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General introduction

Cardiovascular disease

Cardiovascular diseases (CVD) are the leading cause of death globally, accounting for 32%
of all global deaths in 2019 [1]. CVD encompasses a range of conditions that affect the
cardiovascular system, including myocardial infarction, heart failure, stroke and coronary
artery disease. The cardiovascular system is made up of the heart and a complex network
of blood vessels, which ensure the circulation of blood throughout the body. This system
plays a vital role in delivering oxygen and nutrients to tissues and organs, while efficiently
removing waste products such as carbon dioxide. Any disruption in the structure or
function of this system can lead to severe health consequences, highlighting the
importance of understanding and addressing CVD.

Heart failure

Heart failure is a prevalent CVD, characterized as a heterogenous condition that affects
over 64 million people worldwide [2]. It is a chronic condition in which the heart is unable
to pump sufficient blood to meet de body’s metabolic demands, resulting in symptoms
such as breathlessness, fatigue and fluid retentions. Heart failure is classified into two
main types based on ejection fraction: heart failure with reduced ejection fraction (HF-
REF) and heart failure with preserved ejection fraction (HF-PEF). In HF-REF, the left
ventricle becomes enlarged and weak, typically due to coronary artery disease or valve
disorders. In HF-PEF, the heart muscle becomes stiff, making it difficult for the ventricle
to relax and fill properly, and is often caused by high blood pressure [3, 4]. A hallmark of
both types is cardiac remodeling, where the heart changes its size and structure in
response to stress or injury. This can involve cell enlargement, increased fibrosis, and
changes in heart shape [5].

Treatment of heart failure varies depending on its type and severity, but common
strategies include lifestyle changes, such as increasing physical activity and dietary
adjustments, alongside pharmacological interventions. These typically involve beta-
blockers to reduce heart rate and blood pressure, and diuretics to alleviate fluid retention
[6]. However, these therapies primarily focus on symptom management, and none of the
treatments are curative. Understanding the molecular mechanisms behind cardiac
remodeling, including gene expression changes, is crucial for developing more effective
treatments for heart failure.

Atherosclerosis

Atherosclerosis is the underlying cause of most CVDs, making it a leading contributor to
morbidity and mortality worldwide [7, 8]. It is characterized by the progressive thickening
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of the arterial wall due to the accumulation of lipids, inflammatory cells, and fibrous tissue
[9, 10]. Over time, this process can lead to vessel narrowing (stenosis), restricting blood
flow, or the formation of plaques that may rupture, causing acute vascular events such as
myocardial infarction or stroke [11-13]. When atherosclerotic lesions disrupt normal
blood flow, oxygen and nutrient delivery to downstream tissues become compromised,
while the removal of metabolic waste is impaired. This imbalance can ultimately lead to
tissue ischemia and cell death. To counteract these effects, the body initiates a
compensatory process called neovascularization, which aims to restore perfusion.
Neovascularization occurs through two distinct mechanisms: arteriogenesis and
angiogenesis. Arteriogenesis refers to the remodeling and enlargement of pre-existing
collateral arteries to enhance blood flow [14, 15], while angiogenesis involves the
formation of new capillaries form existing blood vessels [15, 16]. Although these adaptive
processes help mitigate ischemic damage, they are often insufficient to fully restore
function in advanced atherosclerosis. Therefore, therapeutic interventions are needed to
overcome these limitations and improve tissue perfusion.

Coronary and peripheral artery disease

Coronary artery disease (CAD) and peripheral artery disease (PAD) are both clinical
manifestations of atherosclerosis. CAD specifically refers to the narrowing or blockage of
the coronary arteries, which supply blood to the heart muscle. This reduction in blood
flow can lead to myocardial infarction and other heart-related complications. PAD, on the
other hand, involves the narrowing or occlusion of arteries that supply blood to the limbs,
often resulting in symptoms like leg pain (claudication), muscle weakness, and in severe
cases, limb amputation due to critical ischemia. In both CAD and PAD, therapeutic
interventions are often necessary to restore adequate blood flow. For CAD, endovascular
procedures such as balloon angioplasty and stent placement are common options, but
when these are insufficient, bypass surgery is performed to create an alternative route for
blood flow to the heart [17]. This typically involves diverting a local artery, such as the left
internal mammary artery, or grafting a vein, most commonly the saphenous vein, to
bypass the blocked coronary artery. Similarly, in PAD, bypass surgery is employed to
create a new pathway for blood supply to peripheral tissue [18]. However, the use of
venous grafts in both CAD and PAD has limitations, as veins are less resilient to the higher
blood pressures in arterial circulation, and are therefore prone to reocclusion and graft
failure [19].

Stroke and intracranial atherosclerosis

Atherosclerosis also plays a central role in the pathogenesis of stroke, which can be
broadly categorized into ischemic and hemorrhagic subtypes. Ischemic stroke, the most
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common form, can result from both intracranial atherosclerosis (ICAS) and lesions in the
carotid arteries [20]. These lesions can lead to thrombus formation when plaques rupture
and release thrombi into the bloodstream, potentially blocking smaller cerebral vessels,
depriving brain tissue of essential oxygen and nutrients. Hemorrhagic stroke accounts for
approximately 10-20% of all stroke cases and is caused by the rupture of a weakened
blood vessel . This weakening can result from chronic hypertension, aneurysms, or vessel
wall fragility due to ongoing vascular inflammation. Hemorrhagic strokes are often
associated with higher early mortality and morbidity, highlighting the need for distinct
diagnostic and therapeutic strategies. Treatment of hemorrhagic stroke primarily focuses
on reducing intracranial pressure through blood pressure management, osmotic therapy,
or ventricular drainage, to minimize secondary brain damage. In contrast, ischemic stroke
treatment aims to restore blood flow as quickly as possible. Thrombolytic therapy is
commonly used to dissolve the obstructing clot, a strategy that would be harmful in the
context of hemorrhagic stroke. Alternatively, endovascular interventions enable physical
removal of the thrombus [21, 22]. To reduce the risk of ischemic stroke caused by carotid
artery stenosis, carotid endarterectomy is employed, where the plaque is surgically
removed from the carotid artery. However, this procedure carries risks and is only
recommended for patients with a high-grade stenosis (50% or more) and those who have
exhibited symptoms such as transient ischemic attacks (TIAs) [23]. In addition to
extracranial atherosclerosis, ICAS is an important contributor to stroke as well. ICAS differs
from its extracranial counterpart primarily due to difference in the vasculature and the
presence of the blood-brain barrier (BBB) [24]. This specialized barrier limits the infiltration
of immune cells and inflammatory mediators into the brain, influencing the
pathophysiology of ICAS. ICAS often develops later in life and lesions tend to be less
complex, with fewer calcifications and reduced monocyte infiltration compared to lesions
in extracranial arteries [25-28]. However, despite these differences, much remains
unknown about the pathophysiology and treatment of ICAS.

Small non-coding RNAs

The progression of many cardiovascular diseases is closely linked to alterations in gene
expression, with small non-coding RNAs playing a critical regulatory role in these
processes [29]. While protein-coding messenger RNAs (mRNAs) have traditionally been
the focus of genetic research, they constitute only 3% of the human genome. A significant
portion of the remaining genome consists of non-coding RNA, which was historically
considered transcriptional “junk” but is now recognized as functionally significant [30].
Non-coding RNAs can be classified according to their length as small non-coding RNAs
(sncRNAs) and longer transcripts. Well-characterized examples of non-coding RNAs
include ribosomal RNA (rRNA), which forms the structural and enzymatic core of
ribosomes, and transfer RNA (tRNA), which facilitates the translation of mRNA into
proteins by delivering amino acids to the ribosome. sncRNAs are a heterogenous class of
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RNA molecules, typically less than 200 nucleotides in length, which do not encode
proteins but exert regulatory functions at multiple levels of gene expression. They
modulate transcription, splicing, RNA stability, and translation, thereby influencing
fundamental cellular processes. Given their role in post-transcriptional regulation, small
non-coding RNAs have emerged as key contributors to cardiovascular homeostasis and
disease pathogenesis. This thesis will focus on microRNAs and tRNA derived fragments
(tRFs).

MicroRNAs

MicroRNAs have gained significant attention as essential regulators of cardiovascular
function and disease, influencing key pathological processes in various CVDs [29, 31].
These small, non-coding RNA molecules, approximately 22 nucleotides in length, function
as post-transcriptional regulators of gene expression by inhibiting the translation of
mRNAs into proteins. Notably, microRNAs exhibit tissue- and disease-specific expression
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Figure 1: Schematic overview of microRNA biogenesis and processing. MicroRNA genes are transcribed
in the nucleus by RNA polymerase Il, producing a primary microRNA transcript (pri-miRNA). The
microprocessor complex, consisting of Drosha and DGCRS, cleaves the pri-miRNA, generating a precursor
microRNA (pre-miRNA) with a characteristic hairpin structure. This pre-miRNA is then exported to the
cytoplasm via Exportin-5. In the cytoplasm, Dicer cleaves the hairpin loop, yielding a mircoRNA duplex.
Either strand of this duplex can be incorporated into the RNA-induced silencing complex (RISC) as the
functional, mature microRNA. Unincorporated strands are degraded. The mature microRNA guides RISC to
its target MRNA, leading to translational repression or mRNA degradation.
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patterns, allowing them to fine-tune gene regulation in a highly context-dependent
manner [32]. MicroRNA biogenesis is a multistep process that starts in the nucleus, where
primary microRNAs (pri-miRNAs) are transcribed by RNA polymerase Il. These pri-miRNAs
undergo cleavage by the Drosha-DGCR8 microprocessor complex to form precursor
microRNAs (pre-miRNAs), which are then exported to the cytoplasm via Exportin-5. In the
cytoplasm, the RNase Il enzyme Dicer further processes pre-miRNAs into mature, double-
stranded microRNAs [33]. One or both strands of this duplex can be incorporated into the
RNA-induced silencing complex (RISC), where the guide strand directs the complex to
target mRNAs through sequence complementarity [34]. MicroRNAs exert their function
as post-transcriptional repressors primarily through binding to the 3’ untranslated region
(3" UTR) of target mRNAs [35, 36] (Figure 1). This interaction is mediated by a conserved
seed sequence, typically located at nucleotides 2-8 of the microRNA, which is critical for
target recognition [37]. A single microRNA can regulate multiple mRNAs, enabling the
fine-tuning of complex cellular pathways. Consequently, dysregulation of microRNA
expression can have profound effects on multifactorial diseases such as atherosclerosis,
where altered microRNA profiles contribute to endothelial dysfunction, inflammation, and
plaque formation [31, 38-40]. Given their broad regulatory capacity and context-
dependent expression, therapeutic strategies aimed at modulating microRNA expression
hold promise for treatment of CVDs [41] .

Transfer RNA-derived fragments

tRFs are small RNA molecules generated from tRNAs, which are traditionally known for
their role in protein translation. Initially considered mere degradation products of tRNAs,
tRFs are now recognized as biologically active molecules involved in regulation of gene
expression [42]. These fragments can originate from different regions of the tRNA,
including the 5" end, 3’ end, and anticodon loop, and vary in size from approximately 18
to 50 nucleotides (Figure 2). Notably, tRF expression exhibits disease specificity,
suggesting a regulating and potentially functional role across different biological contexts
[43, 44]. Moreover, the production of tRFs is evolutionarily conserved, further supporting
their significance in cellular processes [45]. Both mature tRNAs and their derived
fragments are extensively modified post-transcriptionally. While it is known that stress-
induced activation of Angiogenin, a RNAse A family member, results in increased
formation of tRFs [46], the precise mechanisms underlying the tRF biogenesis remain
largely unknown.

Small RNA alterations

sncRNAs are subject to various modifications and alterations that can influence their
stability, function, and target recognition [47]. These modifications can be broadly
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e

tRNA derived fragments (tRFs)

Figure 2: Schematic overview of tRNA derived fragments. Fragments can
originate from different regions of the tRNA, including the 5' end, 3’ end, and
anticodon loop, and vary in size from approximately 18-50 nucleotides.

categorized into two types: chemical modifications of RNA nucleotides and alternative
cleavage events that generate isomer-microRNAs (isomiRs) or other RNA isomers.
Chemical modifications of ribonucleotides play essential roles in RNA stability,
localization, and interactions with other molecules. These modifications can occur on the
bases of the nucleotides or the ribose moiety. In Adenosine-to-Inosine (A-to-I) editing,
adenosine is deaminated to inosine, which alters RNA base-pairing properties as inosine
preferentially binds cytidine [48]. A-to-I editing can furthermore affect transcript stability
or protein coding potential [49]. Another well-known example of RNA base modification
is N6-methyl-adenosine (m6A), where the N6 position of adenosine is methylated, which
regulates RNA processing, affects stability and translation repression efficiency [50, 51].
Additionally, sncRNAs, in particular microRNAs, can undergo alternative cleavage, leading
to the formation of isomiRs — variations of microRNAs that differ from their canonical
sequences due to nucleotide additions or deletions at the 5’ or 3’ end. These variants arise
from alternative cleavage-site selection by the microprocessor complex or Dicer during
microRNA biogenesis [52, 53]. IsomiRs are highly abundant, and can sometimes surpass
their canonical counterparts in prevalence, constituting a significant portion of the total
microRNAs detected in RNA sequencing studies [54-56]. Importantly, they can associate
with the RISC and therefore regulate mRNA translation [53, 57]. However, because isomiRs
and RNA nucleotide modifications can alter the seed sequence or overall RNA structure,
they have the potential to influence target recognition and biological function, adding an
additional layer of gene expression regulation. This additional layer of post-transcriptional
gene expression regulation is collectively referred to as the "epitranscriptome”.
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Small non-coding RNAs as biomarkers

sncRNAs have emerged as promising biomarkers for various diseases, including
cardiovascular conditions, due to their unique biological properties. One key advantage
is their remarkable stability in bodily fluids, as they are often encapsulated in extracellular
vesicles, bound to proteins, or chemically modified, preventing rapid degradation by
ribonucleases [58-60]. The majority of circulating sncRNAs are associated with Argonaute
(AGO) proteins, forming stable protein complexes in the bloodstream [59, 61]. Only a
small fraction, approximately 10%, is encapsulated within extracellular vesicles such as
exosomes, apoptotic bodies, or bound to high density lipoproteins [60, 62, 63] (Figure 3).
This stability allows for their reliable detection in the blood samples with minimal invasive
techniques. As mentioned before, sncRNAs exhibit tissue- and disease-specific expression
patterns [32, 64, 65], allowing for precise discrimination between pathological and
physiological states. In the context of chronic cellular stress, sncRNAs can be actively
released into the bloodstream within extracellular vesicles, whereas during acute tissue
injury, they can also be passively released in an free form [66]. This further enhances their
potential as dynamic biomarkers that reflect acute injury, disease progression, or response
to treatment. These characteristics make sncRNAs highly suitable for minimally invasive
diagnostic and prognostic applications.

Common detection methods

Several techniques are available to detect and quantify sncRNAs, each with its own
advantages and limitations. Small RNA sequencing (small RNA-seq) is a high throughput
approach that allows for the comprehensive profiling of sncRNA expression. This method
provides detailed insights into both known and novel sncRNAs, including isomiRs and
sequence-altering RNA modifications, but requires complex bioinformatics analysis and
can be costly. Reverse transcription quantitative PCR (RT-qPCR) is a widely used method
for targeted sncRNA quantification. It offers high sensitivity and specificity but is limited
to detecting known sequences and requires carefully designed primers to account for
RNA modifications and sequence variations. Northern blotting, though less commonly
used, enables the visualization of specific sncRNAs by hybridization with labeled probes.
This method provides information on RNA size and expression levels but has relatively
low sensitivity and requires large amounts of RNA. Microarrays allow for the parallel
detection of multiple sncRNAs using sequence-specific probes. While they are cost-
effective for profiling known sncRNAs, they lack the ability to identify novel sequences
and may have lower dynamic range compared to RNA sequencing. However, none of
these methods allow for the rapid and accurate measurement of sncRNAs in limited
amount of biofluids in acute clinical settings, and often need specialized, expensive
equipment. Developing faster and more accessible detection platforms is essential to fully
harness the potential of sncRNAs as diagnostic and prognostic biomarkers.
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Figure 3: Schematic overview of microRNA secretion into the blood circulation. MicroRNAs are
produced as primary transcripts (pri-miRNA) in the nucleus, cleaved into precursor microRNAs (pre-miRNA)
and exported to the cytoplasm. Here a microRNA duplex is formed from the precursor. The majority of
microRNAs are associated with proteins, the rest is encapsulated in vesicles, apoptotic bodies or bound to
high density lipoproteins (HDL). MicroRNAs can be actively secreted, or passively released upon cell death
or cell damage. Figure adapted from Foessl et al (58).

Detection in acute settings

Recent advancements in sncRNA detection technologies have focused on developing
rapid and accurate detection techniques suitable for point-of-care diagnostics. One such
approach involving isothermal strategy enables microRNA detection within 30 minutes
[67]. However, while this method significantly reduces processing time compared to
regular RT-gPCR, it still relies on expensive equipment such as a qPCR machine and
requires labor-intensive sample preparation, including RNA isolation. Another strategy
explored is a streptavidin-biotin-based microarray for microRNA profiling [68]. This
method offers a broad profiling capability but requires a substantial microRNA input of
2.5 pg, has relatively low sensitivity, and is susceptible to cross-hybridization, limiting its
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applicability in detecting low-abundance RNAs. In an effort to improve sensitivity,
nanotechnology-based approaches have been investigated, such as the use of quantum
dots and nanogold particles [69]. These methods achieve detection limits in the
femtomolar range, offering high sensitivity. However, their reliance on specialized
imaging systems, such as laser scanning microscope or CCD-equipped microscopes,
restricts their feasibilities for bedside applications. Another promising technique involves
molecular beacons. These engineered stem-loop oligonucleotides contain a donor and
qguencher fluorophore at their 5" and 3’ ends. Upon hybridization with a target microRNA,
the stem-loop structure unfolds, leading to fluorescence activation and a detectable
signal [70]. Despite its simplicity and specificity, this approach suffers from low sensitivity
due to limited intrinsic signal amplification in the system. While these approaches
represent significant progress in small non-coding RNA detection, their translation into
rapid, bedside-compatible diagnostics remains challenging. DNA-embedded hydrogels
offer a potential solution for developing a truly point-of-care detection platform, as they
can provide real-time, sensitive, and amplification-free detection in a user-friendly format,
paving the way for future bedside applications.

Hydrogels

Hydrogels are three-dimensional networks of hydrophilic polymers capable of absorbing
and retaining substantial amounts of water or biological fluids, making them highly
versatile materials in biomedical applications [71]. These polymer networks are formed
through crosslinking, which can occur via chemical crosslinking, where covalent bonds
between monomers establish a stable network, or through physical crosslinking, which
relies on non-covalent interactions such as hydrogen bonding, ionic interactions, and
hydrophobic forces [72]. Their tunable nature allows for precise control over mechanical
properties, permeability, and biochemical functionality, making hydrogels particularly
suitable for biomedical engineering applications, including tissue engineering, drug
delivery, and biosensing. One particularly promising approach in hydrogel-based
biosensing is the incorporation of functional DNA motifs into the hydrogel matrix. Due to
their programmable assembly, high specificity, and precise molecular recognition, DNA-
based structures, including aptamers, DNAzymes, and hybridization probes, can be
integrated into hydrogels to enable highly sensitive and selective detection of
biomolecules [73]. These DNA-functionalized hydrogels can serve as molecular detection
platforms for a variety of analytes, including small non-coding RNAs, by leveraging
complementary base pairing or enzymatic signal amplification. Beyond their recognition
properties, DNA motifs can also act as structural components, influencing the hydrogel's
responsiveness to environmental stimuli, such as pH, temperature, or the presence of
target biomolecules [74]. This responsiveness can be exploited for smart biosensing
applications, where target detection triggers a measurable change in the hydrogel's
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physical state (e.g., swelling, fluorescence activation, or degradation), enabling rapid and
highly specific point-of-care diagnostics. Given their adaptability and biocompatibility,
DNA-embedded hydrogels offer a promising strategy for advancing biosensing
technologies, with potential applications in cardiovascular disease diagnostics,
personalized medicine, and real-time monitoring of disease biomarkers.
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Thesis outline

The aim of this thesis is to investigate the role of small non-coding RNA alterations in
CVD, explore the potential of tRFs as diagnostic biomarkers for stroke in acute settings,
and evaluate the feasibility of using sequence complementarity for the sensitive detection
of small non-coding RNAs in such scenarios.

The first part of the thesis focuses on the implication of small non-coding RNA
modifications in cardiovascular diseases.

Chapter 2 provides an overview of small non-coding RNAs, their post-transcriptional
modifications, and their potential implications in the pathophysiology of heart failure. It
emphasizes the emerging field of the small RNA epitranscriptome, highlighting recent
advancements and the growing evidence that RNA modifications play a critical role in
gene regulation associated with heart failure.

Chapter 3 explores the regulatory role of 5'- isomiRs, specifically 1ISO-miR-411, in
cardiovascular disease, with a focus on post-ischemic neovascularization. This chapter
highlights the active regulation of ISO-miR-411 formation in response to ischemia, both
in vitro and in vivo. Additionally, it demonstrates that ISO-miR-411 has a distinct
targetome compared to its canonical counterpart, WT-miR-411, due to a shift in its seed
sequence. This distinct targetome allows ISO-miR-411 to negatively influence vascular cell
migration, a function not observed with WT-miR-411. By identifying isomiR formation as
an actively regulated process and revealing its functional implications in ischemia, this
chapter highlights that isomiRs represent an additional layer of gene regulation with
potential implications for future microRNA-based therapeutic strategies.

In Chapter 4 we investigate the impact of m6A on intracranial atherosclerosis, a leading
cause of ischemic stroke. This chapter highlights how m6A potentially influences
endothelial integrity by affecting TJP1 repression efficiency by the pro-atherogenic
microRNA miR-494-3p. By examining postmortem intracranial arteries at various stages
of atherogenesis, we show that m6A levels are upregulated in atherosclerosis-affected
vessels, accompanied by reduced TJP1 and PECAM1 expression. Importantly, specific
m6A-methylation of miR-494-3p specifically represses TIP1 in vitro at brain microvascular
endothelial cell-cell junctions, likely increasing blood-brain barrier permeability, while
unmodified miR-494-3p or alternative m6A-miR-494-3p has no effect. By uncovering this
novel regulatory mechanism in brain arteries, this chapter provides insights into the
pathophysiology of intracranial atherosclerosis and potential therapeutic targets.

The second part of the thesis examines the role of tRFs as potential biomarkers for
diagnosing stroke in acute situations, while also exploring the feasibility of designing a
sequence complementarity-based system to accurately detect small non-coding RNAs in
these high-stakes scenarios.
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Chapter 5 investigates the potential of tRFs as diagnostic biomarker for acute stroke, with
a particular focus on distinguishing ischemic stroke, intracerebral hemorrhage, and stroke
mimics. Despite promising results from a small RNA-sequencing pilot study, where
specific tRFs showed diagnostic potential, we were unable to replicate these findings in a
larger cohort using RT-qPCR, the gold standard for RNA-sequencing validation. We were
able to detect and quantify all selected tRFs, but only the fragments Arg-TCG>3%’ and Tyr-
GTA™™"® showed weak trends in differential expression between stroke subtypes, with
insufficient predictive value for clinical use. However, technical challenges in accurate tRF
quantification, stemming from limitations in both RNA sequencing and RT-qPCR
methods, may have hindered the ability to validate these biomarkers. This chapter,
therefore, highlights the need for more reliable and accurate methods for tRFs analysis.
Addressing the technical barriers could unlock the full diagnostic potential of tRFs,
allowing for faster, more accurate stroke subtype identification in acute clinical settings.

Chapter 6 investigates the feasibility of a DNA-based hydrogel for sensing small-non-
coding RNAs in fluids. We functionalized dextran with varying degrees of methacrylate to
create hydrogels with varying crosslinking ability, and therefore, permeability. DNA was
incorporated using streptavidin-biotin interactions, and the effect of varying methacrylate
content and biotin content on streptavidin incorporation, and subsequently DNA
incorporation was investigated. We show that higher biotin content does not correlate
with higher streptavidin and DNA embedding, highlighting the importance of balancing
biotin content to achieve the desired combination of surface functionality and molecular
penetration in hydrogel-based applications. Importantly, the hydrogels reacted within
minutes upon introduction of the target sequence, while vehicle and scrambled controls
led to no reaction. Therefore, this chapter highlights the feasibility of the DNA-based
hydrogel to sense specific small non-coding RNA molecules.

Chapter 7 summarizes all key findings of this thesis and outlines potential directions for
future research.

19



Chapter 1 |

References

1. Cardiovascular Diseases Fact Sheet https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-
(cvds): World Health Organization; 2021

2. Lippi G, Sanchis-Gomar F. Global epidemiology and future trends of heart failure. AME Medical Journal. 2020;5:15-.

3. TanaiE, Frantz S. Pathophysiology of Heart Failure. Compr Physiol. 2015;6(1):187-214.

4.  Mosterd A, Hoes AW. Clinical epidemiology of heart failure. Heart. 2007;93(9):1137-46.

5. Azevedo PS, Polegato BF, Minicucci MF, Paiva SA, Zornoff LA. Cardiac Remodeling: Concepts, Clinical Impact,
Pathophysiological Mechanisms and Pharmacologic Treatment. Arq Bras Cardiol. 2016;106(1):62-9.

6.  Wintrich J, Kindermann |, Ukena C, Selejan S, Werner C, Maack C, et al. Therapeutic approaches in heart failure with
preserved ejection fraction: past, present, and future. Clin Res Cardiol. 2020;109(9):1079-98.

7. Timmis A, Vardas P, Townsend N, Torbica A, Katus H, De Smedt D, et al. European Society of Cardiology: cardiovascular
disease statistics 2021. Eur Heart J. 2022;43(8):716-99.

8. Sahin B, llgun G. Risk factors of deaths related to cardiovascular diseases in World Health Organization (WHO)
member countries. Health Soc Care Community. 2022;30(1):73-80.

9. Gistera A, Hansson GK. The immunology of atherosclerosis. Nat Rev Nephrol. 2017;13(6):368-80

10. Stary HC, Chandler AB, Glagov JG, J. R, Insull W, Rosenfield ME, Schaffer SA, et al. A Definition of Initial, Fatty Streak,
and Intermediate Lesions of Atherosclerosis. A Report From the Committee on Vascular Lesions of the Council on
Arteriosclerosis, American Heart Association. Circulation. 1994;89(5):2462-78.

11. Libby P. The molecular mechanisms of the thrombotic complications of atherosclerosis. J Intern Med.
2008;263(5):517-27.

12. Flaherty ML, Kissela B, Khoury JC, Alwell K, Moomaw CJ, Woo D, et al. Carotid artery stenosis as a cause of stroke.
Neuroepidemiology. 2013;40(1):36-41.

13. Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J, Bittencourt MS, et al. Atherosclerosis. Nat Rev Dis Primers.
2019;5(1):56.

14. van Oostrom MC, van Oostrom O, Quax PH, Verhaar MC, Hoefer IE. Insights into mechanisms behind arteriogenesis:
what does the future hold? J Leukoc Biol. 2008;84(6):1379-91.

15. Carmeliet P. Mechanisms of angiogenesis and arteriogenesis. Nature Medicine. 2000;6(3):389-95.

16. Risau W. Mechanisms of angiogenesis. Nature. 1997;386:671-4.

17. Braunwald E. The treatment of acute myocardial infarction: the Past, the Present, and the Future. Eur Heart J Acute
Cardiovasc Care. 2012;1(1):9-12.

18. Gerhard-Herman MDG, H. L. Barrett, C., Barshes NR, Corriere MA, Drachman DE, Fleisher LA, Fowkes FGR, et al. 2016
AHA/ACC Guidelines on the Management of Patients With Lower Extremity Peripheral Artery Disease. Journal of the
American College of Cardiology. 2017;69(11):e71-e126.

19. de Vries MR, Simons KH, Jukema JW, Braun J, Quax PH. Vein graft failure: from pathophysiology to clinical outcomes.
Nat Rev Cardiol. 2016;13(8):451-70.

20. Feske SK. Ischemic Stroke. Am J Med. 2021;134(12):1457-64.

21. EmbersonJ, Lees KR, Lyden P, Blackwell L, Albers G, Bluhmki E, et al. Effect of treatment delay, age, and stroke severity
on the effects of intravenous thrombolysis with alteplase for acute ischaemic stroke: a meta-analysis of individual
patient data from randomised trials. Lancet. 2014;384(9958):1929-35.

22. Berkhemer OA, Fransen PSS, Beumer D, van den Berg LA, Lingsma HF, Yoo AJ, et al. A Randomized Trial of Intraarterial
Treatment for Acute Ischemic Stroke. New England Journal of Medicine. 2015;372(1):11-20.

23. Bonati LH, Kakkos S, Berkefeld J, de Borst GJ, Bulbulia R, Halliday A, et al. European Stroke Organisation guideline on
endarterectomy and stenting for carotid artery stenosis. Eur Stroke J. 2021;6(2):I.

24. Ritz K, Denswil NP, Stam OC, van Lieshout JJ, Daemen MJ. Cause and mechanisms of intracranial atherosclerosis.
Circulation. 2014;130(16):1407-14.

25. Moossy J. Morphology, sites and epidemiology of cerebral atherosclerosis. Res Publ Assoc Res Nerv Ment Dis.
1966;41:1-22.

26. Mathur K.S. KSK, Mathur S.C. Distribution and severity of atherosclerosis of aorta, coronary and cerebral arteries in
persons dying without morphologic evidence of atherosclerotic catastrophe in North India: a study of 900 autopsies.
J Assoc Physicians India. 1968;16:113-22.

27. Bang OYL, P. H,; Yoon, S. R;; Lee, M. A;; Joo, . S.; Huh, K. Inflammatory markers, rather than conventional risk factors,
are different between carotid and MCA atherosclerosis. J Neurol Neurosurg Psychiatry. 2005;76(8):1128-34.

28. Denswil NP, van der Wal AC, Ritz K, de Boer OJ, Aronica E, Troost D, et al. Atherosclerosis in the circle of Willis: Spatial
differences in composition and in distribution of plaques. Atherosclerosis. 2016;251:78-84.

29. Poller W, Dimmeler S, Heymans S, Zeller T, Haas J, Karakas M, et al. Non-coding RNAs in cardiovascular diseases:

20

diagnostic and therapeutic perspectives. Eur Heart J. 2018;39(29):2704-16.


https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds
https://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds

30.
31.

32.

33.

34.
35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

| General introduction

Consortium EP. An integrated encyclopedia of DNA elements in the human genome. Nature. 2012;489(7414):57-74.
Welten SM, Goossens EA, Quax PH, Nossent AY. The multifactorial nature of microRNAs in vascular remodelling.
Cardiovasc Res. 2016;110(1):6-22.

Wienholds E, Kloosterman WP, Miska E, Alvarez-Saavedra E, Berezikov E, de Bruijn E, et al. MicroRNA Expression in
ZEbrafish Embryonic Development. Science. 2005;309(5732):310-1.

Y. Lee KJ, J. Lee, S. Kim and V.N. Kim. MicroRNA maturation stepwise processing and subcellular localization. The
EMBO Journal. 2002;21(17):4663-70.

Bartel DP. MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell. 2004;116:281-97.

Treiber T, Treiber N, Meister G. Regulation of microRNA biogenesis and its crosstalk with other cellular pathways. Nat
Rev Mol Cell Biol. 2019;20(1):5-20.

Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell. 2009;136(2):215-33.

Sheu-Gruttadauria J, Xiao Y, Gebert LF, MacRae 1J. Beyond the seed: structural basis for supplementary microRNA
targeting by human Argonaute2. EMBO J. 2019;38(13):e101153.

Welten SM, Bastiaansen AJ, de Jong RC, de Vries MR, Peters EA, Boonstra MC, et al. Inhibition of 14932 MicroRNAs
miR-329, miR-487b, miR-494, and miR-495 increases neovascularization and blood flow recovery after ischemia. Circ
Res. 2014;115(8):696-708.

Welten SMJ, de Jong RCM, Wezel A, de Vries MR, Boonstra MC, Parma L, et al. Inhibition of 14932 microRNA miR-
495 reduces lesion formation, intimal hyperplasia and plasma cholesterol levels in experimental restenosis.
Atherosclerosis. 2017;261:26-36.

Wezel A, Welten SM, Razawy W, Lagraauw HM, de Vries MR, Goossens EA, et al. Inhibition of MicroRNA-494 Reduces
Carotid Artery Atherosclerotic Lesion Development and Increases Plaque Stability. Ann Surg. 2015;262(5):841-7;
discussion 7-8.

van Rooij E, Olson EN. MicroRNA therapeutics for cardiovascular disease: opportunities and obstacles. Nat Rev Drug
Discov. 2012;11(11):860-72.

Krishna S, Raghavan S, DasGupta R, Palakodeti D. tRNA-derived fragments (tRFs): establishing their turf in post-
transcriptional gene regulation. Cell Mol Life Sci. 2021;78(6):2607-19.

Sun X, Yang J, Yu M, Yao D, Zhou L, Li X, et al. Global identification and characterization of tRNA-derived RNA fragment
landscapes across human cancers. NAR Cancer. 2020;2(4):zcaa031.

Fu X, He X, Yang Y, Jiang S, Wang S, Peng X, et al. Identification of transfer RNA-derived fragments and their potential
roles in aortic dissection. Genomics. 2021;113(5):3039-49.

Keam SP, Hutvagner G. tRNA-Derived Fragments (tRFs): Emerging New Roles for an Ancient RNA in the Regulation
of Gene Expression. Life (Basel). 2015;5(4):1638-51.

Fu H, Feng J, Liu Q, Sun F, Tie Y, Zhu J, et al. Stress induces tRNA cleavage by angiogenin in mammalian cells. FEBS
Lett. 2009;583(2):437-42.

van der Kwast R, Quax PHA, Nossent AY. An Emerging Role for isomiRs and the microRNA Epitranscriptome in
Neovascularization. Cells. 2019;9(1).

Wagner RW, Smith, J.E.,, Cooperman, B.S., and Nishikura, K. A double-stranded RNA unwinding activity introduces
structural alterations by means of adenosine to inosine conversions in mammalian cells and Xenopus eggs. Proc Natl
Acad Sci USA. 1989;86(8):2647-51.

Gommans WM. A-to-| editing of microRNAs: regulating the regulators? Semin Cell Dev Biol. 2012;23(3):251-7.
Alarcon CR, Lee H, Goodarzi H, Halberg N, Tavazoie SF. N6-methyladenosine marks primary microRNAs for
processing. Nature. 2015;519(7544):482-5.

van den Homberg DAL, van der Kwast R, Quax PHA, Nossent AY. N-6-Methyladenosine in Vasoactive microRNAs
during Hypoxia; A Novel Role for METTLA. Int J Mol Sci. 2022;23(3).

Bofill-De Ros X, Yang A, Gu S. IsomiRs: Expanding the miRNA repression toolbox beyond the seed. Biochim Biophys
Acta Gene Regul Mech. 2020;1863(4):194373.

Neilsen CT, Goodall GJ, Bracken CP. IsomiRs--the overlooked repertoire in the dynamic microRNAome. Trends Genet.
2012;28(11):544-9.

Tan GC, Chan E, Molnar A, Sarkar R, Alexieva D, Isa IM, et al. 5' isomiR variation is of functional and evolutionary
importance. Nucleic Acids Res. 2014;42(14):9424-35.

Humphreys DT, Hynes CJ, Patel HR, Wei GH, Cannon L, Fatkin D, et al. Complexity of murine cardiomyocyte miRNA
biogenesis, sequence variant expression and function. PLoS One. 2012;7(2):e30933.

McGahon MK, Yarham JM, Daly A, Guduric-Fuchs J, Ferguson LJ, Simpson DA, et al. Distinctive profile of IsomiR
expression and novel microRNAs in rat heart left ventricle. PLoS One. 2013;8(6):e65809.

Cloonan NW, S.; Xu, Q; Gu, J.; Lea, K, Heater, S.; Barbacioru, C.; Steptoe, A.L; Martin, H.C,; Nourbakhsh, E.; et al.
MicroRNAs and their isomiRs function cooperatively to target common biological pathways. Genome Biology.
2011;12.

21



Chapter 1 |

22

58.

59.

60.
61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.
73.

74.

Foessl |, Kotzbeck P, Obermayer-Pietsch B. miRNAs as novel biomarkers for bone related diseases. Journal of
Laboratory and Precision Medicine. 2019;4:2-.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, et al. Argonaute2 complexes carry a population of
circulating microRNAs independent of vesicles in human plasma. Proc Natl Acad Sci U S A. 2011;108(12):5003-8.
Tosar JP, Cayota A. Extracellular tRNAs and tRNA-derived fragments. RNA Biol. 2020;17(8):1149-67.

Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of extracellular circulating microRNA. Nucleic
Acids Res. 2011;39(16):7223-33.

Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. Exosome-mediated transfer of mMRNAs and microRNAs
is a novel mechanism of genetic exchange between cells. Nat Cell Biol. 2007;9(6):654-9.

Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley AT. MicroRNAs are transported in plasma and
delivered to recipient cells by high-density lipoproteins. Nat Cell Biol. 2011;13(4):423-33.

Yanaihara N, Caplen N, Bowman E, Seike M, Kumamoto K, Yi M, et al. Unique microRNA molecular profiles in lung
cancer diagnosis and prognosis. Cancer Cell. 2006;9(3):189-98.

Olvedy M, Scaravilli M, Hoogstrate Y, Visakorpi T, Jenster G, Martens-Uzunova ES. A comprehensive repertoire of
tRNA-derived fragments in prostate cancer. Oncotarget. 2016;7(17):24766-77.

Sohel MH. Extracellular/Circulating MicroRNAs: Release Mechanisms, Functions and Challenges. Achievements in the
Life Sciences. 2016;10(2):175-86.

Wee EJH, Trau M. Simple Isothermal Strategy for Multiplexed, Rapid, Sensitive, and Accurate miRNA Detection. ACS
Sensors. 2016;1(6):670-5.

Liu C, Calin GA, Meloon B, Gamliel N, Sevignani C, Ferracin M, et al. An oligonucleotide microchip for genome-wide
microRNA profiling in human and mouse tissues. PNAS. 2004;101(26):9740-4.

Liang R-Q, Li W, Li Y, Tan C-y, Li J-X, Jin Y-X, et al. An oligonucleotide microarray for microRNA expression analysis
based on labeling RNA with quantum dot and nanogold probe. Nucleic Acids Research. 2005;33(2):e17-e.

Hartig JS, Griine |, Najafi-Shoushtari SH, Famulok M. Sequence-Specific Detection of MicroRNAs by Signal-Amplifying
Ribozymes. Journal of the American Chemical Society. 2004;126(3):722-3.

Ullah F, Othman MB, Javed F, Ahmad Z, Md Akil H. Classification, processing and application of hydrogels: A review.
Mater Sci Eng C Mater Biol Appl. 2015;57:414-33.

Wang W, Narain R, Zeng H. Hydrogels. Polymer Science and Nanotechnology2020. p. 203-44.

Gacanin J, Synatschke CV, Weil T. Biomedical Applications of DNA-Based Hydrogels. Advanced Functional Materials.
2019;30(4).

Li F, Gong J, Shi T, Ren X, Cui X, Xiao L, et al. The desgin and straightforward synthesis of multifunctional DNA
microgels for the improved targeted delivery of antitumor drugs. International Journal of Pharmaceutics. 2023;643.



