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ABSTRACT

Introduction: Atherosclerosis is a major cause of cardiovascular diseases, driven by vascular
inflammation that begins with endothelial dysfunction. The endothelium, which lines blood
vessels, plays a critical role in regulating vascular tone and immune cell interactions. In response
to inflammatory stimuli, such as cytokines, endothelial cells become activated, promoting the
recruitment and adhesion of leukocytes to the vessel wall. This process, involving a complex
sequence of leukocyte capture, rolling, and transmigration, contributes to the development of
atherosclerotic lesions. Recent research has identified microRNAs as key regulators of endothelial-
leukocyte interactions, with miR-133a emerging as a potential modulator of this inflammatory
response. This thesis explores the role of miR-133a in endothelial activation and leukocyte

adhesion, aiming to uncover new therapeutic strategies to target these pathways in atherosclerosis.

Methodology: Human endothelial cells were cultured in Endothelial Cell Growth Medium under
aseptic conditions. Cells were transfected with miR-133a-3p or miR-133a-5p mimics and
stimulated with TNF-a to induce an inflammatory response. To assess changes in gene expression,
total RNA was extracted, quantified, and reverse-transcribed into cDNA. Quantitative real-time
PCR (gqRT-PCR) was then performed to measure the expression of key adhesion molecules and
extracellular matrix proteins implicated in endothelial-leukocyte interactions. Statistical analyses
were conducted using GraphPad Prism, employing parametric and non-parametric tests depending
on data distribution. Additionally, bioinformatics tools, including miRWalk, TargetScan, and
miRDB, were used to predict potential miR-133a target genes and evaluate their binding sites

within the 3'UTR regions.

Results: Both miR-133a-3p and miR-133a-5p downregulated /7Gf3, impairing endothelial cell
migration. miR-133a-5p significantly reduced MMP-2 expression by 50%, contributing to



endothelial barrier stabilization, while miR-133a-3p upregulated 7/MP-3, enhancing barrier
integrity. miR-133a-5p suppressed COL3A41 and TSP-1 expression, limiting vascular permeability
and leukocyte recruitment. Furthermore, miR-133a-3p promoted ADAMTS-1 expression under
TNF-a stimulation, supporting ECM remodelling, while miR-133a-3p also induced /CAM-1

expression in response to TNF-a, enhancing leukocyte adhesion.

Conclusion: miR-133a regulates endothelial responses during inflammation. The distinct effects
of its 3p and 5p strands on adhesion, matrix stability, and inflammatory signalling underscore miR-

133a’s potential as a therapeutic target in vascular inflammation and related pathologies.
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1. INTRODUCTION



Atherosclerosis is a chronic inflammatory condition and the primary cause of various
cardiovascular diseases (CVDs), significantly impacting global health. Contrary to popular belief,
atherosclerosis has affected people for millennia, as evidenced by findings from autopsies and
tomographic scans of ancient, well-preserved mummies, which revealed considerable large and
calcified plaques in the descending thoracic aorta (Minelli, Minelli and Montinari, 2020).
Characterised by lipid-rich plaques, fibrous tissues, and calcium deposits accumulating within
arterial walls, it leads to thickening and hardening, thereby narrowing arteries and reducing their
elasticity (Jebari-Benslaiman et al., 2022). This arterial impairment restricts blood flow, resulting
in serious cardiovascular complications such as coronary artery disease (CAD), ischemic heart
disease, and acute coronary syndrome (ACS); cerebrovascular conditions like stroke and vascular
dementia; peripheral issues such as peripheral artery disease (PAD) and aneurysms; and chronic

kidney disease (CKD) due to reduced renal blood flow (Geiger, 2019).

Atherosclerosis is a major contributor to critical conditions like CAD, affecting 5-8% of the
population, and PAD, with a prevalence of 10-20% (Bauersachs et al., 2019). The World Health
Organisation reports that CVDs account for approximately 17.9 million deaths annually,
representing 32% of global mortality, with atherosclerosis-related events contributing to about
25% of these fatalities (Rao, Shankar and Rao, 2023, Anon, 2023). Additionally, CVD lead to
disability in approximately 35.6 million individuals worldwide (Kaptoge et al., 2019). The
widespread impact of atherosclerosis across geographic and socioeconomic boundaries
underscores its role in global illness and mortality. Emerging evidence highlights the significant
healthcare and economic burdens imposed by atherosclerosis, underscoring the need for continued

research and targeted interventions to reduce the global burden of CVDs (Libby, 2021).



1.1 Atherosclerosis Progression

Atherosclerosis is a complex cardiovascular condition primarily driven by chronic inflammation
within the arterial wall as illustrated in Figure 1.1 (Hansson, 2005). Understanding its
pathophysiology necessitates examining the interplay between inflammation, lipid accumulation,
and arterial remodelling. Unravelling the intricate mechanisms involved can identify effective
strategies to mitigate the severe consequences of atherosclerosis, paving the way for improved

cardiovascular health in future generations (Pedro-Botet, Climent and Benaiges, 2020).

Atherosclerosis progression

A Initial Lesion / Fatty Streak Formation / Lesion Progression /
Hesalthy: Condiion Endcthelial Dysfunction Monocyte Adhesion Foam Cell Formation

Lumen
Apaptosis
Laminar -
\ Flow E":w tbed Monocyte Recruitment /
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Endothelium 6‘ ‘
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ntima N < . e
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Figure 1.1 Stages and Mechanism of Atherosclerotic Progression

The figure's top section illustrates the progression of atherosclerosis, from a healthy arterial state to plaque rupture.
The lower section depicts: (A) Endothelial dysfunction caused by disturbed blood flow and inflammation, leading to



LDL infiltration. (B) oxLDL triggers monocyte recruitment, foam cell formation, and fatty streaks. (C) Lesion
progression involves foam cell accumulation, necrotic core formation, and SMC-driven fibrous cap stabilization. (D)
Advanced plaques with a thin fibrous cap and expanding necrotic core become vulnerable to rupture, exposing
thrombogenic material and causing thrombus formation. This highlights the interplay of endothelial dysfunction, lipid
buildup, inflammation, and plaque instability. Created with Biorender.com.

1.1.1 Endothelial Dysfunction

Endothelial dysfunction (ED) represents the initial phase in the development of atherosclerosis
(Figure 1.1 A), stemming from a disruption in the balance of relaxing and contracting factors,
anticoagulant and procoagulant mediators, and growth-inhibiting and promoting elements within
the endothelium (Poredos, 2001). This imbalance, often due to mechanical or biochemical injuries,
impairs vasodilator release, particularly nitric oxide (NO) and increases the influence of
endothelium-derived contracting factors (EDCF) (Vanhoutte et al., 2017). In autoimmune diseases
such as vasculitis and scleroderma, endothelial injury can be triggered by anti-endothelial cell
antibodies and potentially by anti-neutrophil cytoplasmic antibodies (ANCA), illustrating the
multifactorial nature of endothelial dysfunction, which involves both endogenous and external
triggers disrupting hemostasis (Ballermann, 1998). NO, synthesised by eNOS, is crucial for
vascular health, preventing leukocyte adhesion and platelet aggregation; however, during
endothelial activation under proinflammatory conditions, eNOS expression decreases, diminishing

NO bioavailability and increasing ED (Liao, 2013).

This dysfunction manifests as impaired vasodilation, heightened vascular permeability, and
increased thrombotic risk, facilitated by the expression of adhesion molecules like VCAM-1 and
ICAM-1, which promote leukocyte adhesion and enhance inflammation (Pober, 2002). Common
risk factors such as hypertension (Poredos, Poredos and Gregoric, 2021), hyperlipidemia (Murphy

et al., 2023), Diabetes (Taylor, 2001), and lifestyle elements like smoking (Ishida et al., 2024),



poor diet (Cuevas and Germain, 2004), and physical inactivity (Ghisi et al., 2010), further amplify
ED by fostering oxidative stress and reducing NO bioavailability. These elements collectively
create an environment conducive to inflammatory responses, increased permeability, and vascular

remodelling, all of which contribute to ongoing ED.

Underlying mechanisms involve the dysregulation of eNOS activity, which, under pathological
conditions, produces reactive oxygen species (ROS) instead of NO, further lowering NO levels
and aggravating oxidative stress (Incalza et al., 2018). Additionally, mechanical forces like shear
stress impact ED progression (Figure 1.1 A), with disturbed blood flow at arterial branches
promoting endothelial cell turnover, inflammatory signalling, and lipoprotein permeability,
thereby fostering a pro-atherogenic environment. Collectively, these processes mark ED as a
critical initial event in atherosclerosis, driven by both biochemical and mechanical disruptions

(Souilhol et al., 2020).

1.1.2 Fatty Streak Formation

Low-density lipoprotein (LDL), primarily composed of apolipoprotein B, is usually transported in
the bloodstream to various tissues (Libby, 2021), and typically gets degraded in lysosomes,
preventing excessive lipid accumulation (Malekmohammad, Bezsonov and Rafieian-Kopaei,
2021). However, in conditions like atherosclerosis, Elevated LDL levels allow these particles to
permeate the damaged endothelial barrier, binding to proteoglycans in the extracellular matrix
(Figure 1.1 B) (Malekmohammad, Bezsonov and Rafieian-Kopaei, 2021; Libby, 2021). Once
within the intima, LDL undergoes structural changes, including desialylation and oxidation,
increasing its retention and pro-inflammatory properties (Libby, 2021). Oxidised LDL (oxLDL)

acts as a trigger for further endothelial activation, drawing leukocytes to the site and initiating



immune responses. This recruitment of immune cells, particularly monocytes, accelerates plaque
development as they differentiate into macrophages and further interact with modified LDL

(Malekmohammad, Bezsonov and Rafieian-Kopaei, 2021).

Upon entering the arterial intima, monocytes transform into macrophages, which then engulf
modified LDL via scavenger receptors like CD36 and SR-A1, gradually becoming lipid-laden
foam cells (Figure 1.1 B) (Chistiakov et al., 2017). These foam cells accumulate, releasing
inflammatory cytokines that perpetuate local inflammation and attract additional immune cells,
accelerating plaque expansion. Cholesterol within foam cells is re-esterified and stored in lipid
droplets, creating a cycle of lipid accumulation as cholesterol efflux mechanisms are overwhelmed

(Maguire, Pearce and Xiao, 2019).

Meanwhile, vascular smooth muscle cells (VSMCs) are stimulated to migrate from the arterial
media to the intima, where they proliferate and synthesise extracellular matrix components. This
activity leads to the formation of a fibrous cap as represented in Figure 1.1 B, which provides
initial stability to the atherosclerotic plaque (Grootaert and Bennett, 2021). VSMCs also undergo
phenotypic switching, adopting characteristics of macrophages and foam cells, which enhances
plaque complexity (Gui, Zheng and Cao, 2022). New research shows that VSMCs, alongside
macrophages, contribute to foam cell formation, revealing their dual role in plaque stability and

inflammation (Poznyak et al., 2021).

1.1.3 Fibrous Plaque Progression

Clonal expansion of medial smooth muscle cells (SMCs) occurs as they migrate to the
subendothelial space and differentiate into cap SMCs (Figure 1.1 C). This differentiation is guided

by NOTCH signalling, while PDGF signalling promotes their proliferation and extracellular

6



matrix production (Alonso-Herranz, Albarran-Juarez and Bentzon, 2023). Concurrently, apoptotic
macrophages and SMCs release matrix vesicles that promote calcium phosphate crystal formation,
leading to microcalcifications within lipid pools and necrotic areas. The osteoblastic differentiation
of SMCs, induced by stress and pro-inflammatory cytokines like TNF-a, enhances mineralisation.
These microcalcifications coalesce into larger macrocalcifications, which reinforce the plaque but
also increase the risk of rupture (Shioi and Ikari, 2018).

Additionally, neovascularisation plays a crucial role in plaque progression, driven by factors such
as VEGF, which stimulates angiogenesis and contributes to plaque growth. Increased density of
the vasa vasorum serves as an early indicator of atherogenesis, with neo-capillaries often

associated with plaque instability (Camaré et al., 2017).

1.1.4 Plaque Instability and Rupture

Vulnerable plaques develop through a process characterised by a large, lipid-rich necrotic core and
a thin, inflamed fibrous cap, often less than 65 micrometres thick. Key inflammatory cells,
including CD4+ T-helper cells and macrophages, contribute to plaque instability by secreting pro-
inflammatory cytokines and degrading the fibrous cap. This inflammatory environment, combined
with endothelial dysfunction and high wall stress, heightens the risk of plaque rupture (Yla-
Herttuala et al., 2013). When rupture occurs, the necrotic core is exposed to circulating blood
(Figure 1.1 D), triggering thrombus formation. Plaques prone to rupture typically have a large
necrotic core and a high density of inflammatory cells, which promote smooth muscle cell

apoptosis and destabilise the plaque (Asada et al., 2020).

In addition to rupture, plaque erosion represents another stage of plaque progression, characterised

by superficial damage and smaller necrotic cores. This type is more common in younger patients



and may be influenced by hemodynamic forces and endothelial apoptosis. Thrombus formation
involves platelet activation and coagulation cascade activation (Asada et al., 2020). Platelets
adhere to exposed collagen and are activated, leading to thrombus development. While thrombus
formation can stabilise plaques, it may also obstruct blood flow, resulting in ischemic conditions

(Jebari-Benslaiman et al., 2022).

1.2 Role of Endothelium in Vascular Inflammation

Inflammation, a protective tissue response to injury or infection, is marked by the activation of
immune and non-immune cells (Lordan, Tsoupras and Zabetakis, 2019). This complex cascade,
visible as redness, swelling, heat, and pain, aims to restore tissue homeostasis. Typically beneficial
in acute cases, where it resolves pathogens or damaged tissue in a short time, inflammation can
become chronic in response to prolonged stimuli, potentially leading to tissue dysfunction
(Oronsky, Caroen and Reid, 2022). In atherosclerosis, chronic vascular inflammation is a key
factor in the progression of unstable plaque formation. Persistent immune cell activity, especially
from monocytes, macrophages, dendritic cells, and antigen-specific T cells, triggers the ongoing
release of inflammatory cytokines, exacerbating disease severity. This prolonged immune
response contributes to vulnerable plaques with thin fibrous caps, which are prone to rupture and

linked to serious cardiovascular events (Kobiyama and Ley, 2018).

A critical player in this process is the endothelium, the inner lining of blood and lymphatic vessels
(Aird, 2007). Endothelial cells, through a mechanism known as endothelial activation, drive
vascular inflammation in atherosclerosis. This activation begins with pro-inflammatory cytokines
like TNF-a and IL-1B, which immune cells release in response to stimuli such as bacterial
endotoxins (Ballermann, 1998). These cytokines activate intracellular pathways in endothelial

8



cells, particularly NF-kB and MAPK, promoting the transcription of adhesion molecules (e.g.,
VCAM-1, ICAM-1, and E-selectin) and procoagulant factors, which transform the endothelium

from a quiescent to an active state (Deanfield, Halcox and Rabelink, 2007).

Endothelial activation consists of two phases: a rapid Type I response and a slower, gene-regulated
Type II response. Type I is immediate and involves P-selectin expression and the release of von
Willebrand factor, while Type II requires transcriptional activity and sustained expression of
adhesion molecules and cytokines (Hunt and Jurd, 1998). These changes enable the recruitment

and adhesion of leukocytes, fueling inflammation and advancing atherosclerosis (Liao, 2013).

Among the cytokines, TNF-a plays a central role in sustaining endothelial activation in chronic
inflammatory states (Horiuchi et al., 2010). Produced by macrophages, endothelial cells, and
others, TNF-a binds to its receptors, TNFR1 and TNFR2, triggering the formation of Complex 1.
This complex recruit signalling molecules such as TRADD and RIP1, activating the NF-kB and
MAPK pathways. The resulting inflammatory gene expression includes adhesion molecules
VCAM-1, ICAM-1, and E-selectin, which are essential for leukocyte adhesion and migration
(Cicha and Urschel, 2015; Hayden and Ghosh, 2014). TNF-o further upregulates matrix
metalloproteinases (MMPs), enzymes that degrade the extracellular matrix, contributing to plaque

instability (Chandrasekharan et al., 2007).

Additionally, endothelial activation promotes the release of cytokines and chemokines that recruit
more leukocytes to the inflammation site. These molecules interact with G-protein-coupled
receptors (GPCRs) and integrins, facilitating leukocyte adhesion and transmigration, essential
components of the inflammatory process (Turner et al., 2014; Pate et al., 2010). The pro-

inflammatory response driven by TNF-a plays a central role in endothelial dysfunction,



underscoring the potential benefits of targeting these pathways in treating atherosclerosis (Xu et

al., 2021; Lindell and Lukacs, 2010).

1.2.1 Endothelium-Leukocyte Interaction

As illustrated in Figure 1.2, the recruitment of leukocytes to sites of inflammation or infection is
crucial and relies on a precise sequence of adhesion events between leukocytes and the
endothelium, ensuring they leave the bloodstream only at the intended inflammatory site (Muller,
2013). Although laminar blood flow generally directs leukocytes away from vessel walls,
disrupted blood flow at sites of inflammation, particularly in post-capillary venules, promotes
leukocyte contact with endothelial cells. Leukocyte margination causes leukocytes to move toward
the vessel wall as they are displaced by RBCs. This interaction is further enhanced by the
upregulation of leukocyte adhesion molecules on endothelial cells in response to inflammation.
The adhesion process operates like a combination lock, where specific, interactions like
chemokines and chemokine receptors, enable correct leukocyte attachment and subsequent

migration into inflamed tissue (Muller, 2013).

Capture and Rolling: The endothelium regulates leukocyte capture and rolling, guiding immune
cells to inflammation sites through the controlled expression of adhesion molecules (Figure 1.2
A). Selectins, including L-selectin on leukocytes, P-selectin on platelets and endothelial cells, and
E-selectin on activated endothelium, initiate transient interactions to slow leukocytes along vessel
walls (Schmidt, Moser and Sperandio, 2013; Ley et al., 2007). These interactions rely on selectin-
ligand binding, particularly with PSGL-1, which enables rapid on-and-off binding essential for

rolling (Ley et al., 2007). E-selectin, upregulated by inflammatory signals like TNF-a, slows
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rolling by creating stronger, more stable interactions that retain leukocytes near inflamed areas

(Rutledge and Muller, 2020; McEver, 2015).

Integrins further enhance leukocyte adhesion to the endothelium. Molecules such as a4p7, Bl and
B2-integrins on leukocytes interact with endothelial ICAM-1 and VCAM-1, which are upregulated
during inflammation to secure firm adhesion (McEver and Zhu, 2010). Blood flow shear forces
modulate integrin binding, with f2-integrins like LFA-1 adapting to an intermediate affinity state
for firm, controlled adhesion, supporting precise leukocyte migration (Ley et al., 2007). Selectin
engagement also activates intracellular pathways that further activate integrins through kinases
like SYK and p38 MAPK, securing adhesion and guiding leukocyte migration to inflamed tissues

(Ley et al., 2007).

Activation and Arrest: Upon rolling, leukocytes encounter various chemokines or bind to
glycosaminoglycans presented on the endothelial surface, facilitated by immunoglobulin integrins
like VCAM-1 and ICAM-1 (Wen, Moser and Ley, 2022). As small signalling proteins
are transported by activated endothelial cells, chemokines act as chemo-attractants guiding
leukocytes to the site of inflammation (Figure 1.2 B) (Sarris et al., 2012). Binding to their
respective GPCRs triggers intracellular signalling events essential for leukocyte activation (Wen,
Moser and Ley, 2022; Godessart and Kunkel, 2001). This interaction activates G-proteins that
initiate downstream signalling pathways, including phospholipase C (PLC), which generates IP3
and DAG, leading to elevated intracellular calcium levels and activation of protein kinase C (PKC)

(Zarbock et al., 2012).

These pathways culminate in the activation of integrins and crucial adhesion molecules on the
endothelial surface (Godessart and Kunkel, 2001). The proposed 'switchblade' and 'deadbolt’

models of integrin activation describe the conformational changes leading to high-affinity ligand
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binding (Campbell and Humphries, 2011). The B2 integrins undergo structural changes during
activation, influenced by adaptor proteins like talin and kindlin-3, which are essential for leukocyte
adhesion (Fan and Ley, 2016). LFA-1 and Mac-1 are the primary integrins involved, interacting

with ICAM-1 and ICAM-2 on inflamed endothelial cells, respectively (Zarbock et al., 2012).

Upon exposure to chemo-attractants, leukocytes develop front-to-back asymmetry, extending a
broad lamellipodium regulated by actin polymerisation pathways (Vicente-Manzanares and
Sanchez-Madrid, 2004). Hemodynamic shear forces from blood flow significantly influence
leukocyte activation and arrest (Steeber, Venturi and Tedder, 2005). Interactions between selectins
and their ligands under physiological flow conditions mediate leukocyte slowing, allowing time
for chemokine signalling and integrin activation (Zarbock et al., 2012). When integrins switch to
a high-affinity state, leukocytes undergo a transition from rolling to fixed adhesion, termed arrest
(Zarbock et al., 2012), essential for subsequent transmigration (Wen, Moser and Ley, 2022). This
arrest enables leukocytes to respond to additional signals from the endothelium, preparing them
for diapedesis (Godessart and Kunkel, 2001). Regulation of leukocyte arrest prevents excessive
adhesion, which could lead to chronic inflammation (Wen, Moser and Ley, 2022). Different
leukocyte types exhibit varied integrin expression and activation patterns, reflecting the immune
system's adaptability to pathological conditions (Wen, Moser and Ley, 2022). Neutrophils, for
instance, express high levels of LFA-1 and Mac-1 in acute inflammation, whereas monocytes and
lymphocytes show complex integrin activation in both chronic and acute responses (Godessart and

Kunkel, 2001).

Firm Adhesion: Integrins are central to firm adhesion (Figure 1.2 B), with heterodimeric
transmembrane receptors composed of a and B subunits, such as LFA-1 (aLB2, CD11a/CD18) and

Mac-1 (aMB2, CD11b/CD18), expressed on endothelial cells. LFA-1 binds to ICAM-1 on
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Figure 1.2 Sequential stages of leukocyte-endothelium interaction during inflammation.

Sequential stages of leukocyte-endothelium interaction and extravasation during inflammation. Leukocyte recruitment
begins with capture and rolling (A), mediated by transient interactions between selectins SEL-E, and SEL-P expressed
on endothelial cells and their ligand PSGL-1 on leukocytes, enabling leukocytes to roll along the endothelial surface
under shear stress. This is followed by firm adhesion (B), where integrins such as LFA-1 on leukocytes bind to
adhesion molecules like ICAM-1 on endothelial cells, securing strong leukocyte attachment. During locomotion (C),
leukocytes crawl along the endothelial surface, guided by integrins such as Mac-1 and VLA-4, which interact with
ICAM-1 and VCAM-1, respectively, while cytoskeletal dynamics enable directed movement. In diapedesis (D),
leukocytes cross the endothelial barrier either through the paracellular pathway, involving junctional disruption of
molecules such as PECAM-1, VE-cadherin, and CD31, or via the transcellular pathway, which utilises vesicle-
mediated pore formation (e.g., caveolae). Finally, leukocytes navigate the basement membrane (E) by binding
integrins (e.g., a6p1) to matrix proteins like laminins and releasing proteolytic enzymes (e.g., MMPs) to degrade
matrix components, enabling migration into inflamed tissue. This figure illustrates the orchestrated molecular
interactions essential for leukocyte recruitment and transmigration during inflammation. Created with Biorender.com.
inflamed endothelium, enabling strong leukocyte adhesion, while Mac-1, though also binding
ICAM-1, plays a comparatively minor role (Walzog and Gaehtgens, 2000). Selectins initiate
leukocyte adhesion by binding ligands like PSGL-1, triggering integrin activation via signalling
cascades involving Src family kinases and Rapl, a small GTPase that enhances integrin affinity,
leading to firm adhesion (Mitroulis et al., 2015). Integrin activation through chemokine and Toll-
like receptor (TLR) signalling involves focal adhesion kinase (FAK) and Src kinases, promoting
conformational changes that expose high-affinity sites for ICAM-1 (Vestweber, 2015).

Leukadherins stabilise integrins in high-affinity conformations, enhancing adhesion while

inhibiting migration, offering a novel anti-inflammatory strategy (Gonzéalez-amaro, 2011).

Locomotion: Following firm adhesion to the endothelial surface, leukocytes enter a critical phase
of crawling (Figure 1.2 C), pivotal for successful extravasation. Integrins such as CD11a-CD18
and CDI11b-CD18 engage with endothelial ICAM-1 and ICAM-2, respectively, facilitating
leukocyte movement along the endothelial surface to locate junctions for transmigration (Schenkel
et al., 2004). Intravascular leukocyte crawling occurs not only in adherent cells but also in

circulating leukocytes, which can cover distances up to 150 pm within blood vessels (Ryschich et
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al., 2006). This crawling activity suggests that high locomotory capabilities are inherent to
leukocytes. Cytoskeletal dynamics play a crucial role in driving crawling, with leukocytes
undergoing morphological transitions, flattening, and polarizing to form a leading edge and trailing
uropod. This polarisation involves extensive reorganisation of the actin cytoskeleton, with the
formation of protrusions that probe the endothelial surface for permissive sites (Nourshargh et al.,
2010). The roles of PECAM and CD99 in crawling highlight the complexity of the process.
PECAM is critical for transitioning from crawling to successful transmigration, while CD99
blockade disrupts leukocyte advancement through endothelial junctions (Muller, 2014). Integrin-
ICAM clusters, along with other adhesion molecules, ensure directionality and efficiency during

crawling (Filippi, 2016).

Diapedesis: Leukocyte migration through the endothelial barrier is a vital process in immune
responses, occurring via paracellular and transcellular pathways (Figure 1.2 D), each supported
by specific molecular interactions that regulate endothelial cell junctions and enable leukocyte

passage (Mickael et al., 2021).

In paracellular diapedesis, leukocytes move between endothelial cells, requiring junctional
disruption. Key proteins involved include VE-cadherin, ICAM-1, and PECAM-1. VE-cadherin is
regulated dynamically, with leukocytes inducing dephosphorylation at Tyr731, destabilizing the
junctions and enabling passage (Schimmel, Heemskerk and van Buul, 2017). Further signalling
molecules, such as VEGF and histamine, increase phosphorylation at Tyr685, loosening junctions
through interactions with guanine-nucleotide exchange factors (GEFs) and GTPase activating
proteins (GAPs), modulating junction integrity (Schimmel et al., 2017). ICAM-1, clustered at
junctions, binds leukocyte integrins like LFA-1, initiating small GTPase activation (RhoA, Racl),

promoting actin clustering and weakening endothelial junctions (Muller, 2011). Additionally,
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VCAM-1 binds leukocyte VLA-4, increasing calcium levels and activating PKCa, further
loosening junctions (Muller, 2011). PECAM-1, critical for leukocyte migration, mediates
homophilic interactions between endothelial cells and leukocytes, aiding junctional passage and
platform formation for migration (Engelhardt and Wolburg, 2004; Muller, 2003). Docking
structures rich in F-actin, formed by endothelial cells around leukocytes, support migration,

regulated by GTPases like RhoG, Racl, and tetraspanins (Schimmel et al., 2017).

Transcellular diapedesis involves leukocyte movement through the endothelial cell body. This
process is marked by transcellular pore formation, initiated by ICAM-1-containing endocytic
vesicle fusion (Muller, 2011). The Leukocyte Basement Membrane Recycling Compartment
(LBRC) which includes PECAM, JAM-A, and CD99, devoid of VE-cadherin, contributes
membrane components for transcellular pore formation, and microtubules facilitate LBRC
membrane delivery to the migration site (Mamdouh, Mikhailov and Muller, 2009). Actin
depolarisation in the endothelial cortex beneath leukocytes softens the endothelium, supporting
pore formation (Muller, 2011). PECAM-1 recruits LBRC membrane to the site, while CD99
maintains transcellular pore integrity. These molecules underscore both shared and unique

pathways for leukocyte migration through endothelial barriers (van Buul & Hordijk, 2004).

Crossing Basement Membrane and Pericytes: In the final stage of the leukocyte migration
cascade, cells traverse the basement membrane (BM) and pericyte sheath to reach inflamed tissues
(Figure 1.2 E). Endothelial cells facilitate this by guiding leukocytes to transmigration hotspots,
where BM permeability is enhanced. The BM, composed of laminins, collagen type IV, and
glycoproteins like perlecan, presents a barrier that leukocytes overcome by binding BM laminins
with integrins a6B1 and a3p1 and releasing MMPs to degrade BM components (Nourshargh &

Alon, 2014). Pericytes, surrounding endothelial cells, further modulate BM permeability by
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expressing ICAM-1, VCAM-1, and chemokines, promoting leukocyte migration, an essential

process in atherosclerosis progression (Jebari-Benslaiman et al., 2022).

Understanding atherosclerosis underscores the crucial role of endothelial cells and their expressed
molecules in disease progression. Recent advances in non-invasive diagnostics and targeted
therapies have focused on modulating these endothelial interactions to enhance disease detection
and management (Cheng et al., 2023). Among these innovations, microRNAs are being explored
as promising therapeutic agents due to their regulatory roles in cardiovascular processes.
MicroRNAs can be categorised into mimics, which restore normal function, and antagomiRs,

which inhibit detrimental microRNAs (Wronska, 2023).

1.3 MicroRNAs

MicroRNAs (miRNAs) are small, single-stranded, noncoding RN As about 20-25 nucleotides long
that regulate gene expression by binding to the 3’ untranslated regions of messenger RNAs
(mRNAs). They do not require perfect complementarity for target recognition, allowing a single
miRNA to regulate multiple mRNAs. Partial complementarity, particularly within the seed region
(nucleotides 2—8 from the 5" end of the miRNA), is critical for effective target recognition. This
binding can downregulate mRNA expression by inducing degradation via RISC complex or
repression translation, allowing a single miRNA to regulate multiple mRNAs. Though each
miRNA has a slight effect on individual targets, their cumulative impact is significant, influencing
processes such as immune modulation, metabolism, and cell differentiation (Christopher et al.,
2016). Altered miRNA expression is linked to various diseases such as cancer progression,

inflammation, and neuro-degenerative diseases, making miRNAs promising therapeutic agents

(Nalbant and Akkaya-Ulum, 2024; Weng, Chang and Chern, 2023; Hiroshi 1. Suzuki, 2023).
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1.3.1 Biogenesis and Mechanism

miRNA biogenesis involves a series of precise steps that begin in the nucleus and conclude in the
cytoplasm as illustrated in Figure 1.3, playing a critical role in gene regulation (Christopher et al.,
2016). The process initiates with the transcription of primary miRNAs (pri-miRNAs) by RNA
polymerase II or III, forming hairpin structures. Within the nucleus, the Microprocessor complex,
comprising Drosha and the RNA-binding protein DGCRS, recognises and cleaves pri-miRNAs,
generating precursor miRNAs (pre-miRNAs) with a 2-nucleotide 3’ overhang (Christopher et al.,

2016; Bhaskaran and Mohan, 2014).

Once processed, pre-miRNAs are transported from the nucleus to the cytoplasm by Exportin 5
(EXP5), in complex with RAN-GTP, which facilitates passage through the nuclear pore.
Hydrolysis of GTP releases the pre-miRNA into the cytoplasm (Ha and Kim, 2014). Here, Dicer,
an RNase III enzyme, cleaves the hairpin structure of pre-miRNAs, forming a double-stranded
RNA (dsRNA) duplex. This duplex includes the mature miRNA strand and its complementary
strand. The mature miRNA strand then associates with Transactivating Response RNA-Binding
Protein (TRBP) and Argonaute 2 (Ago2) to form the RNA-induced silencing complex (RISC)

(Tétreault and De Guire, 2013).

The miRNA-loaded RISC complex then binds to complementary sequences on target mRNAs,
resulting in gene silencing through either mRNA degradation or translational repression. High
complementarity between the miRNA and mRNA enables AGO2 within the complex to cleave the

mRNA. With partial complementarity, RISC recruits GW182, which attracts
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Figure 1.3 miRNA Biogenesis and Function

This Figure depicts the biogenesis of miRNAs. The miRNA gene is transcribed by RNA polymerase II into pri-
miRNA, which is processed by Drosha and DGCRS into pre-miRNA. The pre-miRNA is exported to the cytoplasm
by Exportin-5 and cleaved by Dicer to form a miRNA duplex. One strand is incorporated into the RISC complex,
where it either inhibits mRNA translation or promotes mRNA degradation, regulating gene expression. Created with
Biorender.com.

deadenylation and decapping enzymes, leading to mRNA destabilisation and degradation (O’Brien
et al., 2018; Wahid et al., 2010). miRISC can also interfere with translation initiation by blocking
elF4E binding at the mRNA 5’ cap or preventing ribosomal subunit assembly, further contributing

to translational repression (O’Brien et al., 2018).

MiRNAs are traditionally known for downregulating gene expression, but recent studies show they
can also upregulate genes through various molecular mechanisms, highlighting the complexity of

miRNA-mRNA interactions and their regulatory roles in cellular processes. One mechanism of
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upregulation is triplex formation, where miRNAs can form triple-helical structures with double-
stranded DNA, particularly at promoter regions, which may enhance transcription levels of certain
genes (Paugh et al., 2016). Additionally, miRNAs can stimulate gene expression post-
transcriptionally by guiding effector complexes to target mRNAs, leading to selective translational
activation or stabilisation of mRNA, a process that can vary from minor adjustments to significant
increases in expression (Lee and Vasudevan, 2013; Vasudevan, 2012). The effects of miRNAs on
gene expression are also context-dependent, influenced by the cellular environment and specific
RNA sequence context, allowing for a tailored response to different physiological conditions

(Valinezhad Orang, Safaralizadeh and Kazemzadeh-Bavili, 2014; Lee and Vasudevan, 2013).

1.3.2 miRNAs in Vascular Inflammation

MiRNAs are integral regulators of vascular inflammation, influencing key processes involved in
cardiovascular diseases. Specifically, inflammatory miRNAs, including miR-21, miR-34a, and
miR-223, significantly modulate VSMC proliferation, migration, and endothelial activation,
thereby affecting atherogenesis and vascular remodelling (Zapata-Martinez et al., 2023).
Furthermore, miRNAs such as miR-146a, miR-155, and miR-145 have been identified as pivotal
players in vascular inflammation related to atherosclerosis, suggesting their potential utility as

biomarkers and therapeutic targets (Letonja and Petrovic, 2024).

In endothelial cells, miR-17-3p has been shown to suppress NF-«kB activation, targeting proteins
that enhance pro-inflammatory responses, which underscores its potential as a therapeutic agent
for vascular inflammatory diseases (Cai et al., 2021). Similarly, miR-34a regulates the senescence-
associated secretory phenotype (SASP) in vascular cells, contributing to age-related vascular

diseases and systemic low-grade inflammation (Raucci et al., 2021). miR-146a-5p exhibits anti-
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inflammatory effects by inhibiting the NF-kB pathway, thereby reducing pro-inflammatory
cytokine expression and VSMC migration, which indicates its therapeutic potential against

neointimal hyperplasia (Sano et al., 2022).

Dysregulated miRNAs, such as miR-196a-5p, have been linked to vascular inflammation
mechanisms in chronic venous disease, illustrating the complex role of miRNAs in promoting
inflammation and influencing vascular pathology (Zalewski et al., 2022). Additionally, miRNAs
modulate the NF-kB pathway and directly target adhesion molecules like E-selectin and ICAM-1,
thus influencing leukocyte adhesion and transendothelial migration in inflammation-associated
diseases (Zhong, Simard and Huot, 2018). MiR-100, for instance, suppresses endothelial adhesion
molecule expression and enhances autophagy, contributing to reduced leukocyte-endothelial
interactions and highlighting its therapeutic potential in chronic inflammatory diseases (Pankratz

etal., 2018).

Moreover, miR-100's regulation of the NF-xB pathway and promotion of autophagy in endothelial
cells potentially diminish atherosclerosis and macrophage accumulation (Rathnakumar and Fish,
2018). The collective roles of miRNAs in regulating endothelial and VSMC functions are crucial
for understanding their impact on atherosclerosis and cardiovascular disease progression (Shoeibi,
2020). Circulating miRNAs may serve as biomarkers for disease severity, reflecting their

regulation of atherosclerosis-prone gene expression (Lu et al., 2018).

Importantly, miRNAs like miR-92 have been identified as key regulators of endothelial function
and metabolism, emphasizing their role in vascular inflammation and atherosclerosis development
(Gogulamudi et al., 2023). The miR-17 family plays a significant role in VSMC proliferation via
the NF-xB p65 pathway, further linking inflammation with cellular behaviour in vascular

pathology (Yang et al., 2017). Overall, miRNAs function as dynamic regulators of gene expression
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in vascular inflammation, offering novel diagnostic and therapeutic avenues for cardiovascular

diseases (Hosen et al., 2020).

Additionally, the influence of oxidised low-density lipoprotein (ox-LDL) on endothelial cells
highlights the potential of miRNAs as biomarkers for endothelial dysfunction in atherosclerosis
(Kianmehr et al., 2022). Their roles in regulating macrophage activity and influencing plaque
formation underscore the significance of miRNAs in atherosclerosis pathology (Li et al., 2023).
Specific miRNAs, such as miR-146a and miR-181b, can suppress adhesion molecule expression,
reducing monocyte adhesion and subsequently ameliorating endothelial inflammation (Ma et al.,
2016). Furthermore, miR-103 enhances chemokine expression, contributing to monocyte adhesion
in response to disturbed blood flow, emphasizing the interplay between miRNAs and vascular

inflammation (Hartmann et al., 2016).

Overall, miRNAs are vital in modulating various functions of vascular cells involved in
inflammation, with therapeutic potential in vascular diseases (Shoeibi, 2020). Their dual roles in
promoting or protecting against inflammation highlight their promise as biomarkers and

therapeutic targets in cardiovascular disease treatment strategies (Kotsinas et al., 2015).

1.4 miR-133a

As mentioned above, one of the highly involved and well-known microRNAs in atherosclerosis is
Micro-RNA-133a (miR-133a). miR-133a is a muscle-enriched microRNA with significant roles
in muscle development and function, known for its tissue-specific expression pattern (Ahmed et
al., 2022; Nohata et al., 2012). This 22-nucleotide RNA strand exists in two forms, miR-133a-1
and miR-133a-2, encoded by MIR133A1 and MIRI33A2 on chromosomes 18 and 20,

respectively, with identical mature sequences (Ohanian et al., 2013). Although miR-133a and miR-
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133b are highly likely to target the same mRNAs due to their shared seed region, differences in
expression, cellular context, and target accessibility can result in some non-overlapping targets.
This imparts distinct biological functions, with miR-133a being critical for muscle-specific
processes and potentially influencing disease mechanisms such as atherosclerosis (Nohata et al.,

2012).

1.4.1 miR-133a in Muscle Cells

miR-133a plays a vital role in the proliferation and differentiation of myoblasts, particularly
influencing the formation and maintenance of muscle tissue. Its expression decreases in replicative
senescent myoblasts, leading to impaired differentiation in aged muscle cells (Shintani-Ishida,
Tsurumi and Ikegaya, 2023). During muscle development, miR-133a regulates differentiation by
downregulating Tropomyosin-4 (TPM4), a protein essential for the cytoskeletal formation and
stress fibre organisation (Caporali et al., 2021). miR-133a levels increase until adolescence and
stabilise in adulthood, reflecting its role in myogenesis and muscle maintenance (Mytidou et al.,

2021).

In addition to muscle development, miR-133a modulates Wnt signalling and can relocate to the
nucleus to repress Dnmt3b expression, influencing transcriptional control in muscle cells (Di
Mauro et al., 2019). It also regulates muscle differentiation by targeting genes such as GosB, and
its expression can be modulated by long non-coding RNAs like MDNCR, which promote myoblast
differentiation while inhibiting proliferation (Li et al., 2018). Moreover, miR-133a-3p, particularly
in response to guanidino acetic acid supplementation, enhances myogenic differentiation and

muscle growth via the Akt/mTOR/S6K pathway (Wang et al., 2018).
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1.4.2 miR-133a in Endothelium

Although miR-133a is generally expressed at low levels in endothelial cells under physiological
conditions, its role becomes crucial in pathological states. MiR-133a plays a crucial role in
regulating endothelial cell functions, significantly influencing angiogenesis, proliferation, and
apoptosis. It inhibits angiogenesis by reducing pro-angiogenic gene expression and promoting
anti-angiogenic gene expression, which collectively decreases endothelial cell proliferation,

migration, and tubular morphogenesis (Ahmed et al., 2022).

In the context of diabetes, elevated miR-133a impairs endothelial function by downregulating
GTPCH]1, which results in reduced blood flow and cognitive deficits. Berberine has been shown
to counteract diabetes-induced vascular dementia by inhibiting miR-133a expression, thereby
restoring GTPCHI1 levels and improving endothelial function (Yin et al., 2019). Similarly, in
diabetic peripheral artery disease (PAD) models, upregulation of miR-133a impairs angiogenesis
by targeting GCH1, leading to reduced nitric oxide (NO) levels and increased reactive oxygen
species (ROS) in endothelial cells. Antagonizing miR-133a has been found to improve perfusion
recovery and angiogenesis, indicating its potential as a therapeutic target for diabetes-related

vascular dysfunction (Chen et al., 2018).

Additionally, miR-133a has been identified as a regulator of GCH1 mRNA stability in endothelial
cells. This modulation of GCHI levels is countered by statin treatment, which alleviates
endothelial dysfunction by upregulating GCHI1 through mechanisms independent of miR-133a
modulation (Li et al., 2016). Elevated miR-133a-3p also influences the PSAT1/GSK3p/B-catenin
signalling pathway in intracranial aneurysm (IA) models, reducing levels of PSAT1, GSK3p, B-
catenin, and MMP-9. This suggests that miR-133a-3p suppresses endothelial cell proliferation and

migration in A (Jia et al., 2020).
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In hypertension, miR-133a regulates endothelial cell apoptosis in response to angiotensin II (Ang
IT), a key peptide involved in hypertension. Ang II downregulates miR-133a, which increases
prorenin receptor (PRR) expression and promotes endothelial dysfunction. miR-133a mimics can
counteract Ang II-induced apoptosis by suppressing PRR, while inhibitors of miR-133a exacerbate

endothelial damage (Liu et al., 2019).

1.5 miR-133a in Vascular Inflammation

miR-133a has garnered attention in cardiovascular disease research due to its involvement in
vascular inflammation and its elevated expression in aorta samples from CAD patients, suggesting
a role in atherosclerosis pathology (Jodati et al., 2019). In familial hypercholesterolemia patients,
increased plasma levels of miR-133a correlate with adverse cardiovascular outcomes, highlighting
its potential as a prognostic biomarker (Escate et al., 2021). Moreover, miR-133a-5p levels are
significantly elevated in CAD patient plasma, further supporting its potential as a biomarker for

CAD progression (Gorur et al., 2019).

Elevated miR-133a levels are associated with less fibrosis and preserved left ventricular function
in inflammatory cardiomyopathy (iCMP), indicating its beneficial role in reducing cardiac
inflammation and improving cardiovascular outcomes (Besler et al., 2016). In lipid metabolism,
miR-133a plays a role in inflammation-linked lipid uptake. For instance, IL-19-induced miR-133a
expression in VSMCs decreases LDL receptor adaptor protein 1 (LDLRAP1) mRNA, affecting
LDL uptake in inflammatory conditions and atherosclerosis (Gabunia et al., 2017). In
macrophages, miR-133a targets the transcriptional regulator TR4, reducing TR4 and CD36-
mediated lipid accumulation, thereby modulating lipid metabolism through the TR4-CD36

signaling pathway (Peng, Huang and Liu, 2016).
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Furthermore, miR-133a influences arterial stiffness, endothelial function, and inflammation, all of
which are atherosclerosis factors (Satrauskiené et al., 2021). Research in mini-pig models
demonstrated that coronary micro-embolisation leads to increased miR-133a levels, resulting in
myocardial inflammation and dysfunction. Pre-treatment with adalimumab reduced miR-133a
levels, suggesting the involvement of the TNF-o/miR-133a pathway in myocardial inflammation
(Chen et al., 2015). Additionally, miR-133a-3p in atherosclerotic plaques targets MMP-9,
inhibiting VSMC proliferation and promoting apoptosis, indicating its therapeutic potential in

atherosclerosis (Shi et al., 2019).

Targeting the miR-133a-UCP2 pathway has been proposed as a potential therapy due to its
involvement in regulating inflammation, oxidative stress, and energy metabolism (Jin et al., 2017).
Furthermore, the upregulation of circ 0010283 (Circular RNA) in ox-LDL-treated VSMCs
enhances cell proliferation by sponging miR-133a-3p, while restoration of miR-133a-3p mitigates
these effects, showing that miR-133a influences inflammation and cell migration through non-
coding RNA interactions (Feng et al., 2020). Similarly, TUGI promotes atherosclerosis by
decreasing miR-133a and increasing FGF1, enhancing cell proliferation and inflammation (Zhang
et al., 2018). Lastly, miR-133a promotes inflammation in sepsis by inhibiting SIRT1, which
regulates inflammatory pathways. Knockdown of miR-133a alleviates sepsis-induced organ injury

and inflammation, and silencing SIRT1 reverses these effects (Chen et al., 2020).

The potential of miR-133a as a biomarker is supported by studies linking its elevated levels in
CAD patients to major adverse cardiovascular events, underscoring its value for identifying high-
risk patients (De Rosa et al.,, 2017). Despite its recognised role in vascular inflammation,

particularly in CAD and atherosclerosis, key knowledge gaps persist in understanding miR-133a’s
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regulation of inflammatory gene expression in endothelial cells and its interactions with
leukocytes. Specifically, the influence of miR-133a on CAMs, which mediate inflammation and
leukocyte adhesion, remains underexplored, limiting insights into its effect on wvascular
inflammation (Zhong, Simard and Huot, 2018; Urbich, Kuehbacher and Dimmeler, 2008).
Furthermore, limited research addresses miR-133a’s interactions within broader miRNA networks
that modulate endothelial responses, which could reveal pathways crucial for managing vascular
inflammation (P. Liu et al., 2021). Finally, the long-term impact and regulation of miR-133a in
chronic cardiovascular conditions are not well-documented, constraining our understanding of its
sustained role in endothelial health and inflammation (Ono, 2015; Wang et al., 2013). Addressing
these research gaps could significantly enhance the clinical utility of miR-133a in vascular
inflammation and disease management.

Despite the growing evidence of miR-133a’s involvement in various cardiovascular conditions,
particularly its regulation of inflammatory pathways, a significant research gap remains in
understanding how it specifically modulates inflammatory molecules expressed by the vascular
endothelium during inflammatory stress. Investigating these interactions will shed light on how
miR-133a regulates gene expression at the RNA level and may help identify mRNA networks it
influences. This research could uncover the underlying mechanisms by which miR-133a alters
gene expression, providing valuable insights for the development of potential therapeutic

strategies.
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2. HYPOTHESIS AND AIM



Atherosclerosis, the underlying cause of cardiovascular diseases such as coronary artery disease,
stroke, and peripheral arterial disease, is partially driven by vascular inflammation (Pedro-Botet,
Climent and Benaiges, 2020; Geiger, 2019).This inflammatory process begins with endothelial
dysfunction, which activates adhesion molecules on endothelial cells, facilitating the infiltration
of leukocytes into the arterial wall and promoting the development of atherosclerotic lesions
(Pober, 2002; Poredos, 2001). miRNAs, particularly miR-133a, are emerging as key regulators of
gene expression in pathological conditions. While miR-133a is primarily expressed in muscle cells
under normal conditions, its expression is also observed in endothelial cells during pathological
states (Zapata-Martinez et al., 2023; Jodati et al., 2019). miRNAs exhibit distinct expression
patterns across vascular beds, with significantly higher levels in lower limb vessels compared to
the head and neck, potentially influenced by epigenetic modifications such as DNA methylation
(Goossens et al., 2019). Based on this, it is hypothesised that miR-133a could regulate the mRNA
expression of specific endothelial adhesion and matrix remodelling molecules under inflammatory
stress in venular and aortic vasculature, positioning it as a promising therapeutic target and

diagnostic marker for atherosclerosis.

Research findings from the cardiovascular laboratory at the Research Institute of Life Sciences,
University of Wolverhampton have demonstrated the abnormal expression of miR-133a in
endothelial cells under VEGF-Inflammatory conditions (Ahmed et al., 2022). Additionally,
unpublished data from the same lab has identified key cell adhesion and matrix remodelling
molecules predominantly expressed in endothelial cells against inflammatory cytokines like VEGF
and IL-1B. While the role of miR-133a in vascular diseases is well-documented in various research
articles (Chen et al., 2020; Jodati et al., 2019; Gorur et al., 2019; De Rosa et al., 2017), its specific

involvement in regulating these endothelial adhesion molecules that facilitate leukocyte infiltration
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remains insufficiently explored. This thesis aims to address these knowledge gaps and investigate

endothelial inflammation through the following objectives:

1) Investigate the effect of human miRNA mimics (miR-133a-3p and miR-133a-5p) on the
expression of cell adhesion molecules and extracellular matrix remodelling enzymes in
primary endothelial cells.

2) Assess how TNF-a induced stress alters gene expression regulated by miR-133a in these
endothelial cells.

3) Compare the effects of miR-133a on gene expression across endothelial cells from different
vascular beds (HUVEC, AoEC, and PAEC cell cultures).

4) Identify the potential target prediction sites for miR-133a-3p and miR-133a-5p and the genes

affected by aberrant expression of miR-133a in the endothelial cells used in the study.
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3. MATERIALS AND
METHODS



3.1 Ethical Review

Ethics for this project have been approved by the Ethics Committee at the University of

Wolverhampton - LSEC/2024-25/KK/48.

3.2 Tissue Culture

3.2.1 HUVECs

Endothelial cell growth medium (ECGM) complete (Promo cell, UK) (T-175 — 25ml) was utilised
to cultivate HUVECs (Human Umbilical Vein Endothelial Cells) (Promo cell, UK) in vented tissue
culture flasks, previously coated with a 0.1% gelatin (Sigma-Aldrich) solution. A class II
microbiological safety cabinet (BIOMAT 2, CAS, UK) was used for all tissue culture experiments
under aseptic conditions. The complete media consisted of an endothelial cell growth medium
(ECGM) (Promo cell, UK) supplemented with an ECGM-supplement mixture (Promo cell, UK)
and 1% penicillin/streptomycin/amphotericin solution B (Sigma-Aldrich). The ECGM-
supplement mixture (Promo cell, UK) comprised 0.4% endothelial cell growth supplement, 2%
fetal bovine serum (FBS) (Recombinant human), 0.1 ng/ml epidermal growth factor, 90 g/ml
heparin, 1 ng/ml essential fibroblast growth factor (Recombinant human), and 1 g/ml
hydrocortisone. HUVECs (Promo cell, UK) within passages 5 to 8 were utilised for the
experiments detailed in this thesis, including transfection, RNA isolation, complementary DNA
(cDNA) synthesis, and real-time PCR. Beyond passage 8, the RNA content of HUVECs decreases

due to cell ageing, potentially impacting the outcomes of the experiments (Yi et al., 2020).

3.2.2 AoECs & PAECs

Similarly, AoECs (Human Aortic Endothelial Cells) (Caltag Medsystems, UK) and PAECs
(Human Pulmonary Artery Endothelial Cells) (Caltag Medsystems, UK) were cultured in tissue

culture flasks (T-175) pre-coated with 0.1% Gelatin, utilising ECGM complete (25ml) as the
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culture medium. These cells were sustained within a tissue culture incubator (Thermo Scientific)

set at 37°C and a 5% CO: environment. Regular monitoring of confluency and changes in

morphology indicative of senescence was conducted.

Figure 3.1 Inverted phase contrast microscope images of Primary Endothelial Cells.

The endothelial cells display the typical cobblestone to elongated morphology, characteristic of 90-100% confluent
monolayers, as observed under 10x magnification from T-175 tissue culture flasks. (A) Human Umbilical Vein
Endothelial Cells, (B) Human Aortic Endothelial Cells, and (C) Human Pulmonary Arterial Endothelial Cells.

3.2.3 Sub-Culturing

Routine passaging of cultured cells was performed to sustain and expand the cell population. Upon
reaching over 80% confluency, cells were sub-cultured. This involved carefully removing the
growth medium from the culture flask, washing the cells with 1x phosphate-buffered saline (5ml)
(PBS 1x) (Sigma-Aldrich), and then detaching the cells by treating them with 0.25% trypsin-
EDTA (3-4ml) (Sigma-Aldrich) solution for 5 minutes at 37°C. Following incubation, 5-10mls of
fresh complete medium were added to the cells to neutralise the effects of trypsin. The flask
contents were centrifuged for five minutes at 1200 rpm in a sterile universal tube. The resulting
pellet was resuspended in fresh culture medium (10 -15ml), transferred to either T-25 or T-75
tissue culture flask depending on the experiment to be conducted, and the supernatant was

discarded. Cells were incubated at 37°C in a 5% CO; environment.
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3.2.4 Freezing of cells

Following trypsinisation and careful removal of supernatant about 1x10° cells of each cell line
were re-suspended in 1 ml of a freezing solution composed of 10% DMSO and 90% FBS.
Subsequently, the cell suspension was transferred into 1ml cryovials (Nalgene Cryoware™
Labware, Denmark) and stored at -80°C for short-term storage or in liquid nitrogen for long-term

storage until required.

3.2.5 Cell Line Recovery

Cryovials were carefully retrieved from the liquid nitrogen storage tank and thawed at room
temperature. Cells were then suspended in a fresh tissue culture medium (10-15ml) and transferred
to a flask (T-25 or T-75) pre-coated with 0.1% gelatine. The media was replaced after overnight
incubation to mitigate any potential toxic effects of the cryoprotectant dimethyl sulfoxide

(DMSO).
3.2.6 Cell Count

A 10 pl cell suspension was loaded into one of the chambers of a sterilised Neubauer

hemocytometer with a coverslip. The hemocytometer was then positioned under a microscope,

aligning it sequentially with two adjacent sides (X1+X2) of the 16-grid squares. Live cells within

these squares were counted, and the cell concentration was calculated using the following formula:
[Total cells/ml = 0.5(X1+X2) x 10%].

Each square measures 1 mm x 1 mm, with a depth of 0.1 mm, resulting in a final volume of 100

nl per square.
3.2.7 Transfecting Cells With microRNA (miR) Mimics

The day before transfection, cells were seeded into 6-well tissue culture plates at a density of 3 x

10° cells per well with 5ml media and allowed to adhere overnight. The following day, the cells
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underwent three washes with 1x PBS (5ml) to remove residual serum and antibiotics.
Subsequently, they were incubated in serum and antibiotic-free OPTIMEM (Gibco) 5ml for 2
hours at 37°C in a 5% CO; environment. Meanwhile, microRNA complexes (Complex A) and

Lipofectamine complexes (Complex B) were prepared using OPTIMEM.

For Complex A: miR-133a-3p (Applied Biological Materials Inc, ref: MCHO01280), miR-133a-5p
(Applied Biological Materials Inc, ref: MCHO01281), or a scramble negative control mimic (miR-
NC) (Applied Biological Materials Inc, ref: MCHO00000) were already prepared to a stock
concentration of (100uM), as described in the product manual. Then, 100 pmol of mimics were
resuspended in 245.5 ul of OPTIMEM per well in appropriate tubes. For Complex B, 5 pl of
Lipofectamine 2000 (Invitrogen) (1mg/ml) was resuspended in 245 ul of OPTIMEM per well.

Next, the entire Complex B solution was added to Complex A, resulting in a final volume of 500
pl. This mixture (Complex A+B) was incubated at 37°C in the dark for one hour for complex
formation. The solution was then carefully added drop by drop to the 6-well plate containing cells
pre-incubated with 5 ml of OPTIMEM. The cells and transfection complexes were placed in a
37°C incubator with a 5% CO; atmosphere for 6 hours. Microscopic observations confirmed a
90% transfection success rate, evidenced by the presence of vesicular formations indicative of

cellular uptake.
3.2.8 Stimulating Cells

The lyophilised TNF-a (Peprotech) was reconstituted in 1x PBS to prepare stock concentrations
of 25 pg/ul (TNF-a). Before stimulation, cells underwent serum starvation for 2 hours, during
which the entire endothelial cell growth medium (ECGM) was aspirated, and the cells were washed

twice with 1x PBS. Following the removal of PBS, each well was supplemented with 5 ml of
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serum-free ECGM. Subsequently, all cells were stimulated with TNF-a at a final concentration of

50 ng/ml and incubated for 4 hours.

3.3 RNA Expression Analysis

3.3.1 RNA Isolation and Purification

Cell lysis was performed using either 300 pl of "lysis solution" (Norgen, Canada) per well or 350
ul of a lysis solution containing 3.5 pul of B-Mercaptoethanol directly added to the culture plate.
The resulting lysate was then transferred into 1.5 ml Eppendorf tubes and stored at -80°C for future

use.

The "RNA Isolation Kit" (Cytvia) was utilised following the manufacturer's instructions for RNA
extraction. The entire lysate was loaded into an RNA Mini spin column and centrifuged at 13,000
x g for 1 minute. The flow-through was subsequently transferred to a new Eppendorf tube, mixed
with 200 pl of 100% ethanol, and vortexed for 10 seconds. It was then loaded onto an RNA Mini

spin column and centrifuged at 13,000 rpm for 1 minute.

Following this, the RNA column was washed with desalting buffer, and DNase 1 (working
solution) was added to the column, followed by a 15-minute incubation at room temperature. The
column was washed thrice with buffers I and II at 13,000 rpm for 1 minute each. Finally, 40 ul of
RNase-free water was used for elution, and the sample was collected by centrifugation at 13,000

rpm for 1 minute before being stored at -80°C for further processing.
3.3.2 RNA Quantification

The Nanodrop Microvolume UV-Vis spectrophotometer (Thermo Scientific, UK) was used for the
precise measurement of RNA concentration and assessment of RNA quality. Prior to

measurement, the spectrophotometer was calibrated using 1.5 pl of RNase-free water. RNA
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concentrations were determined by introducing 1.5 pl of each sample into the device. The purity
of RNA samples was determined at 40ng/ul by analyzing the absorbance ratio at 260 nm and 280
nm, with a correction for baseline drift using the absorbance at 320 nm. According to Thermo
Scientific guidelines, pure RNA typically exhibits an A260/A280 ratio of 1.8-2.0. Only RNA

samples with A260/A280 ratios of 1.8 or higher were selected for subsequent experiments.
3.3.3 ¢cDNA Synthesis

The conversion of RNA into cDNA was accomplished using the "High-capacity cDNA reverse
transcription kit" (Applied Biosystems, UK). For this purpose, 500 ng of total RNA was mixed
with nuclease-free water to achieve a final volume of 10 pl, adjusting based on the varying
concentrations of each sample. The preparation of a reverse transcription (RT) master mix was
carried out according to the specifications outlined in Table 3.1, utilising the provided kit
components. Subsequently, 10 pl of the RT master mix was combined with the 10 pl total RNA

solution (at a concentration of 50 ng/ul), followed by a brief centrifugation lasting 10 seconds.

Reagents Volume per reaction(pL)
10x RT Buffer 2.0 ul
25x ANTP Mix (100 mM) 0.8 ul
10x RT Random Primers 2.0 ul
MultiScribe® Reverse Transcriptase (50 u/pl) 1.0 ul
RNAse Inhibitor (2 u/ul) 1.0 ul
Nuclease Free Water 32ul
Total per reaction 10 pl

Table 3.1 Reagents required to prepare cDNA synthesis.
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Before thermal cycling, the prepared tubes were chilled on ice using a PTC-200 Peltier thermal
cycler. The program was configured to run at 25°C for 10 minutes, followed by 37°C for 120
minutes, 85°C for 5 minutes, and finally cooled to 4°C until they were ready to be collected. Upon
completion of the retro-transcription process, the samples were diluted with 80 pl of nuclease-free
water. They could then be stored at -20°C for long-term preservation or kept on ice for immediate

use.
3.3.4 Quantitative Real-Time PCR (qRT-PCR)

The cDNA samples (as described in Section 3.3.3) were employed for mRNA expression analysis
using chosen TagMan Gene Expression Assays (Applied Biosystems) (refer to Table 3.1). Each
TagMan Gene Expression Assay comprises a primer pair and a TagMan probe featuring an
Applied Biosystems FAM at the 5’ end and a non-fluorescent quencher (NFQ) at the 3’ end. In
addition to their importance, the gene selection was based on their prior availability in Prof. Angel's

laboratory, stemming from previous projects involving expression assays of these genes.

Genes TagMan Probe ID

hADAMTS1 Hs00199608 ml

hADAMTS4 Hs00192708 ml

hTIMPI Hs00171558 ml
hTIMP3 Hs00165949 ml
hSELE Hs00174057 ml
hSELP Hs00927900 ml
hITGp3 Hs01001469 ml
hITGa6 Hs01041011 ml
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hCOL341 Hs00943809 ml
hVCAMI Hs01003372_ml
hICAM1 Hs00164932 ml
hVCAN Hs00171642 ml
hTHBS1 Hs00962908 ml
hMMP?2 Hs01548727 ml
hMMP9 Hs00957562 ml
hHPRTI Hs99999909 ml

Table 3.2 List of TagMan Genes used for Quantitative Real-Time PCR in this project.

PCR amplification was conducted using a Quant Studio 6 Flex PCR system (Applied Biosystems)
with a 96-well microtiter plate (Applied Biosystems, UK). A TagMan Universal Master Mix 11
(Applied Biosystems) was mixed with TagMan Probes and Nuclease-Free Water (NFW) in an
appropriate Eppendorf tube according to the ratios outlined in Table 3.3. The mixture was then

briefly centrifuged and chilled on ice.

Reagents 'Volume per reaction(p,L)|
TaqMan Primer 0.5 ul
TagMan Polymerase 5.0l
Nuclease Free Water 1.7 ul
Total per reaction 7.2 1l

Table 3.3 Components required to prepare qRT-PCR Master Mix for individual Taq Genes.
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Each well of a 96-well plate was loaded with 7.2 ul of the master mix, followed by the addition of
2.8 pul of the cDNA reaction sample (5ng/ul). A transparent adhesive film was applied to seal the
plate, preventing sample spillage. The sealed plate was centrifuged at 900 RPM for 1 minute at

4°C. The PCR machine was programmed with the following conditions to run:

Steps Temperature| Time |Cycles
Initial Denaturation 95°C 10 Minutes| -
Denaturation 95°C 15 Seconds| 40
Extension 60°C 1 Minute -

Table 3.4 Thermal Cycling Conditions for Quantitative Real-Time PCR.

3.3.5 Statistical Analysis

Data was analysed using GraphPad Prism for Windows, version 8.0.2 (GraphPad Software, San
Diego, California, USA). Continuous data are presented as mean values + standard error of the
mean (SEM). Parametric tests, such as independent sample t-test, One-way ANOVA, or Two-way
ANOVA, were employed for data exhibiting a normal distribution with homogeneous sample
variance. Non-parametric tests were utilised for non-normally distributed data, including the
Mann—Whitney U-Test or the Kruskal-Wallis H-test. Statistical significance was determined
through a single-factor analysis of variance with Tukey or Bonferroni correction. Significance
levels were denoted as *p<0.05, **p<0.01, ***p<0.001, and ****p<0.0001. The asterisk (*)

signifies a comparison with the control group.

3.4 Bioinformatic Analysis
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Using bioinformatics tools, the analysis of potential target genes for miR-133a-3p and miR-133a-
S5p was conducted by querying their names in miRDB (http://mirdb.org/), miRWalk
(http://mirwalk.umm.uni-heidelberg.de/), and TargetScan (http://www.targetscan.org/) databases.
These tools allowed for the identification of predicted binding sites within the 3’ untranslated
regions (3’UTRs) of genes. miRWalk, configured with standard settings, assessed potential
matches based on a seed region of 7 nucleotides, generating interaction scores to indicate binding
strength. TargetScan-Human 8.0 was utilized to find conserved binding sites, using evolutionary
conservation and prediction scores to rank possible interactions. Similarly, miRDB employed
machine learning algorithms to predict miRNA-mRNA interactions, applying a default confidence
score threshold to prioritize high-likelihood matches. For each identified target, the specific miR-
133a strand (-3p, -5p, or both) and the exact position of interaction within the 3’UTR were
recorded. To ensure reliability, predictions from the three tools were compared, and only genes

supported by at least two databases were selected for further consideration.
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4. RESULTS



To achieve the objectives outlined in Section 3.1, qPCR analysis was performed to examine the
regulatory effects of miR-133a on inflammatory gene expression in endothelial cells. Previous
findings (Goossens et al., 2019), indicate that miR-133a displays unique expression patterns across
different vascular beds under pathological conditions. To further explore this, primary endothelial
cells were derived from three distinct vascular sources: HUVEC (venous origin), AoEC (aortic
origin), and PAEC (pulmonary origin). Cells were plated overnight and subsequently serum-
starved for 2 hours to optimise conditions for transfection. Transfections were performed using
miR-133a-NC (negative control), miR-133a-3p, and miR-133a-5p mimics. Following a 2-hour
incubation, cells were stimulated with TNF-a for 4 hours to elicit an acute inflammatory response.
TNF-a is a key trigger of inflammation in vascular endothelium, rapidly increasing mechanical
tension and traction forces within minutes of exposure, indicating an immediate response (Junaid
et al., 2020). A concentration of 50 ng/ml TNF-a is initially used, since it is shown to effectively
stimulate endothelial cells, enhancing cellular adhesion while minimizing excessive apoptosis or
adverse effects on cell proliferation (Struck et al., 2023; Brandt, Gerke and Betz, 2022).
Stimulation of endothelial cells with TNF-a for 4 hours is sufficient to initiate acute inflammatory
responses, triggering significant transcriptional changes and mechanical adaptations essential for
the inflammatory process (Chen et al., 2011; Lee, 2011). Finally, cells were lysed to extract

mRNA, enabling the assessment of inflammatory gene expression levels via qPCR.

4.1 Ectopic Overexpression of MiR-133a-5p Modulates Selectin Expression in Endothelial
Cells Under Inflammatory Conditions

Initially, selectins were tested as they are primarily involved in leukocyte rolling and rapidly
expressed in endothelial cells under inflammatory stress, which binds with leukocyte integrins and

aids in activation. The interaction between E-selectin and P-selectin in endothelial-leukocyte
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adhesion is essential for regulating the inflammatory response. E-selectin expressed exclusively
on activated endothelial cells, facilitates the capture and slowing of leukocytes, promoting their
adhesion and migration into tissues. In contrast, P-selectin, present on both endothelial cells and
platelets, plays a critical role in the early stages of leukocyte recruitment by engaging with PSGL-
1, activating B2-integrins, and aiding rapid transmigration. Both selectins are upregulated by pro-
inflammatory cytokines, with E-selectin enhancing leukocyte adhesion and migration while also
priming macrophages for activation and influencing downstream immune signalling pathways,
including AKT and mTOR (Zhang et al., 2024; Davies et al., 2021). Interestingly, E-selectin can
also negatively regulate neutrophil transmigration by altering endothelial junction integrity,
indicating its complex role in inflammation (Huang et al., 2021). On the other hand, P-selectin’s
expression is dynamically regulated through exocytosis from Weibel-Palade bodies, underscoring
its rapid response during inflammatory processes (Goretzko et al., 2023). Although both E-selectin
and P-selectin contribute to leukocyte adhesion, their distinct mechanisms and timing suggest a
coordinated yet intricate interplay in regulating inflammation. The results revealed that at baseline,
P-selectin exhibited consistent expression at 0 hours and 4 hours of stimulation. This outcome was
unexpected, as P-selectin is typically expressed under inflammatory stress. These findings suggest
that P-selectin is unaffected by TNF-a stimulation but may be modulated by miR-133a.
Conversely, for E-selectin, the results showed a significant difference in expression between 0
hours and 4 hours of stimulation, as expected. This provides positive validation for the model. The
aberrant expression of miR-133a-5p significantly impacts P-selectin expression, reducing its
levels by up to 85% in stimulated endothelial cells, whereas miR-133a-3p had minimal effects
compared to the negative control (Figure 4.1). This suggests that miR-133a-5p plays a key role in

regulating P-selectin, which is crucial for leukocyte migration. While neither miR-133a-3p nor
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miR-133a-5p notably altered E-selectin levels in most cell types, miR-133a-5p did reduce E-
selectin by 30% in PAECs under stimulation (Figure 4.2). These findings underscore miR-133a-
S5p’s significant role in modulating P-selectin expression and its potential to influence
inflammatory responses. This effect on P-selectin, coupled with the observed impact on E-selectin

in specific cell types, suggests that miR-133a-5p could be a key regulator in the inflammatory

cascade.
A B
H UVEC miR-Negative Control AOEC miR-Negative Control
*k *kk
miR-133a-3p *kkk *kkk miR-133a-3p
| — 1
ns s ns ns miR-133a-5p I * hkK I : kKK * I miR-133a-5p
3 l B ! f B ! r 1l 1 T ] 1
°® ¢ .
s X 5 : :
4 o
% : PN :
° 00 o .
g T a3 .
z d Z ~
['4 2 o8 ¥ - (1 . R
% i i :
: : d ’ : :
0 .
a : 3’; 2 %) .
o%| [ets . f!u1
T T 0 T T T T T
(NC  3p 5p (NC 3 5p, (NC 3 5p
TNF-a (50ng/ml) ohrs 4 hrs TNF-a (50ng/ml) ohrs 4 hrs

Figure 4.1 Regulation of SELE-P Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of SELE-P in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A) and AoEC (B) primary cells, with HPRT-1 as the housekeeping gene. Results
were calculated using the 222Ct method and are presented as mean = SEM (n=9). Statistical significance was
determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Statistical significance
is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Figure 4.2 Regulation of SELE-E Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial

Cells Under Basal and TNF-a Stimulated Conditions.

The figure represents the expression levels of SELE-E in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the

housekeeping gene. Results were calculated using the
HUVEC and AoEC, n=6 for PAEC). Statistical significance was determined by two-way ANOVA followed by
Tukey’s post-hoc test for multiple comparisons. Statistical significance is denoted as follows: ns (non-significant),
**E*p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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4.2 MiR-133a Does Not Affect Vascular and Immunoglobulin CAMs in Endothelial Cells
During Inflammation

Another crucial set of molecules tested in relation to miR-133a are CAMs, which play a key role
in leukocyte rolling following selectin-mediated adhesion. The interaction between CAMs and
leukocyte integrins, such as LFA-1 and VLA-4, activates endothelial integrins, thereby ensuring
that leukocytes remain firmly attached to the endothelium long enough to complete transmigration
as described earlier in 1.2.1. ICAM-1 is essential for the firm adhesion of leukocytes to endothelial
cells, initiating their TEM, and interacting with cytoskeletal components and signalling molecules
like SHP-2 to regulate leukocyte adhesion and transmigration (Yan et al., 2017). Additionally,
ICAM-1 aids in macrophage efferocytosis, supporting the clearance of apoptotic cells during
inflammation (Wiesolek et al., 2020). On the other hand, VCAM-1 primarily facilitates leukocyte
recruitment by binding integrins on leukocytes, particularly during immune responses (Schlesinger
and Bendas, 2015). Recent studies have also highlighted VCAM-1’s involvement in cancer
metastasis, indicating its broader implications beyond immune regulation (Schlesinger and
Bendas, 2015). Similar to selectins, CAMs are upregulated in endothelial cells under inflammatory
stress at NC - 4hrs compared with NC-0 hrs, a finding supported by this model, further validating
its functionality. This experiment investigated the role of microRNAs and revealed that MiR-133a-
3p and MiR-133a-5p did not significantly affect VCAM-1 expression in HUVECs, AoECs, or
PAECs under either unstimulated or TNF-a-stimulated conditions (Figure 4.3). While MiR-133a-
3p significantly upregulates /CAM-1 in stimulated conditions, no significant effect was observed
in unstimulated conditions (Figure 4.4). Conversely, MiR-133a-5p did not impact ICAM-1
expression in either scenario. These findings suggest that while MiR-133a-3p may play an anti-

inflammatory role in modulating ICAM-1 during inflammatory responses, neither MiR-133a-3p
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nor MiR-133a-5p significantly affects VCAM-1, highlighting the complexity of microRNA-

mediated regulation of adhesion molecules in endothelial cells.
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Figure 4.3 Regulation of VCAM-1 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of VCAM-1 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the
housekeeping gene. Results were calculated using the 2-*4¢t method and are presented as mean £ SEM (n=12 for
HUVEC and AoEC, n=6 for PAEC). Statistical significance was determined by two-way ANOVA followed by
Tukey’s post-hoc test for multiple comparisons. Statistical significance is denoted as follows: ns (non-significant),
**%%p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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Figure 4.4 Regulation of ICAM-1 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of ICAM-1 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A) and AoEC (B) primary cell lines, with HPRT-1 as the housekeeping gene.
Results were calculated using the 222 method and are presented as mean = SEM (n=9). Statistical significance was
determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Statistical significance
is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

4.3 Selective Regulation of Integrin Expression by miR-133a in Endothelial Cells

Integrins, which are key cell adhesion molecules, mediate cell adhesion and signalling crucial for
leukocyte migration, inflammation, and endothelial cell integrity (Post, Wang and Cosgriff-
Hernandez, 2019). Integrin avB3 is notably expressed in inflammatory and angiogenic regions,
such as in atherosclerosis, with imaging studies showing its correlation with inflammatory markers
(Jenkins et al., 2019). Integrin a6p4, on the other hand, is essential for epithelial cell anchoring,
and its absence leads to inflammatory conditions resembling psoriasis and atopic dermatitis in
mouse models (Niculescu et al., 2011). The results further highlight the differential impact of miR-
133a-3p and miR-133a-5p on integrin expression across various endothelial cell types. MiR-133a-

3p significantly downregulated /7Gf3 in PAECs, reducing expression by 70% under stimulated
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conditions and 25% under unstimulated conditions. In contrast, miR-133a-5p led to an 80%
reduction in I7GS3 levels in both AoECs and PAECs, with a 30% reduction in HUVECs under
unstimulated conditions (Figure 4.5). For /TGa6, while changes were generally minimal, miR-
133a-3p and miR-133a-5p caused modest downregulation in AoECs and PAECs under specific
conditions (Figure 4.6). These findings highlight the distinct regulatory roles of miR-133a on
ITGp3 and ITGa6, reflecting their importance in endothelial cell responses to inflammation and

offering insights into their potential roles in disease mechanisms.
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Figure 4.5 Regulation of ITGf-3 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of /7Gf-3 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
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analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the
housekeeping gene. Results were calculated using the 224 method and are presented as mean + SEM (n=12; n=6 for
PAEC). Statistical significance was determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<(0.0001, ***p<0.001,
**p<0.01, *p<0.05.
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Figure 4.6 Regulation of /T7Ga-6 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of /7Ga-6 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the
housekeeping gene. Results were calculated using the 2" method and are presented as mean + SEM (n=12; n=6 for
PAEC). Statistical significance was determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<(0.0001, ***p<0.001,
**p<0.01, *p<0.05.

51



4.4 MiR-133a-5p regulation of MMP-2 in Endothelial cells

MMP-2 is integral in modulating neutrophil adhesion to endothelial cells by generating vasoactive
peptides that enhance leukocyte recruitment and activation, a fundamental aspect of the
inflammatory response and contributing to cardiovascular disease progression. Specifically,
MMP-2 cleaves big endothelin-1 (ET-1) to produce ET-1[1-32], which upregulates CD11b/CD18
expression on neutrophils, facilitating their adhesion to endothelial cells (Fernandez-Patron et al.,
2002). Activation of ETA receptors by ET-1[1-32] subsequently triggers the Ras/Raf-
I/MEK/ERK signalling pathway, further enhancing neutrophil activity and their interactions with
the endothelium (Fernandez-Patron et al., 2002). Furthermore, both MMP-2 and MMP-9 facilitate
leukocyte transmigration across endothelial barriers, a process essential to effective immune
responses (Hamada et al., 2008; Lessner, 2004). Interestingly, the secretion of MMPs during
leukocyte adhesion may also provide negative feedback to regulate inflammation, underscoring
the dual role of MMPs in both promoting and moderating immune responses (Lessner, 2004). The
findings reveal that miR-133a-5p significantly downregulates MMP-2 across HUVEC, AoEC, and
PAEC cell lines, indicating a regulatory effect of miR-133a-5p on MMP-2 expression (Figure
4.7). This downregulation suggests that miR-133a-5p could modulate the inflammatory cascade
by influencing MMP-2-mediated neutrophil adhesion and transmigration, potentially affecting
CDI11b/CD18 expression and downstream Ras/Raf-1/MEK/ERK signalling. Conversely, miR-
133a-3p did not alter MMP-2 levels, highlighting the specific influence of miR-133a-5p in this
pathway. Given MMP-2’s role in leukocyte recruitment and inflammation regulation, miR-133a-
S5p could hold therapeutic potential in stabilizing plaque and controlling atherosclerosis

progression by modulating endothelial inflammation and adhesion molecule dynamics.
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Figure 4.7 Regulation of MMP-2 Target Gene Expression by miR-133a (3p and Sp Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of MMP-2 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the
housekeeping gene. Results were calculated using the 2" method and are presented as mean + SEM (n=9; n=6 for
PAEC). Statistical significance was determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<(0.0001, ***p<0.001,
**p<0.01, *p<0.05.

4.5 Cell-Type Specific Effects of miR-133a on ADAM’s Expression in Response to Pro-
Inflammatory Stimuli

The metalloproteinases ADAMTS-1 and ADAMTS-4 play critical roles in endothelial-leukocyte

interactions, affecting vascular biology, inflammation, and immune responses. ADAMTS-1
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regulates cell migration and angiogenesis through its interaction with syndecan-4, which supports
endothelial adhesion and migration, ADAMTS-1 knockdown increases MMP9 activity,
intensifying VEGF responses and enhancing angiogenesis (Lambert et al., 2020). Conversely,
ADAMTS-4 is predominantly expressed during endothelial tubulogenesis, co-localizing with
biglycan in podosome-like structures essential for vascular growth (Obika et al., 2014). Through
extracellular matrix proteolysis, ADAMTS-4 enables endothelial cell migration and tube
formation, essential for vascular development (Obika et al., 2014). Both ADAMTS-1 and
ADAMTS-4 impact leukocyte adhesion to endothelium by modulating key adhesion molecules,
affecting inflammatory responses (Choi, 2009). The results indicate that miR-133a-3p and miR-
133a-5p differentially regulate ADAMTS expression across endothelial cell types. In HUVECs,
ADAMTS] expression remained stable under unstimulated conditions but increased significantly
upon TNF-a stimulation, with miR-133a-3p showing a marked upregulation (**p<0.0001) and
miR-133a-5p a moderate increase (*p<0.05). In AoECs, miR-133a effects were reversed:
ADAMTSI1 (Figure 4.8) was significantly downregulated by miR-133a-3p (**p<0.0001) and
miR-133a-5p (*p<0.05) under unstimulated conditions, with no notable changes upon TNF-a
stimulation. In PAECs, neither miR-133a-3p nor miR-133a-5p impacted ADAMTSI expression
under any conditions. For ADAMTS4 (Figure 4.9), miR-133a-3p significantly downregulated
expression in HUVECs in both unstimulated (*p<0.05) and TNF-a-stimulated (**p<0.0001)
conditions, while miR-133a-5p had no significant impact. In AoECs, miR-133a had minimal
effects on ADAMTS4, except for a notable upregulation by miR-133a-5p upon TNF-a stimulation
(***p<0.001). These findings align with the known roles of ADAMTS-1 and ADAMTS-4 in
inflammation, suggesting miR-133a’s varied regulatory influence may contribute to endothelial

responses context-dependent, with potential implications for disease pathology.
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Figure 4.8 Regulation of ADAMTS-1 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial

Cells Under Basal and TNF-a Stimulated Conditions.

The figure represents the expression levels of ADAMTS-1 in primary human endothelial cells transfected with miR-
NC and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-
gPCR analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) primary cell lines, with HPRT-1 as the

housekeeping gene. Results were calculated using the

2-AACt

method and are presented as mean + SEM (n=12; n=6 for

PAEC). Statistical significance was determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple
comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001,
**p<0.01, *p<0.05.
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Figure 4.9 Regulation of ADAMTS-4 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of ADAMTS-4 in primary human endothelial cells transfected with miR-
NC and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-
gPCR analysis was performed in HUVEC (A) and AoEC (B) primary cell lines, with HPRT-1 as the housekeeping
gene. Results were calculated using the 2" method and are presented as mean + SEM (n=9). Statistical significance
was determined by two-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons. Statistical
significance is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

4.6 Differential Regulation of TIMPs modulate the ECM stabilisation

TIMP-3 plays a crucial role in regulating endothelial functions and leukocyte adhesion, whereas
the role of TIMP-1 in endothelial-leukocyte interactions is less well-defined. TIMP-3 is essential
for maintaining the barrier integrity of pulmonary microvascular endothelial cells (PMVECs)
through its interaction with the ECM (Kulkarni et al., 2020). In inflammatory conditions, TIMP-3
controls the release of VCAM-1, a key factor in leukocyte recruitment (Singh et al., 2005). A
deficiency in TIMP-3 results in increased VCAM-1 ectodomain release, which can heighten
leukocyte adhesion and potentially intensify inflammatory responses (Singh et al., 2005). TIMP-1
and TIMP-3 showed distinct regulatory patterns in response to miR-133a modulation, highlighting
their differential roles in endothelial function and inflammation. 7/MP-1 expression varied across

endothelial cell types (Figure 4.10). In HUVECs, miR-133a-3p and miR-133a-5p downregulated

56



TIMP-1 only under unstimulated conditions, with no significant changes upon stimulation. In
Ao0ECs, miR-133a-3p consistently downregulated 7/MP-1 under both stimulated and unstimulated
conditions (***p<0.001), whereas miR-133a-5p had no significant effect. In PAECs, both miR-
133a-3p and miR-133a-5p strongly downregulated T/IMP-1 (****p<0.0001), especially under
unstimulated conditions. This downregulation of T/MP-1 correlates with increased MMP activity
and heightened inflammatory potential, supporting its role in tissue remodelling and immune
modulation. Interestingly, 7/MP-3 exhibited an opposing trend (Figure 4.11). While miR-133a-5p
did not affect TIMP-3 expression in any cell line under either condition, miR-133a-3p significantly
upregulated TIMP-3 across all cell lines, even under stimulation (**p<0.0001). This upregulation
by miR-133a-3p suggests a role for TIMP-3 in maintaining endothelial barrier integrity and
extracellular matrix stabilisation, likely through the modulation of VCAM-1 release and leukocyte
adhesion, as supported by prior studies (Singh et al., 2005). These findings underscore the potential
of miR-133a-3p to modulate inflammatory responses and apoptotic processes via TIMP-3, offering

insights into endothelial stabilisation and inflammation management.
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Figure 4.10 Regulation of TIMP-1 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of TIMP-1 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) cell lines, with HPRT-1 as the housekeeping gene.
Results were calculated using the 224 method and are presented as mean = SEM (n=12, n=6 for PAEC). Statistical
differences in gene expression among groups were assessed using a two-way ANOVA followed by Tukey’s post-hoc
test for multiple comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<0.0001,
**%p<0.001, **p<0.01, *p<0.05.
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Figure 4.11 Regulation of TIMP-3 Target Gene Expression by miR-133a (3p and Sp Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of TIMP-3 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A), AoEC (B), and PAEC (C) cell lines, with HPRT-1 as the housekeeping gene.
Results were calculated using the 224t method and are presented as mean + SEM (n=9, n=6 for PAEC). Statistical
differences in gene expression among groups were assessed using a two-way ANOVA followed by Tukey’s post-hoc
test for multiple comparisons. Statistical significance is denoted as follows: ns (non-significant), ****p<0.0001,
**%p<0.001, **p<0.01, *p<0.05.

4.7 Mir-133a’s Limited Role in VCAN Regulation

Versican plays a crucial role in leukocyte adhesion and recruitment during inflammation, serving
as a ligand for L-selectin, particularly in lymphoid tissues and inflamed areas, where its shedding
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promotes leukocyte infiltration (Kawashima et al., 1999). It also interacts with P-selectin
glycoprotein ligand-1 (PSGL-1) on leukocytes, facilitating their rolling and aggregation on the
endothelium, which is essential for the early stages of leukocyte recruitment (Zheng et al., 2004).
Beyond this, versican amplifies inflammation by regulating cytokine availability and promoting
leukocyte trafficking, contributing to the inflammatory microenvironment (Wight et al., 2020;
Zhang, Miao and Wang, 2012). Contrary to expectations, miR-133a, whether through its 3p or 5p
strand, did not regulate VCAN expression under either stimulated or unstimulated conditions in
any of the cell lines studied (Figure 4.12). This lack of effect occurred despite the upregulation of’
ADAMTS-4, indicating a complex regulatory network that may involve additional factors or

compensatory mechanisms in modulating VCAN levels.

HUVEC miR-Negative Control A miR-Negative Control
oEC

miR-133a-3p miR-133a-3p

ns ns miR-133a-5p ns ns miR-133a-5p

w
N
.
-

( z-AACt)

. L]
.. LR}
2 (14 . .

[ . . .3. . 3
7. . e T 7 ' ‘. e

4 .
0 m P33] || o e 0 A lese

. NC 3p . NC 3p 3p

VCAN RNA expression
(210
N
-
-
VCAN RNA expression

-

T T
5pI INC 3p 5p 5p NC 5

TNF-a (50ng/ml) ohrs 4 hrs TNF-a (50ng/ml) ohrs 4 hrs

Figure 4.12 Regulation of VCAN Target Gene Expression by miR-133a (3p and Sp Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of V'CAN in primary human endothelial cells transfected with miR-NC and
miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A) and AoEC (B) cell lines, with HPRT-1 as the housekeeping gene. Results were
calculated using the 2"*4% method and are presented as mean + SEM (n=12). Statistical differences in gene expression
among groups were assessed using a two-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons.
Statistical significance is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.
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4.8 MiR-133a modulates the expression of Collagen Molecules

Type III collagen (COL3A1) is an essential extracellular matrix protein involved in cell adhesion,
migration, proliferation, and differentiation, particularly in large blood vessels, the uterus, and the
bowel. It plays a key role in ECM remodelling and inflammation, especially in conditions like
osteoarthritis (Li et al., 2021). This protein is regulated at the posttranscriptional level (Kuivaniemi
and Tromp, 2019), with pathways like TNF-alpha influencing its expression. In endothelial cells,
miR-133a-3p did not significantly alter COL3A41 expression in HUVECs or AoECs, either under-
stimulated or unstimulated conditions. However, miR-133a-5p (Figure 4.13) had differential
effects: it significantly upregulated COL3A41 (**p<0.01) in HUVECs under unstimulated
conditions but downregulated it (****p<0.0001) in AoECs under both unstimulated and TNF-
alpha stimulated conditions, suggesting tissue-specific regulation that may contribute to ECM

changes in diseases like osteoarthritis.
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Figure 4.13 Regulation of COL3A-1 Target Gene Expression by miR-133a (3p and Sp Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of COL3A4-1 in primary human endothelial cells transfected with miR-NC
and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for 4 hours. RT-qPCR
analysis was performed in HUVEC (A) and AoEC (B) cell lines, with HPRT-1 as the housekeeping gene. Results were
calculated using the 2"*4% method and are presented as mean + SEM (n=12). Statistical differences in gene expression
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among groups were assessed using a two-way ANOVA followed by Tukey’s post-hoc test for multiple comparisons.
Statistical significance is denoted as follows: ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

4.9 Impact of miR-133a-5p on 7SP-1 Expression in Inflammatory Conditions

Thrombospondin-1 (TSP-1) is a key matricellular protein involved in regulating extracellular
matrix (ECM) dynamics and inflammatory responses through its interactions with cellular
receptors, ECM components, and matrix-degrading enzymes (Murphy-Ullrich, 2019). The results
show that miR-133a-3p did not significantly affect 7SP-1 expression in HUVEC and AoEC cell
lines, either under unstimulated or stimulated conditions (Figure 4.14). However, miR-133a-5p
led to a significant downregulation of 7SP-/ in AoEC cells under both unstimulated and TNF-
alpha stimulated conditions (**p<0.01), with no significant effect in HUVECs. This differential
regulation suggests that miR-133a-5p plays a role in modulating inflammatory responses and ECM

regulation in a cell-specific manner.
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Figure 4.14 Regulation of 7SP-1 Target Gene Expression by miR-133a (3p and 5p Strands) in Endothelial
Cells Under Basal and TNF-o Stimulated Conditions.

The figure represents the expression levels of 7SP-1 in primary human endothelial cells transfected with
miR-NC and miR-133a variants (-3p, -5p) and either unstimulated or stimulated with TNF-a (50 ng/ml) for
4 hours. RT-qPCR analysis was performed in HUVEC (A) and AoEC (B) cell lines, with HPRT-1 as the
housekeeping gene. Results were calculated using the 224 method and are presented as mean = SEM
(n=9). Statistical differences in gene expression among groups were assessed using a two-way ANOVA
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followed by Tukey’s post-hoc test for multiple comparisons. Statistical significance is denoted as follows:
ns (non-significant), ****p<0.0001, ***p<0.001, **p<0.01, *p<0.05.

4.10 Bioinformatic Analysis of Target Prediction for miR-133a

miRNAs play a key role in gene regulation by binding to specific regions within the 3' untranslated
region (3' UTR) of target mRNAs, often suppressing their expression. The effectiveness of this
interaction depends on factors such as the sequence match and positional alignment between the
miRNA and the target site. Strong repression is generally observed with canonical 8-nucleotide (8-
nt) binding sites compared to shorter 6-nt sites, as highlighted in previous studies (McGeary et al.,
2022). Additionally, miRNA binding can be enhanced when multiple miRNAs act cooperatively

at adjacent sites (Denzler et al., 2016).

To evaluate the potential regulatory roles of miR-133a-3p and miR-133a-5p, bioinformatics tools
such as miRDB, miRWalk, and TargetScan were used in this analysis. These tools offer different
approaches for target prediction: miRDB uses a machine learning-based method to predict targets
based on sequence and functional features, ranking them by predicted target scores; TargetScan
focuses on the evolutionary conservation of miRNA binding sites, predicting functional sites that
are likely conserved across species; and miRWalk integrates data from multiple prediction
algorithms and experimentally validated interactions, providing a more extensive set of targets
(Table 4.1) (Chen and Wang, 2020; Zhao and Xue, 2019; Sticht et al., 2018). The predictions
suggested that miR-133a-3p may target genes like ADAMTS-1, TIMP-3, and TSP-1, while miR-

133a-5p mainly targets ADAMTS-1 and TSP-1.
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miR-133a -3p miR-133a -3p miR-133a -3p miR-133a -5p miR-133a -5p miR-133a -5p
GENES miRWalk TargetScan miRDB miRWalk TargetScan miRDB
SELE-P NO NO NO NO YES NO
Z-Score: 6%
3’UTR
SELE-E NO NO NO NO NO NO
VCAM-1 NO NO NO NO YES NO
Z-Score: 38%
3’UTR
ICAM-1 NO NO NO NO NO YES
Z-Score: 70%
3’UTR
ITGp-3 NO NO NO NO YES YES
Z-Score: 3% Z-Score: 78%
3’UTR 3’UTR
ITGa-6 NO NO NO YES NO NO
Z-Score: 85%
3’UTR
MMP-2 NO NO NO NO NO NO
ADAMTS-1 YES NO NO YES YES NO
Z-Score: 82% Z-Score: 82% Z-Score: 20%
3’UTR 3’UTR 3’UTR
ADAMTS-4 NO NO NO NO NO NO
TIMP-1 NO NO NO NO NO NO
TIMP-3 YES NO NO YES NO NO
Z-Score: 85% Z-Score: 85%
CDS CDS
VCAN NO NO NO NO YES YES
Z-Score: 23% Z-Score: 58
3’UTR 3’UTR
COL3A-1 NO NO NO NO NO NO
TSP-1 YES NO NO YES NO NO
Z-Score: 85% Z-Score: 85%
CDS CDS

Table 4.1 Predicted Target Genes of miR-133a-3p and miR-133a-5p Identified Across Different miRNA

Bioinformatic Prediction Tools.

The table presents bioinformatic predictions of binding sites for miR-133a-3p and miR-133a-5p within the 3'
untranslated regions (3' UTR) or coding sequences (CDS) of various genes. Predictions were generated using three
databases: miRWalk, TargetScan, and miRDB. The presence of predicted binding sites is indicated as "YES" or "NO,"
accompanied by Z-scores that reflect the confidence level of these predictions. This analysis highlights the potential
interactions of miR-133a with adhesion molecules and matrix-remodeling enzymes, offering insights into the

differential regulatory roles of miR-133a-3p and miR-133a-5p.
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GENES Function/Role

SELE-P Facilitates leukocyte-endothelial interactions, playing a key role in immune responses.

VCAM-1 Stabilises cell-cell adhesion and facilitates immune signalling during inflammatory events.

ICAM-1 An integrin is involved in cell adhesion, migration, and angiogenesis.

ITGp-3 Another integrin is important for cell-matrix interactions and migration.

ITGa-6 A protease is involved in extracellular matrix remodelling and inflammation.
ADAMTS-1 Inhibits metalloproteinases, regulating extracellular matrix degradation and vascular

stability.
TIMP-3 A proteoglycan is critical for extracellular matrix organisation and cell migration.
TSP-1 A multifunctional glycoprotein involved in angiogenesis and tissue remodelling.

Table 4.2 Functional Roles of Predicted Target Genes of miR-133a.

The limited consensus between databases, with several genes showing only moderate binding
affinity scores, highlights the challenges in miRNA target prediction. While tools like miRDB,
TargetScan, and miRWalk provide valuable insights, their differing algorithms and approaches can
lead to conflicting predictions, as evidenced by varying confidence scores for target interactions.
This discrepancy underscores the need for experimental validation, as current predictions lack a
unified system for confirming the regulatory significance of each target gene. Without consensus
across databases and further experimental validation, the precise role of miR-133a-3p and miR-

133a-5p in modulating gene expression remains uncertain.

To address these challenges and strengthen the reliability of predictions, a systematic strategy was
employed to integrate data from all three databases. Genes consistently predicted across multiple
tools were prioritized, as cross-database agreement indicates higher confidence in their biological
relevance. For genes identified in only one database, those with exceptionally high confidence

scores (e.g., Z-scores >85%) were considered, ensuring strong binding potential based on each
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tool's algorithm. To further refine the selection, functional annotations were reviewed as listed in
Table 4.2, focusing on genes involved in inflammatory and vascular remodelling pathways, such
as TIMP-3, which directly align with the study's objectives. This integrative approach ensures that
the shortlisted genes not only exhibit strong predictive scores but also have biological relevance,
making them promising candidates for experimental validation, including luciferase assays and

qRT-PCR to confirm their roles in miR-133a-mediated regulation.
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S. DISCUSSION



Atherosclerosis is a major global health burden, driven by endothelial-leukocyte interactions that
promote vascular inflammation and plaque formation. (Kong et al., 2022; Mauersberger et al.,
2022; Minelli, Minelli and Montinari, 2020). In this context, miRNAs, particularly miR-133a, have
emerged as key regulators of gene expression in inflammatory diseases, including atherosclerosis
(Letonja and Petrovi¢, 2024; Churov et al., 2019). MiR-133a, elevated in diseased endothelium,
shows both opposing and synergistic effects through its 3p and 5p strands. While they may regulate
different genes with opposite outcomes, they can also work together to enhance specific gene
regulation, influencing endothelial dysfunction and vascular diseases (Ahmed et al., 2022).
However, the precise regulatory mechanisms of miR-133a in these endothelial-leukocyte
processes, particularly under inflammatory conditions, remain poorly understood (Zhong, Simard
and Huot, 2018; Urbich, Kuehbacher and Dimmeler, 2008). This study addresses these gaps by
exploring the strand-specific effects of miR-133a on endothelial adhesion and matrix remodelling

molecules, providing insights into its therapeutic and diagnostic potential (Zhou et al., 2018).

Building on evidence from the literature, it is hypothesised that miR-133 could modulate the
expression of endothelial molecules involved in the leukocyte adhesion cascade. To test this
hypothesis, both the 3p and 5p strands were transfected into endothelial cells derived from distinct
vascular beds, including HUVECs, AoECs, and PAECs, given their tissue-specific expression
patterns (Goossens et al., 2019). qPCR was then performed to measure the mRNA levels of
selected target genes, which were selected based on availability from previous inflammatory
experiments in Prof. Angel's laboratory. As expected, this work revealed strand-dependent and
cell-type-specific effects for miR-133a-3p and miR-133a-5p using RT-qPCR analysis on
inflammatory genes in those primary cell lines as shown in Table S5.1. The results showed

upregulation of 7/MP-3 by miR-133a-3p while miR-133a-5p suppressed the expression of MMP-
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Gene miR-133a-3p Effect | miR-133a-5p Effect | Cell Type-Specificity Potential Mechanism of Action
SEL-P Downregulation Downregulation HUVEC, AoEC Inhibits inflammation and adhesion, potentially reducing atherosclerotic plaque formation.
SEL-E No significant effect | No significant effect | HUVEC, AoEC, PAEC Suggests a minor role in endothelial-leukocyte interaction.
VCAM-1 No significant effect | No significant effect | HUVEC, AoEC, PAEC No significant role in leukocyte recruitment via VCAM-1.
1CAM-1 Upregulation No significant effect HUVEC, AoEC miR-133a-3p increases /CAM-1, contributing to inflammation and plaque progression.
ITGS3 Downregulation Downregulation HUVEC, AoEC, PAEC Both strands reduce integrin signalling, decreasing vascular permeability and plaque formation.
ITGa6 Upregulation Downregulation HUVEC, AoEC, PAEC Potential dual role in promoting or inhibiting endothelial function depending on strand.
MMP-2 No significant effect Downregulation HUVEC, AoEC, PAEC miR-133a-5p reduces MMP-2, stabilizing the ECM and possibly promoting plaque stability.
ADAMTS-1 Upregulation Downregulation HUVEC, AoEC, PAEC miR-133a-3p increases ADAMTS-1, promoting ECM degradation, while miR-133a-5p decreases it,
stabilizing ECM.
ADAMTS-4 No significant effect Upregulation HUVEC, AoEC miR-133a-5p may accelerate ECM breakdown, destabilizing plaque structure.
TIMP-1 Downregulation | No significant effect | HUVEC, AoEC, PAEC miR-133a-3p decreases TIMP-1, increasing ECM degradation.
TIMP-3 Upregulation No significant effect | HUVEC, AoEC, PAEC | miR-133a-3p stabilizes ECM through upregulation of TIMP-3, potentially reducing plaque rupture risk.
VCAN No significant effect | No significant effect HUVEC, AoEC Suggests no role for VCAN in miR-133a-mediated effects on plaque stability.
COL3A41 No significant effect Downregulation HUVEC, AoEC miR-133a-5p reduces COL3A1, destabilizing ECM structure, and contributing to plaque vulnerability.
TSP-1 No significant effect Downregulation HUVEC, AoEC miR-133a-5p downregulates TSP-1, reducing angiogenesis and supporting ECM remodelling.

Table 5.1 Strand-specific and cell-specific effects of individually selected genes and their potential mechanisms of action.
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2, ADAMTS-1, and TSP-1 and inhibited the COL3A41 gene. Also, both strands were found to
suppress SEL-P and ITGf3, influencing ECM remodelling and endothelial stability in a cell-type-
specific manner, with effects observed in HUVEC, AoEC, and PAEC. These regulatory changes
impact leukocyte adhesion and migration during inflammation, enhancing our understanding of

their functional mechanisms.

Previous studies on endothelial-leukocyte interactions have extensively elucidated the role of
several adhesion molecules, such as P-selectin (SEL-P), E-selectin (SEL-E), VCAM-1, ICAM-1,
integrin B3 (ITGB3), and integrin a6 (/7Ga6), which are encoded by corresponding genes and
mediate cell adhesion and signalling processes during inflammation and immune responses
(Muller, 2013). qPCR analysis further confirmed the regulatory role of miR-133a for these
adhesion molecules, particularly SEL-P, ICAM-1, ITGS3 and ITGo6, in a strand-specific and cell-
specific manner. SEL-P, stored in Weibel-Palade bodies, is rapidly mobilised and expressed within
minutes of inflammatory stimuli through the NF-kB pathway (Zarbock et al., 2011). The results
from this study demonstrated that both miR-133a-3p and miR-133a-5p do not regulate SEL-P
expression under either unstimulated or stimulated conditions. Previous studies have shown that a
minimum concentration of TNF-a is necessary to effectively activate NF-xB and its downstream
targets in endothelial cells. For instance, 100 ng/ml TNF-a is sufficient to fully activate NF-xB in
2-3 hours, while lower concentrations, such as 10 ng/ml, require longer exposure times like 8-9
hours, to achieve comparable activation (Cui et al., 2018). These studies indicate that SEL-P
expression can be highly sensitive to the duration and intensity of TNF-a signalling. Insufficient
activation may lead to limited gene expression, suggesting the need to explore higher
concentrations and extended durations (time-course experiments) to achieve measurable

expression. In contrast, prolonged or excessive TNF-a stimulation may upregulate SEL-P but also
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carries the risk of inducing chronic inflammation or endothelial dysfunction, which could

complicate the interpretation of its regulation (Castellon and Bogdanova, 2016).

Furthermore, the results showed that miR-133a does not have a direct or indirect effect on the
expression of SEL-E (Figure 4.2) or VCAM-1 (Figure 4.3) under either stimulated (TNF-a) or
unstimulated conditions. Bioinformatic analysis of target prediction tools confirmed the absence
of potential binding sites for miR-133a-3p and miR-133a-5p in the 3' UTRs of SEL-E and VCAM-
1. This highlights the critical role of sequence complementarity in miRNA-mediated regulation,
as miRNA binding and subsequent effects on mRNA stability and translation are heavily dependent
on the presence of specific seed matches within the 3' UTR. The 3' UTR serves as a platform for
regulatory interactions, and without complementary binding sites, miR-133a cannot exert direct or
indirect effects on SEL-E or VCAM-1 expression. Moreover, genetic variability or polymorphisms
in the 3' UTR could disrupt binding motifs, further limiting the scope of miRNA regulation
(Giurgiu et al., 2023). Previous studies have emphasized miR-133a's role in processes such as
tumorigenesis and autophagy via specific mRNA targets (Hua et al., 2021). However, the
regulatory specificity of miRNAs is influenced by the presence of multiple binding sites, which
enhance targeting efficiency or provide redundancy in gene regulation. In the case of SEL-E and
VCAM-1, the absence of complementary binding sites suggests regulation occurs via miRNA-
independent pathways or through other miRNAs with greater specificity for their 3' UTRs. Future
research could validate these bioinformatic findings experimentally and explore alternative
regulatory miRNAs, as well as other mechanisms influencing SEL-E and VCAM-1 expression in
endothelial cells. Also, TNF-alpha induces VCAM-1 expression in a time- and dose-dependent

manner, with higher doses leading to increased mRNA levels and protein expression, so alternative
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dosing can also be considered to increase the mRNA expression levels in endothelial cells (Lin et

al., 2015).

ICAM-1, a cell surface glycoprotein expressed at low basal levels in endothelial cells, is
upregulated in response to inflammatory stimuli and is essential for leukocyte TEM (Bui, Wiesolek
and Sumagin, 2020). The results demonstrated that miR-133a-3p promotes /CAM-1 upregulation
upon TNF-o stimulation in AoECs (Figure 4.4), thereby enhancing leukocyte adhesion and
migration. This observation aligns with previous studies showing that TNF-a is a potent inducer
of ICAM-1 expression in endothelial cells (Szekanecz et al., 2008), where it plays a critical role in
facilitating leukocyte adhesion. TNF-o signalling significantly increases ICAM-1 level,
reinforcing interactions with leukocytes and promoting their migration during inflammatory
responses. The upregulation of /CAM-1 by miR-133a-3p in the presence of TNF-a suggests a
synergistic mechanism where miR-133a-3p amplifies the pro-inflammatory effects of TNF-a. This
finding highlights a potential role for miR-133a-3p in modulating endothelial responses during
vascular inflammation, although further studies are required to clarify the underlying pathways
and to determine if this effect is conserved across other endothelial cell types or specific to AoECs.
Furthermore, the upregulation pattern of miR-133a-3p under stimulated conditions but not in
unstimulated states indicates it functions as a stimulus-dependent regulator, depending on cellular
conditions (Ni and Leng, 2016). This regulation allows miR-133a-3p to integrate environmental
or hormonal signalling, activating target genes selectively under specific conditions thereby

serving as fine-tuners of gene expression (Avraham and Yarden, 2012).

Integrins play a pivotal role in forming adhesion complexes in endothelial cells, which are essential
for leukocyte adhesion and migration. Among these, avp3 integrin specifically binds to

extracellular matrix (ECM) proteins such as vitronectin, fibronectin, and osteopontin, mediating
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endothelial cell adhesion and migration during angiogenesis and inflammatory responses.
Depletion of ITGB3 alters microtubule (MT) behaviour, impairing cell migration and potentially
reducing leukocyte extravasation (Atkinson et al., 2018). Findings from this study show that miR-
133a-3p and miR-133a-5p downregulate ITGB3 mRNA expression (Figure 4.5), aligning with
prior evidence underscoring 33-integrin's role in endothelial adhesion, migration, and MT stability.
Suppression of ITGB3 by these miRNAs may impair focal adhesion formation, reduce endothelial
barrier integrity, and alter MT dynamics, which could contribute to impaired leukocyte
transmigration and angiogenesis. These effects parallel phenotypes observed in B-integrin-
heterozygous or 33-null endothelial cells, further supporting the functional significance of ITGB3
in endothelial homeostasis.(Vreeken et al., 2021). Conversely, miR-133a regulation of /7Ga6
provides insights into its role in maintaining blood-brain barrier (BBB) integrity during
inflammation. miR-133a-5p minimally downregulates /7Gao6 (Figure 4.6), potentially limiting
cell adhesion, while miR-133a-3p upregulates /7Ga6 under TNF-o stimulation, suggesting a
protective feedback mechanism that strengthens BBB integrity during neuroinflammation (Welser
et al., 2017). Furthermore, TNF-a enhances the internalisation and recycling of integrins in lung
endothelial cells, increasing integrin clustering at the cell periphery and their recycling rate despite
constant total surface expression (Gao et al., 2000). TNF-a also induces integrins such as ITGA6
and ITGAI in extravillous trophoblast cells and promotes a1B1 expression while downregulating
avp3 in endothelial cells under cytokine influence (Fukushima et al., 2005; Defilippi et al., 1992).
Our miR-133a findings intersect with these studies, highlighting how miR-133a regulates /7Ga6

and /TGp3, modulating their expression and recycling in response to TNF-a.

Since miR-133a showed a significant impact on regulating cell adhesion molecules, we next

investigated its role in ECM remodelling enzymes and the effects of inflammatory stress.
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Endothelial cells typically interact with the basement membrane, and its disruption is a hallmark
of vascular remodelling in conditions like atherosclerosis. Such changes lead endothelial cells to
interact with other ECM proteins, which can induce migration and influence endothelial
phenotypes, thereby facilitating leukocyte migration and contributing to tissue repair processes
(Ruiz-Torres et al., 2006). MMP-2 plays a multifaceted role in endothelial cell function and
pathology, including its involvement in cleaving big ET-1 to produce ET-1[1-32], which promotes
neutrophil adhesion to endothelial cells by upregulating CD11b/CD18 expression (Fernandez-
Patron et al., 2002). The observed 50% downregulation of MMP-2 expression in endothelial cells
under the influence of miR-133a-5p (Figure 4.7) adds a novel layer to this understanding. This
suppression of MMP-2 could potentially diminish ET-1[1-32] production, thereby reducing
neutrophil adhesion and contributing to a stabilised endothelial barrier. These findings align with
previous observations of progressive MMP-2 suppression during endothelial culture, where MMP-
2 mRNA levels decreased to less than 30% by day 5, coinciding with angiogenic transition and
increased cell-cell contact formation (Kiran et al., 2011). However, the miR-133a-5p effect
suggests an additional regulatory mechanism that extends beyond culture-induced decline,
robustly suppressing MMP-2 across multiple endothelial cell types. This highlights miR-133a-5p's
potential as a critical mediator of endothelial stabilisation by preventing excessive MMP-2 activity.
Moreover, miR-133a-5p's inhibitory effect aligns with studies showing MMP-2 upregulation under
pro-inflammatory conditions like TNF-a exposure or cyclical stretch (Wang et al., 2003). Notably,
MMP-2 expression, significantly elevated in negative control groups, was consistently suppressed
by 50-70% in the presence of miR-133a-5p. This indicates that miR-133a-5p effectively
counteracts TNF-o-induced pro-inflammatory effects, mitigating endothelial dysfunction and

reducing matrix degradation.
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ADAMTS are critical metalloproteinases regulated by diverse stimuli, with their deficiency linked
to immune cell repertoire alterations that foster a pro-inflammatory environment. This
environment influences leukocyte migration and adhesion, particularly during tumour responses
(Rodriguez-Baena et al., 2018). TNF-a has been shown to induce ADAMTS-1 expression in
HUVECs, peaking between 3—6 hours post-stimulation (Lambert et al., 2020). Interestingly, miR-
133a-3p promotes ADAMTS-1 expression under TNF-o stimulation in HUVECs, whereas miR-
133a-5p suppresses it, highlighting a complex posttranscriptional regulation. These results contrast
with shear stress-induced responses reported in previous studies, where sustained upregulation of
ADAMTS-1 in HUVECs was observed through mechano-transduction pathways (6 dyn/cm? for 24
hours) (Hatipoglu et al., 2009). Notably, the transient nature of TNF-a-induced ADAMTS-1
expression, regulated by miR-133a isoforms, underscores distinct pathways and dynamics
compared to the sustained responses driven by mechanical forces. Comparatively, prior studies
have linked ADAMTS-4 expression to ECM remodelling and angiogenic morphogenesis during
HUVEC tubulogenesis, with mRNA levels peaking at 24 hours (Obika et al., 2014). In contrast,
our findings highlight a unique regulation of ADAMTS-4 under inflammatory conditions mediated
by miR-133a-3p and 5p upon TNF-a stimulation. These insights advance our understanding of the

nuanced regulatory mechanisms governing ADAMTS family members under various stimuli.

TIMPs are key regulators of metalloproteinase activity and exhibit metalloproteinase-independent
functions, such as modulating leukocyte-MVEC (Microvascular Endothelial cells) interactions and
promoting MVEC barrier stability. These dual roles suggest that TIMPs help mitigate MVEC
barrier dysfunction through multiple mechanisms (Jayawardena, Kulkarni and Gill, 2019).
Previous studies reported that 7/IMP-1 expression is upregulated in response to TNF-alpha

stimulation, aiding endothelial barrier integrity and cell survival during inflammation (Fairaq et
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al., 2015; Forster et al., 2007). In contrast, our findings demonstrate that miR-133a-3p significantly
suppresses TIMP-1 expression (Figure 4.10), potentially acting as a negative regulator of its
protective effects. This suppression may sensitise endothelial cells to inflammatory damage by
reducing their ability to inhibit MMP activity and stabilise the extracellular matrix (Boulday et al.,
2004). Furthermore, while TIMP-1 has been shown to exhibit context-dependent roles in
angiogenesis, promoting neovascularisation in VEGF-rich environments (Yamadal et al., 2001),
the miR-133a-3p-mediated downregulation could interfere with these processes, potentially
hindering angiogenic responses during tissue repair or pathological angiogenesis. This suppression
may also compromise the biphasic increase in TIMP-1 observed under laminar shear stress
(Uchida and Haas, 2014), further highlighting the impact of miR-133a-3p on the physiological

adaptability of endothelial cells.

TIMP-3 is a key regulator of endothelial barrier integrity and ECM interactions. (Kulkarni et al.,
2020), highlight that TIMP-3 maintains microvascular barrier stability by promoting EC and ECM
interactions, with its absence leading to increased permeability. Prior studies show that miR-21-
5p, elevated in hypertensive ccRCC (Clear cell colorectal cancer), reduces TIMP-3 by suppressing
TGFp receptor 2 (Wang et al., 2023). Similarly, miR-197-3p and miR-221-3p target TIMP-3,
correlating with endothelial dysfunction and microvascular damage (C. Liu et al., 2021; Wang et
al., 2020). In contrast, our findings demonstrate that miR-133a-3p upregulates TIMP-3 (Figure
4.11) in a mechanism distinct from these pathways and independently of TNF-a stimulation. This
suggests that miR-133a-3p represents a unique regulatory mechanism for 7/MP-3, highlighting
the diversity of miRNA-mediated TIMP-3 modulation across pathological conditions.
Additionally, TIMP-3 inhibits TACE, a key TNF-a modulator, and reduces MMP-2 activity,

emphasizing its role in preserving endothelial barrier integrity and countering vascular pathology,
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consistent with (Zhai et al., 2018), which is proved by our results as discussed earlier by miR-133a

by downregulating MMP-2 in endothelial cells (Figure 4.7).

VCAN is expressed in endothelial cells, playing a key role in the extracellular matrix and cell
interactions. In PAH, VCAN accumulates in vascular lesions, promoting smooth muscle cell
proliferation and contributing to vascular remodelling (Chang et al., 2016). In our study, VCAN
mRNA levels remained constant despite the presence of miR-133a, suggesting that miR-133a may
not regulate VCAN at the mRNA level in this specific context. This may occur due to miRNA
degradation, as reported by (Lee et al., 2010), where specific 3' UTR regions of VCAN interact
with certain miRNAs, leading to their degradation. Additionally, VCAN may undergo proteolytic
cleavage by enzymes like ADAMTS-1, generating fragments that localise to endothelial cells
during pathological processes such as angiogenesis, which could also explain the reduced presence
of full-length VCAN in endothelial cells (Fu et al., 2011). This is comparatively related to TNF-a-

induced ADAMTS-1 upregulation mediated by miR-133-3p (Figure 4.8 A).

Further expression analysis demonstrates that miR-133a-5p downregulates COL3A41 expression in
endothelial cells (Figure 4.13), which contrasts with the established understanding that increased
COL3AL expression disrupts endothelial junctions and enhances vascular permeability during
inflammatory responses (da Rosa et al., 2022; Vestweber, 2012). This disruption is further
exacerbated by inflammatory cytokines such as TNF-a, which destabilise endothelial barriers,
promoting increased permeability and leukocyte infiltration (Chaudhry et al., 2022). Additionally,
previous studies have shown that C3a, linked to COL3A41 expression, activates endothelial cells to
upregulate adhesion molecules like VCAM-1 and ICAM-1, both of which are critical for leukocyte
recruitment to inflamed tissues (Wu et al., 2016; Vestweber, 2012). Interestingly, our findings

indicate that miR-133a not only reduces COL3AI expression but also increases ICAM-I

77



expression, which may counteract TNF-a-induced endothelial dysfunction, thereby limiting
leukocyte recruitment and inflammation. Furthermore, CAMs are regulated by TSP-1, which
promotes monocyte recruitment by upregulating VCAM-1 and ICAM-1 through CD47 signalling
(Narizhneva et al., 2005). By targeting and reducing 7SP-/, miR-133a-5p (Figure 4.14) likely
suppresses this recruitment pathway. Additionally, TSP-1 impairs endothelial barrier function by
reorganizing actin and phosphorylating adherens junction proteins, leading to increased
permeability (Goldblum et al., 1999). The data suggest that lowering 7SP-/, and miR-133a-5p
may enhance barrier stability and reduce permeability, thus limiting leukocyte movement across

endothelial layers.

Our study demonstrates that miR-133a plays a significant role in modulating endothelial
inflammation and ECM remodeling by potentially regulating key adhesion molecules and
metalloproteinases (Figure 5.1). This regulation highlights miR-133a's potential to counteract
endothelial activation and improve vascular stability, presenting opportunities for therapeutic

intervention in pathological vascular conditions.
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a on immune cell recruitment and ECM satbility

This figure illustrates TNF-a signaling in endothelial cells, promoting leukocyte adhesion and extracellular matrix
(ECM) degradation. TNF-a binds to TNFR, activating NF-kB, which induces the transcription of inflammatory genes.
miR-133a (3p/5p), transcribed from the miRNA gene, targets inflammatory mRNAs for degradation or inhibition.
miR-133a potentially modulates these processes to inhibit leukocyte binding and maintain ECM stability.

Although this study demonstrated that miR-133a significantly affects cell adhesion molecules

(CAMs) and ECM remodelling, several limitations should be acknowledged. First, while RT-qPCR

is a powerful tool for quantifying mRNA levels, it does not directly measure protein expression or

activity, which is critical for understanding the functional impact of gene expression. For example,

while changes were observed in

mRNA levels for CAMs and ECM-related genes, the

corresponding protein levels and functional activity were not measured, which limits the ability to
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draw definitive conclusions about the physiological relevance of these changes. Additionally, the
selection of reference genes and reverse transcription methods in this study may introduce
variability, as variations in reference gene stability can lead to discrepancies in data normalization

(Yue et al., 2023; Hatakeyama et al., 2022; Brzeszczynska et al., 2020).

Studies suggest that the stability of reference housekeeping genes like HPRT can differ across
endothelial cell types and experimental conditions, highlighting the need for validation against
other stable reference genes. Relying solely on HPRTI could lead to inaccurate normalization, as
gene expression levels may fluctuate due to external factors like substrate stiffness or treatment
conditions. To ensure accurate normalization, it is recommended to combine HPRTI with other
stable reference genes, such as YWHAZ or B2M in endothelial cells (Royer et al., 2018; Chen et
al., 2013; Zyzynska-Granica and Koziak, 2012). Moreover, PCR is typically focused on measuring
a limited set of genes, which may not capture the full complexity of gene regulation or the
interactions between multiple genes and pathways. Restricting the analysis to a small number of
genes might miss important interactions or regulatory networks. To address this, expanding the
analysis to a broader panel of genes or using high-throughput RNA sequencing could provide a
more comprehensive view of gene expression changes (Campos and Freyre-Gonzalez, 2019).
Furthermore, this study focused exclusively on TNF-a as an inflammatory trigger, yet other
cytokines, such as IL-1B and IL-6, also play pivotal roles in inflammation and might have
influenced the observed effects. The role of these cytokines in the regulation of miR-133a and their
contribution to the inflammatory cascade should be considered in future studies to gain a more
comprehensive understanding of the inflammatory network (Tylutka, Walas and Zembron-Lacny,

2024).
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While this study has provided valuable insights into the role of miR-133a in regulating cell
adhesion molecules (CAMs) and extracellular matrix (ECM) remodelling under inflammatory
conditions, several aspects remain to be explored to fully understand its role in vascular
inflammation and atherosclerosis. Future studies should include functional experiments to
investigate the direct impact of miR-133a on endothelial cell behaviour under various pathological
conditions. For instance, incorporating ox-LDL in culture media could provide a more accurate
simulation of the atherosclerotic environment, helping to better understand how miR-133a
modulates endothelial responses in the presence of oxidized lipids, a key factor in plaque formation

(Jiang et al., 2024).

Additionally, given that cell adhesion molecules are surface proteins, advanced flow cytometry
techniques or live-cell imaging could be used to measure the expression and dynamics of CAMs,
such as ICAM-1, VCAM-1, and E-selectin, on the surface of endothelial cells. These methods
would allow for more precise quantification of CAM expression and its role in leukocyte adhesion
and transmigration. Flow-based assays, such as static and dynamic adhesion assays, could also be
employed to assess how miR-133a influences leukocyte adhesion and transmigration in a

controlled, quantifiable manner (Vajen et al., 2018).

Furthermore, varying the dose of miR-133a mimics or inhibitors in endothelial cell cultures could
help identify optimal concentrations for regulating gene expression and modulating inflammatory
pathways. These dosage-response experiments will clarify the dose-dependent effects of miR-133a

on endothelial cells and provide insights into its therapeutic potential (Ahmed et al., 2022).

In addition to expanding the scope of genes analyzed, high-throughput RNA sequencing (RNA-
Seq) should be considered to explore the global gene expression changes induced by miR-133a.

RNA-Seq would provide a more comprehensive and unbiased analysis of miR-133a-regulated
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pathways and identify novel target genes that may not have been captured through traditional PCR-
based approaches. This would allow for the identification of specific signalling pathways involved
in endothelial dysfunction, ECM remodelling, and leukocyte adhesion, which are key processes in
atherosclerosis (Wang, Liu and Kang, 2024). Moreover, pathway analysis through bioinformatics
tools could uncover previously unrecognized molecular interactions and help map the regulatory

networks affected by miR-133a in the context of vascular inflammation.

To further elucidate the molecular mechanisms, future studies should investigate the potential
interactions between miR-133a and other microRNAs or transcription factors that might cooperate
or counteract its effects. The use of gene silencing techniques, such as siRNA or CRISPR-Cas9,
could help confirm the specific targets of miR-133a and its role in regulating complex signalling
pathways in endothelial cells. Additionally, studying miR-133a’s effects across multiple vascular
beds (e.g., Carotid artery and renal artery endothelial cells) could reveal vascular bed-specific
responses to miR-133a, which may be critical for understanding its role in different stages of

atherosclerosis (Szyszka and Skrzypczyk, 2024; Chen et al., 2018).

Finally, developing more complex 3D ECM-based in vitro models that simulate the atherosclerotic
environment, such as co-culture systems or organ-on-a-chip models, would provide a more
physiologically relevant setting to study miR-133a’s role in endothelial inflammation and ECM
remodelling. These models could better mimic the mechanical forces and cell-cell interactions that
occur in vivo, providing deeper insights into miR-133a’s function in the context of atherosclerotic

plaque formation and progression (Chen et al., 2024; Maringanti et al., 2024).

By expanding the experimental scope to include these functional and advanced molecular

techniques, future research will provide a more comprehensive understanding of miR-133a’s
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regulatory role in vascular inflammation, and its potential as a therapeutic target for

atherosclerosis.

In conclusion, this study sheds light on the pivotal role of miR-133a in regulating endothelial
responses during inflammation, with its 3p and 5p strands exerting distinct, context-dependent
effects on endothelial-leukocyte interactions and extracellular matrix remodelling. The findings
highlight the dual roles of miR-133a as both a modulator of inflammatory signalling and a
stabiliser of endothelial function, emphasizing its capacity to influence adhesion processes, matrix
stability, and cellular responses under inflammatory stress. These insights suggest that miR-133a
serves as a critical regulator of endothelial behaviour in response to inflammatory signals, offering
promising therapeutic and diagnostic potential for conditions like atherosclerosis and other
vascular pathologies. Understanding the complex and context-specific regulatory networks
governed by miR-133a provides a foundation for future research into targeted interventions for

vascular inflammation and disease.
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