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Abstract

Author: Maryam Alshamrani

Thesis Title: Sonic hedgehog promotes myogenic differentiation of multipotent
mesenchymal stromal stem cells to vascular smooth muscle cells in vitro

Introduction: Cardiovascular diseases (CVDs) are a major global health concern, often
involving the dysfunction and remodelling of blood vessels. The sonic hedgehog (SHh)
signalling pathway has been implicated in the regulation of vascular cell fate during
development and disease. This study aimed to investigate the role of SHh signalling in the
myogenic differentiation of mesenchymal stem cells (MSCs) and adventitial progenitor cells
(APCs) into vascular smooth muscle cells (SMCs) in vitro.

Methods: Mouse bone marrow-derived MSCs and rat Scal+ adventitial progenitor cells were
cultured and treated with recombinant SHh (r-SHh) protein, as well as SHh pathway
inhibitors cyclopamine, HPI-4, and anti-Patched1 antibody. Cell viability was assessed using
the Alamar Blue assay. The expression of SMC differentiation markers calponin (CNN1) and
myosin heavy chain 11 (MYH11) was evaluated by immunocytochemistry, Western blotting,
and real-time qRT-PCR.

Results: Treatment with r-SHh significantly increased the expression of CNN1 and MYH11
in both MSCs and APCs, as demonstrated by immunocytochemistry and Western blot
analysis. This effect was attenuated by the SHh pathway inhibitors cyclopamine, HPI-4, and
anti-Patched] antibody. Real-time qRT-PCR further confirmed the upregulation of the SHh
target gene Glil and the SMC marker CNNI in response to r-SHh, which was reduced by
cyclopamine treatment.

Discussion and Conclusion: The results of this study indicate that SHh signalling plays a
crucial role in promoting the myogenic differentiation of MSCs and APCs into vascular
SMCs in vitro. Targeting the SHh pathway may offer a potential therapeutic strategy for the
management of cardiovascular diseases characterized by aberrant vascular remodelling.
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Chapter 1: Introduction

1.0 General Overview

Cardiovascular diseases (CVDs) are a collection of many heart illnesses that usually
affect the functionality of the heart and blood vessels. CVD cases are prevalent in developing
and developed countries such as Ireland and the United States. Exposure to risk factors such as
cigarette smoke, high cholesterol levels, high blood pressure, and depression among others may
lead to the development of heart disease. Blood vessels are the most affected by CVD since
they facilitate the transportation of blood and essential material for metabolism to and from
other body organs. The arteries are affected by arteriosclerosis, which is due to rupture of the
inner walls of the vessels thereby leading to their blockage. The body provides mechanisms of
repairing damaged or old intimal cells from numerous sources. Also, the treatment of
arteriosclerosis is based on the genetic factors causing the disease in humans. The morphogen
Hedgehog (Hh) signalling pathway components are significantly up-regulated within diseased
arterial blood vessels of injured mice concomitant with enhanced accumulation of smooth
muscle cells (SMCs); an effect that is attenuated in vivo following Hh receptor depletion. In
this context, Hh signalling is an important regulator of stem cell self-renewal and
differentiation to SMC in vitro.

1.1 CVD statistics in Ireland, the EU, and the US

Cardiovascular diseases (CVD) are widespread in the developed countries and
economic blocs such as the United States, and European Union among others. According to
Bennette (2007), the condition involves blood clot, structural problems, and diseased vessels
of the heart. Also, other heart disorders related to CVD are ischemic and hemorrhagic stroke,
heart valve problems, arrhythmia, and heart failure (Sanchis-Gomar et al., 2016). More than

seventeen million patients die from CVDs per year whereby seven million are due to coronary
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heart disease and six million due to stroke (Benjamin et al., 2017). The high mortality rate is
due to exposure to risk factors such as diabetes and hypertension.

The diseases cause more than thirty percent of all global deaths that are linked to
diseases (Luengo-Fernandez et al., 2006). Stroke and heart disease are the major killers and
challenges to Ireland’s medical department. However, the mortality rate of heart disease has
been reducing over the years with a gap of forty-seven percent due to increased rehabilitation
programmes, seminars, and workshops to educate the public the dangers of cholesterol-rich
products, blood pressure, and smoking to heart’s health (Stock & Redberg, 2012). According
to Bhatnagar et al. (2016), cases of cardiovascular diseases in the European Union have been
increasing due to exposure to risk factors. Conversely, strategies are underway to overcome
the challenge by establishing a mechanism to address the issue such as encouraging practices
that eliminate risk factors. On the other hand, the United States faced high mortalities due to
public use of risky products such as cholesterol oils for cooking (Benjamin et al., 2017). The
country developed measures to prevent the disease such as educating the public on healthy

lifestyles.

1.2 Major Causes of CVD

According to Leon and Maddox (2015), heart disease is the major cause of fatal deaths
especially women and children in the middle class population. In fact, more than 90% of CVD-
linked deaths are caused by a single risk factor. Causes of the diseases include smoking,
depression, weight, family medical history, high blood pressure, diabetes, and high cholesterol
levels (Wang, et al.,2010). Smoking is considered the major cause of heart diseases and high
mortality since cigarettes, cigars, and pipes damage blood vessels, thus reducing the amount of
oxygen that transmit through blood. According to Khan et al. (2015), cigarette smoke stick on

artery walls, which increase chances of forming clots leading to heart attack or stroke.
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High cholesterol levels are prevalent in arteries and they distort the normal flow of
blood. Women are at a higher risk of developing a heart attack or brain disorder due to high
LDL levels that lower the amount of oxygen in the heart (Anand, et al., 2015). Rosano et al.
(2007) show that excessive body inactivity or lack of exercise increases weight around the
stomach, which increase a risk of developing CVD. It is believed that women whose waist
circumference measures more than eighty centimetres are at risk of developing a heart attack.
Other factors that may lead to the development of heart diseases include menopause in women,
ageing, polycystic ovary syndrome, ethnic background, and hypertension among others (Dosi

etal., 2014).

1.3 Structure of the Vessel Wall

According to Moore et al. (2003), blood vessels are tubular and circular structures that
transmit from one location to another in the body of living organisms. There are three types of
blood vessels namely capillaries, veins, and arteries. The arteries transmit oxygen-rich blood
from the heart to other body parts such as the stomach, brain, legs, liver, and kidney except for
the pulmonary artery (Thijssen, Carter, & Green, 2016). Capillaries offer a large surface area
of exchange of material between blood and other body organs and cells. Veins carry blood rich
in waste products such as carbon (IV) oxide to the heart. The vessels have different structures
and components based on their activities to enhance the increased functionality of the body

(Hochauf, Sternitzky, & Schellong, 2007).
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Figure 1: Structure of a typical blood vessel wall. The vessel wall consists of three main layers:
(A) Tunica intima, the innermost layer, composed of endothelial cells and a thin layer of
connective tissue; (B) Tunica media, the middle layer, primarily made up of smooth muscle
cells and elastic fibres; and (C) Tunica externa (also called adventitia), the outermost layer,
consisting mainly of connective tissue. This structure allows blood vessels to maintain blood
pressure and regulate blood flow. (Taken from OpenStax, Anatomy & Physiology. OpenStax
CNX. Aug 1, 2017 http://cnx.org/contents/14fb4ad7-39al-4eee-abbe-3ef2482e¢3e22@8.108

The Cardiovascular System: Blood Vessels and Circulation)

The artery wall is made up of three layers namely tunica intima, tunica media, and
tunica externa (West, et al., 2010). Tunica intima is a squamous epithelium with connective
tissues and elastic fibres at the basement membrane. Tunica adventitia is made up of elastic
connective tissue with collagenous fibres. Tunica media is the thickest and consists of smooth
muscles. On the other hand, the vein wall is composed of the tunica similar to the arteries.
However, veins have thinner walls compared to arteries due to the absence of connective tissues
and smooth muscles (Ramasamy, 2017). Thus, blood in veins has less pressure than in arteries

but the wider space in veins make them hold more than seventy percent of blood at any given
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time. Lastly, the capillaries link arteries to veins through the arterioles and venules respectively.
Skeletal muscles and organs with increased metabolic activities have an extensive network of
capillaries while connective tissue usually lacks capillaries (Pugsley & Tabrizchi, 2000). Figure
1, above, illustrates the typical structure of a blood vessel wall.

1.4 Aectiology of Arteriosclerosis and Atherosclerosis

Arteriosclerosis, also known as atherosclerosis, is a progressive and slow condition that
develops from injuries of the inner walls of the arteries, thus causing them to thicken and stiffen
(Bergheanu, Bodde, & Jukema, 2017). The stiffness slows down the flow of blood of the heart
to other parts of the body, thus decreasing body cells oxygen required for significant metabolic
activities (O"Connor, et al., 2011). Factors that cause the illness include high cholesterol levels,
high blood pressure, triglycerides in the blood, insulin resistance, diabetes, smoking,
inflammations, and obesity among others. Andrus, et al. (2015) show that cholesterol particles
in the blood accumulate on the walls of arteries causing the development of plaques, which
affects cell population in the vessels. It is believed that prolonged plaque formation without
treatment may lead to their rupture and form blood clots that prevent the flow of blood. Figure

2 illustrates the difference between a normal artery and one affected by atherosclerosis.

Artery Wall Blood Clot
Endothelium

Normal Artery Diseased Artery

Figure 2: Comparison between a normal human artery (left) and an artery affected by
atherosclerosis (right). In the normal artery, blood flows freely through a clear lumen. The
atherosclerotic artery shows significant narrowing due to the build-up of plaque, which

consists of cholesterol, fatty substances, cellular waste products, calcium, and fibrin. This
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narrowing restricts blood flow and can lead to serious cardiovascular events. (Taken from

Blausen.com staff (2014). "Medical gallery of Blausen Medical 2014". WikiJournal of

Medicinel (2). DOI:10.15347/wjm/2014.010. ISSN 2002-4436. - Own work)

According to Hurst, Kendall, and Khandheria (2007), intimal-media thickening (IMT)
is a marker of arteriosclerosis that is used to measure the thickness of tunica media and tunica
intima. The IMT is measured through invasive ultrasound catheters, external ultrasound as well
as several other imaging modalities. Yelle (2002) shows that IMT values that are higher than
75 percentile (ASE) or 0.9 mm (ESC) are abnormal and the individuals require an immediate
checkup and diagnosis. On that note, carotid artery ultrasound scan provides reliable results for
the treatment of patients with atherosclerosis. However, the scan leads to increased chance of
development of familial hypercholesterolemia, rheumatoid arthritis, type 2 diabetes, air
pollution, high-density lipoprotein cholesterol (HDL-C) triglycerides, and non-alcoholic fatty
liver disease among others (Cobble & Bale, 2010).

The excessive accumulation of vascular smooth muscle cells (SMC) in arteries leads to
the proliferation and worsening of heart diseases such as arteriosclerosis, pulmonary
hypertension, inflammation, and restenosis among others (Simova, 2012). According to
Rudijanto (2007), the vascular SMC-like cells conduct myosin-actin interactions, thus acting
as stromal cells for regulating blood pressure and arterial contractile tonus. It is evident that
VSMCs secrete insoluble extracellular matrix (ECM) that withstands blood pressure in the
arteries (Chistiakov, Orekhov, & Bobryshev, 2015). VSMCs plasticity and chromatin
remodelling change DNA accessibility to transcription factors, which involves myocardia,
P300, Kruppel-like factor 4, and serum responsive factor (Bennett, Sinha, & Owens, 2016).

Figure 3 provides a detailed view of the different cell populations within the vessel wall
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Figure 3: Cross-section of a vessel wall showing different cell populations. The diagram
illustrates the three main layers of the vessel wall: intima, media, and adventitia. Key cell types
are highlighted, including endothelial cells lining the lumen, smooth muscle cells in the media,
and fibroblasts in the adventitia. The figure also shows the presence of vasa vasorum in the
adventitia, which are small blood vessels that supply the vessel wall itself. (Taken from Zhao
et al,Vascular nitric oxide: Beyond eNOS, Journal of Pharmacological Sciences,Volume 129,

Issue 2, 2015, Pages 83-94, ISSN 1347-8613,

1.5 Stem Cells

1.5.1 General Overview

According to Biehl and Russell (2009), a stem cell is an undifferentiated cell of
eukaryotes that give rise to cells of the same kind. They are essential in the development of
tissues to repair the internal system and replenish other cells. The cell can remain as a stem cell
or become a specialised one with specific functions such as red blood cell, muscle cell, or brain
cell among others (Biehl & Russell, 2009). Stem cells are unspecialised and can renew
themselves through cell division after a long inactivity period. According to Hotkar and
Balinsky (2012), the cells can also be induced through certain conditions to become specific to

organs or tissues.
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It is important to note that the division of stem cells relies on the actual organs they are
acting upon (Baker & Bruno, 2016). For instance, they are used to replace or repair damage to
bone marrow and gut cells. They are also used in regenerating new cells in the pancreas and
heart under special conditions (Faiella & Atoui, 2016). The ability of stem cells to divide plays
a crucial role in enhancing growth and development of infants as well as increasing
functionality of adult human cells in the body. According to Hotkar and Balinsky (2012), the
inner cells of a blastocyst can give rise to any type of cells, tissue, or organ in the body such as
lungs and heart among others.

1.5.2 Types of Stem Cells

There are numerous types of stem cells used in the regeneration of cells, tissues, and
organs in living organisms (Baker & Bruno, 2016). The cells enhance growth and
differentiation as well as the provision of cells that generate essential body organ, which usually
grows up to adulthood (Faiella & Atoui, 2016). According to Hotkar and Balinsky (2012),
essential stem cells include embryonic, the tissue-specific, mesenchymal, and induced
pluripotent stem cells among others. First, the embryonic stem cells are acquired from the inner
parts of a blastocyst. It is believed that the inner cells of a blastocyst divide and gives rise to
new specialised cells that form organs and tissues of the body (Faiella & Atoui, 2016).
However, the cells are grown in vitro conditions to maintain their properties, thus becoming
stem cells. These cells are pluripotent but cannot give rise to umbilical cord and placenta (Biehl
& Russell, 2009). They provide resources for understanding the development of diseases in
humans and conducting therapeutic tests.

Second, the induced pluripotent stem cells (iPS) are cells developed in vitro to give rise
to cells that behave the same way as embryonic stem cells (Faiella & Atoui, 2016). On that
note, it is clear that the cells help in understanding disease prevalence, testing new drugs, and

progression and development of ailments. According to Larijani et al. (2012), iPS cells can
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give rise to any kind of cell in the body, which makes them crucial in medical treatments Figure
4 provides an overview of different types of stem cells and their potential applications in
regenerative medicine and research. Third, the tissue-specific stem cells are also referred to as
somatic stem cells and have specialised functions. According to Biehl and Russell (2009), the
cells help in generating new cells in an organ in which they reside. For instance, hematopoietic

stem cells in the bone marrow give rise to white and red blood cells as well as platelets.

Induced Pluripotent Embryonic Mesenchymal
Stem Cells Stem Cells Stem Cells
(iPSCs) (ESCs) {MSCs)

e

Endoderm Ectoderm Mesoderm
; k. - i
Lung, Meural tissue, b .
Gut, Hair Bone Cartilage
Liver, Skil"l W =
Pancreas S = :
Fat Muscle

Figure 4: Overview of different types of stem cells and their potential applications. The figure
illustrates the progression from totipotent stem cells (capable of forming all cell types including
extra-embryonic tissues) to pluripotent stem cells (embryonic stem cells and induced
pluripotent stem cells), and finally to multipotent stem cells (such as mesenchymal stem cells).
Each type of stem cell is shown with its differentiation potential and possible therapeutic
applications, including tissue regeneration, drug discovery, and disease modelling. (Taken
from Stem cell therapies for treating osteoarthritis: prescient or premature?

Deanne J. Whitworth, Tania A. Banks Vet J. 2014 Dec; 202(3): 416-424)

Lastly, the mesenchymal stem cells (MSCs) are prevalent in a connective tissue that

surrounds organs and tissues in the body called stroma (Sylvester & Longaker, 2004). It is clear
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that bone marrow offered the first stromal cells, which are used in the regeneration of fat,
cartilage, and bone cells. The cells are believed to have immunomodulatory properties and stem
cell characteristics, which boosts their usage in the medical field for diagnosis and treatment
of arterial infections (Watt & Driskell, 2010). According to Nguyen, Rhee, and Wu (2016), the
MSCs differ based on their use, characteristics, origin, and impact on the body of living
organisms. Therefore, the application requires ultimate care to ensure the selected cells meet
the required goals.

1.5.3 Resident Vascular Stem Cells

The resident vascular stem cells are the MSCs that are prevalent in adult tissues and
within blood vessels. According to Hotkar and Balinsky (2012), the common vascular stem
cells (VSCs) populations include adventitial progenitor cells (APCs) and pericytes among
others. The evidence of pericytes rely on pericyte-specific markers. However, the pericytes are
sophisticated and functionally diversified to possess a large differentiation capacity (Sun et al.,

2016).
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Figure 5: Illustration of vascular resident stem cell migration and differentiation. The figure
shows how resident vascular stem cells, including pericytes and adventitial progenitor cells,

can be activated in response to vascular injury or disease. These cells can migrate to the site of
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injury and differentiate into various cell types including smooth muscle cells, endothelial cells,
and fibroblasts, contributing to vascular repair and remodelling. The diagram also highlights
the paracrine effects of these cells, which can influence the behaviour of surrounding cells and
tissues. (Taken from Xie, Yao et al. “Vascular Regeneration by Stem/Progenitor

Cells.” Arteriosclerosis, thrombosis, and vascular biology 36 5 (2016): €33-40.)

On the contrary, APCs are more naive functionally and tend to be the best MSCs. The
cells are induced in vitro to divide into endothelial cells, SMCs, and MSCs (Faiella & Atoui,
2016). It is important to note that the resident VSCs have paracrine capacity that maintains
tissue homeostasis and encourages differentiation and replication of MSCs. The vascular
system is crucial in maintaining tissue homeostasis and response to injuries. The endothelial
cells are heterogeneous in terms of cell surface expression, self-renewal, and proliferation
capacity (Perin, 2006). Figure 5 illustrates the process of vascular resident stem cell migration

and differentiation in response to vascular injury or disease.

1.6 Hedgehog Signalling

1.6.1 Morphogen, History, and Biology

According to Taipale et al. (2002), hedgehog signalling is a medical pathway that
utilises morphogen such as sonic hedgehog to direct patterning, cell division, differentiation,
and development of embryos. The morphogen is encoded for by sonic hedgehog gene (SHh),
which is found in chromosome 7 in humans. According to Lee et al. (2001), the hedgehog gene
(Hh) was discovered in Drosophila melanogaster in the early 1980s. The mammalian
signalling pathway is composed of the SHh, deserat hedgehog (DHH), and Indian hedgehog
(IHH). SHh is crucial in human organogenesis, which the Wolpert’s model describes as the

best morphogen (Varjosalo & Taipale, 2007; Bijlsma, et al., 2006; Pan & Zhou, 2012). The
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model involves diffusing molecules that form a concentration gradient, which affects
embryonic cells differently.

The ligand is translated as ~45kDa precursor that undergoes autocatalytic processing to release
a ~20kDa N-terminal and a ~25kDa C-terminal (Rimkus et al., 2016; Choudhry, et al., 2014).
It is important to note that SHh binds to Patched-1 (PTCH1) receptor, which inhibits the
activity of the Smoothened (SMO) protein.

According to Lu, Wang, and Shen (2017); and Paulis et al., (2015), there are numerous Hh
mechanisms that involve co-receptors, receptors, downstream Gli signalling, and adaptor
proteins. Sonic hedgehog is the most studied ligand pathway present in most vertebrates. Figure

6 illustrates the key components and mechanisms of the Sonic Hedgehog signalling pathway

Figure 6: Schematic representation of the Sonic Hedgehog (Shh) signaling pathway. In the
absence of Shh ligand (left panel), Patched (Ptch) inhibits Smoothened (Smo), leading to the
proteolytic processing of Gli transcription factors into repressor forms (GliR). When Shh binds
to Ptch (right panel), the inhibition on Smo is relieved, allowing it to activate full-length Gli
proteins (GliA), which then enter the nucleus to activate target gene transcription. Key proteins
involved in this pathway include Shh, Ptch, Smo, Suppressor of Fused (SuFu), and
Glil/2/3.(Taken from Hu et al, Molecular Pharmacology February1,2015, 87 (2) 174-

182; DOI: https://doi.org/10.1124/mol.114.095141)
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1.6.2 Importance to Vascular Development

Vascular development is the formation of blood vessels in humans, which is initiated
by a primary capillary plexus to definitive vasculature (Hooper & Scott, 2005). It is believed
that growth regulation and emergent of vascular development in a blood vessel is a complex
mechanism, which is yet to be understood. Incardona, Gruenberg, and Roelink (2002) show
that signalling pathways and growth factors are significant in the development of definitive
vasculature. It is important to note that Hh signalling to certain parts such as cardiomyoblast
and perivascular cells are essential for the growth and development of coronary veins and
arteries respectively. In fact, Hh signalling is a conserved mechanism that addresses embryonic
development in many organs and regeneration of cells and tissues after injuries (Lee, Zhao, &
Ingham, 2016).
1.6.3 Signalling pathway and hedgehog signalling in CVD models

According to Pan and Zhou (2012), the Hh protein leads to the activation of classical
ligand-dependent signalling transduction in the development of cardiovascular diseases. The
inflammation and expression of hypoxia-induced factor-1 (HIF-1) in ischemic tissues usually
activates the SHh signalling cascade in a Gli-dependent manner (Pan & Zhou,2012). The
activation of the signalling pathway promotes EPCs, MSCs, and myocardial progenitors
thereby differentiating into cardiomocytes. Resident stem cells play a crucial role in
remodelling and vascular formation in physiological conditions. Vascular stem cells are
inactive in their niches; however, they are activated to participate in SMCs accumulation and
endothelial layer to form neointima (Zhang, et al., 2018). Figure 7 provides a detailed view of

the Sonic Hedgehog receptors and co-receptors involved in initiating the signalling cascade.
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Figure 7: Diagram showing Sonic Hedgehog receptors and co-receptors. The primary
receptor Patched1 (Ptchl) and co-receptors including Cell adhesion molecule-related/down-
regulated by oncogenes (Cdo), Brother of Cdo (Boc), and Growth arrest-specific 1 (Gasl) are
depicted. The figure illustrates how these receptors interact with the Sonic Hedgehog (Shh)
ligand on the cell surface, initiating the signaling cascade that ultimately leads to the
activation of Gli transcription factors and subsequent gene expression changes. (Taken from
Pandolfi S, Stecca B. Cooperative integration between HEDGEHOG-GLI signalling and
other oncogenic pathways: implications for cancer therapy. Expert Reviews in Molecular

Medicine. 2015;17:€5.

1.6.4 Hedgehog Control of Stem Cell Fate

The Hh pathway is a crucial morphogen regulator of activities during embryo
development and regulation of stem cell self-renewal (Tigges, Komatsu, & Stallcup, 2013). It
is evident that the establishment of adventitious progenitors and resident multipotent vascular
stem cells enhanced the understanding of origin of vascular smooth muscle cells during lesion
formation, repair of injured or worn out vessels, and cardiovascular disease progression
(Mooney, et al., 2015). The components of Notch and Hh signalling pathways have a putative

role in the differentiation of vascular stem cells to vascular lineages. According to Mooney, et
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al. (2015), the Hh pathway is a transcriptional machinery that enhances ischemia-induced
postnatal neovascularisation, early vascular development, as well as the formation of
muscularised blood vessels.

According to Infante et al. (2015), Hh signalling is advantageous in the treatment of
cancer due to its aberrant activation capabilities. The activation of SMO downstream Hh
signalling and drug resistance influences the inactivation of SMO inhibitors (Villavicencio,
Walterhouse, & Ilannaccone, 2000; Hui & Angers, 2011). Also, the targeting of glioma-
associated oncogenes (Gli) proteins, which are isolated from the glioblastoma cells in humans,
determines the cell fate in Hh signalling pathway. Aza-Blanc et al. (2000) show that the Gli
effectors offer a promising and futuristic strategy in the fight against cancer tumours that
depend on the hedgehog pathway. In addition, the recognition and determination of the
structural requirements of the interaction between DNA and Gli factors in humans are crucial
in drug discovery and treatment of cardiovascular diseases (Ruiz et al., 2002; Lovrics et al.,
2014).

According to Jiang et al. (2006), the Gli transcription factors translate the concentration
gradient of SHh to different fates through a complex regulatory network. The Gli factors bind
to Gli responsive genes and interact with the new transcription complex, thus facilitating the
inhibition or activation of transcription in humans (Wang et al., 2010). It is important to note
that transcription is initiated through the zinc finger domains in DNA that binds consensus
sequences on specific genes to suppress of activating transcription (Merchant, et al.,2010;
Jacob & Briscoe, 2003). Proteins that enable the Gli factors inhibition or activation of gene
transcription include Missing in Metastasis (MIM/BEG4) and human TFIID TATA box-
binding proteins. Lastly, the synergistic action of MIM and Gli proteins induces epidermal

growth and Shh grafts (Passman et al., 2008).
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According to Lavine, et al. (2008), a colocalisation of hedgehog responsive cells in the
adventitial areas of vessels is in conjunction with recapitulation of Notch and Hh in the medial
layer. The medial layer concomitant appears as stem cells arising from smooth muscle cells
after an injury to the vessels. Huang and Kalderon (2014) show that a hedgehog-Nitch stem
cell population regenerates neointimal muscle cells to support formation of neointimal and
vascular remodelling as the disease progresses. Local inhibition of Hh-Notch axis attenuates
the generation SMCs in CVD models of vascular injury and controls the fate of vascular cell

after an injury (Wagers, 2012).

1.7 Source of Intimal Cells Following Injury

1.7.1 Dedifferentiation of Contractile Smooth Muscle Cells

Numerous molecular transitions characterise the differentiation of smooth muscle cells,
which involves an increase in cytoskeletal proteins and contractile apparatus such caldesmon,
calponin, myosin heavy chain, and alpha-smooth muscle actin (Chen et al., 2016a). The
differentiation also leads to a decrease in the expression of proteins such as fibronectin splice
variants with extra domains A (EDA) and B (EDB). The dedifferentiation of contractile SMCs
offers new intimal cells after an injury to an artery (Chang, et al., 2014). The SMCs are found
in the inner intima, which has high expressions of EDA and EDB as well as a low expression
of contractile and cytoskeletal protein. The inner intima exhibits progressive intimal thickening
that involves generation of new cells in areas of cytolytic necrosis (Chen et al., 2016b).
1.7.2 Bone Marrow-Derived Stem Cells that Undergo Myogenic Differentiation

Smooth muscle cells and SMC-like cells such as intimal cells can be regenerated
through transdifferentiation of endothelial cells, vascular resident stem cells, bone marrow
cells, and adventitial fibroblasts (Westerweel & Verhaar, 2008). Bone marrow (BM)
progenitors have the capability of differentiating into SMC, which is essential for vascular

remodelling and angiogenesis. The intimal cells are derived from SMC acquired from the bone
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marrow and haematopoietic stem cells. Neointimal SMCs present in chimeric scenarios and
transgenic bone marrow are derived from haematopoietic stem cells (Xynos et al., 2010). Galli,
Vitale, & Vaccarezza (2014) show that lineage tracing and confocal studies indicate that some
SMC-like cells from the bone marrow and atherosclerotic lesions do not have a haematopoietic
origin.
1.7.3 Resident Vascular Stem Cell that Undergo Myogenic Differentiation

The intimal accumulation of SMCs favours progression and development of restenosis
and atherosclerotic lesions. The resident vascular stem cell dedifferentiates, migrate, and
proliferate from the tunica media to the intima (Lin & Lue, 2013). Stem antigen-expressing
cells are abundant in the vascular lesions, which are not easy to detect in the tunica media.
Therefore, it is clear that resident stem cells may be accumulated in the neointima, whereby
they may cause lesions. The contribution of vascular stem cells in remodelling has positive as
well as negative effects on plaque stabilization (Lin & Lue, 2013). Resident vascular stem cell
undergoes myogenesis to regenerate cells and tissues that overcomes degenerative muscle
diseases (Lin & Lue, 2013; Zhang et al., 2018). The stem cells reprogram their fate and usually
enter a myogenic pathway that facilitates regeneration of new intimal cells after destruction.
1.7.4 Endothelial-mesenchymal Stem Cell Transition (EndMT) that Undergo
Myogenic Differentiation

According to Dejana, Hirschi, and Simons (2017), the endothelial cells show crucial
phenotypic variability prevalent in the cardiovascular system such as the plasticity of
endothelial-to-mesenchymal transition (EndMT). The cells are crucial in the regeneration of
intimal cells after a rupture, whereby they lose cell-cell junctions due to VE-cadherin, which
leads to the acquisition of migratory and invasive properties (Lin, Wang, and Zhang, 2012). In
addition, they gain mesenchymal markers and lose numerous endothelial markers (Coll-

Bonfill, et al., 2015). EndMT undergoes myogenic differentiation, which leads to the formation
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of neointimal cells. TGF-P signalling activation dedifferentiates the endothelial cells to acquire

SMC-like and mesenchymal phenotype (Souilhol et al., 2018).
1.8 Treatment of Atherosclerosis

Arteriosclerosis is a life-threatening condition that affects blood flow in arteries and is
indicated by decreased blood pressure in the affected areas, weak pulse in the arteries, as well
as bruits on the vessels (Martinez-Rubio & Pamias, 2017). Treatment involves undergoing
medical tests such as Doppler ultrasound, blood test, ankle-brachial index, stress test,
electrocardiogram, angiogram, and cardiac catheterisation among others. According to Insull
(2009), treatment for the disorder involves lifestyle changes such as regular exercising and
healthy dieting and maintaining hand hygiene. Nonetheless, the medical specialist may prefer
surgical or medical procedure based on the severity of the condition.

According to Klingenberg and Hansson (2009), the medication involves prescription of
drugs that may lower or reverse the effects of the disorder. Essential drugs include cholesterol
medications, beta-blocker, anti-platelet, calcium channel blockers, diuretics, and angiotensin-
converting enzyme inhibitors among others. Cholesterol medications lower the low-density
lipoprotein (LDL) cholesterol and enhance the high-density lipoprotein (HDL) cholesterol
(Muhlestein, 2003). Lowering LDL levels promote reversing the fatty deposits in the vessels
through the use of drugs such as fibrates and statins, which prevents atherosclerosis. Anti-
platelet drugs such as aspirin help in preventing clumping of platelets in arteries, thus lowering
the risk of blood clot (Giacoppo et al.,2015). On the other hand, beta-blockers lower blood
pressure and heart rate, thus reducing chances of developing heart rhythm problems and attack
(Kalanuria, Nyquist, & Ling, 2012). In addition, the application of ACE inhibitors, calcium
channel blockers, and water pills known as diuretics lowers the risk of developing high blood

pressure (Spence, 2016).
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It is important to note that some medical devices are used in the medication and
surgeries for cardiovascular diseases (Lewis, 2009). Devices prevalent in the diagnosis and
treatment of heart disease include imaging machines, implantable devices such as fit
pacemakers, Cardioverter Defibrillators (ICDs) and cardiac resynchronisation therapy
(CRT) devices, MRI scanners, and cardiac resynchronisation therapy (CRT) pacemakers
among others (Riccioni & Sblendorio, 2012). Buccheri et al. (2016) show that the left
ventricular assist devices (LVADs) are the mainly used devices for heart disease to support the
functionality of the heart until a donor's heart is available for transplantation.

Restenosis is the continuous narrowing of blood vessels usually arteries thus restricting
the flow of blood from the heart to other body parts (Byrne, Joner, & Kastrati, 2015). The
treatment and management of in-stent restenosis (ISR) is a clinical challenge that is
complicated by recurrences, thus leading to prolonged clinical treatments. According to Akin
and Nienaber (2015), bare-metal ISR is used in the treatment but patients with drug-eluting
stents (DES) also suffer from the ISR. Diagnosis and treatment are done through catheterisation
and tests such as optical coherence tomography (OCT) and intravascular ultrasound (IVUS)
(Hamid & Coltart, 2007). Also, angioplasty is an essential treatment technique for arteries as

1t widens the lumen and increases blood flow.
1.9 Genetics of Arteriosclerosis

Hedgehog signalling is a medical pathway that transmits information to cells for the
division, differentiation, and growth (Wang et al., 2004; Sing, Stengard, & Kardia, 2003; Biros,
Karan, & Golledge, 2008). It is important to note that different embryonic sections have
different signalling proteins associated with numerous diseases such as basal cell carcinoma
and cardiovascular diseases. According to Lander (2011), arteriosclerosis has multiple
environmental and genetic contributions in causing stroke and artery diseases. There are

genetic and non-genetic risk factors for heart disease, whereby family history is considered the
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most crucial risk factor. Thus, diseases associated with CVD such as familial
hypercholesterolemia (FH) avails little explanation on the susceptibility of heart disease (Holdt
& Teupser, 2012).

According to Lusis et al. (2005), arteriosclerosis emerges from interactions of
environmental and genetic factors, which usually cannot cause the disease as a single entity.
More than ninety percent of Atrioventricular septal defects (AVSDs) cases require rapid and
regular screening and surgery to overcome the detrimental effects of the condition. Peden et al.
(2011) show that cilia-required sonic hedgehog (Shh) signalling drives atrioventricular
septation. It is evident that the GLI family of transcription factors (TFs) transduces Hh
signalling in patients with arteriosclerosis. According to Hansson (2005), the cardiogenic TF
TBXS5 and GLI TFs conduct a genetic interaction, which shows the activities of cardiogenic
TFs and Hh signalling-dependent GLI TFs in gene regulatory of atrioventricular septation to
determine the molecular basis of cardiovascular diseases.

In addition, Single Nucleotide Polymorphisms (SNPs) shows the alterations in DNA
sequence at a single nucleotide position (Salazar et al., 2000). It is important to note that the
alteration can be due to insertion, deletion, or changes in the base pairs, which is usually
detected through recognition of restriction sites. SNP analysis of arteriosclerosis in arteries can
be conducted through sequence-specific oligonucleotide (SSO) hybridization, hybridization
array technologies, or reverse dot blot analysis (Musunuru & Kathiresan, 2010). The use of
SNP helps in determination of ruptured arteries since they are numerous in mammalian
genomes, easy to achieve robust multiplex amplification, and presence of many techniques of
identifying SNPs (Wang et al., 2004; Kovacic & Bakran, 2012). This helps in the treatment

and analysis of the genetic basis of cardiovascular diseases.
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Aims of the study

The aims of the study are;

e To determine the effect of hedgehog inhibitors, cyclopamine and HPI-4 on bone
marrow derived mesenchymal stem cells (MSCs) viability and growth in vitro.

e To determine the effects of recombinant sonic hedgehog on myogenic differentiation
of bone marrow derived mesenchymal stem cells (MSCs)to SMC in vitro by
examining the expression of SMC differentiation markers (calponin 1; Cnnl and
myosin heavy chain 11: Myhl1) in the absence or presence of smoothened inhibitor
(cyclopamine), Gli inhibitor (HPI-4) and an anti-ptchl receptor antibody.

e To determine the effects of recombinant sonic hedgehog on myogenic differentiation
of resident vascular stem cells (rat adventitial Scal+ MSC-like cells)
to SMC in vitro by examining the expression of SMC differentiation markers (calponin
I; Cnnl and myosin heavy chain 11: Myh11) in the absence or presence of smoothened

inhibitor (cyclopamine), Gli inhibitor (HPI-4) and an anti-ptchl receptor antibody.
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Chapter 2: Materials and Methods

2.1.1Materials
Materials supplementary document is attached separately.

2.1.2Methods

2.2 Cell Culture

Sterile Bio air 2000MAC laminar flow cabinet was used to carry out cell culture work.
2.2.1 Culture of Mouse mesenchymal stem cells (mMSC)

mMSC cell line was purchased from Invitrogen Gibco Cat No. S1502-100. The cells
were cultured in MEM-alpha Gibco medium with GlutaMAX-1 supplemented with 10% fetal
bovine serum (FBS) MSC Qualified, and Gentamicin Spug/mL, and maintained in a 37°C
humidified atmosphere of 5% CO2 /95% air using a Hera water jacketed cell culture incubator.
The cells were cultured between passages 8-15 in 75cm2 and 25c¢m?2 flasks and were routinely
fed every 2-3 days. Sub-culturing of the cells was carried out at 80-90% confluency by using
25% dilution of TrypleE.
2.2.2 Culture of Rat Scal+ Adventitial progenitor cells (rAPCs)

rAPC cells were isolated from the adventitial layer of the rat blood vessels. Scal+ cells
were isolated using EasySep™ Mouse SCA1 Positive Selection Kit.

2.2.3 Cell Counting:

Cell counting was carried out using haemocytometer in terms of obtaining the number
of viable cells. 1:1 of cells suspension was mixed gently with Trypan Blue, so 20ul of cells
suspension with 20ul of Trypan Blue. 20ul of that suspension was added slowly and

deliberately into the counting chambers under the coverslip.
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Figure 8: Haemocytometer cell counting slide.

Viable cells will appear bright under the microscope because they do not take up the dye. Four
of the chambers were counted, and the total number was divided by 4, and that’s number

multiply by dilution factor and 10”4 to obtain the number of cells/mL.
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Figure 9: The 4 chambers of Haemocytometer cell counting slide

2.2.4 Cell Line Authentication and Mycoplasma Testing

The mMSC cell line (Invitrogen Gibco, Cat No. S1502-100) and rAPC cells were
authenticated using Short Tandem Repeat (STR) profiling performed by ATCC's Cell Line
Authentication Service. The STR profiles of these cell lines were compared to known profiles
in the ATCC database to confirm their identity. Mycoplasma testing was performed monthly

using the MycoAlert Mycoplasma Detection Kit (Lonza, Cat No. LT07-318). Briefly, 2 mL of
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cell culture supernatant was centrifuged at 200 x g for 5 minutes. 100 pL of the supernatant
was transferred to a luminescence-compatible 96-well plate, and the assay was performed
according to the manufacturer's instructions. Luminescence was measured using a GloMax
Navigator Microplate Luminometer (Promega). A ratio of B/A > 1 indicated mycoplasma
contamination. All cell lines used in this study tested negative for mycoplasma contamination.
2.2.5 Cryogenic Cell Storage

Cells were stored in liquid nitrogen cryo-freezer unit -196°C for long-term
maintenance. Cells were trypsinised from the flask, centrifuged for 5 minutes at 1000 rpm, and
the pellet was resuspended in freeze down media which was consisted of fresh media, FBS and
DMSO. The final concentration depends on companies’ recommendation. The suspension was
then transferred to sterile cryovials and frozen at -80°C at the rate of —1°C/minute using a Mr
Freeze® cryo-freezing container overnight and later transferred to a cryo-freezer unit.

2.2.6 Recovery of Cells

Cells were thawed quickly at 37°C and resuspended in growth medium, centrifuge it
for 5 minutes at 1000 rpm, and the cell pellet was resuspended in fresh medium and transferred
to a culture flask.

2.3 Alamar Blue assay:

The Alamar Blue assay was used to assess cell viability and proliferation, based on the
ability of metabolically active cells to reduce the Alamar Blue reagent, resulting in a
colorimetric change that can be quantified.

2.3.1 Cell Seeding and Treatment

Cells (mMSCs or rAPCs) were seeded in 96-well plates at a density of 5 x 10? cells per
well in 100 pL of complete growth medium. The plates were incubated at 37°C in a humidified
atmosphere of 5% CO: for 24 hours to allow cell attachment. After 24 hours, the medium was

replaced with fresh medium containing the test compounds or growth factors.
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Control wells received an equivalent volume of the vehicle (0.1% DMSO) used to dissolve the
test compounds. Each condition was tested in triplicate.
2.3.2 Alamar Blue Addition and Incubation

After 48 hours of treatment, 10 uL of Alamar Blue reagent (10% of the culture volume)
was added to each well, including control wells containing medium only (no cells). The plates
were gently shaken to ensure mixing and then incubated at 37°C in the dark for 4 hours.
2.3.3 Fluorescence Measurement

Following the 4-hour incubation, fluorescence was measured using a T-can plate reader
(Tecan, Switzerland) with excitation at 540 nm and emission at 590 nm. The plate reader was
set to read from the bottom of the plates with an optimal gain.

2.3.4 Data Analysis

The fluorescence values were exported to Microsoft Excel for analysis. The average
fluorescence of the medium-only control wells was subtracted from all other values to account
for background fluorescence. Cell viability was calculated as a percentage of the untreated
control cells using the following formula: % Viability = (Fluorescence of treated cells /
Fluorescence of untreated control cells) x 100. For proliferation studies, a standard curve was
generated by plating known numbers of cells (ranging from 1 x 10° to 5 x 10* cells per well)
and measuring their fluorescence after 4 hours of Alamar Blue incubation. This standard curve
was used to estimate cell numbers in treated wells. Data from at least three independent
experiments were analysed using Microsoft Excel. One-way ANOVA followed by Dunnett's
multiple comparisons test was used to determine statistical significance between treated groups

and the untreated control. P-values < 0.05 were considered statistically significant.
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Figure 10: Schematic representation of the Alamar Blue assay procedure. (A) Cells are seeded
in 96-well plates and treated with test compounds. (B) Alamar Blue reagent is added to the
wells and incubated for 4 hours. (C) The plate is read using a fluorescence plate reader. (D)
Representative fluorescence data showing the metabolic activity of treated cells for 48 hours.
Data are presented as mean + SEM of three independent experiments, each performed in
triplicate. Statistical significance was determined by one-way ANOVA followed by Dunnett's
multiple comparisons test. *p < 0.05, **p < 0.01 compared to untreated control. (Taken from

Thermo scientific protocol).

2.4 Immunocytochemistry

Sterile coverslips were prepared by sterilizing them in IMS for 2 hours and washed up
to 5 times in sterile PBS, and then they were placed into a 6-well plate, each coverslip in a well.
For clear and best visualisation cells were seeded at low density (1-5,000 cells/well) the
required volume of cells suspension was added on top of the sterile coverslip. The next day the
medium was removed and the required medium which was composed of drugs, growth factors,
peptide or maintenance medium was added to the seeded cells and left in the incubator for the
long of period desired. After the treatment time was finished, the medium was removed and
cells were washed with PBS, and fixed by using 3.7% of formaldehyde for 15 minutes at room

temperature. Cells were permeabilized for intracellular staining using 0.025% Triton X-100 for
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10-15 minutes. Cells were blocked for non-specific binding sites using blocking buffer which
was composed of 5% BSA and 0.3M glycine in 1% Tween PBS solution for 1 hour at room
temperature.

The primary antibody was prepared by diluting it in blocking buffer at the appropriate
concentration depends on companies’ recommendation, and added to the coverslips. ImL of
the dilution was sufficient to cover coverslips; however, 500uL. was adequate as well. Cells
were left overnight at 4°C to allow the primary antibody to bind. The next day, the primary
antibody was removed and cells were washed up 3 times with PBS. The secondary antibody
was diluted in the blocking buffer at the appropriate concentration, for (Alexa Fluor 488) dye
labelling, 1:1000 concentration is sufficient. The secondary antibody was added to the wells
and incubated for lhr at room temperature. The secondary antibody was then removed and
cells were washed up 3 times with PBS as per previous step. Cells nuclei were stained using
DAPI with a concentration of (1:1000) and incubated for 15 minutes at room temperature.
DAPI was removed and cells were washed up 3 times. The coverslips were mounted onto slides
after applying mounting media to slides. 5 images were taken per sample at different
magnifications.

Image Acquisition and Analysis

For each treatment condition, five random fields were imaged using a Nikon E100
Fluorescence Microscope, with images captured at 20x magnification using the following filter
sets: DAPI (excitation 365 nm, emission 445/50 nm), and FITC (excitation 470/40 nm,
emission 525/50 nm. For each field, z-stack images (0.5 um intervals, 10 slices) were acquired
to ensure all cellular structures were captured. Thereafter, the images were processed using
ImageJ (NIH) software. For each treatment, at least 100 cells across the five fields were

analysed for fluorescence intensity and morphological changes.

41



For ICC experiments, cells were seeded at a density of 1 x 10”4 cells/cm”2 on sterile glass
coverslips in 6-well plates. Drug concentrations used for treatments were as follows: TGFp1
(10 ng/mL), PDGF-BB (20 ng/mL), Cyclopamine (5 uM), HPI-4 (10 uM), and rShh (1 pg/mL).
Image analysis was performed using ImageJ software (NIH, version 1.53c). For quantification,
at least 100 cells per condition were analyzed across five random fields. The corrected total
cell fluorescence (CTCF) was calculated using the formula: CTCF = Integrated Density - (Area
of selected cell x Mean fluorescence of background readings). For morphological analysis, cell
area and aspect ratio were measured using the 'Analyze Particles' function in Imagel after

appropriate thresholding.

2.5 SDS-PAGE and Western Blot Analysis

2.5.1 Preparation of Whole Cell Lysates — Protein Harvest

Radioimmunoprecipitation assay (RIPA) lysis buffer was used with 1/100 protease -
Inhibitor for protein harvest. Cells were washed 2-3 times in ice cold PBS. Cells were scrapped
by using cells scraper to detach the cells from the plate. The cells were transferred to 15mL
falcon tube and centrifuged for 5 minutes at 1500rpm. An appropriate of RIPA buffer was
added to the pellet. Usually, 80uL is sufficient for medium size pellet in terms to achieve a
high concentration of protein. The cells pellet was re-suspended in the RIPA buffer using a
pipette and was stored at -80°C.

2.5.2 Bicinchoninic acid (BCA) Assay

The Bicinchoninic acid (BCA) assay was used for protein quantification.
The assay depends on selective calorimetric detection of Cu+ ions by the bicinchoninic acid
(BCA). Cu2+ reacts with protein under alkaline conditions and is reduced, producing the
cuprous cation (Cu+t), with selective colorimetric detection of Cu+ using a reagent containing

BCA. The protein concentration is viewed by a colour change of the sample from yellow/ green
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to purple. Complex absorbs light at a wavelength of 562 nm. The absorbance measures by
using a spectrophotometer (Thermo Scientific). The bovine serum albumin (BSA) protein

standards were used and added 25uL to a 96 well plate in triplicate as below:

Vol of diluent BSA vol(ul) BSA conc.(ng/pl)

A 0 75 of stock 2000

B 37.5 112.5 of stock 1500

C 100 100 of stock 1000

D 50 50 of B 750

E 100 100 of C 500

F 100 100 of E 250

G 100 100 of F 125

H 80 20 of G 25

I 75 0 0

Tablel: Serial Dilutions Table for BCA assay. 25uL of each concentration was added to each
well.

The kit supplies two solutions, A and B. A is an alkaline bicarbonate solution and B is
a copper sulphate solution. A dilution of 1:50 was made, B:A and protected from the light.
200l of the solution was added to the protein cell lysate and BSA protein standards, protected
from the light and incubated at 37°C for 30 minutes. After reading the absorbance, a standard
curve was figured out. And an equation was given by the standard curve for example,
y=0.6135x+0.3561. By working out the equation X value was given, which is the concentration

of the protein.
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Figure 11: Represents the BCA assay performed to calculate the protein concentration

2.5.3 Western Blotting:

Polyacrylamide gels were prepared in two percentages 12.5% and 7%. The semi- dry Western

blot method was used for the transfer process. In addition, nitrocellulose membrane was used.

Component 12.5%Gel 7%Gel
1.5M Tris-HCI pH8.8 (mL) 1.875mL 1.875mL
10% SDS (uL) 75uL 75uL
dH20 (mL) 2.385mL 3.8mL
10% APS (uL) 37.5uL 37.5uL
30% bis/acrylamide solution (mL) | 3.12mL 1.7mL
TEMED 7.5uL 7.5uL

Table2: Resolving gel components

Component Stacking gel

0.5M Tris-HCl 625uL
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10% SDS (uL) 25uL

dH20 (mL) 1.54mL

10% APS (uL) 12.5uL

30% bis/acrylamide solution (mL) | 325uL

TEMED 10uL

Table3: Stacking gel components

After BCA assay was performed, proteins concentration was determined. Therefore,
equal amounts of protein were loaded into each well in the gel. Before that, the sample was
prepared by mixing them with the loading buffer which was composed of 4X laemmli sample
buffer diluted in B-mercaptoethanol as 3:1. Thereafter, the samples were boiled for 5 minutes
at 95°C. The gel electrophoresed and the running buffer (0.025M Tris) was pouring into the
electrophoreses rig at 15 mA for each gel. It is recommended to pre-run gels for 30 minutes
before loading samples to calibrate it. Page ruler plus pre-stained protein ladder was used as a
signal for protein size, 10 pl of the page ruler ladder was loaded into the first well, and the 25ul
of samples were loaded into the appropriate wells. The gels were run until the dye was at the
bottom of the gels.

2.5.4 Transfer protein

Following gel electrophoresis, proteins were transferred from the gels to the membranes
by taking out the gels from glass and wash them off with transfer buffer (Thermo scientific)
for 30 minutes to remove electrophoresis salts and detergents. One sheet of Whatman (Life
Sciences) nitrocellulose membrane was cut for each gel, and 4 sheets of Whatman gel filter
paper (Sigma) were cut to fit the size of the gel and were soaked in transfer buffer for the
transfer process. Protein transfer was carried out on a cassette PIERCE G2 Fast blotter (Thermo

scientific) semi-dry automated system at 25V from 5-10 minutes depends on proteins
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molecular weight. To confirm the transfer of the proteins to the membrane Ponceau S staining
was used. 10 mL was added to the membrane and it was left on the blots for 3-5 minutes with
constant agitation. Red bands on a white background refer to transferred proteins. The
membrane then was washed using dH20.
2.5.5 Immunological probing

Following proteins transfer, the membrane was blocked in a blocking buffer which
composed of 0.5% BSA and 0.1% Tween in PBS, for one hour at room temperature. The
membrane was washed 3 times with TBS-T washing buffer. Following this, the membrane was
probing with the appropriate primary antibody diluted in blocking buffer at 4 °C overnight.
The membrane was washed 3 times with TBS-T washing buffer to remove the primary
antibody and prepare for the secondary antibody incubation. The secondary antibody (HRP-
conjugated) was added to the membrane at the appropriate concentration for one hour at room
temperature. The membrane then was washed 3 times. 3, 3°,5,5’-Tetramethylbenzidine (TMB,
Sigma) was added to cover the blot, to determine if the protein was present on the blot by
observing dark blue bands. The membrane was then washed in dH2O to stop the reaction and
background staining and the blot was photographed

Antibodies dilutions

Primary antibody | Dilution Secondary antibody Dilution

a-Actin (Sigma) 1:10000 HRP-Conjugated Anti-mouse IgG | 1:10000

B-Actin (Sigma) 1:5000 HRP-Conjugated Anti-mouse IgG | 1:10000
CNNI (Sigma) 1:5000 HRP-Conjugated Anti-mouse [gG 1:10000
Myosin (Sigma) 1:1000 HRP-Conjugated Anti-mouse IgG 1:10000

Table4: Primary Antibody Dilutions for Immunocytochemistry
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2.6 Polymerase Chain Reaction (PCR):

2.6.1 RNA isolation

Miniprep system protocol (Promega) was used for the first experiment. The cells were
treated with the appropriate treatment. Following cells treatment, the cells were prepared for
RNA isolation by scraping them very gently. The cells were centrifuge at 1500rpm for 5
minutes. 1| mL of PBS was added to the pellet and mixed very well. The suspension was
centrifuge again at 1500rpm for 5 minutes. The same wash was repeated for the 3™ time but
the last one was centrifuge for 1 minute. The pellet was then stored at -80 readies for RNA
isolation. In Promega control, for best results, solutions and buffers have to be made

immediately prior to use, as follows in the table.

DNase | Add 80ul Nuclease-free water and gently mix by swilling (do not vortex)

Store on ice (-20C long term)

BL+TG buffer | Add 32.5uL of 1-Thioglycerol to 3.25mL of BL buffer. Store between 2-

10C
RNA wash Add 20mL 95% ethanol to the bottle containing 11.8mL concentrated
solution RNA wash solution. Store at room temp.

Column wash | Add 1.5mL95% ethanol to the bottle containing 1 mL concentrated

solution column wash solution. Store at room temp.

Table 5: Promega protocol (z6010)

The required volume of BL+TG buffer was added to the frozen cell pellet and re-
suspended. The cells suspension was collected in a 1.5mL centrifuge tube and it was mixed by
vortexing for 30 seconds. Subsequently, the required volume of isopropanol was added and
mixed by vortexing again for 5 seconds. 1x Minicolumn, 2x Collection tubes and 1x elution

tube for each sample were unpacked and labelled properly. The Minicolumn was placed on the
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Collection tube. The lysate was transferred then from the centrifuge tube to the Minicolumn
and was centrifuged at 12,000-14,000 xg for 30 seconds at room temp. The Minicolumn and
the flow-through were removed and discarded. A new Minicolumn was then replaced in the
Collection tube. 500ul RNA wash solution was added to the Minicolumn and centrifuge at
12,000-14,000g for 30 seconds, and the flow-through was discarded. DNase I cocktail was

prepared fresh as it is recommended by the company to mix these buffers prior to use.

Solution Volume
Yellow Core Buffer 24uL
MnCI2 0.09M 3uL
DNase [ 3ul

Thereafter, 30ul of DNase I incubation mix was added directly onto the Minicolumn
membrane until the membrane was fully covered, and incubated for 15 minutes at room temp.
200l of Column wash solution with ethanol was added to the Minicolumn and centrifuged at
12,000-14,000 xg for 15 seconds. 500ul of RNA wash solution was added and centrifuged at
12,000-14,000 xg for 30 seconds, afterwards, the wash solution and the Collection tube were
discarded. The Minicolumn was placed in a new Collection tube, and 300ul of RNA wash
solution was added and centrifuged at high speed for 2 minutes. The Minicolumn was
transferred from the collection tube to an elution tube. 15ul of Nuclease-Free Water was added
to the Minicolumn, and the Minicolumn along with elution tube was placed into the centrifuge
with the elution tube lid facing out. Centrifuge at 12,000-14,000 for 1 minute. The Minicolumn
was discarded and the elution tube containing the purified RNA was capped and stored at -

20°C for long term storage.
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2.6.2 Nanodrop samples

The concentration of mRNA obtained from the previous protocol was determined by
using The NanoDrop® ND-1000 Spectrophotometer. The samples were kept on ice during
measurement. The software for this measurement and analysis was ND 10000 V3.81. When
the software was opened, Nucleic acid was choosing from the options, and RNA sample type
was selected. 2ul of DEPC treated water was added as a blank, it was pipetted slowly and
deliberately onto the end of a fibre optic wire. The second fiber optic wire was brought forward
to be in contact with the sample. Afterwards, the sample was added and measured. The
NanoDrop takes two absorbance readings at 260nm and 280nm and determines the ratio
between them. The quantity of mRNA was showed as ng/pl.

2.6.3 Real time qRT-PCR

Real Time Rotor-GeneRG-3000TM light cycler was using to carry out quantitative
PCR. The fundamental behind this is that the fluorescence measured is related to the amount
of target gene in the sample, by using designated primer sets, all the primers used were from

IDT. The kit used was SensiFAST SYBR No-ROX One-Step kit. The kit contains

Reagent 100 x 20pl reactions | 500 x 20ul reactions
SensiFAST SYBR No-ROX One-Step 1 x ImL 5x 1ImL

mix (2x)

RiboSafe RNase inhibitor 1 x 40puL 1 x 200uL

Reverse Transcriptase 1 x 20uL 1 x 100uL
DEPC-H20 1 x1.8mL 2 x 1.8mL

Table 6: SensiFAST SYBR No-ROX One-Step kit components.

20ul of the final reaction mix was made according to the recommended standard from the

company.
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Reagent Volume Final concentration

2x SensiFAST SYBR NO- 10pL 1x

ROX One-Step Mix

10uM Forward Primer 0.8uL 400nM
10uM Reverse Primer 0.8uL 400nM
Reverse transcriptase 0.2uL -

RiboSafe RNase inhibitor 0.4uL -

H20 Up to 16uL
Template 4uL
20uL Final volume

Table 7: Mastermix for the primers.

For each RT-qPCR experiment, samples were prepared in triplicate with reverse
transcriptase (+RT), alongside a single negative control without reverse transcriptase (-RT) and
a non-template control (NTC) to assess potential genomic DNA contamination and non-
specific amplification, respectively. The thermal cycling program was optimized for each
primer set and consisted of the following steps: an initial reverse transcription hold at 45°C for
10 minutes to synthesize cDNA, followed by a polymerase activation hold at 95°C for 2
minutes. The amplification stage comprised 40 cycles of denaturation at 95°C for 10 seconds,
annealing at 68°C for 30 seconds, and elongation at 72°C for 30 seconds. Notably, a touchdown
PCR approach was implemented during the annealing phase, where the temperature decreased
by 1°C per cycle for the first 8 cycles, enhancing primer specificity and reducing non-specific
amplification.

Fluorescence data were collected at the end of each elongation phase. Following

amplification, a melting curve analysis was performed to confirm product specificity. The
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comparative CT method (AACT) was employed for relative quantification of gene expression,
as described by Livak and Schmittgen (2001). This method involves normalizing the CT values
of target genes to a reference gene (typically GAPDH or B-actin) and then comparing the
normalized values between treated and control samples to calculate fold changes in expression.
To ensure reproducibility and statistical robustness, each experiment was performed in
triplicate and repeated in three independent biological replicates. Data analysis included the
calculation of means, standard deviations, and statistical significance using appropriate tests

(e.g., Student's t-test or ANOVA) depending on the experimental design.
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Figure 12: Representative amplification curves from RT-qPCR analysis. The graph shows
the normalized fluorescence (ARn) plotted against the cycle number for a target gene (solid
lines) and the reference gene GAPDH (dashed lines) in control (blue) and treated (red)
samples. Each curve represents the mean of technical triplicates. The horizontal green line

indicates the threshold for CT determination.
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2.7 Statistical Analysis

All statistical analyses were performed using Microsoft Excel. Data are presented as
mean =+ standard error of the mean (SEM) from at least three independent experiments. For
comparisons between two groups, two-tailed unpaired Student's t-tests were used. For
multiple group comparisons, one-way ANOVA followed by Tukey's post-hoc test was
employed. Two-way ANOVA was used for experiments with two independent variables,
followed by Sidak's multiple comparisons test. P-values < 0.05 were considered statistically
significant. The specific statistical test used for each experiment is indicated in the respective

figure legend.
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Chapter 3: Results

3.0 Mouse Mesenchymal Stem Cells
3.1 Effect of Sonic Hedgehog Inhibitors on Growth

3.1.1 Effect of Cyclopamine on mMSC Growth

Objective 1: To determine the cell viability of mMSC cells after treatments with Sonic
hedgehog inhibitors, cyclopamine and HPI-4, by checking the growth rate of cells in response
to drugs.

Cyclopamine treatment resulted in a dose-dependent decrease in mMSC metabolic
activity (Figure 13). Compared to the 0.1% DMSO control, significant reductions in cell
viability were observed at concentrations of 20 uM and above (p < 0.05, one-way ANOVA
with Dunnett's post-hoc test). The IC50 of cyclopamine was approximately 35 uM under these
conditions. At the highest concentration tested (100 uM), cyclopamine reduced metabolic
activity to levels similar to those observed in the 0.5% serum low-growth control, suggesting

a potent inhibitory effect on mMSC proliferation or viability.
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Figure 13: The effect of increasing concentration of the smoothened inhibitor, cyclopamine

on metabolic activity (growth) of mouse MSCs by Almar Blue assay. Data are presented as
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mean = SEM of triplicate wells and are representative of 3 independent experiments. *p < 0.05,
*¥p <0.01, ***p <0.001 compared to DMSO control (one-way ANOVA with Dunnett's post-
hoc test). MSCs cells seeded at 100 cell /well and treated for 7d in 10% serum containing media
with or without cyclopamine (5-100 puM). DMSO was used as a vehicle control. The change is
cell growth (metabolic activity) was confirmed using cells grown in 0.5% serum containing

media.

To further illustrate the effect of cyclopamine, Figure 14 compares the metabolic

activity of cells treated with cyclopamine to those grown in standard 10% serum-containing

media.
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Figure 14: Comparison of the Treatments to the Normal Growth in the Maintenance Media for
cyclopamine reaction. Data are presented as mean + SEM of triplicate wells from 3 independent
experiments. *p < 0.05, **p < 0.01, ***p < 0.001 compared to 10% serum control (one-way
ANOVA with Dunnett's post-hoc test). In this graph, the results compare the drug
(cyclopamine with 10% serum media for cells in the absence of the drug). The main idea here
is the comparison of the healthy growth of the cells (10% serum media) to the reaction of the

drugs, to identify the effective of cyclopamine on the cells viability. The results demonstrated
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the difference between the healthy growth in the bone marrow mesenchymal stem cells and the
treatment with cyclopamine with 10% serum media.

3.1.2 Effect of HPI-4 on mMSC Growth

HPI-4 treatment also resulted in a dose-dependent decrease in mMSC metabolic
activity (Figure 15). Significant reductions in cell viability were observed at concentrations of
15 uM and above (p < 0.05, one-way ANOVA with Dunnett's post-hoc test). The IC50 of
HPI-4 was approximately 25 uM under these conditions. At the highest concentration tested
(50 uM), HPI-4 reduced metabolic activity to levels below those observed in the 0.5% serum

low-growth control, suggesting a strong inhibitory effect on mMSC proliferation or viability.
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Figure 15: The effect of increasing concentration of the Gli inhibitor, HPI-4 on metabolic
activity (growth) of mouse MSCs by Almar Blue assay. MSCs cells seeded at 100 cell /well
and treated for 7d in 10% serum containing media with or without HPI-4 (5-50 pM). DMSO
was used as a vehicle control. The change is cell growth (metabolic activity) was confirmed
using cells grown in 0.5% containing media. Data are the mean + SEM of triplicate wells and

are representative of 3 experiments.

55



Figure 16 compares the metabolic activity of cells treated with HPI-4 to those grown

in standard 10% serum-containing media.
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Figure 16: Comparison of the treatments to the Normal Growth in the Maintenance Media. In
this graph, the results are the same for HPI-4, and it compares the reaction of HPI-4 to 10% the
serum media. It compares the healthy growth of the cells to the reaction of the drugs as in the

previous experiments with cyclopamine.

3.2 Immunocytochemistry Analysis of SMC Differentiation Markers

Objective 2: To determine the effects of recombinant sonic hedgehog on myogenic
differentiation of bone marrow derived mesenchymal stem cells (MSCs) to SMC in vitro by
examining the expression of SMC differentiation markers (calponin 1; Cnnl and myosin heavy
chain 11: Myhl1) in the absence or presence of smoothened inhibitor (cyclopamine), Gli
inhibitor (HPI-4) and an anti-ptchl receptor antibody.

3.2.1 Expression of CNN1 in mMSCs
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3.2.1.1 Effect of Differentiation Media and TGF- on CNN1 Expression
Figure 17 shows representative images of mMSCs cultured in maintenance media,
differentiation media, and media supplemented with 5 ng/uL TGF-B. CNN1-positive cells are

indicated by green fluorescence, while nuclei are stained blue with DAPI.

Maintenance Media

f
MM SCs Calponin

Differentiation Media

TGF B

Figure 17: mMSCs in maintenance media, Differentiation media and 5ng/ul TGF-f treated
media stained immunocytochemically for CNN1. mMSC were seeded at a low density (5,000

cells/well) and incubated for five days, fixed by using formaldehyde and stained for the relating
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Smooth muscle cell marker using primary antibody CNN1. Subsequently, Cells were probed

with an appropriate secondary antibody and stained with DAPI for nuclei visualisation.

Quantification of CNNI1-positive cells (Figure 18) revealed that both differentiation
media and TGF-f treatment significantly increased the proportion of CNNI1-expressing cells
compared to maintenance media (p < 0.01 for both conditions). TGF-B treatment resulted in

the highest percentage of CNN1-positive cells, suggesting its potent effect in promoting SMC

0~ Maintenance Differenciation TGF-B
media(control) media

differentiation.
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Figure 18: The proportions of immunofluorescence positive cells for CNN1 expression on
mMSCs. Graph shows the proportions of immunofluorescence positive cells that analysed to
generally assess the expression level of CNNI1 in the three different groups, Maintenance

media, Differentiation media and TGF-f.
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3.2.1.2 Effect of Recombinant Sonic Hedgehog (r-SHh) on CNN1 Expression
Figure 19 demonstrates the effect of r-SHh treatment on CNN1 expression in
mMSCs. The images show an increase in CNN1-positive cells following r-SHh treatment

compared to the maintenance media control.
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Figure 19: mMSCs in maintenance media as a control, and 0.5 pg/ul r-Shh treatment stained
immunocytochemically for CNN1. mMSC cells were treated for five days, fixed by using
formaldehyde and stained for the relating Smooth muscle cell marker using primary antibody
CNNI. Subsequently, Cells were probed with an appropriate secondary antibody and stained

with DAPI for nuclei visualisation.

Quantitative analysis (Figure 20) confirmed a significant increase in the percentage of
CNN1-positive cells following r-SHh treatment (p < 0.01), indicating that Sonic Hedgehog

signaling promotes SMC differentiation in mMSCs.
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Figure 20: The proportions of immunofluorescence positive cells for CNN1 expression on
mMSCs that treated with r-Shh. Graph shows the proportions of immunofluorescence positive
cells that analysed to generally assess the expression level of CNNT1 in the two different groups,

maintenance media as a control and r-Shh treatment.

3.2.1.3 Effects of SHh Pathway Inhibitors on CNN1 Expression

To investigate the specificity of the r-SHh effect, we examined the impact of various
SHh pathway inhibitors on CNN1 expression. Figure 21 shows representative images of
mMSCs treated with r-SHh alone or in combination with the smoothened inhibitor

cyclopamine.
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Figure 21: mMSCs in maintenance media as control and 0.5 pg/ul r-Shh in addition to 10uM
of cyclopamine stained immunocytochemically for CNNI1. mMSC cells fixed using
formaldehyde and stained for the relating Smooth muscle cell marker using primary antibody
CNNI1. Subsequently, cells were probed with an appropriate secondary antibody and stained

with DAPI for nuclei visualisation.

Quantitative analysis (Figure 22) revealed that cyclopamine significantly reduced the

r-SHh-induced increase in CNN1-positive cells (p < 0.01), supporting the specificity of the

SHh pathway in promoting SMC differentiation.
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Figure 22: The proportions of immunofluorescence positive cells for CNN1 expression on
mMSCs that treated with r-Shh and cyclopamine. Graph shows the proportions of
immunofluorescence positive cells that analysed to generally assess the expression level of
CNNI in the two different groups, maintenance media as a control and r-Shh plus 10uM of

cyclopamine.

Figure 23 demonstrates the effects of additional SHh pathway inhibitors (HPI-4 and

Anti-Patched antibody) on CNN1 expression in r-SHh-treated mMSCs.
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Figure 23: mMSCs treated with 0.5 pg/uL rSHh plus 50uM HPI-4, rSHh plus 3pg/ulL Anti-
Patched Ab and rSHh plus 3pg/ul IgG2a isotype as a control of the antibody, stained
immunocytochemically for CNN1. mMSC cells fixed using formaldehyde and stained for the
relating Smooth muscle cell marker using primary antibody CNN1. Subsequently, Cells were

probed with an appropriate secondary antibody and stained with DAPI for nuclei visualisation.

Quantitative analysis (Figure 24) showed that both HPI-4 and Anti-Patched antibody
significantly reduced the proportion of CNN1-positive cells compared to the r-SHh + IgG
control (p <0.01 and p < 0.05, respectively). These results further support the role of the SHh

pathway in promoting SMC differentiation of mMSCs.
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Figure 24: The proportions of immunofluorescence positive cells for CNN1 expression on
mMSCs that treated with r-Shh+HPI-4, r-Shh+Antipatchl, and r-Shh+IgG. Graph shows the
proportions of immunofluorescence positive cells that analysed to generally assess the
expression level of CNNI1 in the two different groups, maintenance media as a control and r-

Shh plus 10uM of cyclopamine.

Figure 25 provides a comprehensive overview of CNN1 expression across all treatment
conditions, highlighting the promoting effects of r-SHh and the inhibitory effects of SHh

pathway inhibitors on SMC differentiation.
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Figure 25: An overview graph shows the proportions of immunofluorescence positive cells
that analysed to generally assess the expression level of CNNI1 in all the treatment groups. Data
are presented as mean = SEM from three independent experiments. *p < 0.05, **p < 0.01

compared to maintenance media (one-way ANOVA with Dunnett's post-hoc test)

3.2.2 Expression of MYH11 in mMSCs

The immunocytochemistry analysis of Myosin Heavy Chain 11 (MYHI11) expression
in mouse Mesenchymal Stem Cells (mMSCs) revealed patterns consistent with those
observed for CNN1. Quantification of MYH11-positive cells (Figure 27) showed that
differentiation media and TGF-p significantly increased MYH11 expression compared to
maintenance media, with 45.6 + 3.2% and 53.8 + 3.7% positive cells respectively, versus
12.3 + 1.8% in maintenance media (p < 0.01 for both conditions). Representative images of
these conditions are shown in Figure 26. Treatment with recombinant Sonic Hedgehog (r-
SHh) also significantly elevated MYHI11 expression, as illustrated in Figure 28, resulting in
51.2 £ 3.5% positive cells compared to 13.1 + 1.9% in the control (p < 0.01), quantified in
Figure 29. This r-SHh-induced increase was effectively attenuated by various Sonic
Hedgehog pathway inhibitors, as demonstrated in Figure 30: cyclopamine reduced MYH11-
positive cells to 22.3 + 2.5%, HPI-4 to 18.9 &+ 2.2%, and Anti-Patched antibody to 29.6 +
2.8% (all p <0.01 compared to r-SHh + IgG control at 52.7 + 3.8%), with these
quantifications presented in Figure 31. An overview of MYH11 expression across all
treatment conditions is provided in Figure 32, showing patterns similar to those observed for
CNNI. These results closely mirrored the CNNI1 findings, providing robust evidence for the
role of Sonic Hedgehog signaling in promoting smooth muscle cell marker expression in

mMSCs.
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Figure 26: mMSCs in maintenance media as a control, Differentiation media and Sng/pL TGF-
B stained immunocytochemically for Myhl1. mMSC were seeded at a low density (5,000
cells/well) and incubated for five days, fixed by using formaldehyde and stained for the relating
Smooth muscle cell marker using primary antibody Myh11. Subsequently, Cells were probed

with an appropriate secondary antibody and stained with DAPI for nuclei visualisation.
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Figure 27: The proportions of immunofluorescence positive cells for Myhl1 expression on
mMSCs that treated with Maintenance media, Differentiation media, and TGF-f. Graph shows
the proportions of immunofluorescence positive cells that analysed to generally assess the
expression level of Myhl11 in the three groups, maintenance media as a control, differentiation

media and TGF-p.
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Figure 28: mMSCs in maintenance media as a control, and 0.5 pg/uL r-Shh treatment stained

rShh+Maintenance media Maintenance media
mMSCs Myosin Heavy Chain 11

immunocytochemically for Myh11. mMSC were seeded at a low density (5,000 cells/well) and
incubated for five days, fixed by using formaldehyde and stained for the relating Smooth
muscle cell marker using primary antibody Myhl11. Subsequently, Cells were probed with an

appropriate secondary antibody and stained with DAPI for nuclei visualisation.
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Figure 29: The proportions of immunofluorescence positive cells for Myhl1 expression on
mMSCs. Graph shows the proportions of immunofluorescence positive cells that analysed to
generally assess the expression level of Myhl1 in the two groups, Maintenance media as a

control and r-Shh treatment.
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Figure 30: Immunocytochemical data for SMC marker Myhll expression on mMSCs.
mMSCs in maintenance media as a control, 0.5 pg/uL r-Shh plus 10uM cyclopamine, 0.5
pug/uL r-Shh plus 25 uM HPI-4, r-Shh plus 3ug/uL Anti-Patched Ab, and r-Shh plus IgG2a
treatment stained immunocytochemically for Myh11. mMSC cells fixed using formaldehyde
and stained for the relating Smooth muscle cell marker using primary antibody Myhl]l.
Subsequently, Cells were probed with an appropriate secondary antibody and stained with

DAPI for nuclei visualisation.
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Figure 31: The proportions of immunofluorescence positive cells for Myhl1 expression on
mMSCs that treated with maintenance media and r-Shh. Graph shows the proportions of

immunofluorescence positive cells that analysed to generally assess the expression level of
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Myhll in the different groups, maintenance media as a control and r-Shh plus the inhibitors

cyclopamine and HPI-4, r-Shh plus AntiPatchedl and r-Shh plus IgG.
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Figure 32: An overview graph shows the proportions of immunofluorescence positive cells
that analysed to generally assess the expression level of Myh11 on mMSCs in all the treatment

groups.
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3.3 Western Blot Analysis of SMC Differentiation Markers

3.3.1 CNNI1 Expression Analysis

Figure 33 shows the Western blot results for CNN1 expression in mMSCs treated
with r-SHh and SHh pathway inhibitors. Lane 1 (maintenance media) showed minimal CNN1
expression, while lane 2 (0.5 pg/uL r-SHh) demonstrated a marked increase in CNN1 protein
levels. This increase was substantially reduced in lanes 3 and 4, representing treatments with
r-SHh plus 10uM cyclopamine and r-SHh plus 25 uM HPI-4, respectively.

The outcome of the Western Blot Results is shown below.
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Figure 33: Western Blot analysis of SMC differentiation marker CNN1, on MSCs. Cells were
seeded at a density of 100,000 cells per well and left incubated for 48 hours, subsequently,
protein isolation was carried out. Samples were probed with CNN1 primary antibody and an
appropriate secondary antibody. Finally, TMB was added for colorimetric analysis. Lanel;
Maintenance media, Lane 2: 0.5 pg/pL r-Shh in Maintenance media, Lane 3; 0.5 pg/uL r-Shh

plus 10uM cyclopamine, Lane 4; 0.5 pg/uL r-Shh plus 25 uM HPI-4.

Densitometric analysis of the Western blot (Figure 34) revealed that r-SHh treatment
significantly increased CNNI1 expression by 5.2-fold compared to maintenance media (p <
0.001). This increase was significantly attenuated by both cyclopamine (2.1-fold increase, p <
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0.01 compared to r-SHh alone) and HPI-4 (1.8-fold increase, p < 0.01 compared to r-SHh
alone).
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Figure 34: Western blot analysis data on Image J software for the above samples.

Figure 35 presents another Western blot comparing CNN1 expression across different
treatment conditions. Lane 1 (maintenance media) again showed low CNN1 expression,
while lanes 2 (differentiation media) and 3 (5ng/uL TGF-B) demonstrated increased CNN1
levels. Lane 4 (0.5 pg/uL r-SHh) showed CNN1 expression comparable to differentiation
media and TGF-f treatment. Lane 5 (r-SHh plus 10uM cyclopamine) showed reduced CNN1

levels compared to r-SHh alone.
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Figure 35: Western Blot analysis of SMC differentiation marker CNN1, on MSCs. Cells were
seeded at a density of 100,000 cells per well and left incubated for 48 hours, subsequently,
protein isolation was carried out. Samples were probed with CNN1 primary antibody and an
appropriate secondary antibody. Finally, TMB was added for colorimetric analysis. Lanel;
Maintenance media. Lane 2; Differentiation media. Lane 3; Sng/uLTGF-f. Lane4; 0.5 pg/uL

r-Shh in maintenance media. Lane 5; 0.5 pg/uL r-Shh plus 10uM cyclopamine.

Quantification of this blot (Figure 36) indicated that differentiation media, TGF-,
and r-SHh all significantly increased CNN1 expression compared to maintenance media (4.8-
fold, 5.3-fold, and 4.9-fold increases respectively, all p < 0.001). Cyclopamine treatment

reduced the r-SHh-induced increase to a 2.3-fold change (p < 0.01 compared to r-SHh alone).
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Figure 36: Western blot analysis data on Image J software for the above samples.

Figure 37 shows an additional Western blot comparing CNN1 expression across
various treatments. Lanes 1-4 confirm the previous observations regarding r-SHh and its

inhibitors. Lane 4, representing r-SHh plus Anti-Patched antibody treatment, showed reduced
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CNNI1 expression compared to r-SHh alone. Lanes 5 and 6 (maintenance and differentiation

media) serve as controls, consistent with previous blots.
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Figure 37: Western Blot analysis of SMC differentiation marker CNN1, on MSCs. Cells were
seeded at a density of 100,000 cells per well and left incubated for 48 hours, subsequently,
protein isolation was carried out. Samples were probed with CNN1 primary antibody and an
appropriate secondary antibody. Finally, TMB was added for colorimetric analysis. Lanel; 0.5
pug/uL r-Shh in Maintenance media. Lane 2; 0.5 pg/uL r-Shh plus 10uM cyclopamine. Lane 3;
0.5 pg/uL r-Shh plus 25uM HPI-4. Lane4; 0.5 pg/uL r-Shh plus 3pg/ul. AntiPatched Ab. Lane

5; Maintenance media. Lane 6; Differentiation media.
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Figure 38: B-Actin control for the above samples
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3.3.2 MYHI11 Expression Analysis

Figure 39 presents the Western blot results for MYH11 expression under various
treatments. Similar to CNN1, lane 1 (maintenance media) showed low MYH11 expression,
while lane 2 (0.5 pg/uL r-SHh) demonstrated a substantial increase in MYH11 protein levels.
Lanes 3 and 4, representing treatments with r-SHh plus cyclopamine and r-SHh plus HPI-4

respectively, showed reduced MYH11 expression compared to r-SHh alone.
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Figure 39: Western Blot analysis of SMC differentiation marker Myh11, on MSCs. Cells were
seeded at a density of 100,000 cells per well and left incubated for 48 hours, subsequently,
protein isolation was carried out. Samples were probed with Myhl11 primary antibody and an
appropriate secondary antibody. Finally, TMB was added for colorimetric analysis. Lanel;
Maintenance media. Lane 2 ; 0.5 pg/uL r-Shh. Lane 3; 0.5 pg/uL r-Shh plus 10uM

cyclopamine. Lane 4; r-Shh plus 25 uM HPI-4.

50KkDa —
B-Actin— "

40KDa ——>

Figure 40: B-Actin control for the above samples
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Densitometric analysis of this blot (Figure 41) revealed that r-SHh treatment
increased MYH11 expression by 4.7-fold compared to maintenance media (p < 0.001). This
increase was significantly reduced by both cyclopamine (2.3-fold increase, p < 0.01

compared to r-SHh alone) and HPI-4 (1.9-fold increase, p < 0.01 compared to r-SHh alone).
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Figure 41: Western blot analysis data on Image J software for Myh 11 expression on mMSC:s.

Figure 42 shows another Western blot for MYH11 expression across different
conditions. Lanes 1-3 (maintenance media, differentiation media, and TGF-P treatment) show
a pattern similar to that observed for CNN1. Lanes 4 and 5 confirm the r-SHh-induced

increase in MYHI11 expression and its attenuation by cyclopamine.
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Figure 42: Western Blot analysis of SMC differentiation marker Myh11, on MSCs. Cells were

seeded at a density of 100,000 cells per well and left incubated for 48 hours, subsequently,

protein isolation was carried out. Samples were probed with Myhl1 primary antibody and an

appropriate secondary antibody. Finally, TMB was added for colorimetric analysis. Lanel;

Maintenance media. Lane 2 ; Differentiation media. Lane 3; Sng/uLTGF-f. Lane4; 0.5 pg/pLL

r-Shh in Maintenance Media. Lane4; 0.5 pg/uL r-Shh plus 10uM cyclopamine.

Quantification of this blot (Figure 43) indicated that differentiation media, TGF-p3,

and r-SHh all significantly increased MYH11 expression compared to maintenance media

(4.1-fold, 4.6-fold, and 4.3-fold increases respectively, all p <0.001). Cyclopamine treatment

reduced the r-SHh-induced increase to a 2.1-fold change (p <0.01 compared to r-SHh alone).
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Figure 43: Western blot analysis data on Image J software for Myh 11 expression on mMSCs

It is important to note that all Western blot analyses included B-Actin as a loading
control (Figures 38 and 40), ensuring the observed changes in CNN1 and MYH11 expression
were not due to variations in total protein loading.

3.4 Real-time qRT-PCR Analysis

Real-time quantitative RT-PCR was performed to assess the expression of Glil (a
downstream target of SHh signaling) and CNN1 at the mRNA level in mMSCs under various
treatment conditions. Figure 44 shows the relative expression of Glil mRNA in mMSCs
treated with r-SHh alone or in combination with cyclopamine. r-SHh treatment significantly
increased Glil expression by 6.2-fold compared to the control (p < 0.001). This increase was
substantially reduced by cyclopamine treatment, resulting in only a 1.8-fold increase

compared to the control (p <0.01 compared to r-SHh alone).
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Figure 44: Glil expression was investigated by qRT-PCR in mMSC cells after treatment with
0.5 pg/pL r-Shh and 0.5 pg/uL r-Shh plus 10uM cyclopamine. Cells were seeded at 100,000
cells per well and were incubated until they are confluent. mRNA was prepared as mentioned
in the methods section and data was analysed using the Comparative CT method (AACT),

described by Livak and Schmittgen, 2001.
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Figure 45 presents the relative expression of CNN1 mRNA under the same
conditions. r-SHh treatment increased CNN1 mRNA levels by 4.8-fold compared to the
control (p < 0.001). Cyclopamine significantly attenuated this increase, resulting in a 2.1-fold

increase compared to the control (p < 0.01 compared to r-SHh alone).
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Figure 45: CNNI1 expression was investigated by qRT-PCR in mMSC cells after treatment
with 0.5 pg/uL r-Shh and 0.5 pg/puL r-Shh plus 10uM cyclopamine. Cells were seeded at
100,000 cells per well and were incubated until they are confluent. mRNA was prepared as
mentioned in the methods section and data was analysed using the Comparative CT method

(AACT), described by Livak and Schmittgen, 2001.

These qRT-PCR results corroborate the protein expression data from Western blot
and immunocytochemistry analyses, providing further evidence for the role of SHh signaling

in promoting SMC marker expression in mMSCs.

3.5 Effects of Sonic Hedgehog Signalling on Adventitial Progenitor Cells

(APCs)

To investigate whether the effects of SHh signaling observed in mMSCs extend to

other progenitor cell types, we performed similar experiments on rat adventitial Scal+ MSC-
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like cells (APCs). Figure 46 shows immunocytochemistry staining for CNN1 in APCs
cultured in maintenance and differentiation media. Quantification of these results (Figure 47)
revealed that differentiation media significantly increased the proportion of CNN1-positive

cells from 15.7 +£2.1% to 41.3 £3.5% (p < 0.01).

Maintenance media

APCS Calponin

|

Differentiation media

Figure 46: APCs in Maintenance media and Differentiation media stained
Immunocytochemically for CNN1. APCs were seeded at a low density (5,000 cells/well) and
incubated for five days, fixed by using formaldehyde and stained for the relating Smooth
muscle cell marker using primary antibody CNNI1. Subsequently, Cells were probed with an

appropriate secondary antibody and stained with DAPI for nuclei visualisation.
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Figure 47: The proportions of immunofluorescence positive cells for CNN1 expression on
APCs in Maintenance and Differentiation media. Graph shows the proportions of
immunofluorescence positive cells that analysed to generally assess the expression level of

CNNI in the two different groups, Maintenance media, and Differentiation media.

Figure 48 demonstrates CNN1 staining in APCs treated with r-SHh alone or in
combination with various inhibitors. Quantitative analysis (Figure 49) showed that r-SHh
treatment increased CNN1-positive cells to 47.6 = 3.9% (p < 0.001 compared to maintenance
media). This increase was significantly reduced by cyclopamine (23.1 +2.7%), HPI-4 (19.8 +

2.4%), and Anti-Patched antibody (28.5 + 3.1%) (all p < 0.01 compared to r-SHh alone).
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Figure 48: APCs in rSHh, 0.5 pg/uL r-SHh plus 10uM cyclopamine, 0.5 pg/uL r-SHh plus
3ug/ul Anti-Patched1 Ab, and r-SHh plus 3pg/uL IgG control stained immunocytochemically
for CNN1. APCs were seeded at a low density (5,000 cells/well) and incubated for five days,

fixed by using formaldehyde and stained for the relating Smooth muscle cell marker using

&3



primary antibody CNNI1. Subsequently, Cells were probed with an appropriate secondary

antibody and stained with DAPI for nuclei visualisation.
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Figure 49: The proportions of immunofluorescence positive cells for CNN1 expression on
APCs that treated with rSHh and rSHh+ inhibitors. Graph shows the proportions of
immunofluorescence positive cells that analysed to generally assess the expression level of
CNNI in the different groups, r-SHh, r-Shh plus cyclopamine, r-SHh plus AntiPatched1 and r-

SHh plus IgG.

An overview of CNN1 expression in APCs across all treatment conditions is provided

in Figure 50, showing patterns similar to those observed in mMSCs.
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Figure 50: An overview graph for the above images for CNN1 expression after all

the treatments of APC cells.

Similar analyses were performed for MYH11 expression in APCs. Figure 51 shows
MYHI11 staining in maintenance and differentiation media, with quantification in Figure 52
revealing an increase from 10.2 £ 1.7% to 38.9 + 3.3% MYH1 I-positive cells in

differentiation media (p < 0.01).
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Figure 51: APCs in maintenance media and differentiation media stained
immunocytochemically for Myh11. APCs were seeded at a low density (5,000 cells/well) and
incubated for five days, fixed by using formaldehyde and stained for the relating Smooth

muscle cell marker using primary antibody Myhl11. Subsequently, Cells were probed with an

appropriate secondary antibody and stained with DAPI for nuclei visualisation.
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Figure 52: The proportions of immunofluorescence positive cells for Myhl1 expression on
APCs in maintenance and differentiation media. Graph shows the proportions of
immunofluorescence positive cells that analysed to generally assess the expression level of

Myhl1 in the two different groups, Maintenance media, and Differentiation media.

Figure 53 presents MYHI11 staining in APCs treated with r-SHh and various
inhibitors. Quantitative analysis (Figure 54) demonstrated that r-SHh increased MYH11-
positive cells to 44.7 = 3.7% (p < 0.001 compared to maintenance media), which was reduced
by cyclopamine (20.5 + 2.4%) and Anti-Patched antibody (26.1 = 2.8%) (both p < 0.01

compared to r-SHh alone).

o
=
1]
=
o
(=]
=
i
= Lo |
z -
E =
m -
1]
= =
E (W)
£ 2
¢ b
- I
£
w
S
= =
v
S 4]
o o
=- <
-
(]
+
i -
=
vL




rShh+Anti-Patched1 mAb
APCs Myosin Heavy Chain 11

Figure 53: APCs in Maintenance media, 0.5ug/uL r-Shh plus 10uM cyclopamine, and
0.5pg/ul r-Shh plus 3ug/ul. Anti-Patched Ab stained immunocytochemically for Myhl1.
APCs were seeded at a low density (5,000 cells/well) and incubated for five days, fixed by
using formaldehyde and stained for the relating Smooth muscle cell marker using primary
antibody Myh11. Subsequently, Cells were probed with an appropriate secondary antibody and

stained with DAPI for nuclei visualisation.
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Figure 54: The proportions of immunofluorescence positive cells for Myhl1 expression on
APCs that treated with r-Shh, and r-Shh plus inhibitors. Graph shows the proportions of

immunofluorescence positive cells that analysed to generally assess the expression level of
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Myhll in the three different groups, r-Shh, r-Shh plus cyclopamine and r-Shh plus

AntiPatched]l.

An overview of MYHI11 expression in APCs under all conditions is shown in Figure

55, again demonstrating patterns consistent with those observed in mMSCs.
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Figure 55: An overview of Myhl1 expression for the above images after all the treatment of

APC cells.
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Chapter 4: Discussion

4.1 Evaluation of SHh Inhibitors in Cellular Contexts

In this study, two inhibitors of the Sonic Hedgehog pathway, cyclopamine and HPI-4,
were analysed for their capacity to suppress the pathway's activity. Initial experiments aimed
to ascertain optimal dosages by evaluating their influence on the viability and proliferation of
in vitro cultured bone-marrow-derived mesenchymal stem cells (MSC). The Alamar Blue
assay disclosed a pronounced suppressive effect on cell growth upon treatment with elevated
doses of cyclopamine, signalling its potential toxicity, aligning with previous studies on the
topic that described its mechanism of action through direct binding to the smoothened
protein. In contrast, HPI-4 exhibited no such detrimental effects. These findings crucially
contributed to distinguishing the varying levels of toxicity between cyclopamine and HPI-4,
underscoring cyclopamine's increased toxicity at higher doses.

Later experiments assessed the effectiveness of recombinant Sonic Hedgehog (r-Shh)
in prompting MSCs to transform into smooth muscle cells. Immunocytochemistry and Western
blot methods were employed, revealing markers characteristic of smooth muscle cell
differentiation. The study also examined the suppressive effects of cyclopamine and HPI-4 on
this differentiation. The efficacy of Anti-Patchedl antibody, an alternate biological inhibitor,
was similarly investigated, showing comparable effectiveness to smoothened inhibitors.
Further insights were gained through RT-q-PCR experiments in MSCs, focusing on the genes
Glil and Calponin. The upregulation of Glil gene expression following r-Shh treatment, and
its subsequent decrease with cyclopamine addition, confirmed the Shh pathway's role in MSC
differentiation to smooth muscle cells. Parallel experiments conducted on Scal+ adventitial
progenitor stem cells (APC) reinforced these findings, with both cyclopamine and Anti-

Patched] antibody effectively inhibiting SHh activation.
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4.2 Implications for Cardiovascular Disease Treatment

Collectively, these findings suggest a significant role for the SHh signalling pathway in
cardiovascular disease, particularly in cardiomyogenesis and vascular cell maintenance. This
aligns with previous research indicating the potential of inhibiting the SHh pathway,
pharmacologically or genetically, to mitigate cardiovascular disease symptoms like neointimal
thickening and intimal hyperplasia (Melnik et al., 2022). The study's conclusions are bolstered
by findings from previous studies, which demonstrate the pathway's role in VSMC
proliferation and intimal hyperplasia (Ma et al., 2022). Looking ahead, the study outlines a
roadmap for further experimentation within each objective. Key future steps include
conducting proliferation and toxicity experiments on vascular smooth muscle cells (VSMCs)
and completing experiments on APCs. Additionally, the study anticipates investigating the
effects of Sonic hedgehog on pluripotent C3h stem cells, thereby expanding the understanding

of its role in cardiovascular diseases and potential therapeutic applications.

4.3 Comparative and Contextual Analysis

4.3.1 Theoretical Implications and Clinical Relevance

The Sonic Hedgehog (Shh) signalling pathway holds significant theoretical
implications and clinical relevance, particularly in the context of cardiovascular diseases. This
pathway, fundamental to embryonic development and tissue regeneration, has been shown to
play a critical role in the differentiation of stem cells into smooth muscle cells, a process
integral to the maintenance and repair of cardiovascular tissues. Our findings, aligning with the
work of Passman et al. (2008) and Redmond et al. (2013), underscore the importance of the
Shh pathway in the homeostasis of vascular tissues and its potential as a therapeutic target.
Consequently, these insights position the Shh pathway as a promising focus for future

cardiovascular therapies.
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In cardiovascular disease scenarios, such as atherosclerosis, the ability of the Shh
pathway to regulate the differentiation of mesenchymal stem cells (MSCs) and adventitial
progenitor cells (APCs) into smooth muscle cells can be particularly impactful. As suggested
by our results and supported by Li et al. (2010), modulation of this pathway could influence
the proliferation of vascular smooth muscle cells (VSMCs), a crucial factor in the progression
of atherosclerotic lesions. The differential effects of SHh inhibitors like cyclopamine and HPI-4
offer a detailed understanding of how pathway manipulation could lead to divergent outcomes
in cardiovascular disease treatment. This perspective aligns with the broader concept in
regenerative medicine where pathway modulation is capable of promoting tissue repair and
risking abnormal growth or malignancies.

Moreover, the clinical significance of these results is underlined by the potential role of
SHh pathway blockers as medical treatments. The differing toxic effects of cyclopamine and
HPI-4 underscore the need for precise application in therapy. Fitzpatrick et al. (2017) support
this, showing alcohol's role as an SHh blocker, which underscores the delicate nature of
pathway control. Beyond just inhibiting the pathway, these blockers might also be used in
conjunction with other treatments. This approach could be especially important in cases where
excessive pathway activity contributes to the progression of certain cardiovascular diseases.

The synthesis of the results with established research forms a strong argument for
targeting the SHh pathway in cardiovascular disease therapy. This also leads to new directions
for research, especially in grasping the prolonged impacts of modulating the SHh pathway and
incorporating it into current therapeutic frameworks. Fundamentally, this investigation
enhances our conceptual grasp of the SHh pathway's role in cardiovascular health,
underscoring its significance in devising novel treatment strategies and underscoring the

importance of ongoing inquiry in this domain.
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4.3.2 Comparative Analysis of SHh Inhibitors

The comparative study of Sonic Hedgehog (Shh) blockers, namely cyclopamine, HPI-
4, and Anti-Patchedl, unveils unique mechanisms and their potential roles in addressing
cardiovascular diseases. Cyclopamine, an alkaloid found naturally, has been identified as
targeting the Smoothened (SMO) receptor directly (Li et al., 2010), leading to reduced
proliferation of vascular smooth muscle cells (VSMCs), vital in the development of conditions
like atherosclerosis. However, its high-dose toxicity poses challenges for clinical use, requiring
careful dosage calibration and patient-specific considerations.

Contrastingly, HPI-4 shows a divergent safety profile, exhibiting reduced toxicity in
comparison to cyclopamine, as our experiments demonstrated. This aligns with studies such as
those by Lospinoso Severini et al. (2020), who highlight the need for SHh inhibitors with
minimal side effects for potential therapeutic use. The lower toxicity of HPI-4 suggests its
suitability for longer-term treatments or for use in patients where cyclopamine's side effects
are a concern. However, the efficacy of HPI-4 in inhibiting the Shh pathway in a clinical setting
requires further investigation.

Anti-Patchedl antibody offers an alternative approach by targeting the Patchedl
receptor, thereby modulating the Shh pathway at a different regulatory point compared to
cyclopamine and HPI-4. The results could be effective in conditions where upstream
modulation of the pathway is desired (Passman et al., 2008; Redmond et al., 2013). This could
be particularly relevant in diseases where Patched1 receptor overexpression or mutation plays
a role. However, the specificity and long-term effects of Anti-Patchedl in cardiovascular
disease treatment need further exploration. The choice of SHh inhibitor in a clinical context
must, therefore, be guided by a comprehensive understanding of the disease pathology, patient-
specific factors, and the inhibitor's mechanism of action. Essentially, while all three inhibitors

show promise in modulating the Shh pathway, their distinct profiles call for tailored therapeutic
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strategies. Future research should focus on comparative studies in clinical settings to ascertain

the most effective and safe application of these inhibitors in cardiovascular diseases.
4.4 Addressing the Hypothesis

Our initial hypothesis proposed that inhibiting the Sonic Hedgehog (SHh) signalling
pathway would suppress the differentiation of mesenchymal stem cells (MSCs) and adventitial
progenitor cells (APCs) into smooth muscle cells, potentially offering a therapeutic approach
for cardiovascular diseases characterized by aberrant vascular remodelling. Based on the
comprehensive results of our study, we can now confidently accept this hypothesis. Several
lines of evidence support this conclusion. First, our experiments with recombinant Sonic
Hedgehog (r-Shh) demonstrated clear activation of the pathway in both MSCs and APCs, as
evidenced by increased expression of pathway target genes like Glil and smooth muscle cell
markers. Second, both small molecule inhibitors (cyclopamine and HPI-4) and the biological
inhibitor (Anti-Patchedl antibody) effectively suppressed SHh-induced differentiation of
MSCs and APCs into smooth muscle cells. This was confirmed through multiple experimental
approaches, including immunocytochemistry, Western blot analysis, and RT-qPCR. Third, we
observed dose-dependent inhibition of cell differentiation and pathway activity, further
validating the specific effect of these inhibitors on the SHh pathway.

Fourth, the inhibitory effects were consistently observed in both MSCs and APCs,
suggesting a conserved role of SHh signaling in the differentiation of these distinct progenitor
cell populations. Lastly, the modulation of Glil expression, a key transcriptional effector and
marker of SHh pathway activity, provided molecular-level evidence supporting our
hypothesis. These findings not only confirm our initial hypothesis but also extend our
understanding of the role of SHh signaling in vascular biology. The ability to modulate this
pathway and thereby influence the differentiation of progenitor cells into smooth muscle cells

has significant implications for cardiovascular disease treatment. However, it is important to
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note that while our hypothesis is supported, the translation of these findings into clinical
applications will require further investigation. The differential toxicity profiles of the
inhibitors and the complex role of SHh signalling in both pathological and physiological

processes necessitate careful consideration in any therapeutic strategy targeting this pathway.
4.5 Future Perspectives and Research Directions

Despite significant progress, further experiments are necessary. Upcoming studies will
focus on the effects of SHh inhibitors on vascular smooth muscle cells (VSMCs), employing
techniques like DAPI nuclei staining and cell counting. Additionally, the role of Anti Patchedl
Antibody as an SHh inhibitor will be further examined using Western blot, RT-q-PCR, and
potentially ELISA assays. Experiments on APCs will continue, aiming to comprehensively
understand the role of Sonic hedgehog in these cells. Finally, the project will extend to explore
the effects of Sonic hedgehog on pluripotent C3h stem cells.

4.5.1 Emerging Therapeutic Targets

The Sonic Hedgehog (Shh) signalling pathway, integral to cell differentiation and tissue
regeneration, presents several potential targets for cardiovascular disease treatment. Ideally,
targeting specific components of the Shh pathway could offer new therapeutic avenues,
particularly in diseases characterized by abnormal smooth muscle cell proliferation, such as
atherosclerosis. One promising target is the Gli family of transcription factors, key mediators
of the Shh signalling pathway (Lospinoso Severini et al., 2020). Research demonstrates that
altering Glil expression crucially impacts the transformation of mesenchymal stem cells
(MSCs) into smooth muscle cells. Corresponding with Redmond et al. (2013), this shows the
efficacy of targeting Gli proteins in modulating the pathway. Specialized inhibitors aimed at
Gli transcription factors might refine SHh pathway control, thereby reducing the adverse

effects seen with broader inhibition strategies.
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An additional important point is the Patchedl receptor. This study revealed that the
Anti-Patched] antibody effectively suppresses Shh signalling, proposing its targeting as a
feasible therapeutic approach. This aligns with Passman et al. (2008), who identified Patched1's
significant role in maintaining vascular tissue stability. Developing medications that
specifically target Patched1 could alter the Shh pathway from its origin, offering a new strategy
for intervention. Furthermore, this research highlights the Smoothened (SMO) receptor as a
vital target, demonstrated by cyclopamine's effectiveness in pathway inhibition. However, its
toxicity raises concerns for its clinical use, emphasizing the necessity to create new SMO
inhibitors with better safety profiles, an aspect underscored by Li et al. (2010). Advancements
in this area could yield safer, more effective treatments for cardiovascular diseases, focusing
on pathway regulation without detrimental side effects.

Besides the known targets, this research paves the way for identifying new intervention
points within the Shh pathway, such as the downstream effectors of Gli transcription factors or
other related regulatory proteins. These novel targets could enable more refined manipulation
of the pathway's influence in cardiovascular disorders, facilitating the development of therapies
customized to specific disease mechanisms. Overall, this study not only reaffirms the
importance of the Shh pathway in cardiovascular diseases but also highlights several potential
therapeutic targets within the pathway. Future research should aim to develop and test specific
inhibitors targeting these components, with a focus on their efficacy and safety in
cardiovascular disease contexts. Such efforts could lead to significant advancements in the
treatment of cardiovascular diseases, offering new hope for patients suffering from these
conditions.

4.5.2 Recommendations for Future Research
Exploring the potential for combination therapies with SHh pathway modulators is a

promising area of research following our study. The efficacy of inhibitors like cyclopamine
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and HPI-4, especially in conjunction with other cardiovascular medications, offers a synergistic
approach that could revolutionize treatment strategies. Investigating how these inhibitors work
alongside existing drugs, such as statins or beta-blockers, could lead to more comprehensive
and effective treatment regimes, improving overall patient outcomes in cardiovascular disease
management.

Advancing precision medicine in cardiovascular therapy is a vital area of research.
Pinpointing specific biomarkers that predict responses to Shh pathway regulators can lead to
more individualized treatment schemes. This method aims to enhance therapeutic effectiveness
while reducing negative outcomes, marking a transition from broad treatments to more tailored
care (Thapa et al., 2023). Investigations in this domain hold the potential to revolutionize
cardiovascular therapy, pushing it towards more efficient, patient-focused approaches.

Clarifying the SHh signalling roles in diverse cardiovascular diseases is critical for a
more comprehensive grasp of this pathway's impact. While this study sheds light on its overall
role in cardiovascular health, probing its specific functions in conditions like heart failure or
hypertension could reveal new therapeutic targets. Such explorations could broaden our
comprehension of cardiovascular diseases and pave the way for novel treatment methods.
Evaluating the long-term effects of SHh pathway inhibition is crucial, especially considering
the prolonged nature of many cardiovascular diseases. It is vital to understand the enduring
impacts and safety profiles of SHh inhibitors for their sustainable use in extended treatment
plans. Future research should concentrate on assessing long-term usage risks, such as potential
toxicity or the development of resistance, to maintain the viability of these treatments for
chronic cardiovascular conditions.

Finally, investigating the potential of SHh agonists in regenerative therapies offers a
promising avenue in cardiovascular medicine. Utilizing Shh agonists for tissue repair,

particularly following myocardial infarction or ischemic injuries, could significantly progress
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treatment for heart diseases. Studies in this field might lead to ground-breaking advancements
in cardiac tissue repair and regeneration, providing new prospects for effective recuperation in
heart disease patients. Each proposed research direction builds on the insights of this study,

seeking to deepen our knowledge and enhance treatment methods for cardiovascular diseases.
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Appendices
A

ANOVA output results

Figure 13: Effect of cyclopamine on mMSC growth
One-way ANOVA:

Source of Variation SS df MS F P-value F crit

Between Groups 15625.8 53125.16 18.74 <0.0001 3.11
Within Groups 2001.2 12 166.77

Total 17627 17

Dunnett's post-hoc test:

Comparison Mean Diff. q P-value

5 uM vs DMSO -12.3 1.89 0.2135

10 uM vs DMSO -18.7 2.87 0.0872

20 uM vs DMSO -26.5 4.07 0.0214

50 uM vs DMSO -42.1 6.47 0.0003

100 uM vs DMSO -58.9 9.05 <0.0001

Figure 14: Comparison of cyclopamine treatments to normal growth
One-way ANOVA:

Source of Variation SS df MS F P-value F crit

Between Groups 18956.3 6 3159.38 22.31 <0.0001 2.85
Within Groups 1982.7 14 141.62

Total 20939 20

Dunnett's post-hoc test:

Comparison Mean

Diff.
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q P-value

0.5% serum vs 10% -61.2 8.89 <0.0001
5uMvs 10% -14.52.11 0.1872

10 uM vs 10% -20.8 3.02 0.0653

20 uM vs 10% -28.7 4.17 0.0187

50 uM vs 10% -44.3 6.44 0.0002

100 uM vs 10% -61.1 8.88 <0.0001

Figure 15: Effect of HPI-4 on mMSC growth
One-way ANOVA:

Source of Variation SS df MS F P-value F crit

Between Groups 16814.7 5 3362.94 20.18 <0.0001 3.11
Within Groups 1998.3 12 166.53

Total 18813 17

Dunnett's post-hoc test:
Comparison Mean

Diff.

q P-value

5 uM vs DMSO -13.92.13 0.1743
10 uM vs DMSO -20.5 3.14 0.0621
15 uM vs DMSO -27.8 4.26 0.0178
25 uM vs DMSO -43.2 6.63 0.0005

50 uM vs DMSO -59.7 9.16 <0.0001
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Figure 25: Overview of CNN1 expression across all treatment conditions
One-way ANOVA:

Source of Variation SS df MS F P-value F crit

Between Groups 21537.2 8 2692.15 25.63 <0.0001 2.51
Within Groups 1890.8 18 105.04

Total 23428 26

Dunnett's post-hoc test:

Comparison Mean Diff. q P-value

Differentiation vs Maint 33.3 5.05 0.0023

TGF-B vs Maint 41.5 6.29 0.0007

r-SHh vs Maint 42.9 6.5 0.0005

r-SHh + Cyclo vs Maint 22.1 3.35 0.0312

r-SHh + HPI-4 vs Maint 18.7 2.83 0.0428

r-SHh + Anti-Pat vs Maint 24.8 3.76 0.0185

r-SHh + IgG vs Maint 40.4 6.12 0.00
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B

Material Source Catalog Number
Embryonic qualified FBS ATCC 30-2020

EMEM ATCC 30-2003

Mouse Smooth Muscle Cells ATCC CRL-2797 Lot 58678387
4 X SDS Laemmli Buffer Fannin 161-0747

Primer Sets IDT N/A

Alexa Fluor® 488 Goat anti-rabbit (H+L) Invitrogen A-11008

Alexa Fluor® 488 Goat anti-mouse (H+L) Invitrogen A-11001

Alexa Fluor® 488 Donkey anti-goat (H+L) Invitrogen A-11055
2-mercaptoethanol 50mM solution Invitrogen 31350-010

DEPC treated water Invitrogen 750024
Magcore cartridges total RNA Cultured Cells 610 MSC MRC-01 // MRC-02
Sensi-fast SYBR No-Rox one step kit MSC BIO-72005

TGFp1 PeproTech N/A

PDGF-BB PeproTech N/A

Dnase I, Rnase-free Pierce 89836
BCA Assay kit Pierce 23227
Page ruler ladder Pierce 26620
TGFp1 R&D Systems  7666-MB-005/CF
2-mercaptoethanol Sigma-Aldrich M-7154

30% bis/acrylamide solution Sigma-Aldrich  A3699

Anti-goat 2° antibody, HRP conjugated Sigma-Aldrich  A5420

Anti-mouse 2° antibody, HRP conjugated Sigma-Aldrich  A5278

Anti-rabbit 2° antibody, HRP conjugated Sigma-Aldrich  A0545

APS Sigma-Aldrich A3678

BSA Sigma-Aldrich  A4503

Cyclopamine hydrate Sigma-Aldrich C4116

DMEM Sigma-Aldrich D5796

DMSO Sigma-Aldrich C6164

Fatty acid free BSA Sigma-Aldrich  A7030

FBS Sigma-Aldrich  F9665

Gel Blotting Paper Sigma-Aldrich Z698172

Glycine Sigma-Aldrich  G8898

HPI-4 Sigma-Aldrich H4541

L-Glutamine Sigma-Aldrich G7513

Pen-Strep Sigma-Aldrich P4333

Ponceau S stain Sigma-Aldrich  P7170

Protease inhibitor Sigma-Aldrich  P8340

RIPA Sigma-Aldrich R0278

TEMED Sigma-Aldrich T7024

TMB Sigma-Aldrich T0565

Triton X-100 Sigma-Aldrich T8787

Trypan Blue Sigma-Aldrich  T8154

Trypsin Sigma-Aldrich T4174
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Tween

a-MEM

rShh

Anti-Calponin antibody

Anti-Smooth muscle myosin heavy chain 11
Patched 1/PTCH Antibody

Alamar Blue

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Abcam
Abcam
Biotechne
Biosciences

P1379

M0644

S0191

ab46794

ab683
H00005727-M03
DALI1100
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