure 29: Distribution of the reads among tsRNAs in TIDM. The number of tsRNAs

according with their reads are expressed as percentage of total tsRNAs
Among the most expressed circulating tsRNAs in TIDM, only
trnaMT_MetCAT MT + 4402 4469 collected more than 500 reads/sample,
followed by tsRNAs low expressed with less than 300 reads/sample (fig. 30).

tmaMT_MetCAT_MT_+_4402_4469
tmatt_GIuTTC_15_-_26327381_26327452
tma3_GIUTTC 13 - 45492062 45492133
tmaMT_TyrGTA_MT_-_5826_5891
tmaMT_SerGCT_MT_+_12207_12265
tma27_GlyCCC_2_- 70476123_70476193
tma3a_GlyCCC_16_-_686736_686806
tmos_AspGTC_12_+ 98897281 98897352
tma2_SerCGA_12_+_56584148 56584229

tmai152_ValCAC_6_-_27248049_27248121

0 100 200 300 400 500 600
Read count

Figure 30: The most abundant circulating tsRNAs in TIDM. The top ten of the highest
expressed tsRNAs among the 51 samples
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4.1.4 Data filtering

Next, we filtered our reads setting a cut off 20 to retain sncRNAs in
the next analysis to eliminate the source of systematic error, which may
influence the normalization and differential expression. From a result of 2632
miRNAs recognized in our samples, only 296 miRNAs with more than 20
reads were considered for the further analysis. As well as, among 3286
piRNAs and 640 tsRNAs found in our samples. Only 76 piRNAs and 83

tsRNA were considered for differential expression analysis.

4.2 Differential Expression Analysis (DE) of sncRNAs

After collecting the data of the quantification of each class of
sncRNAs, we performed the differential expression analysis of sncRNAs in
our samples to determine the presence of a potential biomarker able to
discriminate the type of atherosclerotic plaque.

As previously described, this is a critical step of the analysis and there
is no a gold standard method for normalization of the data. Therefore, we
compared the statistical analysis of sncRNA differentially expressed from
two different bioinformatics platforms Partek and C1IC Genomics, which use

different normalization methods.

4.2.1 miRNAs differential expression:

First, we performed the normalization of the data using two different
methods: the TMM method provided by CLC Genomics and DeSeq2
provided by Partek. Subsequently, a differential expression analysis of the
miRNAs was assessed between T1 DM patients with carotid fibrous plaque
(CFP; n =25) and with Carotid calcified plaque (CCP; n =26).
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TMM normalization with CLC Genomics statistical analysis (GLM

model)

The differential expression analysis was executed using the general

linear model (GLM) for two-group comparisons.

The volcano plot in Figure 31 shows the results obtained from CLC

platform performing the analysis using TMM as normalization method to

compare CFP Vs CCP
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Figure 31: Volcano plot of the expression of circulating miRNAs in CCP Vs CFP
according to CLC Workbench using TMM and GLM model. The differential expression of

miRNA between the two groups is expressed as log, (Fold change), and the statistical

significance as —Log(p-value). Circulating miRNAs significant downregulated (light blue

dots) and up-regulated (red dots) are highlighted.

Nine miRNAs were significantly up regulated in patients TIDM with CCP
compared to CFP: miR-181c-5p, miR-17-3p and miR-106b-3p (p<0,01),
miR-503-5p, miR-221-3p, miR-181d-5p, miR-1296-5p, miR-362-5p and
miR-4446-3p (p<0.05). Seven miRNAs were downregulated in T1DM
patients with CCP compared with patients with CFP: miR-106b-5p and miR-
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451a-5p (p<0.01), miR-22-3p, miR-10b-5p, miR-10a-5p, miR-222-3p and
miR-874-3p (p<0.05). The results are summarized in the table 2

miRNA Fold change P-value miRNA Fold change P-value
Up-regulated (CFP Vs CCP) Down-regulated (CFP Vs CCP)

miR-181c-5p 2,05 0,006 | miR-106b-5p -2,26 0,004
miR-17-3p 179 0,007 | miR-451a-5p -2,25 0,005
miR-106b-3p 1,35 0,009 | miR-22-3p -1,45 0,016
miR-503-5p 143 0,016 | miR-10b-5p -1,88 0,033
miR-221-3p 1,60 0,035 | miR-10a-5p -1,40 0,041
miR-181d-5p 1,62 0,037 | miR-222-3p -1.42 0,044
miR-1296-5p 1.36 0,039 | miR-874-3p -1,64 0,049
miR-362-5p 1,58 0,044
miR-4446-3p 1,57 0,048

Table 2: Circulating miRNAs significant differential expressed in CCP Vs CFP according
to CLC Workbench using TMM and GLM model. The differential expression of miRNA

between the two groups is expressed as Fold change and p-value.

The heatmap visualization for the expression of miRNAs obtained by

differential expression analysis across samples is shown in Figure 32.
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Figure 32: Heatmap and a hierarchical clustering of differential expression of miRNASs.
In the Heatmap, dark-blue color corresponds to lower expression, and dark-red color corre-
sponds to high expression in log scale. Code 1 corresponds to T1DM with fibrous plaque;
Code 2 corresponds to TIDM with calcified plaque.miRNAs are displayed in the vertical axis
while the samples in horizontal axis.
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o  TMM normalization with Partek statistical analysis (GSA model)

The volcano plot in Figure 33 shows the results obtained from Partek
platform performing the analysis using TMM as normalization method and
GSA model to compare the expression of miRNAs in the two groups of

patients (CFP Vs CCP)

mi FHoﬁbAaﬁ'
L e |

25

miR-503-5p
®
; miR-93-5p
c} iR Let-7i-5p
% miR: 29b—3p®‘ ‘ |
L5
& miR-10a-5p, @ Let-7d-5p
g
- . @
T . . L]
H .

05

-12 1 -08 -0,6 0.4 02 o 0,2 04 0,6 08 1 12
log2 (Feld Change)

Figure 33: Volcano plot of the expression of circulating miRNAs in CCP Vs CFP
according to Partek Flow using TMM and GSA model. The differential expression of
miRNA between the two groups is expressed as log, (Fold change), and —Log(p-value).
Circulating miRNAs significant downregulated (light blue dots) and up-regulated (red dots)
are highlighted.

Five miRNAs were significantly up regulated in patients TIDM with
CCP compared to CFP: miR-106b-3p (p<0,01), miR-503-5p, miR-93-5p, let-
7i-5p and let-7d-5p (p<0.05). Two miRNAs were significantly
downregulated in TIDM patients with CCP compared with patients with
CFP: miR-29b-5p and miR-10a-5p (p<0.05). The results are summarized in
the table 3.
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miRNA Fold change P-value miRNA Fold change P-value
Up-regulated (CFP Vs CCP) Down-regulated (CFP Vs CCP)
miR-106b-3p 135 0,002 || miR-29b-3p -1,42 0,040
miR-503-5p 146 0,013 || miR-10a-5p -1.36 0,041
miR-93-5p 1,50 0,019
let-7i-5p 120 0,021
let-7d-5p 1,19 0,036

Table 3: Circulating miRNAs significant differential expressed in CCP Vs CFP according
to Partek Flow using TMM and GSA model. The differential expression of miRNA between

the two groups is expressed as Fold change and the statistical significance as p-value.

o DESeq? statistical analysis

The volcano plot in Figure 34 shows the results obtained from Partek

platform performing the analysis using DESeq?2 to compare CFP Vs CCP
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Figure 34: Volcano plot of the expression of circulating miRNAs in CCP Vs CFP
according to Partek Flow using DeSeq2. The differential expression of miRNA between the
two groups is expressed as log: (Fold change), and —Log (p-value). Circulating miRNAs
significant downregulated (light blue dots) and up-regulated (red dots) are highlighted.
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Ten miRNAs were significantly up regulated in patients TIDM with
CCP compared to CFP: miR-503-5p and miR-106b-3p (p<0.01), miR-17-3p,
miR-181c-5p, let-7d-5p, miR-93-5p, miR-196b-5p, miR-182-5p, miR-362-
5p and miR-181d-5p (p<0.05). Three miRNAs were significantly
downregulated in TIDM patients with CCP compared with patients with
CFP: miR-451a-5p, miR-29b-3p and miR-10a-5p (p<0.05). The results are

summarized in the table 4.

miRNA Fold change P-value miRNA Fold change P-value

Up-regulated (CFP Vs CCP) Down-regulated (CFP Vs CCP)

miR-503-5p 143 0,004 || miR-451a-5p -1,95 0,020
miR-106b-3p 1,36 0,008 || miR-29b-3p -1,38 0,026
miR-17-3p 1.84 0,013 || miR-10a-5p -1,33 0,035
miR-181c-5p 2,16 0,014
Let-7d-5p 1,23 0,021
miR-93-5p 1.24 0,023
miR-196b-5p 1.31 0,029
miR-182-5p 1,46 0,033
miR-362-5p 1,67 0,040
miR-181d-5p 1,69 0,046

Table 4: Circulating miRNAs significant differential expressed in CCP Vs CFP according
to Partek Flow using Deseq?2. The differential expression of miRNA between the two groups

is expressed as Fold change and p-value.
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o  Comparative Analysis

From the comparative analysis of the results obtained from these
methods we selected the microRNAs significantly differential expressed

between the two groups showed in Venn diagram. (fig. 35)
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Figure 35: Venn diagram of the significant circulating miRNAs in CCP Vs CFP. The
Venn diagram was used to identify overlapping and non-overlapping miRNAs in the

analysis of CLC Genomics and Partek bioinformatics tools.

Eleven miRNAs were significantly differential expressed in CCP
compared to CFP for at least two of the three differential expression
analysis: miR-106b-3p, miR-503-5p, let-7d-5p, miR-93-5p, miR-181c-
5p, miR-181d-5p miR-17-3p, and miR-362-5p that are upregulated in
CCP compared to CFP; miR-10a-5p, miR-29b-3p and miR-451a-5p that

are downregulated in in CCP compared to CFP.
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4.2.2 Post sequencing quality control

Since the gold standard method for microRNAs expression analysis is
the gPCR system, we evaluated the correlation between the reads obtained by
NGS and the values of Cq (threshold cycle) obtained by qPCR. We analysed
three miRNAs: miR-122-5p with high number of reads, miR-431-5p with
very low reads and miR-93-5p that is differential expressed between the two
groups. miR-122-5p and miR-93-5p displayed a good curve of amplification
during qPCR analysis (respectively, Cqmean 21£0.4 and readsmean
2281445766; Cqmean 19+0.6 and readsmean 34164+2424) while miR-431-5p
did not amplified in all the samples (readsmean 150£100).
Fig. XX shows the correlation of the values of Cq and the number of reads of
miR-122-5p and miR-93-5p. We confirmed the high sensitivity of NGS
showing a strong correlation (r= 0.80; p=0.0001) (fig. 36).

Cq value

(o) 10000 20000 30000 40000

Reads count

Figure 36: Correlation between Cq values of miRNAs from qPCR and number of reads of
miRNAs from NGS.

From these results, we decided to consider for further analysis only miRNAs
with readsmean > 150 expected to be dectectable by PCR analysis. For this aim,
we retain these miRNA: miR-106b-3p, miR-503-5p, let-7d-5p, miR-93-5p,
miR-10a-5p, miR-29b-3p and miR-451a-5p.
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4.2.3 Target Gene Network Analysis

To gain insight into the functional role of these miRNAs in vascular
calcification, we analyzed their potential targets using MirWalk 3.0, a suite
of 13 existing miRNA-target prediction programs. We selected gene targets
for atherosclerosis, vascular calcification, and diabetes networks, through the

gene ontology functional analysis and the gene ontology biological process.

Using Cytoscape, we created a biological network showing the match
of predictive targets for these miRNAs involved in diabetes and

cardiovascular complication pathways (fig. 37)
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Figure 37: Network of significantly differential expressed miRNAs in fibrous or calcified
plaque composition and their putative gene targets involved in cardiovascular
complication of diabetes through the gene ontology (GO) functional analysis and the gene
ontology biological process (GOBP). Blue dots indicate putative target gene downregulated
by miRNAs, Red dots indicate putative target gene upregulated by miRNAs, green dots

indicate putative target gene for more miRNAs.
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Table 5 shows that a large proportion of gene targets of these miRNAs are

implicated in vascular remodeling,

inflammation.

miRNAs

miR-503-5p
miR-451a
miR-93-5p
miR-106b-5p
miR-10a-5p
Let-7d-5p
miR-29b-3p

KEGGs Pathway

Insulin signaling pathway

mTOR signaling pathway

T cell receptor signaling pathway
Adherens junction

Whnt signaling pathway

MAPK signaling pathway
Calcium signaling pathway
Endocytosis

Focal adhesion

Axon guidance

diabetes mellitus

P-value

0,0001

0,0001
0,0001
0,0002
0,0003
0,0005
0,0007
0,0010
0,0013
0,0018

0,0019

glucose, lipid metabolism, and

miRNAs KEGGs Pathway P-value

miR-93-5p; miR-503-5p;
let-7d-5p; miR-10a-5p; Apoptosis 0,0001
miR-106b-5p; miR-29b-3p
miR-93-5p; MiR-503-5p;
let-7d-5p; miR-451a; miR- Gap junction 0,018
106b-5p; miR-29b-3p

N 93200- PiRs=05- 5p- Adipocytokine signaling pathway 0,0001

. 0.

P P;

miR-29b-3p p53 signaling pathway 0,0008

miR-93-5p; miR-503-5p;  Regulation of sodium reabsorption 0,008

let-7dl-5p; miR-10a-5p;
miR-106b-5p VEGF signaling pathway 0,012

Table 5: KEGGs Pathways of significantly differential expressed miRNAs in fibrous or

calcified plaque composition. Common pathways for all the miRNAs (left); common

pathways for 6 or 5 miRNAs with the strongest statistical support for enrichment.
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4.2.4 piRNAs differential expression

-Log (p-value)

Results

The volcano plot shows the results obtained performing the analysis

of piRNAs in CFP Vs CCP (fig. 38).
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Figure 38: Volcano plot of the expression of circulating piRNAs in CCP Vs CFP according

to CLC Genomics and Partek Flow. The differential expression of piRNA between the two

groups is expressed as log: (Fold change), and —Log(p-value)according to CLC Workbench..

After matching the results with Partek flow systems, the significant circulating piRNAs are

highlighted as up-regulated (red dots).

From the comparative analysis of the results obtained from CLC

Workbench and Partek flow systems, we selected the piRNAs that are

significantly differential expressed between the two groups. Two piRNAs are

upregulated in CCP compared to CFP: piR-hsa-5067 (p=0.008; fold change
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Results

The heatmap visualization for the expression of piRNAs obtained by

differential expression analysis across samples is shown in Figure 39.
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Figure 39: Heatmap and a hierarchical clustering of differential expression of piRNAs. In

the Heatmap, dark-blue color corresponds to lower expression, and dark-red color corre-
sponds to high expression in log scale. Code 1 corresponds to TIDM with fibrous plaque;
Code 2 corresponds to TIDM with calcified plaque. piRNAs are displayed in the vertical

axis while the samples in horizontal axis.
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4.2.5 tsRNAs differential expression:

The volcano plot shows the results obtained performing the analysis

of tsSRNAs in CFP Vs CCP (fig. 40)
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Figure 40: Volcano plot of the expression of circulating tsRNAs in CCP Vs CFP according
to CLC Genomics and Partek Flow. The differential expression of tsRNAs between the two
groups is expressed as log: (Fold change), and —Log (p-value) according to CLC Workbench.
After matching the results with Partek flow systems, the significant circulating tsRNAs are
highlighted as up-regulated (red dots).

Following the same method previously described for tsRNAs we

found out that 10 tsRNAs were up regulated in patients TIDM with CCP

compared to CFP. The results are summarized in the Table 6.
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miRNA Fold change P-value

Up-regulated (CFP Vs CCP)

traMT_AspGTC_MT_+_7518_7585 2 0,005
trnaMT_TheTGT_MT_+_15888_15953 2,09 0,006
trmaMT_GInTTG_MT_-_4329 4400 2,22 0,01
tmaMT_GIyTCC_MT_+_9991_10058 2,25 0,01
trnaMT_CysGCA_MT_-_5761_5826 1,88 0,01
trnalookalike2_GInTTG_1_-_564879_564950 22 0,02
trnaMT_LeuTAG_MT_+_12266_12336 22 0,02
traMT_TyrGTA_MT_-_5826_5891 2,09 0,03
trnaMT_ValTAC_MT_+_1602_1670 1,79 0,03
trmaMT_LeuTAA_MT_+ 3230_3304 1,94 0,03

Table 6: Circulating tsRNAs significant differential expressed in CCP Vs CFP according
to CLC Genomics and Partek Flow. The differential expression of tsRNA between the two

groups is expressed as Fold change and p-value.

The heatmap visualization for the expression of tsRNAs obtained by

differential expression analysis across samples is shown in Figure 41.
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Figure 41: Heatmap and a hierarchical clustering of differential expression of tsRNAs. In
the Heatmap, dark-blue color corresponds to lower expression, and dark-red color
corresponds to high expression in log scale. Code 1 corresponds to TIDM with fibrous
plaque; Code 2 corresponds to TIDM with calcified plaque. tSRNAs are displayed in the
vertical axis while the samples in horizontal axis.
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5. Circulating microparticles characterization from Plasma of T1IDM:

MPs were isolated from plasma of 20 TIDM patients with fibrous carotid
plaques (CFP) and 20 T1DM patients with calcified carotid plaques (CCP)
MPs derived from cell types involved in CV process were characterized and
quantified: Endothelial cell-derived MPs (EMP), Platelets derived MPs,
(PMP), Leukocyte derived MPs (LMP). Furthermore, MPs derived from
staminal compartment (MMP), and Smooth muscle cell-derived MPs (SMP)
were assessed. Apoptotic fraction of MPs was detected using Annexin V and
MPs positive for calcification labelled with ALP (alkaline phosphatase) were
quantified. Images of labelled MPs were also captured using fluorescence

microscopy (fig. 42).

Figure 42: Circulating MPs derived from TIDM. Images of fixed MP aggregates positive
for several markers: (Up panel) bright field ; (Down panel) Annexin V+ MPs, CD45+ MPs,
ALP+ MPs are shown in green, red and blue channels; MPs double-positive for Ann V and
CDA45 are shown in yellow(left); MPs double-positive for CD45 and ALP are showed in violet
(right),; captured using fluorescence microscopy (x100/1.4)

Our results show that MPs released from endothelial cells (p<0.05)

and Platelets (p<0.01) were significantly enhanced in TIDM with vascular
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calcification (CCP) in comparison to TIDM with fibrous plaque (CFP);
(tablexx). Interestingly, a population of MPs derived from a niche of cells
positive for CD34 and SMA were also increased in CCP (p<0.05). The
fraction of apoptotic MPs derived from endothelial cells and platelets were
increased in patients with vascular calcification (p<0.05).

Furthermore, sub-population of MPs positive for calcification marker
was significantly enhanced in patients with CCP in comparison to CFP

patients (p<0.05) with the main contribution given by MMP (p<0.01), EMP

and PMP (p<0.05) (table 7).

Variable

Fibrous Plague
CFP
(n=20)

Calcified Plague
CCP
(n=20)

P-value

EMP (CD62E+) 275,22 + 184,99 204,17+ 81,42 | 346,27+23035 0,020*
EMP/AnnV+ 108,52 + 73,38 75,07 + 49,79 141,97+ 78,93  0,004**
EMP/ALP+ 129,56 + 94,54 94,93+ 55,46 164,20 £ 112,98  0,024*
PMP (CD62P+) 217,35 + 112,91 169,50 £ 73,40 265,20 +126,44 0,008**
PMP/AnnV+ 83,32 £ 50,37 58,96 + 39,77 107,68 + 48,79  0,002**
PMP/ALP+ 146,12 + 87,08 110,56 + 54,50 181,68 £ 99,73 0,011
LMP (CD45+) 242,81 + 140,12 202,61+ 68,10 282,99 £179,61 0,073
LMP/AnnV+ 106,69 + 51,84 89,77 + 39,55 123,61157,87 0,058
LMP/ALP+ 49,19 + 29,12 36,97 + 15,08 614243491 0,056
MMP (CD34+) 589,75 + 479,16 444,34+ 18594  735,16+625,25 0,059
MMP/AnnV+ 134,57 + 58,33 117,58 + 54,89 153,45+57,62 0,058
MMP/ALP+ 53,49 + 29,97 40,98 + 21,98 66,01£32,13  0,009**
SMP (aSMA+) 589,60 249,12 596,65+ 307,50  609,55+178,87 0,619
SMP/AnnV+ 192,93+ 186,67  179,30£22220 206,56 147,52 0,651
SMP/ALPV+ 93,68 + 70,70 81,09 + 65,50 106,27 +75,08 0,266
MP CD34+/aSMA+ 63,58 + 39,63 49,09 + 21,11 78,05 +48,32 0,021
MP_TF+ (CD142+) 390,35+163,91  39578+122,78 384,92+200,03 0,837
MP_Calcein + 4610,88 + 3970,99 4178,97 + 4325,94 5042,78 +3641,56 0,499
MP_AnnV+ 3223,82 +2321,34 281112+ 2873,16  3636,51+1564,35 0,268
MP_ALP+ 555,40 £ 209,52  363,96=193,18 488,49 £126,66 0,013*
MP_ALP+AnnV+ 154,07 + 96,81 77,80 + 40,21 218,30 £82,65  0,0001**

Table 7: Circulating MPs in T1DM significant differential expressed in CCP Vs CFP. The
differential level of characterized MPs between the two groups is expressed as mean + DS;
EMP (Endothelial cell derived MPs); PMP (Platelets derived MPs); LMP (Leucocyte derived
MPs); MMP (Mesenchymal/staminal marker+ cell derived MPs); SMP (Smooth Muscle cell
derived MPs); AnnV (Annexin V), TF (Tissue Factor); ALP (Alkaline Phosphatase)
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5.1 Endothelial cell derived MPs (EMP)

MPs released from endothelial cells were enhanced in TIDM with
vascular calcification (CCP) compare to TIDM with fibrous plaque (CFP)
(346,27 + 230,35 Vs 204,17 + 81,42; p=0,02). Furthermore, their apoptotic
was also increased in patients with vascular calcification (141,97 = 78,93 Vs
75,07 = 49,79; p=0.004). EMP response to calcification marker, ALP, was
also significant increased (164,20 + 112,98 Vs 94,93 + 55,46; p=0.024) as

shown in Figure 43
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Figure 43: Circulating EMPs derived from TIDM. a) representative scatter plot of MP
labelled with CD62E (EMP), AnnexinV (AnnV) and ALP; double positive MPs are shown
(EMP/AnnV+; EMP/ALP+); b) Dot plot of EMP, EMP/AnnV+ and EMP/ALP+
quantification (MPs/ul) in CFP Vs CCP; *p<0.05,; **p<0.01
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5.2 Platelets derived MPs (PMP)

MPs released from platelets were increased in TIDM with vascular
calcification (CCP) compare to TIDM with fibrous plaque (CFP) (265,20
+126,44 Vs 169,50 + 73,40; p=0,008). Furthermore, the release of their
apoptotic fraction was also enhanced in patients with vascular calcification
(107,68 £ 48,79 Vs 58,96 = 39,77; p=0.002). PMP response to calcification
marker (ALP) was also significant increased (181,68 = 99,73Vs 110,56 +
54,50; p=0.011) (fig. 44)
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Figure 44: Circulating PMPs derived from TIDM. a) representative scatter plot of MP
labelled with CD62P (PMP), AnnexinV (AnnV) and ALP; double positive MPs are shown
(PMP/AnnV+; PMP/ALP+); b) Dot plot of PMP, PMP/AnnV+ and PMP/ALP+
quantification (MPs/ul) in CFP Vs CCP; *p<0.05,; **p<0.01
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5.3 MPs derived from staminal compartment (MMPs) and Smooth
muscle cells (SMP)

Interestingly, although MPs released from staminal compartment or
mesenchymal cells CD34+ were not significant increased per se in TIDM
with vascular calcification (CCP) compare to TIDM with fibrous plaque
(CFP) the release of their fraction positive for the calcification marker ALP
was enhanced in patients with vascular calcification (66,01 £32,13 Vs 40,98
+21,98; p=0.009). Furthermore, a sub-population of MPs double positive for
CD34+ and for aSMA (Marker for SMP) was also significantly increased in
patients with CCP in comparison to CFP patients (78,05 £48,32 Vs 49,09 +
21,11; p=0.021) (fig 45)
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Figure 45: Circulating MPs derived from staminal compartment (MMPs) and Smooth
muscle cell derived MPs (SMP) in T1DM. a) Representative scatter plot of MP labelled with
CD34 (MMP), aSMA (SMP), and ALP; double positive MPs are shown (MMP/ALP+;
CD34+/aSMA+); b) Dot plot of MMP/ALP+ and CD34+/aSMA+ MP quantification
(MPs/ul) in CFP Vs CCP; *p<0.05; **p<0.01
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5.4 Alkaline Phosphatase positive MPs and their apoptotic fraction

Finally, a significant enhanced release of circulating MPs positive for
Alkaline Phosphatase (ALP) was found in plasma of TIDM with vascular
calcification (CCP) compare to TIDM with fibrous plaque (CFP) (488,49
+126,66 Vs 363,96 + 193,18; p=0.013). Furthermore, their apoptotic fraction
was also significantly increased in patients with CCP compared to CFP

patients (218,30 £82,65 Vs 77,80 + 40,21; p=0.0001) (fig. 46)
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Figure 46: Circulating MPs positive for calcification marker ALP derived from T1DM. a)
representative scatter plot of MP labelled with Alkaline Phosphatase (ALP) and
AnnexinV(AnnV), double positive MPs are shown (ALP+/AnnV+); b) Dot plot of ALP+MPs
and ALP+/AnnV+MPs quantification (MPs/ul) in CFP Vs CCP; *p<0.05,**p<0.01

5.5 The size of MPs as indicator of plaque composition

With the constant development of cytofluorimetry, it is possible to
further analysed sub- population of MPs according to their size within the
main class of MPs: Big MPs (900-500 nm); Small MPs (500-200 nm) and
Nano MPs (200-100 nm).

This represents a completely new and unchartered frontier of research
in MPs that we are able to explore thank to the high sensitivity of the new
generation instrument for cytofluorimetry.

We found out that in T1DM with calcific plaque the sub population of
Small MPs was decreased compare with patients with fibrous plaque

(p<0.05), On the contrary an increase of the sub-population Nano MPs was
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observed in patients with CCP compared to CFP patients (p<0.005). No
difference were seen for Big MPs in the two groups ( table 8 and fig. 47).

Fibrous Plague Calcified' Plaque
CFP CCP P-value

Variable
(n=20) (n=20)

Big MP (900-500 nm) 454,114+ 344,15 519,28 + 440,06 388,93 + 201,28 0,239
Small MP (500-200 nm) 8580,12 + 2224,73 9451,81 = 2331,51 7708,44 + 1770,24 | 0,014*

Nano MP (200-100 nm) 30007,85 + 5897,79  27246,10 + 5963,64 32769,60 + 4447,04 0,001**

Table 8: Circulating sub-population of MPs according to their size in TIDM. The
differential level of the three size sub-population of MPs between the two groups is expressed

as mean + DS;
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Figure 47: Circulating sub-population of MPs according to their size in TIDM. a)
representative scatter plot of MP gates setting for size in violet-SSC and FSC; b) Dot plot of
small and Nano MPs quantification (MPs/ul) in CFP Vs CCP; *p<0.05,**p<0.01
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DISCUSSION and CONCLUSIONS

The first aim of this study is to set up a protocol for small RNA-seq
data analysis and provide the first comprehensively analysis of all known
circulating sncRNAs, as biomolecular markers and potential mediators of the
progression of atherosclerotic plaque according to its composition (fibrous or
calcified), in type 1 diabetes.

Using high-throughput sequencing technologies, we determined in
plasma the presence of three important class of small non coding RNAs, in
particular we obtained 2632 miRNAs, 3286 piRNAs and 640 tsRNA and a
significant percentage of reads remain unmapped and uncharacterized.
Usually, unmapped reads are discarded from the analysis process, but
significant biological information and insights can be uncovered from these
data that we are going to investigate in future studies.

Study of the association between the circulating sncRNA level and
disease represents an active spot in this field. However, the study on sncRNAs
as a biomarker for disease diagnosis is still at a preliminary stage, and more
clinical and experimental evidence is needed for clinical translation. A
possible explanation of this tendency is the difficult to obtain a consistent
validation step of the clinical significance of candidate biomarker sncRNAs
obtained. In fact, several features of smallRNA-seq data influence the results,
from vast discrepancies in the detection methodology, from the biological
variability but mainly due to the normalization method used for the analysis.
Several study suggest that it is apparent that the differences in the final results
depend on the normalization method and not on the model chosen to assess
for differential expression.

Normalization is an essential step with considerable impact on high-
throughput sncRNAs sequencing data analysis to minimize the technical

variation of the samples and sequencing errors and to reduce false-positive
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results. Although there are numerous methods for read count normalization,
it remains a challenge to choose an optimal method due to multiple factors
contributing to read count variability that affects the overall sensitivity and
specificity.

To gain insight into this issue we decide to compare the results of
differential expression analysis of miRNAs that we obtained from two
different bioinformatic tools: CLC Genomics and Partek flow. These
platforms provide different method of normalization and differential
expression (DE) statistical analysis.

CLC Genomics generate a Ready-to-use pipeline for smallRNA-seq
analysis which applies the TMM method of normalization, while the second
tool (Partek Flow) allows to customize the normalization method choosing
between trimmed mean of M values (TMM) and DeSeq2. Although DeSEq2
is the recommended analysis method for sncRNAs data according to Partek,
since it provides an algorithm with internal normalization, both the methods
are widely used and give better performance compared to others such as TC
(total counts), UQ (Upper Quartile), Median, quantile and RPKM. In fact, in
a simulated data study, only DESeq and TMM were successful in achieving
a low false positive rate and high power. The authors conclude that DESeq
and TMM are the methods of choice based on their ability to perform in the
presence of different library sizes and composition.(99,100)

In the first analysis, using TMM normalization and CLC Genomics
DE statistical analysis algorithm, nine microRNA were upregulated and
seven microRNAs were downregulated in plasma from T1DM with carotid
calcified plaque compare with patients with a fibrous type of carotid plaque.
In the second analysis, using the same method normalization (TMM) and
Partek Flow DE statistical analysis algorithm, five microRNAs were

upregulated and two microRNAs were downregulated.
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Finally, when we used DeSeq?2 in the second bioinformatic tool, 10
microRNAs were upregulated and three microRNAs were downregulated.

These different findings suggest that the statistical model and platform
also affect the final results obtained from smallRNA-seq data.

Then, we compared the results of differential expression analysis of
miRNAs provided by these three different packages to determine which
microRNAs are overlapped and to decide which miRNAs will be consider for
further analysis.

Using a filtering method in accordance with preliminary results
obtained with qPCR, we retain seven microRNAs significantly differential
expressed between the two groups: four miRNAs are upregulated (miR-106b-
3p, miR-503-5p, let-7d-5p and miR93-5p), and three were downregulated
(miR-10a-5p, miR-29b-3p and miR-451a-5p) in TIDM patients with
calcified plaque in comparison to fibrous plaque.

Bioinformatic analysis showed that these seven candidate miRNAs
target the expression of many genes that may impact KEGG pathways. In
particular, some of these pathways had the highest statistical support for
enrichment in vascular remodeling, glucose and lipid metabolism and
inflammation. For instance, all of the miRNAs are involved in Axon guidance
signaling pathway. Furthermore, growing evidence indicates that gene
involved in axon guidance signaling pathway have distinct biological
activities, which are not only limited to the nervous system but also in other
pathophysiological processes, including inflammation, immune response,
angiogenesis, and especially atherogenesis. Several evidence reported that
genes encoding this pathway were upregulated in endothelial cells under
hyperglycemic state suggesting a potential role in the complications of

diabetes (107) .
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Another pathway in which all of the miRNAs are involved is the Wnt
(Wingless) signaling pathway. It plays a crucial role in organ formation
during embriogenesis, in cell proliferation, polarity migration and
differentiation. The WNT family of proteins consists of 19 secreted lipid-
modified glicoprotein that bind to the frizzled receptor family. Once Wnt
binds to frizzled receptor the signal is transduced into cytoplasm by G-protein
dipendent mechanism promoting Ca2+ mobilization. In fact, Wnt signaling
plays a key role in atherosclerosis and in particular in vascular calcification.
Whnt signaling activation is mediated by several pathogenic stimuli such as
tumor necrosis factor, oxidized lipids, and hyperglycemia. Recent evidences
demonstrated that Wnt signaling play a role in calcification predisposing
vessels to pathological calcification by monocyte adhesion and by the release
of proinflammatory factors (108).

Another important example of enriched KEGG pathway we obtained
is mTOR signaling pathway. It regulates many cellular processes and it is
implicated in an increasing number of pathological conditions, including
obesity, diabetes and atherosclerosis. For instance, pharmacological
interventions with class of macrolide immunosuppressive drugs effect this
pathway. The inhibition of mTOR pathway prevent the development of
atherosclerotic plaque by decreasing monocyte migration and the release of
chemokines. Furthermore, mTOR inhibition blunts the expression of
hypoxia-inducible factor 1-alpha (HIF-1alpha) which is a protein associated
with rupture-prone atherosclerotic plaque and its downstream target vascular
endothelial growth factor (VEGF). Recently, mTOR inhibition was found to
prevent the osteoblastic differentiation of isolated human VSMC(109).

The molecular mechanisms of increasing or decreasing circulating
miRNA levels during the progression of atherosclerosis in type 1 diabetes are

still largely unknown.. The main features of atherosclerosis are endothelial
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dysfunction, inflammation and vascular calcification. The development and
the progression of atherosclerosis results in tissue and vessel damage or in
change of cellular phenotype involvement different type of cells: endothelial
cell, macrophages and VSMC. This damage or cellular remodelling of
vasculature may result in secretion or leakage of the miRNA or other small
non coding RNAs into circulation that then communicate with distant cell
target and targeted genes or proteins pathways. Although we could not
determine whether the putative microRNAs identified in our study were
secreted from certain cells or if they are derived from damaged cells,
circulating microRNAs profiles can be useful to better understand the
progression of atherosclerosis in type 1 diabetes from fibrous plaque to
calcified plaque. Furthermore, these results can be useful to identify novel
therapeutics targets to prevent or treat diabetes complications such as
atherosclerosis.

In this study, other two classes of small non coding RNA were
investigated.

piRNAs are a type of non-coding RNA that interact with PIWI
proteins which are members of the Argonaute family. Originally described in
the germline, piRNAs are also expressed in human somatic cells in a tissue-
specific manner. piRNAs are involved in spermatogenesis, germ stem-cell
maintainance, silencing of trasposon, epigenetic and genomic regulation and
rearrangement. Furthermore, piRNAs have been reported to be present in
human body fluids, including the serum and plasma in a marked stable form.
In this study, we found that piRNAs family is the second most abundant
sncRNAs class present in human plasma and that the expression of two
piRNAs are markedly elevated in TIDM patients with calcified plaque in
comparison to TIDM patients with fibrous plaque. Although their

pathophysiological role in the progression of atherosclerosis and in the
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differentiation of the type of plaque is unknown, the detection of piRNAs
circulating in blood plasma is particularly interesting and could have an
impact on liquid biopsy-based diagnosis. (54)

Abnormal levels of tsRNAs have been observed in a variety of human
diseases, including cancer, neurodegenerative diseases, acquired metabolic
diseases, and infectious diseases. There are some evidences that support the
exploration of tsRNAs, as new biomarkers and for novel therapeutic
strategies,  for the detection, monitoring, and treatment of human
diseases.(62)

However, the molecular mechanisms and by which these tsRNAs
may contribute to disease pathogenesis is still largely unknown. Our results
shown that 10 tsRNAs are upregulated in plasma from T1DM patients with
calcified plaque in comparison to patients with fibrous plaque. The
underlying mechanisms by which tsRNA affect specific cellular processes

should be evaluated.

The second aim of this study is characterized -circulating
microparticles derived from T1DM patients with calcified or fibrous plaques.
Our results show that MPs released from endothelial cells and platelets are
significantly higher in TIDM patients with calcified plaque in comparison to
patients with fibrous plaque.

It is well known that the release of circulating MPs from tissue injury
contribute to cardiovascular disorders, promoting inflammation, thrombosis
and vascular dysfunction. (89)

Our findings show a different profiling of circulating MPs in relation
to the progression of atherosclerosis from fibrous to calcified plaque. Several
factors, such as vascular remodeling or the mineralization process into the

arterial wall can contribute to an increase of the MPs release. Pathological
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conditions that alter mineral metabolism, modify calcification regulators or
modulate cell phenotype can have important consequences in vascular
structures and release several factors such as cytokines, chemokines and MPs
to propagate these signals. Taken together, these studies support the link
between release of MPS and the progression and the severity of vascular

calcification.

Accordingly, in our study we found that circulating MPs are enriched
of'a well know calcified marker alkaline phosphatase. This founding suggests
that MPs strongly contributed in these processes amplifying signals and

participating to cell-to-cell communication.

Furthermore, we found an increase of MPS positive for CD34 and
alfa-SMA in T1DM patients with calcified plaque. We speculate that the
release of these MPs is due to a niche of staminal mesenchymal cell, resident
into the wall, called pericytes, recently discovered to be involved in vascular
remodeling and osteogenic transdifferentiation of vascular smooth muscle
cells.

Our funding suggest for the first time a potential contribution of these
cells in the development of atherosclerotic plaque and its composition
towards a calcified type

Finally, we investigated the size of MPS as indicator of vascular
calcification. We found that the Small MPs are reduced in calcified plaque
while the fraction of Nano MPs are increased in fibrous plaque from T1DM
patients, suggesting a different cargo in association to different composition
of atherosclerotic plaque.

In the future study, we are planning to measure the content of
sncRNAs into MPs and verify the hypothesis that MPs give the main
contribution to the expression of circulating sncRNAs involved in the process

of atherosclerosis in TIDM. In vitro, the manipulation of the content in
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sncRNAs of MPs, as specific carrier of these molecules, may represent a

potential tool for a translational approach in therapy.

In conclusion, our results demonstrate the power of NGS technology
to identify a huge amount of circulating sncRNAs and to discover different
RNA molecules present in human plasma. Furthermore, we demonstrate that
microvesicles exhibit differential markers in the presence of vascular
calcification suggesting a potential role as carrier of small molecules to
amplify their signal.

The identification of new molecular biomarkers with this ultra-high
throughput and sensitive technique (NGS) together to identification of MPS ,
as carriers, will help to go further insight specific pathophysiological
processes, such as atherosclerotic plaque composition in diabetes, allowing a

potentially more targeted therapeutic approach.
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