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Abstract

Anatomical and Molecular Mapping of the Human Cardiac Conduction System — With Aims to
Further Understand Its Function

Abimbola Juliet Aminu
The University of Manchester Doctor of Philosophy April 2022

Background: Worldwide, cardiovascular diseases (CVDs) remain a leading cause of death, with ageing
and obesity being common risk factors. CVDs cause structural and functional remodelling of the heart
—hence further cardiac dysfunctions. The cardiac conduction system (CCS) is a collection of specialised
cardiomyocytes that work together to regulate and propagate electrical impulses around the heart.
The CCS consists of the sinus node (SN, the heart’s primary pacemaker), the atrioventricular
conduction axis, and the His-Purkinje network. Dysfunction of this system leads to CVDs such as
arrhythmia and heart failure.

Therefore, it is vital to further our anatomical understanding of key cardiac structures and the CCS in
healthy, aged, and obese hearts. Expanding our current understanding of the human SN's molecular
mechanisms is equally vital. Dysfunction of key molecular pathways in the SN results in SN
dysfunctions such as bradycardia.

Aims: The studies described in this thesis aimed to contribute to the current understanding of
anatomical and molecular interactions of the working myocardium and CCS of the human heart from
healthy, aged, and obese individuals. The study aimed to create 3D reconstructions of the whole heart,
major blood vessels, valves, and components of the CCS of the human heart from normal (healthy),
aged, and obese individuals. Another aim of using healthy human SN samples was to apply
bioinformatics to predict interactions between microRNAs, transcription factors (TFs), and cell
markers that regulate SN function.

Methods: 1) Normal, aged, and obese whole hearts and tissue blocks were micro-CT scanned
following iodine potassium-iodide (I;KI) or graphene oxide (GO, a novel contrast agent) staining. Some
samples were frozen before sectioning and then stained using Masson’s trichrome. 2) RNA-sequencing
and bioinformatics were used to analyse the expression profile and predict interactions of key TFs and
cell markers mRNAs with key microRNAs in the healthy adult human SN. 3) Luciferase assay
experiments were performed to validate the predicted significant downregulation of mRNAs by
microRNAs.

Results: 1) Successfully used I,KI and a novel contrast agent (GO) for high-resolution micro-CT to
visualise and create 3D reconstructions of the whole myocardium, major blood vessels, coronary
artery network, and valves from whole normal, aged, and obese hearts. Created 3D reconstructions
of Purkinje fibres and the region containing the SN from these hearts. 2) Embryonic TFs (e.g., ISL1) and
‘novel’ TFs (e.g., RUNX1-2) are significantly more abundant in the SN vs. atrial tissue. These TFs were
predicted to regulate HCN4 expression and different cell markers (e.g., COL1A1, a fibroblast marker;
and TPSAB1, a mast cell marker) in the SN. Key microRNAs significantly less abundant in the SN (e.g.,
miR-486-3p and miR-938) were predicted to downregulate mRNAs of pacemaking ion channels. 3)
MiR-486-3p significantly downregulates the luciferase activity of Ca,1.3, Ca,3.1, and TPSAB1.

Conclusions: This thesis contributes to and expands the current understanding of myocardium and
CCS variations between healthy, aged, and obese individuals. The novel insights into the complex
molecular interactions presented in this thesis can be targeted in treating SN dysfunctions. The data
presented can aid in developing cardiac models.
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RATIONALE FOR SUBMITTING IN A JOURNAL FORMAT
AND HOW THE THESIS HAS BEEN CONSTRUCTED

There are three main sections to this PhD project: 1) 3D anatomical reconstruction of cardiac
structures and the cardiac conduction system (CCS) from normal, aged, and obese ex-vivo
human hearts; 2) using next-generation sequencing (NGS) for RNA sequencing and Ingenuity
Pathway Analysis (IPA) to predict the expression profile and interaction pathways of
molecules within the healthy human sinus node (SN); and 3) using luciferase gene assay
experiments to validate some of the predicted interactions. All these three sections were
published as separate papers during my PhD (1. Aminu et al., TRIA. 2022;27:100175; 2. Aminu
et al., Prog Biophys Mol Biol. 2021;166:86-104; and 3. Aminu et al., App/ Sci. 2021;11:11366).
| am the first author in all these papers as all the studies were my PhD project, carried out by

me. Therefore, these papers are combined to form this thesis in a journal format.

This thesis has seven main chapters. Chapters 1 (introduction), 2 (general methods), and 7
(general discussion, conclusions, limitations, future work, and list of publications) have been
written in traditional thesis format. The remaining chapters belong to each published paper.
However, before each paper is presented in its corresponding chapters, | have written a
hypothesis, aims, and materials and methods sections. In particular, the materials and
methods sections provide further insights into the methods described in the papers by

describing troubleshoots and optimisations performed when necessary.
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CHAPTER 1) INTRODUCTION

This chapter provides a general introduction, aims, and outline of the three main parts of this
thesis: anatomy of the whole heart and its cardiac conduction system; bioinformatics to
explore underlying molecular mechanisms within the sinus node; and luciferase assays to

validate predicted molecular interactions.
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1.1 Introduction to the cardiac anatomy

In the United Kingdom, cardiovascular diseases (CVDs), such as cardiac arrhythmia; heart
failure; and myocardial infarction, are responsible for a quarter of all deaths — leading to a
healthcare treatment cost of £9 billion [1]. Ageing (60 years and above [2]) and obesity (body
mass index (BMI) of 30.0 or higher) are common risk factors for cardiac arrhythmia and heart
failure [3]. These CVDs result in anatomical and functional remodelling of the heart — leading
to further cardiac dysfunctions such as atrial fibrillation [4], cardiomyopathy, fibrosis, diastolic
and systolic dysfunction, and increased epicardial fat [5]. Additionally, the dysfunction of the
aforementioned cardiac structures can result in morphological changes and cardiac
dysfunction [6]. Based on this, we need to further our anatomical understanding of key
cardiac structures such as the working myocardium; pectinate muscles; papillary muscles;
aortic root; pulmonary artery root; mitral and tricuspid valves; the coronary arteries; and

epicardial fat.

In addition to knowing anatomical variations of the whole heart in healthy, aged, and obese
individuals, it is just as important for us to understand the anatomical variations of the cardiac
conduction system (CCS) in these individuals. The dysfunction of the CCS leads to CVDs such

as arrhythmia, cardiomyopathy, and heart failure.

1.1.1 The cardiac conduction system

The CCS is a collection of specialised cardiomyocytes that work together to regulate and
propagate electrical impulses around the heart (Figure 1.1) [7]. It consists of the sinus node
(SN, the heart’s primary pacemaker), the atrioventricular (AV, which receives electrical
impulse from the SN and is the main conduction pathway between the atria and ventricles)
conduction axis; and the His-Purkinje network (stems from the AV conduction axis, allowing

the rapid conduction of electrical impulses across the ventricles) [8, 9].

The CCS was discovered over a century ago. Yet, we still lack an understanding of the exact
anatomies of the CCS within the hearts of healthy, aged, and diseased human individuals. We
must know this because remodelling of the CCS occurs in diseased hearts [10-13]. SN
dysfunction happens in response to atrial fibrillation, ageing and/or obesity [14].

Approximately 20% of patients that undergo the transcatheter aortic valve implantation

21



(TAVI) procedure experience AV block or left bundle branch block [15]. This block is due to
the close proximity of the aortic valve and the left bundle branch [15]. Purkinje fibres are
susceptible to early afterdepolarisations — leading to tachycardia arrhythmia [16, 17]. All

arrhythmia associated with CCS dysfunction is discussed in Paper 1, Chapter 3.

Sinus node

Atrioventricular
Left bundle branch

conduction axis

Right bundle
branch

Purkinje fibres
Figure 1. 1. 3D anatomy of the cardiac conduction system in an intact, healthy human heart.
Adapted from Stephenson and Atkinson et al., 2017 [36]. A, the cardiac conduction system (CCS)
separated from the whole heart and B, the CCS incorporated into the surrounding myocardium,
viewed in 4-chamber view. Sinus node = dark blue; atrioventricular conduction axis = green;
bundle branches and Purkinje network = red and purple. IAS, interatrial septum; IVS,

interventricular septum; LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle.

1.1.2 Function of the sinus node

Since its discovery in 1907 [18], the molecular mechanisms that underlie the pacemaking and
cardiac function of the SN (also known as the sinoatrial node) have been an area of great
exploration. The SN has a distinctive morphology of a crescent-shaped structure that runs
along the crista terminalis [7, 19]. Functioning as the heart's primary pacemaker, the healthy
SN has unique pacemaking mechanisms compared to the working myocardium [20]. This
function results from the SN’s unique expression of ion channels and Ca?*-handling proteins
[19]. These channels are responsible for the membrane voltage and Ca?* clocks — the two

main mechanisms that maintain the SN’s automaticity. Mutation of ion channels can cause
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SN dysfunction, such as sick sinus syndrome (SSS, i.e., sinus bradycardia and sinus arrest).
Fibrosis is commonly associated with SSS, and ageing is a risk factor for SSS [21]. Increased
cardiac fat is associated with ageing [22], and results published in Paper 1; Chapter 3 show

that fat replaces the loss of cardiomyocytes observed in the tissue section of the aged SN.

With fibrosis being able to induce abnormalities in the SN’s anatomy, it is vital to explore the

expression and interactions of molecules that regulate the SN’s function.

1.1.3 Clock mechanisms in the sinus node

The membrane voltage clock regulates the spontaneous diastolic depolarisation of the SN
myocytes — through the cyclic activation and deactivation of membrane ion channels [23, 24].
Voltage-sensitive membrane currents predominantly mediate this clock mechanism. This
mechanism includes the hyperpolarisation-activated current (), created by
hyperpolarisation-activated cyclic nucleotide-gated channels HCN1 and HCN4 — with HCN4
being the main isoform highly expressed in the human SN [20]. During phase 4 of the SN’s
action potential, cyclic adenosine monophosphate (cAMP) activates the hyperpolarisation-

activated cyclic nucleotide-gated channels (Figure 1.2) [20].

Now regarding the Ca?* clock. Unlike the working myocardium (i.e. the right atrium), the SN
lacks a resting membrane potential (phase 1) —this is because the SN lacks an inward rectifier
K* current (/1) due to the low expression of Kir2.1 channels in the SN [19, 20, 25]. Kir2.2 is an
inwardly rectifying potassium channel equally expressed in the SN and working myocardium
[20]. When Kir2.1 is knocked out of the ventricles, pacemaking activity and characteristics are
observed [26]. Compared to the working myocardium, the SN has a slow upstroke at phase 0
of its action potential (Figure 1.2) because the slow L generates it - and T-type Ca?* channels
(lcaL IcaT). IcaTregulates the late diastole phase of the SN’s action potential, and Ca,3.1 —Ca\3.3
are T-type Ca?* channels significantly more expressed in the SN compared to the working
myocardium [19, 20]. Ica. is the primary current in the SN action potential upstroke and is
mainly generated by Cay1.3 [19, 20]. The higher expression of Ca,1.3 in the SN is responsible
for the more prolonged plateau at phase 2, observed in the SN’s action potential. Nay1.5 is
responsible for the fast inward Na* current (/na) that leads to the action potential upstroke
observed in the working atrial and ventricular myocardium [19, 20]. At phase 3 of the SN’s

action potential, repolarisation occurs as a result of Ca?* inactivation and the subsequent
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activation of different K* channels such as K,1.4 (this channel contributes to the cardiac
transient outward K* current, lo), Kv1.5, hERG and K,LOT (responsible for the ultra-rapidly,

rapidly and slowly delayed rectifier K* currents, Ix.ur, Ik, ks, respectively) [19, 20].

The spontaneous release of Ca?* from the sarcoplasmic reticulum of SN myocytes is also
known as the Ca?* clock [27]. Ca?* is released locally from the sarcoplasmic reticulum through
the ryanodine receptor type 2 (RyR2); this causes an increase in the concentration of
intracellular Ca?* during phase 4 of the SN’s action potential. The release of Ca?*through RyR2
triggers the release of Ca?* by the Na*-Ca?* exchanger (NCX), which exchanges 3 Na* ions for
every Ca%*ion [27] to generate a net inward current (Incx) Which contributes to the last phase

of diastolic depolarisation (phase 4) [19, 20, 25].
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Figure 1. 2. Summarised expression of the key ion channels that regulate phase 0—4 of the sinus
node action potential [42]. At maximum diastolic potential, the Kir2.1 ion channel generate the
inward rectifier current (Ix1). During diastolic depolarisation (phase 4), HCN1 and HCN4 ion channels
generate the funny current (Is). During late diastole, the sodium-calcium exchanger, NCX1, generates
the sodium and potassium ion currents (Ina+x+) and Ca,3.1 generates the T-type calcium current. At
phase 0 and phase 2, the calcium channels Ca,1.2 and Ca,1.3 generate the L-type calcium current
(Ica). At the final phase of repolarisation (phase 3), the ERG potassium ion channel generates the
rapid potassium current (lx.r) and the KvLQT1 potassium ion channel generates the slow potassium

current (lgss).

1.1.4 Transcription factors and the sinus node

Transcription factors (TFs) are proteins that regulate the expression of ion channels, Ca?*-
handling proteins, and other molecules involved in tissue function - through inhibition,
repression, or activation, by binding to their deoxyribonucleic acid (DNA) target sequence
[28]. TFs are crucial in embryogenesis and adulthood [29, 30], making them potential
therapeutic targets in treating SN dysfunction. T-box TFs - such as TBX2, TBX3, TBX5, and

TBX18 - are a group of embryonic TFs involved in the development of the heart and limbs [31].
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As shown in Paper 2, Chapter 4, the T-box TFs mentioned above are significantly more

expressed in the adult human SN compared to the RA [32].

In mice that lack alleles for TBX2 and TBX3, the development of the AV canal is stunted [33]
[34].

Homeodomain TFs are a group of TFs with a 60 amino acid helix-turn-helix DNA-binding
domain [35]. Often referred to as ‘hox genes’, the DNA sequence that codes for the
homeodomain TFs are called the ‘homeobox’. NKX2-5, ISL1, and SHOX2 are homeodomain
TFs. NKX2-5 is highly expressed in early heart progenitor cells, and the lack of NKX2-5 disrupts
cardiac development (i.e., disruption of heart tube development and decreased heart growth)
[36-38]. ISL1 is crucial in the embryonic development and function of the SN. After embryonic
development, the expression of ISL1 is repressed throughout adulthood [39]. In ISL1-mutant
cell lines, SN hypoplasia and dysfunction are observed [40]. SHOX2 deactivates the expression
of the NKX2-5 promotor, making SHOX2 an important TF in the differentiation of SN
pacemaker cells [41]. The role of TFs in the function and dysfunction of the SN is further

described in Paper 2, Chapter 4.

This brief explanation of TFs' function highlights their essential contribution to developing and
maintaining the SN’s pacemaking function. Figure 1.3 shows a summarised regulatory

network of TFs in the embryonic development of the SN.

Not only does the SN have a complex mechanism, but it also has a complex morphology. We
have previously shown that the SN is embedded in an extensive network of connective tissue
[19, 32, 42]. Elastic fibres, macrophages, mast cells, fat cells, fibroblasts, neuronal,
endothelial, and epithelial cells lie within this connective tissue, as we have recently reported
[32]. miRNAs and TFs regulate the expression of the markers for these fibres and cell types

[32].

26



-
/

\ 4

Figure 1. 3. A summarised regulatory network of transcription factors in the embryonic development

of the sinus node. Purple box = transcription factors; blue box = target genes/ion channels; red line =
upregulation; green line = downregulation. + = expressed in the SN; - = not expressed in the SN.

Adapted from Park and Fishman, 2017 [57].

1.1.5 Cell markers, the immune system, and the sinus node

The SN is a structure that is embedded in connective tissue [19, 42]. As mentioned in the
introduction of Paper 2, Chapter 4, many non-cardiac cells are contained within the
connective tissue, such as macrophages and mast cells (immune cells), fat cells, fibroblasts,
endothelial cells, and epithelial cells, amongst others. The specific markers selected for these
various cell types and their function is mentioned in Paper 2, Chapter 4. After determining the
expression profile of these cell markers in the SN vs. right atrium, / aimed to use IPA to predict

interactions amongst TFs and markers of these various cell types.
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As published in Paper 2, Chapter 4, it was surprising to identify a high abundance of immune
cell markers in the SN compared to the right atrium. Interestingly, the immune system plays
a crucial role in developing and maintaining the cardiac system and regulating the electrical
activity of the CCS [43]. Various immunological mechanisms drive CCS disorders. For example,
patients with SSS have higher levels of anti-sinus node antibodies in their plasma [43]. More
information on the relationship between the immune system and SN function is presented in

the discussion section of Paper 2, Chapter 4.

To further understand the molecular complexity underlying the SN’s morphology and function,
my PhD research project utilised ingenuity pathway analysis (IPA) to analyse data obtained
from next-generation sequencing (NGS) for RNA-sequencing (RNA-seq), as published in Paper
2, Chapter 4. This process involved identifying interactions between key ‘novel’ and
‘embryonic’ TFs in the healthy adult human SN vs. right atrium with genes that regulate the
SN’s pacemaking mechanism. Following this, | aimed to use IPA to identify predicted
interactions between TFs, cell markers and miRNAs (that are differentially expressed in the
SN vs. right atrium [44]) — hence providing new insights into the treatment of SN dysfunctions.
Finally, this research aimed to explore further the relationship between markers of immune

cells, key miRNAs, and pacemaking ion channels using luciferase assay experiments.

1.2 The biology and therapeutic potential of miRNAs

MiRNAs have been identified in all animal model systems, with some being highly conserved

across species [45, 46], yet new miRNAs are still being discovered.

MiRNAs are a group of non-coding RNAs that regulate gene expression through repression or
inhibition and are approximately 22 nucleotides in length. MiRNAs are first transcribed from
DNA sequences into primary miRNAs (known as pri-miRNAs) and then processed into
precursor miRNAs (also known as pre-miRNAs that are approximately 70 nucleotides long)

before finally developing into mature miRNAs.

These mature miRNAs can either be 5 prime (5’) or 3 prime (3’). However, the name of the
mature miRNA form depends on its directionality. The 5p strand (e.g., miR-486-5p) is from
the 5’ end of the pre-miRNA hairpin. The 3p strand (e.g., miR-486-3p) is from the 3’ end of

the pre-miRNA hairpin. These two different stands for the same miRNAs can co-exist and have
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similar functions. For example, miR-486-5p is upregulated during congenital heart disease

[47], and miR-486-3p is upregulated during bradycardia [44].

MiRNAs post-transcriptionally repress the expression of their target messenger-ribonucleic
acid (mRNA) [48]. They commonly do this by binding to complimentary sequences on the 3-
prime untranslated region (3’-UTR) of their target mRNA and usually form ‘imperfect base
heteroduplexes with target sequences’ [49]. However, some miRNAs can bind to the 5’ UTR,
coding domain sequence and gene promoters of their target mRNAs [50, 51]. This precise
function of the miRNAs and their ability to regulate a wide range of cellular processes make

them key players in gene regulation and interesting therapeutic targets for treating diseases.

The aim of miRNA therapeutics is ultimately to improve health status by altering miR
expression. However, the approach of using miRNAs as therapeutic targets is met with some
difficulties as a single miRNA can be predicted to target tens to hundreds of genes — and
approximately 60% of mRNAs have predicted binding sites for more than one miRNAs in their
3’ or 5’UTR [49]. Another challenge that comes with miRNA therapeutics is the fact that most
miR modulators are negatively charged. This makes them prone to non-specifically binding to
blood proteins, consequently reducing their urinary clearance [52]. Furthermore, only less
than 20 miRNA therapeutics (such as miR-29 and miR-122) are in clinical trials — none of which

are in phase Il [52].

However, there is a promising future for developing miRNA therapeutics as several companies
are currently focusing on clinical and large screening studies. The introduction of tail-clamp
modifications to the structures of miRNAs inhibitor and plant-derived miRNAs seek to settle
some of these challenges [53]. In addition, some miRNA therapeutics are currently on the
market, such as a miR-122 inhibitor (Miravirsen) for treating hepatitis C infection in the liver

[54].

1.2.1 miRNAs, mRNAs, markers, and the sinus node

The molecules mentioned play a role in the SN’s pacemaking function; therefore, this section
of my PhD aimed to use luciferase assay experiments to validate predicted interactions.
Previous work by Petkova et al. 2020, predicted interactions between key mRNAs (e.g., HCN1,
HCN4, Cav1.3, and Cav3.1), TFs (e.g., TBX3 and TBX18), and microRNAs (e.g., miR-486-3p, miR-

938, and miR-422a) [50]. Also, during my PhD project, | used bioinformatics software to
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predict interactions between key cell markers (such as COL1A1 — a collagen marker, and

TPSAB1 — a mast cell marker) and miRNAs.

1.2.2 miRNAs and cardiac development

During cardiac injury or disease (such as heart failure and myocardial infarction),
cardiomyocytes are normally lost and the adult heart cannot regenerate [51, 52]. Since their
discovery just over 25 years ago, micro-ribonucleic acids (miRNAs) are known to play
significant roles in key cardiovascular pathological processes such as arrhythmias, ventricular
hypertrophy, and heart failure [53] — all of which can contribute to structural abnormalities
of the heart. Improving our understanding of the underlying molecular mechanisms of
miRNAs in the cardiogenesis signalling pathways can improve the current treatments of

cardiovascular diseases (CVDs).

Studies have shown that a single miRNA can regulate cardiac development and function [55-
58]. MiR-1 and miR-133 are significant in cardiac development as miR-1 promotes, while miR-
133 inhibits, the differentiation of embryonic stem cells into cardiomyocytes [59-61]. Both
miR-1 and miR-133 regulate the activity of the serum response factor (SRF). SRF is important
in regulating cardiac and smooth muscle differentiation genes [56, 62]. Tritsch et al. showed
that SRF and miR-1 work together to regulate NCX1 (the sodium-calcium exchanger that
generates sodium and potassium ion currents (Ina+,k+), during the late diastole phase of the

SN’s action potential, Figure 1.2) [63].

1.2.3 miRNAs and cardiac diseases

CVDs such as SN dysfunction, heart failure, cardiac arrhythmia, and myocardial infarction are
the leading cause of death in the United Kingdom [1]. Figure 1.4 summarises some cardiac-

specific miRNAs and their targets in cardiovascular diseases.

Ventricular septal defect (VSD, a separation in the ventricular septum) is a condition that is
commonly observed in most congenital heart diseases. VSD development correlates with

increased levels of GJA1, SOX9 and miR-181c and decreased expression of miR-1-1 [64].

Elevated expression of miR-1, miR-133, miR-208, and miR-499 has been reported in patients
with myocardial infarction [65]. On the other hand, miR-133a/b, miR-30b, miR-145, miR-873,

and miR-214 are decreased in patients with myocardial infarction [66]. The expression of miR-
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873 and miR-2861 has been shown to reduce heart damage by inducing protective signalling

[66].

In mouse and human cardiac hypertrophy, the expression of miR-1 and miR-133 is
downregulated [67]. MiR-328 targets Cay1.2 (a calcium channel that generates the L-type
calcium current at phase 0 of the SN’s action potential) [68]. In the left atrial samples of a
canine model of atrial fibrillation and in patients with rheumatic heart disease, the expression

of miR-328 is elevated [68].

Therefore, miRNAs can be potential therapeutic targets in the treatment of CVDs. This has
previously been demonstrated by Yanni et al. (injected a miR-370 antimiR into heart failure
mice to restore the expression of HCN4 in the SN) [69] and Petkova et al. (injected miR-486-

3p into healthy rat tissue to reduce HCN4 expression and thus reduced heart rate) [44].
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Figure 1. 4. Main miRNAs involved in heart diseases. Green box, upregulated; red box, downregulated.
Adapted from Islas et al. 2018 and Kalayinia et al. 2021. Heart image obtained from (http://clipart-

library.com/clipart/gceSyeaqi.htm).

1.3 Imaging techniques

Histology, immunohistochemistry, echocardiogram, cardiac magnetic resonance imaging
(CMRI), computed tomography (CT), and micro-CT are various imaging techniques used in the

anatomical study of the human heart [70-78].

1.3.1 Histology

Histology involves dissecting and staining tissue and examining them under a microscope. In
clinical practice, histology contributes to disease study and treatment [79]. Generally, there
are five stages involved in histological staining: fixation, processing, embedding, sectioning
and staining [80]. Modern histology stains include Toluidine Blue (stains mast cell granules
and cartilage), Movat Pentachrome (stains collagen and elastin), and Masson’s Trichrome
(stains connective tissue, myocytes, and fibrin). In my PhD research project, | performed
Masson’s trichrome staining on healthy, aged, and obese tissue samples to analyse and study

the variation of cardiomyocytes and connective tissue.
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1.3.2. Echocardiogram

Because this technique is fast, cheap, and non-invasive, echocardiography is commonly used
in clinical practice. It uses sound waves generated by a probe back-recorded from the cardiac
tissues to analyse anatomy and function [81]. Although this imaging technique has previously
been used for the in vivo measurements of myocardial wall thickness and chamber volume

[74, 76], it has not yet been used to create 3D reconstructions of the heart.

1.3.3 Cardiac Magnetic Resonance Imaging

CMRI is another imaging technique used for the in vivo analysis of the anatomy and function
of healthy and diseased hearts. This technique uses a magnetic field and radio waves. It is a
highly accurate and reproducible technique commonly used to analyse the anatomy and
function of the left ventricle and atria [72, 75, 77]. Kawel et al. (2012) used CMRI to obtain
normal reference values for left ventricular wall thickness by manually contouring around

regions of interest [72] — a technique utilised in my PhD study.

1.3.4 Computed Tomography and Micro-computed Tomography

CTis a non-invasive and non-destructive imaging technique that uses x-rays that pass through
the sample at various angles. The sample rotates through 360° to produce images with voxel
sizes of approximately 300 um, commonly used in clinical settings. Recently, higher-resolution
micro-CT (with voxel sizes as low as 0.95 um) has been used in vivo [71, 82] and ex vivo [7, 83-
85], using contrast agents such as iodine potassium-iodide (I2Kl, to visualise the working

myocardium, CCS and blood vessels) [7, 71, 82].

Stephenson and Atkinson et al. 2017 published the first 3D reconstruction of the CCS in an
intact, healthy human heart using I:Kl-enhanced micro-CT [7]. Unlike conventional CT, micro-
CT works by combining a smaller field of view with a high-resolution detector — resulting in
higher-resolution images. The results from my PhD research project are the first to show that
graphene oxide (GO) is a viable contrast agent to visualise epicardial fat. This component was

previously difficult to visualise using 12KI.

Based on the variation of attenuation for the contrast agents across the cardiac tissue, it is
possible to distinguish between various structures, such as the working myocardium, blood

vessels, epicardial fat, and components of the CCS. Compared to the components of the CCS,
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the working myocardium has a higher attenuation rate for 12Kl (that is, 12KI accumulates in
the working myocardium, compared to the CCS). This higher attenuation rate is because IxKI
binds to glycogen. Compared to the CCS, there is a higher glycogen content in skeletal muscle
(one of the main muscle types in the working myocardium), as discussed in Paper 1, Chapter

3. Histology staining is usually required to confirm images obtained from micro-CT.

Previous studies have used 2Kl contrast agent to stain cardiac tissue for micro-CT scanning
and analysis [7, 15, 86-88]. However, these studies did not create and analyse 3D
reconstructions of structures within aged and obese hearts. Therefore, the purpose of this
PhD project was to use I;KI and GO as contrast agents for high-resolution micro-CT to visualise

and analyse anatomies of the whole, aged, and obese hearts, including their CCS.

1.4 Obesity and cardiovascular diseases

Obesity has a direct and indirect link to increased cardiovascular morbidity and mortality. As
mentioned earlier, obesity (BMI > 30.0) is a common risk factor for cardiac arrhythmia and

heart failure [3].

‘Obesity cardiomyopathy’ describes the cardiac remodelling that originates from obesity [89].
Obese patients develop heart failure ten years earlier than patients with a normal BMI [90].
In addition, various haemodynamic changes such as increased cardiac output increased blood
volume and reduced systemic vascular resistance that occurs during obesity contributes to

hypertension, left ventricular hypertrophy, diastolic dysfunction and heart failure [90].

This dysfunction progresses independently of coronary heart disease, hypertension, heart
failure, and other CVDs. The accumulation of fat - notably increased visceral adipose tissue
and pericardial fat - leads to the increased cardiac output mentioned above and, eventually,
the myocardial wall and/or chambers enlargement to meet the increased energy demands of

the myocardial wall and/or chambers obese heart.

Other CVDs manifest because of obesity. Right ventricular hypertrophy (resulting in increased
right ventricle end-diastolic volume) is more common in obese individuals than those with
normal BMI [91]. Extensive cohort studies have shown a correlation between obesity and

increased aortic valve stenosis [92, 93]. The structural and functional remodelling of the atria
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and ventricles in the obese heart increases the occurrence of atrial fibrillation in obese

individuals [94, 95].

1.5 Ageing and cardiovascular diseases

As mentioned earlier, ageing (60 years and above [2]) is a common risk factor for cardiac
arrhythmia, and heart failure — the mean age of patients with SN dysfunction is 68 years [3].
Ageing is associated with cardiac structural and functional remodelling. In aged patients,
cardiomyopathy and heart failure are common causes of hospitalisation [96]. A gradual
decrease in maximum heart rate is a key feature of ageing in humans and mammals [97]. The
most common factor that leads to SN dysfunction is the age-related degeneration of the SN
[98]. The proposed reasons for this are a loss in CX43 protein observed in aged guinea pig
hearts [99] and the loss of cardiomyocytes (apoptosis) in aged hearts. This apoptosis
contributes to aged hearts having smaller mass and volume than healthy and younger hearts

[96].

Ageing is linked to a decrease in increased left atrial volume, reduced ventricular volume, and
thickened and calcified valves [100]. The structural decline of the ageing heart is associated
with fibroblast-extracellular matrix disruption [101]. This disruption results in increased
fibrosis as fibroblasts produce fewer ECM proteins and more matrix-degrading

metalloproteinase [42, 102].

Obese heart samples and aged heart samples were used in this PhD project on account of the
critical effects of obesity and ageing on the development of cardiovascular diseases. We must
expand our understanding of the structural differences in obese and aged hearts compared

to normal.
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1.6 Aims

The overall aim of this research is:

The following aims were established to contribute to the current understanding of the
anatomical and molecular mapping of the working myocardium and CCS of the human heart

from healthy, obese, and aged individuals,

(1) As published in Paper 1, Chapter 3, the first aims were to visualise and compare the
whole normal, aged, and obese hearts and their CCS components using I2Kl-enhanced
micro-CT. The next aim was to visualise epicardial fat within tissue blocks from normal,
ageing, and obese hearts, using GO-enhanced micro-CT

(2) The following aims were based on the bioinformatics analysis of NGS for RNA-seq

dataset for healthy human SN samples to predict key molecular interactions and
further understand the molecular complexity of the SN.
As published in Paper 2, Chapter 4, | aimed to identify ‘novel’ TFs in the human SN vs.
RA, use IPA to predict interactions between these ‘novel’ TFs and ‘embryonic’ TFs and
predict interactions among key TFs with pacemaking genes. | also aimed to deduce the
expression of markers of key cell types and organelles in the SN vs. RA and predict their
interaction with key TFs. Finally, | aimed to predict the interaction between these
markers and TFs, and recently published key microRNAs [44].

(3) Again, to further understand the SN’s molecular complexity and pacemaking function,
the last set of aims was based on the experimental validation of key predicted
interactions. As published in Paper 3, Chapter 5, | aimed to use luciferase assay
experiments to validate the predicted interactions between microRNAs, key

pacemaking ion channels, TFs, and markers for immune (mast) cells and collagen.
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CHAPTER 2) GENERAL METHODS

This chapter provides a general overview of the methods mentioned in this thesis. It also

includes the basic principles of these methods.

The methods adopted throughout this PhD project are as follows: human tissue preparation;
micro-computed tomography (micro-CT); image analysis; 3D reconstruction; Masson’s
trichrome staining; bioinformatics; ingenuity pathway analysis; and luciferase reporter gene

assays
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2.1 Human sample details and ethical approval for micro-CT

studies

Five ex vivo human heart specimens were used for micro-CT scanning and analysis, with a
patients’ age range of 19-97. Specimens were sourced from Prof. Paul laizzo (The Visible
Heart® Laboratories, Minnesota, USA), from Science Care, USA, from Prof. Peter Molenaar
(Australia), and from Prof. Filip Perde (Romania), all under local ethical rules. Patient

information and specimen source are provided in the methods section of Paper 1, Chapter 3.

2.1.2 General principles

The main methods are summarised in Figure 2.1.

2.1.2.1 Tissue preparation

Formaldehyde is a commonly used fixative in laboratories as a neutral buffered formalin.
Formalin is considered a universal fixative because it penetrates tissue quickly, causes less
tissue shrinkage compared to other fixatives, and the lipids within the tissue are not made
insoluble but are preserved [103]. Therefore, each specimen used for my project was fixed in
4% buffered formalin before micro-CT scanning. Following this, the specimens were stored at
room temperature in the Dobrzynski laboratory under the Human Tissue Act (2004).
Specimens for cryosectioning and histology were stored at -80 °C, as described in the methods

section of Paper 1, Chapter 3.

Before scanning, all specimens were cleared of fixative by immersing them in distilled water
for 7-14 days (Figure 2.2) and then immobilised in a container to prevent movement during

the scanning process. Scan times ranged from 1 hour - 6 hours.

2.1.2.2 Basic principles of micro-CT

As opposed to other imaging techniques such as histology, micro-CT is a non-destructive
imaging technique that produces high-resolution 3D images made from 2D trans-axial
projections (otherwise known as ‘2D slices’) of the scanned specimen. Micro-CT produces
images with voxel sizes below 1 um and spatial resolutions of 3 — 100 um, providing the

images with much higher resolution than ultrasound and MRI techniques [104]. The voxel size
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depends on the magnification (i.e., the distance between the x-ray source and specimen and

between the x-ray source and detector).

During my PhD project, specimens were scanned using the Nikon Metris XTEK XT H 320/225
kV High Flux systems at the Henry Moseley Manchester X-Ray Imaging Facility, University of
Manchester, as previously described [7, 15]. This equipment consists of various
compartments: an x-ray source/generator, a radiation filter and collimator, a stage to hold
and rotate the specimen by 360°, and a phosphor-detector/charge-coupled device camera
detects the images (Figure 2.1). 2D projections/slices (number of projections is 2000-4000) of
the specimen are created as the specimen rotates on the stage through 360° multiple viewing
directions. | then concerted these 2D slices to 3D reconstructions (filtered back projection).
Additionally, micro-CT allows virtual sectioning and visualisation from any plane, as described

in the methods section of Paper 1, Chapter 3.

Visualising images and identifying structures within the micro-CT scanned specimen is based
on x-ray attenuation differences, as described in the methods section of Paper 1, Chapter 3.
This visualisation corresponds to how much the intensity of the x-ray beam diminishes as it
passes through the specimen. Various parts of the myocardium (the working myocardium vs.
the CCS) and fat have different x-ray attenuation rates following 12Kl or GO infusion. The
working myocardium has a higher attenuation for x-rays. It, therefore, appears light grey-to-

white, while the CCS has a lower attenuation and therefore appears dark grey-to-black.

2.1.2.3 Image analysis and 3D reconstruction

| uploaded 2D images/slices obtained following micro-CT scanning of specimens onto Amira
v6.5 (Thermo Fischer Scientific). Amira v6.5 refers to 2D slices as ‘ortho slices’. The ‘volume
rendering’ function within Amira v6.5 was used to convert the 2D slices to 3D reconstructions.
To segment structures such as the working myocardium, atrial and ventricular cavities,
components of the CCS; blood vessels; valves; whole tissue block; and epicardial fat, | used
the ‘segmentation’ feature within Amira v6.5. Within this feature, a ‘masking’ threshold was

set. This technique is described in more detail in Paper 1, Chapter 3.

After separating (i.e., segmenting) the region of interest from the surrounding tissue, |
reconstructed it into a 3D image using the ‘generate volume’ function. Volume rendering

allows various measurements of the segmented structures, such as volume measurement,
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wall thickness, tissue length, and wall width. The location of myocardial wall width
measurements is shown in Figure 1 of Appendix A. After segmenting the atrial and ventricular
cavities from the normal, aged, and obese whole hearts and creating their 3D reconstructions,
| obtained their volumes. | used Graph Pad Prism 8.4.3 (by Dotmatics) software to create the

graphs depicting the cavities’ volumes, as shown in Figure 4 of Appendix A.

Additionally, the 3D reconstruction of the segmented structures can be manually inserted into
other specimens, allowing comparison and further analysis. For example, the segmented SN
region from a healthy right atrium tissue block can be inserted into an obese or aged right

atrium tissue block or whole heart.
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Figure 2. 1. The principal components of a micro-computed tomography scanner. Adapted from

https://www.microphotonics.com/.
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Figure 2. 2. Summary of main methods. GO, graphene oxide; 12KI, iodine potassium-iodide.
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2.1.2.4 Basic principles of Masson’s trichrome staining

A detailed description of the cryosectioning of the tissues can be found in the methods section
of Paper 1, Chapter 3. | sectioned the tissue blocks containing the AV junction in the direction
from the INE to the bundle branches, and tissue blocks containing the SN were cryosectioned

from the inferior vena cava to the superior vena cava.

The morphology of tissue sections and the location of specific structures within a tissue can
be assessed using histological staining. Stains can be used on their own or in combination with
other stains so that multiple components within the tissue section can be visualised

simultaneously.

Usually, the negatively charged groups on dyes bind to positively charged groups on the tissue

sections (i.e., ionic binding), and the pH of dyes is usually between 1.5 — 3 [105].

The most common fixative used in histology is Bouin’s fluid. It works by enhancing the
intensity of the stains. In the Masson’s trichrome staining | performed during my project,
tissue sections on glass slides were initially placed in an oven at ~38°C overnight before
immersing in Bouin’s fluid. This process was to prevent tissue sections from sliding off the
glass slides during the staining process —a common issue that | observed in the early stages

of my project.

Masson’s trichrome is a common staining method. It consists of celestine blue, Mayer’s

haematoxylin, acid fuchsin, phosphomolybdic acid, and methylene blue.

Celestine blue is a nuclear stain that is resistant to acid. During Masson’s trichrome staining,
celestine blue is used to preserve the nuclear staining throughout the staining procedure.
Nuclei are stained blue/black (see Figures 8, 10, 11, and 12 in Paper 1, Chapter 3, and Figure
1in Paper 2, Chapter 4).

Mayer’s haematoxylin is a nuclear stain that stains chromatin in nuclei blue/black.
Acid fuchsin is an acidic magenta dye that stains myofilaments red.
Phosphomolybdic acid replaces the stain that is bound to the tissue section.

Methylene blue stains collagen fibres cobalt blue.
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2.2 Human sample details and ethical approval for

NGS and IPA studies

For next-generation sequencing (NGS) for RNA sequencing (RNA-seq), three ex vivo human
hearts were obtained as they were deemed unsuitable for transplantation, by collaborators
in Australia, under local ethical approval. The patient age range was 19 -54. Upon receiving
the samples, they were stored at -80°C in the Dobrzynski laboratory under the Human Tissue
Act (2004). Further patient information and specimen source are provided in the methods

section of Paper 2, Chapter 4 and Paper 3, Chapter 5.

2.2.1 General principles

2.2.1.1 Tissue preparation

The sinus node (SN) samples were obtained from around the SN artery, and the right atrium
(RA) samples were obtained from the pectinate muscle. Dr Halina Dobrzynski carried out this

step.

2.2.1.2 Basic principles of next-generation sequencing

The Genomic Technologies Core Technology Facility performed NGS on the samples at the
University of Manchester. In principle, during the process of NGS, DNA polymerase catalyses
the attachment of fluorescently labelled deoxyribonucleotide triphosphates (dNTPs) to the
DNA template strand during the DNA amplification cycles. During each cycle, fluorophore
excitation identifies the nucleotides. Multiple screening of the same DNA fragment achieves

high accuracy and a high yield of error-free reads.
Generally, there are four basic steps in NGS:

1. Library preparation. This step involves randomly fragmenting the cDNA sample to create
smaller sequence strands/fragments. Then DNA ligase joins these smaller strands to specific
adapters (short, synthetic DNA fragments that help the cDNA fragments to bind to the

complimentary sequence) to the cDNA fragment's 3’ and 5’ ends [106].
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2. Library amplification. After ligation to adapters, the cDNA fragments undergo PCR
amplification and gel purification. Higher cDNA abundance produces a stronger signal during

amplification, therefore allowing the accurate detection of specific cDNA fragments.

3. Cluster generation. Here, the cDNA library is loaded into optical flow cells. The cDNA
fragments are then captured through their adapters binding to complementary surface-

bound oligos [106]. Following this, sequencing of the cDNA templates can now occur.

4. Sequencing. A proprietary reversible terminator-based method detects single nucleotide
bases on the DNA template strands. The outcome of this is a highly accurate base-to-base

sequencing — therefore, it prohibits sequence context-specific errors [106].

Before | began my PhD project, NGS was already carried out on the 3 SN and 3 RA samples by
the Genomic Technology Core Facility, University of Manchester. NGS for RNA-seq was
performed on total RNA extracted by Dr Dobrzynski from three frozen human SN and RA
samples. The NGS dataset contained 2595 mRNAs significantly more or less expressed in the

SN vs. RA.

2.2.1.3 Basic principles of Ingenuity Pathway Analysis

| used IPA to identify key and ‘novel’ mRNAs and TFs within the NGS dataset (main methods

summarised in Figure 2.3).

As mentioned in the introduction, IPA is an advanced and powerful bioinformatics software
that allows the functional analysis, understanding, and integration from RNA-seq and
microarray gene expression datasets, as well as miRNA and proteomics datasets [107]. For
my PhD project, the NGS dataset was uploaded into the IPA program for a systematic
bioinformatic analysis. Within IPA, | identified TFs and mRNAs that were significantly more
expressed (log2fold change > 1) and significantly less expressed (log2fold change < 1) in the
SN vs. RA. Following this, IPA was used to predict interactions between key TFs, cell markers,
miRNAs and mRNAs based on the Ingenuity Knowledge Base of ‘highly-structured, detail-rich
biological and chemical findings’ [107]. These findings are linked to original articles constantly

reviewed for accuracy by PhD scientists [92] — making IPA unique from other databases.
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After

identifying predicted

targets

and interactions, |

used various

software

(https://cm.jefferson.edu/rna22/ and http://www.targetscan.org/) to predict the number of

binding sites for the miRNAs on target mRNAs.

RA

1. Load NGS dataset into
IPA. Dataset contains
2595 mRNAs that are
significantly more or less
expressed in the SN vs.

2. Assign columns: ‘Gene ID’,
‘experimental intensity’ (i.e.,
mean values), ‘experimental log
ratio’ (i.e., log2foldchange),
‘experimental P-value’ (i.e., P
value), ‘Padj’ (i.e., P value).

6. Create pathways and
analyse interactions

Using the ‘add to pathway’
function in IPA, individual
pathways for each of the 128
TFs, 48 markers, and 15
miRNAs (from Petkova et. al.,
2020) were created. Pathways
were then combined to
identify direct interactions.

3. ‘Core Analysis’ to analyse
and filter dataset. Assigned
log2foldchange cut-off of -1 to

1 —l

Resulted in 1424 significantly
more or less expressed mRNAs
in the SN and RA.

dataset.

5c. Identify markers in NGS

4. Identify TFs within dataset
by selecting ‘transcription
regulator’ from the 'molecule
type”.

68 TFs significantly more
expressed and 60 TFs
significantly less expressed TFs
in the SN vs. RA.

5b. Identify markers in NGS

Markers for the organelles were
identified by searching for mRNA

dataset.

markers.

- in the NGS dataset — with the
organelles mentioned in their

4= | Search for organelles in the
‘gene description’ of mRNAs

5a. Identify markers in NGS
dataset.

Select key nodal organelles
(e.g., macrophages, mast cells,

description. Resulted in 48 key

within excel file of NGS
dataset

and fibroblasts).

Figure 2. 3. Summary of Ingenuity Pathway Analysis methodology. IPA, Ingenuity Pathway Analysis; mRNAs,

messenger ribonucleic acids; NGS, next generation sequencing; RA, right atrium; SN, sinus node; TFs, transcription

factors.
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2.3 General principles for bioinformatics

2.3.1 RNAseq and gPCR for miRNA

The miRNAs data obtained from previously performed qPCR experiments are what | used for
my PhD project. From this, 754 miRNAs were identified - 66 of which were significantly
(log2foldchange > or < 1) differentially expressed in the sinus node (SN) and right atrium (RA).
18 miRNAs were significantly more expressed in the SN vs. RA, and 48 miRNAs were
significantly less expressed in the SN vs. RA. 15 of these 48 miRNAs were predicted to interact
with key molecules that regulate the SN’s pacemaking function [44]. How these miRNAs were

extracted and analysed is described in Petkova et al. (2020) [44].

2.3.2 Prediction of binding sites RNAseq and qPCR for miRNA

After IPA predicted direct interactions between miRNAs and target mRNAs, | used various

software to predict the number of binding sites for miRNAs on the target mRNAs.

First, | obtained the sequence for the 3'UTR or the target mRNA from

https://genome.ucsc.edu. Then, | got the mature sequence for the miRNA from

https://www.mirbase.org. Following this, the 3’UTR and miRNA sequences were input into

RNA22 (https://cm.jefferson.edu/rna22/). When IPA predicted interactions but RNA22

predicted no binding sites, TargetScan Human (http://www.targetscan.org/) was used to

predict the binding sites.

An example of how | predicted binding sites on TPSAB1 for miR-486-3p is described in Figure
2.4.

The miRNAs and mRNAs predicted to have complementary binding sites were chosen for
luciferase assay experiments for validation. A list of miRNAs and mRNAs that were ‘carried
forward’ for luciferase experiments and the number of predicted binding sites is shown in
Table 1 of Paper 3, Chapter 5. It should be noted that although binding sites for miRNA are
predicted to be on their target mMRNAs, sometimes no significant downregulation (or even no
trend towards downregulation) in the luciferase activity of some target mRNA was observed
following miRNA binding, even sometimes after 5 batches of experiments. For example, HCN1
is predicted to have 6 binding sites for miR-486-3p (Table 1 of Paper 3, Chapter 5). However,

there was no significant downregulation in the luciferase activity of HCN1 after the addition
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of miR-486-3p. This result and the results of all the non-significant downregulation are shown
in Appendix B. Explanation for why non-significant downregulation (or even no
downregulation) in the luciferase activity of target mRNAs is observed, even though binding
sites are predicted to be on the target mRNAs, is provided in the discussion section of Paper

3. Further explanation is provided in Appendix B.

2b. Obtain 3’'UTR sequence for TPSAB1

2a. Obtain 3'UTR sequence for

1. IPA predicts
human TPSAB1
i i . Select ‘TPSAB1’ f th h Its. In thi
m?eractlon between Search for “TPSABL’ inthe “UCSC : elec rom the searc Jresu s n :e
miR-486-3p and G B H i mRNA secondary structure of 3" and 5’ UTRs
TPSAB1 enome browser on fuman:on tab, select the ‘text’ display for the 3'UTR.
https://genome.ucsc.edu

‘Copy’ the sequence

v

3b. Obtain sequence for human -
D pac 3a. Obtain sequence for human 2¢. Obtain 3’'UTR sequence for TPSAB1

miR-486-3p .

miR-486-3p

4— | Search for ‘hsa-miR-486-3p” in 4 | ‘paste’ the 3'UTR sequence into the

the searchtabin

Inthe search results, select ‘get
sequence’ under the ‘mature

sequence has-miR-486-3p’ tab. ‘single target sequence’ boxin RNA22

“Copy’ the sequence https://www.mirbase.org (https://cm.jefferson.edu/ma22/)
4a. Predict number of binding sites 4b. Predict number of binding sites
‘Paste’ the mature hsa-miR-486-3p sequence Number of binding sites is shown. RNA22
into the ‘microRNA sequence’ box in RNA22 —p | predicts that there are 2 binding sites on
(https://cm.jefferson.edu/rma22/), as shown TPSAB1 for miR-486-3p. See image below
below (red box). Select ‘submit’. (green box)

RNA22 v2 microRNA target detection

[=)Share via email | Click here to view pre-computed static RNA22 v2 predictions

Click here to download a program that will allow you to submit batch requests (Note: updated 09April201
There have been 46140379 requests to date RNA22 V2 resu]'ts

Please cite: Miranda, KC et al (2006) A pattern-based method for the identiication of MicroRNA binding sites and their hsteroduple

Resulted have computed and are shown below. If there are no results shown, it means your chosen
Input up to 50microRNA sequence(s) (fasta format): [ Click here for sample microRNA v parameters yielded no results.
(CGGGGCAGCUCAGUACAGGAU Note: The p-value represents the likelihood that the target site loci is random. That is, a lower

p-value represents a greater chance that the loci contains a valid MRE

Input singletarget sequence (fasta format): [ Click here for ssmple target sequence

ucaggc CACCUZEEUCACUEEaBEaCCaaCCCUBCUSUCCaaaaCaccaCUECULCCUACCCAEEUEECEac | ——
UECCCCCCacaccULICCCUgCCcEUCCUEagUECieCULCCUBUCCLAASCCCCCUECUCUICULCUEagCCacULCCCCUEY: miR Name ® transcriptname & - %+ heteroduplex pvale
CUZAZZACCCULCCCUAUCCUEAZCCCOCULCCCUUCCUA3ECCUZaCECOUECACCEEECCCUCCAZCCCUCCCCUSCCCAg jpredicted targetsite  (in -Kcal/mol)
3UAZCUEEUEEUEEECECUAAUCCUCCUSAgUZCUSEACCUCaUUAaagUSCaUgZaaauca
my_mir_noheader_provided_1 | my_seq_ncheader_provided_1 | 89 -16.20
COCCACACCTT!
|
. TAGGACATGAC
Qutput Format: ® Heteroduplex's O Text Table
Sensitivity vs. Specificity setting: (Sensitivity of 63%, Specificity of 1% v
! p» Y & \Sensithityo pecihity o iy mir_noheader provided 1 | my seq noheader provided 1 | 185 -16.20 o |sase2
Seed/nucleus region: | Seed size of 7, allow maximum of 1 UN-paired bases inseed % ATCCTGAGC-CCCCTTCCLTE
Minimum number of paired-up bases in heteroduplex: (12 v T =1 I i
Maximum folding energy for heteroduplex (Kcal/mol): (112 v TAGGACATEACTCGACEEEEE
Maximum number of G:U wobbles allowed in seed region: [ Nolimit ¥
submit I

Figure 2. 4. Summary of how the number of binding sites is predicted. Hsa, homosapien; IPA,
Ingenuity Pathway Analysis; miRNAs, micro ribonucleic acids; mRNAs, messenger ribonucleic acids.
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2.3.3 General principles of luciferase reporter gene assay

Luciferases are a group of enzymes that produce light when they oxidise luciferin (their
substrate), releasing energy. Almost all the energy produced during the oxidation reaction is
converted to fluorescent light — making the luciferase reporter gene assay sensitive to
changes in gene/protein expression levels [93]. The luciferin-luciferase complex that is
formed is found in bacteria (Vibrio harveyi), dinoglagellates (Gonycaulax), and more
commonly, the firefly (Photinus pyralis). The firefly luciferase is commonly used in reporter

gene assay experiments.

The luciferase gene is cloned downstream of the target DNA sequence (e.g., TFs or mRNAs
such as TBX18 or HCN4) into an expression vector before it is transfected into a cell line (e.g.,
HI9C2 rat myoblast cells). In cell culture, the luciferase reporter gene assay is used to
determine the expression levels of target genes. It is also used to study the activity of miRNAs

on the post-transcriptional repression of their target proteins.

Cells are transfected with the luciferase gene-containing vector and other molecules, such as
miRNAs, before incubating the cells for 24 hours. Then the cells are lysed by adding a lysis
buffer before the luciferin enzyme. Proteins, including the luciferase protein, are released
from the cell culture and interact with luciferin. A bioluminometer detects and quantifies the
reaction/amount of light emitted. Luciferase activity is directly proportional to the expression
of the target gene because the luciferase gene is fused with the target gene [108]. If the
miRNA inhibits its target gene, luciferase intensity is reduced compared to a control assay. A
renilla (Renilla reniformis) reporter gene internally controls and normalises the luciferase
reporter gene results. Renilla also normalises variations that could take place due to

transfection efficiency and sample handling.

2.3.3.1 Luciferase reporter gene assay experiments

As mentioned earlier, IPA was used to predict interactions between TFs that are more
expressed in the SN vs. RA (e.g., Cav1.3 and TPSAB1) and miRNAs that are less expressed in
the SN vs. RA (e.g., miR-486-3p and miR-938). Following this, | used various software

(https://cm.jefferson.edu/rna22/ and http://www.targetscan.org/) to predict the number of
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binding sites for the miRNAs on target mRNAs. 12 mRNAs were predicted to be inhibited by

their respective miRNAs.
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CHAPTER 3) NOVEL MICRO-COMPUTED TOMOGRAPHY CONTRAST
AGENTS TO VISUALISE THE HUMAN CARDIAC CONDUCTION SYSTEM
AND SURROUNDING STRUCTURES IN HEARTS FROM NORMAL,
AGED, AND OBESE INDIVIDUALS!

This paper provides detailed descriptions and insights into the use of iodine potassium-iodide
(I2Kl) and graphene oxide (GO) as contrast agents for high-resolution micro-computed
tomography (micro-CT). The aim is to explore and identify anatomies of normal (i.e., healthy),

aged, and obese whole hearts, including their cardiac conduction system (CCS).

The study described in this chapter was conducted on 5 post-mortem human hearts. The use
of 1Kl to visualise components of the heart utilises a previously established imaging technique
to show 3D reconstructions of whole normal, aged, and obese hearts — for the first time.
Uniquely, for the first time, 12Kl is used to produce the first 3D reconstructions of the moderator
band, aortic and pulmonary trunk, sinus node (SN) region, and coronary artery network within
the normal, aged, and obese hearts. In addition, this chapter provides the first insight into the

use of GO to visualise epicardial fat within and surrounding cardiac tissue.

Finally, this chapter describes notable anatomical differences observed in the three heart
groups. Therefore, the data obtained in this study provides an outlet to create
computational/mathematical models of ageing and obese hearts, to improve surgical

outcomes and reduce cardiac morbidities.

At the end of this thesis is an appendix that contains additional data relevant to this study.

This appendix was not included in the final publication of the paper.

1 This chapter is directly from the publication: Aminu, A. J., Chen, W., Yin, Z., Kuniewicz, M., Walocha,
J., Perde, F., Molenaar, P., laizzo, P. A., Dobrzynski, H., Atkinson., Novel micro-computed tomography
contrast agents to visualise the human cardiac conduction system and surrounding structures in hearts

from normal, aged, and obese individuals. TRIA. 2022. 27: p. 100175
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3.1 Authors’ contribution to the paper

| (Abimbola J. Aminu) carried out the vast majority of the experimental work in this study. This

includes creating, writing, and editing the paper. | appreciate the effort and input from all co-

authors.

Abimbola J. Aminu: carried out all graphene oxide-enhanced micro-CT scans; aided
Andrew J Atkinson with the I:Kl-enhanced micro-CT scans; analysed all datasets;
performed segmentations and created 3D reconstructions of all structures presented
in this chapter (Figures 1-13, excluding Figures 4, 11A, 11B, and 12Bii); performed
Masson’s trichrome staining on healthy SN (Figures 8D and 11Ai), healthy AVN (Figure
10B and 11Bii), and young AVN tissue sections (Figure 12Bi); manuscript planning,
writing and editing (original draft and revised/final version); formatting figures and
tables; supervision of Weixuan Chen and Zeyuan Yin

Weixuan Chen: performed segmentations and created 3D reconstructions of all
coronary arteries (Figure 4); performed Masson’s trichrome staining on obese SN
(Figure 11A and 11Aii) and obese AVN (Figure 11B and 11Biii) tissue sections;
manuscript editing (original draft)

Zeyuan Yin: performed Masson’s trichrome staining on aged AVN tissue sections
(Figure 12Bii)

Marcin Kuniewicz: manuscript editing (original draft)

Jerzy Walocha: manuscript editing (original draft)

Filip Perde: provided specimens (healthy and young AV tissue block)

Peter Molenaar: provided specimens (healthy SN tissue block); manuscript editing
(original draft)

Paul A. laizzo: provided specimen (whole, healthy heart); manuscript editing (original
draft)

Halina Dobrzynski: supervision; formatting figures and tables; manuscript planning;
manuscript editing (original draft and revised/final version)

Andrew J. Atkinson: supervision; formatting figures and tables; manuscript planning;

manuscript editing (original draft and revised/final version)
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3.2 Hypothesis

A previous study by Stephenson and Atkinson et al. (2017) showed that I,Kl is a contrast agent
for the micro-CT visualisation of a healthy human heart and SN. If this is possible in a healthy
heart, then 1;KI can be used as a contrast agent for the micro-CT visualisation and
reconstruction of various structures and CCS components in the healthy human heart, aged
human heart, and diseased human heart. No study has been able to carry out the micro-CT
visualisation and reconstruction of epicardial fat of the human heart using [2KI. Therefore,
exploring other contrast agents could shed some light on the 3D anatomy of epicardial fat

within and around heart samples from these three groups.

3.3 Aims

This study aimed to explore and identify anatomies of normal (i.e., healthy), aged, and obese

whole hearts, including their cardiac conduction system (CCS).

| aimed to visualise and compare the whole normal, aged, and obese hearts and their CCS
components using l2Kl-enhanced micro-CT. Using GO-enhanced micro-CT, the next aim was

to visualise epicardial fat within tissue blocks from normal, aged, and obese hearts.

3.4 Materials and methods

Thorough descriptions of the methods used in this study are provided in the accompanying

paper.

3.4.1 Human sample details

| used five ex vivo human hearts in this study with an age range of 19-97. Further details on
the specimen information, including the source and cause of death, are provided in Table 1
of Paper 1, Chapter 3. None of the patients died from cardiac-related causes. All the tissue

was stored in the Dobrzynski laboratory under the Human Tissue Act 2004.

Before micro-CT scanning, all specimens were fixed in 4% buffered paraformaldehyde. Para-
formaldehyde fixation is commonly used for tissue preservation because it forms strong
covalent bonds between molecules in the tissue, preventing them from breaking down and

preserving their structure.
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Some specimens were received as whole hearts before micro-CT scanning or as tissue blocks
before micro-CT scanning. However, some whole heart specimens were dissected into tissue

blocks after micro-CT scanning (Table 1, Paper 1, Chapter 3).

3.4.2 Whole heart tissue preparation and selection of contrast

agents

I12KI contrast agent was used to visualise the cardiac structure in whole hearts and the CCS in
tissue blocks. Before micro-CT scanning, whole hearts were immersed in 7.5% aqueous [2KI
or GO (0.5 mg/mL H20) contrast agent solution for 14 days, at day 7, the solution was
refreshed. GO contrast agent was used to visualise epicardial fat within and around tissue
blocks. The decision to use GO to visualise epicardial fat arose when it became evident that
epicardial fat could not be visualised when |,KI contrast agent was used. On the other hand,

when GO was used, visualisation of the CCS and other major cardiac structures was poor.

Warm agarose solution was poured into the cavities in the whole hearts. This solution
hardened at room temperature, which was ideal for keeping the cavities open throughout the
scanning process. In the instance when agarose was not available, cling film was used for the

same purpose.

3.4.3 Tissue block preparation

The healthy tissue block of the right atrium containing the SN region was obtained from
Australia, and the healthy tissue block containing the AV junction was obtained from Romania

(Table 1, Paper 1, Chapter 3).

After scanning the whole aged and obese hearts, | realised that it was impossible to visualise
components of the CCS for segmentation. Therefore, tissue blocks containing components of
the CCS were dissected from whole hearts before scanning them individually. Before
scanning, tissue blocks were immersed in 7.5% aqueous I;KI or GO (0.5 mg/mL H,0) contrast

agent solution for 7 days.

Before scanning, the whole hearts and tissue blocks were rinsed with distilled water to

remove excess contrast agents and stabilised in a plastic container.
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3.4.4 High-resolution micro-computed tomography

As mentioned in the introduction chapter, high-resolution micro-CT produces images with
very high resolution (with voxel sizes as low as 0.95 pm) compared to other imaging

techniques such as computed tomography and MRI.

All the samples described in this study were scanned using the Nikon Metris XTEK XT H
320/225 V High Flux systems at the Henry Moseley Manchester X-ray Imaging Facility,

University of Manchester. The total scan times were between 1 hour - 4 hours.

3.4.5 Segmentation and reconstruction

Figure 3.1 describes how | carried out the segmentation. Generally, areas of interest were
manually separated/segmented from the surrounding tissue based on the difference in x-ray
attenuations, using the ‘brush’ tool in the Amira v6.5 software. Areas with high x-ray
attenuation rates (i.e., high affinity for the x-ray beams), such as the working myocardium,
appeared light grey and regions with lower x-ray attenuation rates (i.e., low affinity for the x-
ray beams), such as the components of the CCS, appeared dark grey. In the ‘segmentation’
section of Amira v6.5, | used the ‘masking’ tool to assign values to the dark and light areas to
make it easier to visualise the region that will be segmented. Then, | used the lasso tool to
‘draw’ around the region of interest every 10 slices, approximately. Then | used the

‘interpolate’ function in Amira v6.5 software to fill in the other slices.

It took approximately 8 hours to segment the aorta in one specimen, about 40 hours to
segment the SN region from one specimen, and about 80 hours to segment the ventricles

from one specimen.

After segmentation was complete, | used the ‘volume rendering’ function in Amira v6.5 to

create a 3D reconstruction of each segmented structure.

In addition to performing segmentations, the myocardial wall thickness and cavities volume
was measured for the 3 whole hearts. The ‘landmark’ location for the wall thickness

measurements is shown in Figure 1 of the Appendix.
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Use the ‘masking’ toolin Amira

Identify area

ventricles)

v6.5 to apply a blue overlay

that separates the dark and Use the ‘brush’ tool in Amira Repeat this step
tosegment : - p , ; i

light parts of the ortho slices v6.5 to ‘draw’ around the for approximately

(see image below). In this case, ventricles (see image below) every 10 slices

the light parts (i.e., the

ventricles) are given the blue
overlay

Interpolate the segmentation
across all the slices

Use the ‘volume rendering’ function to
create a 3D reconstruction of the
segmented structure (see image
below)

Figure 3.1. Summary of how segmentation and 3D reconstruction were performed. 3D, 3-
dimensional; EF, epicardial fat; LV, left ventricle; ortho slices, orthogonal slices; RA, right atria; RV,

right ventricle

3.4.6 Cryosectioning and histological analysis of tissue blocks

containing components of the CCS

After washing the contrast agents from the tissue blocks using distilled water, | froze the
blocks with isopentane before storing them in a -80 °C freezer. Then | sectioned the tissue
blocks using a cryostat in temperatures ranging between -10 and -20 °C at a thickness of 20—
35 um. Initially, the tissue sections were sliding off the glass slides after overnight immersion
in Bouins fluid — leading to the loss of precious and limited tissue sections. To overcome this,
| started storing the glass slides with the tissue sections on them in an oven at a temperature
of 48°C overnight because this caused the tissue sections to adhere to the slides firmly. Then
Masson’s trichrome staining was carried out to identify cardiomyocytes, connective tissue,

and fat within the tissues. Further details on this process are provided in paper 1, chapter 3.

This process was successful in the healthy tissue blocks. However, it was challenging to
cryosection whole tissue sections from the aged and obese tissue blocks. These tissue blocks
were softer than the healthy tissue blocks even though they had been stored under the same

conditions. The aged and obese tissue sections kept “folding back” on themselves and
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breaking. Various troubleshooting was carried out, such as: reducing the temperature in the
cryostat and changing the blades used in the cryostat, but these were to no avail. The partial
pieces of tissue section from the obese and aged tissues obtained were stained and are shown

in Figure 11 of paper 1, chapter 3.
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ARTICLE INFO ABSTRACT

Keywords: Research purpose: The cardiac conduction system (CCS) regulates electrical impulses across the heart and cardiac
Cardiac conduction system arrhythmias cause structural remodelling of the CCS. Since its discovery over a century ago, the precise anatomy
Sinus node

and differences between the human CCS in healthy, aged, and obese human hearts has remained relatively
unknown. Using iodine potassium-iodide (I2KI) and graphene oxide (GO) as contrast agents for high-resolution
micro-computed tomography (micro-CT), we explored and identified the anatomies of whole healthy, aged, and
obese hearts, including their CCS.

Basic procedures: Human specimens were obtained from 5 post-mortem hearts, under local ethical rules and
stored in the Dobrzynski laboratory, under the Human Tissue Act 2004. Specimens were stained with IoKI or GO
contrast agents before scanning with micro-CT. Data obtained from micro-CT was uploaded onto Amira v6.5
software for analysis, 3-dimensional reconstructions, and segmentation of relevant structures. Following micro-
CT analyses, tissue blocks were cryosectioned and stained for histological assessments.

Main findings: There are obvious anatomical structural differences between the healthy, aged and obese hearts.
Compared to the healthy heart, the aged heart and obese heart had larger chambers; thicker myocardial walls;
thicker blood vessels; more extensive nodal regions and connective tissue; more epicardial fat; and fewer Pur-
kinje fibres.

Our use of IoKI and GO as contrast agents for high-resolution micro-CT scanning contribute to - and expands - the
current understanding of CCS structural variations between healthy, aged and obese human hearts.These current
and novel techniques can have key impacts on our anatomical understandings for current treatments for car-
diovascular disease and the development of mathematical models of aged and diseased hearts. Thus ultimately
aiding in the reduction of cardiac morbidities and reduction of patient death rate.

3D reconstruction
Micro-computed tomography
Todine potassium-iodide graphene oxide

node (SN, the heart’s primary pacemaker); the atrioventricular (AV)
conduction axis (the sole conduction pathway between the atria and
ventricles in the healthy heart); and the His-Purkinje network, which
allows rapid conduction of action potentials throughout the ventricular
chambers [2,3]. Since the discovery of the CCS over 100 years ago, the
precise anatomies of the CCS within healthy, aged, and diseased human

1. Introduction

The history of the cardiac anatomy has been elegantly reviewed by
Roberts et. al. [1]. Within the heart, the cardiac conduction system
(CCS) is a group of specialised cardiomyocytes that consists of the sinus

* Corresponding author. CTF Building, 46 Grafton Street, Manchester, M13 9NT, UK.
E-mail address: halina.dobrzynski@manchester.ac.uk (H. Dobrzynski).
1 Equal contribution.

https://doi.org/10.1016/j.tria.2022.100175

Received 29 October 2021; Received in revised form 17 January 2022; Accepted 27 January 2022

Available online 14 February 2022

2214-854X/© 2022 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:halina.dobrzynski@manchester.ac.uk
www.sciencedirect.com/science/journal/2214854X
https://www.elsevier.com/locate/tria
https://doi.org/10.1016/j.tria.2022.100175
https://doi.org/10.1016/j.tria.2022.100175
https://doi.org/10.1016/j.tria.2022.100175
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tria.2022.100175&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

A.J. Aminu et al.

Translational Research in Anatomy 27 (2022) 100175

Abbreviations

2D 2-dimensional

3D 3-dimensional

AV Atrioventricular

CCS Cardiac conduction system
CM Centimetre

CN Compact node

CT Computed tomography
EADs Early afterdepolarisations
GO Graphene oxide

HB His bundle

I,KI Iodine-potassium iodide
INE Inferior nodal extension

LADA Left anterior descending artery
LC Left cusp

LCA Left coronary artery

LCC Left coronary cusp

LCx Left circumflex artery
Micro-CT Micro-computed tomography
MRI Magnetic resonance imaging
NCC Non-coronary cusp

PB Penetrating bundle

PDA Posterior descending artery
RCA Right coronary artery

RCC Right coronary cusp

SN Sinus node

TAVI Transcatheter aortic valve implantation

hearts remains poorly understood. Although in recent years, there have
been great advancements in our imaging and understanding of the CCS
anatomy [4-8], the variation of the CCS anatomy with aging or cardiac
disease are relatively unexplored areas.

Knowing the precise anatomies of the CCS in healthy and diseased
hearts will further our current understanding of their functions and/or
dysfunctions, hence contributing towards improving the treatments of
cardiovascular diseases — one of the leading causes of death in the United
Kingdom [9] and worldwide [10]. Cardiac arrhythmias and other CCS
dysfunctions affects 9% of adults older than 80 years [11,12] and are
prevalent in obese patients [13-15].

Previously, we have shown the 3D anatomy of the CCS in animal
hearts and the link between the molecular and micro-anatomical
remodelling of the CCS observed in disease [6,12,16,17].

1.1. SN anatomy, function, and dysfunction

3D reconstructions show that the SN is commonly a ‘crescent-sha-
ped’ structure located at the junction of the superior vena cava and right
atrial appendage, extending along the crista terminalis [8,18,19]. The
myocytes of the SN surround the SN artery and are embedded in an
extensive network of connective tissue (Fig. 8D).

Chandler et. al. [20] have reported a novel structure named the
paranodal area that runs along the SN [20]. Compared to the SN myo-
cytes and atrial myocytes, the myocytes of the paranodal area are
loosely packed in fatty tissue and their exact function remains unknown
[20,8].

Compared to the working myocardium, the SN has a unique
expression of different ion channels, providing it with unique pace-
making mechanisms [21]. Dysfunction of the SN can occur as a result of
heart failure, atrial fibrillation, ageing and/or obesity [22].

1.2. AV anatomy, function, and dysfunction

At the base of the atrial septum and top of the ventricular septum
within the human heart sits the AV conduction axis (also known as AV
junction). The general structure of the AV conduction axis has been
likened to a weeping willow [23], consisting of the inferior nodal
extension; compact node; penetrating bundle; His bundle; and the left
and right bundle branches. After receiving electrical impulses from the
SN, the AV conduction axis/junction conducts electrical impulses to the
ventricles in a coordinated fashion.

Clinically, when the aortic valve becomes damaged, an aortic valve
replacement procedure is deemed required, which could be surgical or a
minimally invasive transcatheter aortic valve implantation (TAVI) pro-
cedure. But a fair amount of patients that have undergone these pro-
cedures tend to experience AV or left bundle branch blocks [24]. These
are anatomically due to the close proximity between the aortic valve and

left bundle branch [24]. For example, the current expandable valves
used for TAVI are thought to press on the left bundle branch — a result of
both varied anatomies and our incomplete understanding of the AV
conduction axis anatomy.

1.3. His-Purkinje anatomy, function, and dysfunction

Located at the crest of the ventricular septum, the His bundle divides
into the left and right bundle branches [8]. These branches ramify
further into what is known as the Purkinje fibres [8]. The His-Purkinje
network spreads electrical impulses across the ventricles, allowing
contraction to begin at the apex and ventricular emptying. Because
Purkinje fibres have a long action potential, they are prone to early
afterdepolarisations (EADs) — leading to torsade de pointes arrhythmia
(a form of tachycardia arrhythmia) [25,26]).

1.4. Micro-computed tomography

The employment of contrast agents with micro-computed tomogra-
phy (micro-CT) imaging allows the visualisation of different parts of the
myocardium (the atrial and ventricular muscle vs. CCS) and fat, based
on differential x-ray attenuation. In this study, we have utilised contrast
enhanced micro-CT. Unlike histological techniques, contrast enhanced
micro-CT is a non-destructive imaging technique that allows high-
resolution 3D visualisation and reconstruction of whole hearts or tis-
sue blocks. Like in previous studies [8,24,27-29], we have also used
iodine-potassium iodide (I2KI) contrast agent to stain the specimens in
our study. Following IoKI infusion, the working myocardium has a
higher attenuation for the x-ray beam while the CCS has a lower
attenuation for the x-ray beam. High attenuation areas have more
accumulation of I;KI and appear light grey to white and low attenuation
areas appear dark grey to black. However, it has always been difficult to
visualise epicardial fat with the use of I;KI. We now present, to the best
of our knowledge, the first use of graphene oxide (GO) as a contrast
agent for micro-CT to stain specimens and visualise epicardial fat. As
well as providing novel insights into the SN and AV regions in human
hearts obtained from an obese and an old individual using I5KI, we now
show the differential distributions and reconstructions of epicardial fat
in the SN and AV regions of the healthy, aged, and obese heart.

1.5. Other structures within the heart

As well as knowing anatomical variations of the CCS in hearts from
healthy, aged, and obese individuals, it is equally important for us to
further our anatomical understanding of other structures in the heart,
such as: the moderator band; papillary and pectinate muscles; major
vessels (such as the aorta and pulmonary artery); and the coronary ar-
teries. This is because the dysfunction of any of these structures has been
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linked to their morphological changes, and can affect cardiac function
[30-33].

We consider here that the techniques and data present in this study
will advance our overall understanding of how the whole cardiac and
CCS morphology is modified in heart disease and with ageing. Such
finding should also contribute to improving current mathematical
models of cardiac arrhythmias.

It should be noted that all heart specimens used in this study are from
adult humans. The heart from a healthy/normal adult is referred to as
‘normal’; the heart obtained from the obese adult is referred to as
‘obese’; and the heart obtained from the aged adult is referred to as
‘aged’.

2. Aims

We aimed to use IyKI-enhanced micro-CT to visualise and compare
the whole normal, aged and obese hearts and components of the CCS
within each specimen. We also aimed to use GO-enhanced micro-CT to
visualise and compare epicardial fat within the tissue blocks from these
normal, aged and obese hearts.

3. Materials and methods
3.1. Human sample details and ethical approval

A total of five ex vivo human hearts were used in this study. The
patients’ age range was 19-97. Further specimen information, including
cause of death, and source is provided in Table 1. Some of the hearts
were initially scanned whole and then dissected into smaller tissue
blocks (Table 1). Each specimen was formalin-fixed prior to scanning.
Specimen 1 was obtained from The Visible Heart® Laboratories, Min-
nesota, USA, under local ethical rules: this specimen was from an organ
donor and their heart was deemed not viable for transplantation (via
LifeSource, Minneapolis, MN) and was immediately perfusion-fixed.

Specimens 2 and 3 were purchased from Science Care, USA and had
been frozen prior to fixation. Specimens 4 and 5 were obtained from
Australia and Romania, respectively, under local ethical rules. Some
specimens from Australia were obtained from organ donors whose
hearts were unsuitable for transplantation and the specimens from
Romania were obtained from autopsies.

Each specimen was fixed in 4% buffered para-formaldehyde prior to
micro-CT scanning. After fixation, specimens were stored at room tem-
perature in the Dobrzynski laboratory, in accordance with the UK
Human Tissue Act (2004).
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3.2. Whole heart tissue preparation

Before micro-CT scanning, whole hearts were immersed in 7.5%
aqueous I3KI or GO (0.5 mg/mL H30) contrast agent solution at room
temperature for 14 days [34,24]. The contrast agent solution was
changed on day 7. The heart chambers/cavities were filled with warm
agarose solution that becomes gel-like at room temperature or with cling
film to prevent the hearts’ cavities and major vessels from collapsing.

3.3. Preparation of tissue blocks containing the sinus node,
atrioventricular conduction axis and Purkinje fibres for micro-computed
tomography

Tissue blocks containing the aged SN, AV conduction axis and Pur-
kinje fibres and the tissue blocks containing the obese/diseased SN, AV
conduction axis and Purkinje fibres were dissected from the whole aged
heart (Specimen 3, Table 1) and the whole obese heart (Specimen 2,
Table 1), respectively. The orange, blue and green boxes in Fig. 5 indi-
cate where the tissue blocks were dissected from. The tissue blocks
containing the anatomically normal SN and AV conduction axis were
obtained separately from Australia and Romania, respectively (Table 1).

Before micro-CT scanning, the tissue blocks were immersed in 7.5%
aqueous I3KI or GO contrast agent solution at room temperature for 7
days.

3.4. Micro-computed tomography

As previously described, the samples were scanned using the Nikon
Metris XTEK XT H 320/225 V High Flux systems at the Henry Moseley
Manchester X-ray Imaging Facility, University of Manchester [8,24].
Excess fixative and contrast agent were removed from the samples using
distilled water before using a plastic container to hold the specimens to
prevent movement during scanning. X-ray energies ranging from 85 to
160 kV were used for the scans. For all the scans, a tungsten target was
used with a 1 mm and 0.25 mm aluminium or copper filter (sometimes
no filter was used) for the whole hearts and the tissue blocks,
respectively.

Total scan times ranged 1 h-4 h, approximately. The acquired data
from the scans were reconstructed as previously described [8], with
voxel sizes ranging between 63 x 63 x 63 pm® - 88 x 88 x 88 um? for
the whole heart data and between 24 x 24 x 24 um®-36 x 36 x 36 ym>
for the tissue block data.

Table 1
Specimen information. CT = computed tomography; F = female; M = male; X = information not provided.
Specimen Specimen type Age  Gender BMI Cause of death Micro-CT voxel number Source
no. (M)
1 Whole heart, Purkinje fibres block 54 F X Cerebrovascular eWhole heart: 73 The Visible Heart®
ePurkinje fibres block: Laboratories
26.7
2 Whole heart, sinus node block, 56 M 43.9 Pyelonephritis (kidney eWhole heart: 88 Science Care,
atrioventricular node block, Purkinje fibres disease) eSinus node block: 24.6 USA
block eAtrioventricular node
block: 25.9
ePurkinje fibres block:
36.6
3 Whole heart, sinus node block, 97 F 15.4  Vascular dementia, eWhole heart: 63 Science Care, USA
atrioventricular node block, Purkinje fibres atherosclerotic vascular eSinus node block: 21.6
block disease eAtrioventricular node
block: 17.9
o Purkinje fibres block:
29.1
4 Sinus node block 32 F X Brain injury/haemorrhage 24.3 The Prince Charles
hospital, Australia
5 Atrioventricular node block 19 M X Suicide 29.4 National Institute of Legal

Medicine, Romania
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3.5. 3-Dimensional anatomical reconstruction

ImageJ 1.45i (http://rsbweb.nih.gov/ij/) was used to crop datasets
to the area of interest or to remove external blank pixels. 3D anatomical
reconstructions of specific regions of interest were created using Amira
v6.5 (Thermo Fisher). The segmentation and volume rendering tools
available on Amira v6.5 (Thermo Fisher) were used, as previously
described [24,34,35].

3.6. Segmentation of specific regions of interest in whole hearts

The differences in the x-ray attenuation of various parts of the hearts
lead to them having different detector pixel and voxel intensity values.
Based on these differences, the ‘lasso’ tool in Amira v6.5 was used to
draw around epicardial fat and the regions containing the CCS; to isolate
them from the surrounding tissue. The segmentations of the atria, ven-
tricles, vessels, and valves were carried out based on anatomical position
and landmarks in the x, y, and z planes - to isolate them from the sur-
rounding tissue. Segmentations using the lasso tool were carried out
manually on approximately every 10 orthogonal (‘ortho’) slices then
automatic segmentations were performed to fill in the gaps.

3.7. Segmentation of specific regions of interest in tissue blocks

At the resolution at which the whole hearts were scanned, it was
difficult to visualise and segment the conduction tissues. Hence, to in-
crease the resolutions and visibilities, tissue blocks containing the con-
duction systems were dissected from whole hearts then re-scanned.
Following this, segmentations of the regions containing the SN, AV
conduction axis and Purkinje fibres were performed based on the x-ray
attenuation difference between them and the surrounding myocardium,
as described above.

A) Anterior
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3.8. Preparation of tissue blocks containing the sinus node,
atrioventricular conduction axis and Purkinje fibres for cryosectioning and
histology

The I5KI or GO contrast agent solutions were washed from the tissue
blocks by immersing the tissue blocks in tap water for 7 days. Then the
tissue blocks were snap frozen using cooled isopentane, which had been
stored at —80 °C, then wrapped in freezer bags. The frozen SN and AV
samples were sectioned at a temperature ranging between —10 and
—20 °C using a cryostat at 20-35 pm thickness. Slides were placed in an
oven, at 48 °C, for 4 h before fixing in 100% Bouin’s fluid overnight. To
distinguish between cardiomyocytes, connective tissue and fat, Mas-
son’s trichrome staining was performed, as previously described [8].
After rinsing in distilled water (5 min), sections were dehydrated
through 70%, 90%, and then 100% ethanol. Sections were then
immersed in histoclear (Scientific Laboratories Supplies) before
mounting with DPX medium (Sigma Aldrich) and covered with glass
coverslips. To image the stained sections, a light microscope (Zeiss
LSM5) and Axiocam camera (Zeiss) were used. CaseViewer software was
used to analyse the obtained images. With this histological stain, myo-
cytes were stained purple and connective tissue green/blue.

4. Results

4.1. The obtained obese heart specimen was remarkably larger than the
normal or aged hearts

After scanning the normal, aged, and obese whole hearts using
micro-CT, the 2D ortho slices obtained from the scans were uploaded
into Amira v6.5 software. This software was then used to create 3D
volume rendering (reconstructions) of the whole hearts (Fig. 1). The
obese heart was significantly larger than the normal and aged hearts
(Fig. 1). In particular, the left ventricle of the obese heart was a huge
mass — even leading to the left atrium being displaced (Fig. 1A). This
hypotrophy was not limited to just the left ventricle of the obese heart, it
was also observed in the right atrium and right ventricle (Fig. 1). On the

B) Posterior

Normal

Fig. 1. High resolution volume rendering of the normal, aged and obese hearts. A, anterior view. B, posterior view. C, right view. D, left view. Ao = aorta; CA =
coronary artery; CS = coronary sinus; LA = left atrium; LV = left ventricle; PA = pulmonary artery; PV = pulmonary vein; RA = right atrium; RV = right ventricle;

SVC = superior vena cava.
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other hand, the ventricles of aged heart appeared to be smaller than the
normal or obese hearts but the aged right atrium was larger than that of
the normal heart (Fig. 1).

4.2. The aortic and pulmonary trunk roots were anatomically intact in the
normal and aged hearts, compared to the obese heart

After creating the 3D volume rendering of the whole hearts, the
ventricles, and atria (excluding the cavities) and the aortic and pulmo-
nary trunk roots were sub-segmented/separated (Fig. 2). These vessels
and their valves appeared as would be expected in the normal and aged
hearts, but in the obese hearts, their structure appeared to be distended/
enlarged (Fig. 3A and B). The left coronary cusp (LCC), right coronary
cusp (RCC) and non-coronary cusp (NCC) of the aortic valve in the
normal and aged hearts were clearly visible, but not in the obese heart
(Fig. 3B). In the pulmonary trunk root, the left cusp (LC) was visible in
the normal and aged hearts were visible, but not in the obese heart
(Fig. 3B).

4.3. Coronary artery anatomies were anatomically different in the aged
and obese hearts, compared to the normal heart

The major coronary arteries such as: right coronary artery (RCA);
right marginal artery (RMA); left coronary artery (LCA); posterior
descending artery (PDA); left circumflex artery (LCx); and the left
anterior descending artery (LADA) were segmented from the normal,
aged and obese hearts: stemming from the aortic root (Fig. 4). These
coronary arteries were clearly visible in all three hearts but there were
some obvious anatomical differences. In the normal heart, the various
bifurcations of the coronary arteries were present (Fig. 4), but there
appeared to be fewer bifurcations in the aged heart (Fig. 4) and even
more reductions in the obese heart (Fig. 4). In the aged heart, not only
was the number of coronary artery bifurcations fewer, but the arteries
appear to be thicker than the normal heart’s coronary arteries (Fig. 4).
The coronary arteries in the obese heart were even thicker than the
normal and aged coronary arteries (Fig. 4). The lumen size of the RCA in
the obese heart appeared larger than those in the aged heart and normal

A) Anterior

Normal

Normal
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heart (Fig. 5, 6Cii).

4.4. There existed more epicardial fat surrounding the obese heart,
compared to the normal and aged hearts

From the 3D volume reconstructions, a vast amount of epicardial fat
was found to be present in and around the obese heart (Figs. 5C, 6Ci and
6Cii), compared to the normal heart (Figs. 5A, 6Ai and 6Aii) and aged
heart (Figs. 5B, 6Bi and 6Bii). Following the analysis of the external
structures of the whole hearts, the internal structures were analysed.

4.5. The internal structures of the atria varies between the normal, aged
and obese hearts

From the volume renderings of the whole hearts, the atrial cavities in
the obese heart (Fig. 6Ci) were much larger than the normal and aged
hearts. From the right atrial appendage to the left atrial appendage, the
width of the obese atria is approximately 13 cm, 9 cm for the aged atria
and 7.5 cm for the normal atria (Fig. 6). In the right atrium of the normal
heart, the pectinate muscles were organised and thin (Fig. 6Ai), but in
the aged heart, they were less organised (Fig. 6Bi) and even more dis-
organised and much thicker in the obese heart (Fig. 6Ci).

The crista terminalis of the aged heart was thinner than the normal
heart’s (Figs. 6Ai and 7A) and the crista terminalis of the obese heart
(Figs. 6Aiii, 7Aiii) was much thicker than the normal heart’s.

When looking at the internal structures of the atria - particularly the
left atria — of the obese heart, it was interesting to see that the left
ventricular wall is so hypertrophied that it extends up into the region of
the left atrium (Fig. 6Ci).

4.6. The internal structures of the ventricles differ in the normal, aged and
obese hearts

The ventricular wall and cavity of the aged heart (Fig. 6Bii) were
smaller than the ventricles of the normal heart and the ventricular wall
and cavity of the obese heart (Fig. 6Cii) were larger than the normal
heart’s. From the right ventricle (including epicardial fat) to the left

B) Posterior

Normal

Normal

M Atria

Ml Ventricles

|| Pulmonary artery
Aorta

Fig. 2. Segmentation of the chambers, aortic root and pulmonary artery root from the normal, aged and obese hearts. A, anterior view. B, posterior view. C, right

view. D left view.
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M Atria

[l ventricles

M Pulmonary artery
Aorta

Fig. 3. Short and/or long axis view showing the segmented atria, ventricles, aortic root, pulmonary artery root and valves from the normal, aged and obese heart. A,
short axis view of the atria, ventricles and valves. B, short axis view of the valves. C, long axis view of the TV and MV. AoR = aortic root; LC = left cusp; LCC = left
coronary cusp; MV = mitral valve; NCC = non-coronary cusp; PaR = pulmonary artery root; RCC = right coronary cusp; TV = tricuspid valve.

A) Anterior
RCA

C) Posterior
X . —RCA

Normal

Fig. 4. Segmentation of the coronary artery network from the normal, aged and obese heart. A, anterior view. B left view. C, posterior view. D, right view. AoR =
aortic root; LADA = left anterior descending artery; LCA = left coronary artery; LCx = left circumflex artery; PDA = posterior descending artery; RCA = right

coronary artery RMA = right marginal artery.

ventricle (including epicardial fat), the width of the obese ventricles was
approximately 15 cm, compared to 8 cm for the aged atria and 9 cm for
the normal atria (Fig. 6).

Compared to the normal heart, the ventricular septum and ventric-
ular wall (excluding fat) were thicker in the aged and obese hearts,
respectively (Figs. 6Aii, Bii, Cii). In the ventricles of the normal heart,

the papillary muscles (particularly the septal, anterior, and posterior
papillary muscles) appear as expected (i.e. regular) (Fig. 6Aii),
compared to the papillary muscles of the aged (Fig. 6Bii) and obese
hearts (Fig. 6Cii). In the obese heart, the number of papillary muscles
was drastically lower, compared to the normal and aged papillary
muscles. Also, the ventricular cavities of the obese heart appear to lack
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A) Normal

Fig. 5. Long axis four chamber view of the internal structures of the normal, aged and obese hearts. A, normal heart. B, aged heart. C, obese heart. The orange boxes
show where the right atrium blocks were dissected for histology of the sinus node. The blue boxes show where the atrial and ventricular septa blocks were dissected
for histology of the atrioventricular block segmentations. The green boxes show where the left ventricular apex blocks were segmented for the Purkinje fibres
segmentation. The red arrows indicate the coronary arteries. The yellow arrows indicate the chordae tendinae. The yellow stars indicate the moderator band. APM =
anterior papillary muscle; Ao = aorta; AS = atrial septum; CT = crista terminalis; EF = epicardial fat; LA = left atrium; LV = left ventricle; MV = mitral valve; PPM =
posterior papillary muscle; RA = right atrium; RV = right ventricle; SVC = superior vena cava; VS = ventricular septum. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Normal

Fig. 6. Short axis views of the internal structures of the normal, aged and obese hearts. A, normal heart. B, aged heart. C, obese heart. Ai, Bi, Ci base view looking into
the atrial chambers. Aii, Bii, Cii apex view looking into the ventricular chambers. The view point locations in A, B, C is indicated by the orange lines in the volume
rendering in the top panels. The yellow stars indicate the moderator band. APM = anterior papillary muscle; Ao = aorta; CT = crista terminalis; EF = epicardial fat;
LA = left atrium; LV = left ventricle; PPM = posterior papillary muscle; RA = right atrium; RV = right ventricle; VS = ventricular septum. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

some papillary muscles compared to the normal and aged ventricular
cavities. Yet, it should be noted that large variabilities in these structures
from human heart to human heart have been observed [36].

A moderator band was visible in the right ventricles of each the
normal, aged and obese hearts (Figs. 6Aii, Bii, Cii). This band increased
in thickness across the normal, aged and obese hearts, respectively. The
moderator band appeared to be a wide flat column in the normal heart

(Fig. 6Aii), short and thin in the aged heart (Fig. 6Bii) and, long and
thick in the obese heart (Fig. 6Cii).

4.7. The attenuation difference region in the right atrium was extensive in
the aged and obese hearts

Tissue blocks containing the right atrium from whole heart
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specimens (see orange boxes in Fig. 5) were scanned using micro-CT,
after staining with IoKI contrast medium.

The region of attenuation difference was segmented in orange within
the normal, aged and obese right atrium tissue blocks in Fig. 7. The
location of the attenuation difference runs along the crista terminalis —
the location where the SN would be expected to be. Within this region of
attenuation difference lies the SN artery, the SN (Fig. 8) — these struc-
tures were confirmed through Masson’s trichrome staining of sections
from the normal tissue block (Fig. 8D). In the tissue block from the obese
heart, the lumen of the sinus node artery was wider (Figs. 8Cand 11A). It
was found that within the aged and obese tissue blocks, the region of
attenuation difference was more extensive, compared to the normal
tissue block — with the aged tissue block having the most extensive re-
gion of attenuation difference (Fig. 7).

4.8. Graphene oxide contrast agent elicited there was more epicardial fat
in the obese right atrium tissue block

After scanning the IpKI-stained tissue blocks using micro-CT, the
contrast medium was washed off before staining the blocks with GO and
rescanning. The data obtained revealed epicardial fat within and sur-
rounding the tissue blocks. This was then segmented from the whole
block.

It was found that there was more epicardial fat in the obese right
atrium tissue block, compared to the normal block (Fig. 7). Looking
internally (Fig. 9), there was fat within both the normal and obese tissue
blocks but again, there was more fat in the obese tissue block, especially
surrounding the region of attenuation difference (Fig. 9B) and sur-
rounding the sinus node artery.

4.9. There are differences in the AV junctional region of the normal, aged
and obese heart

Tissue blocks from the AV junctional region (see blue box, Fig. 5)
were scanned using micro-CT, after staining with I5KI contrast medium.
Following this, 2D ortho slices were obtained using Amira 6.5 software.

In the AV conduction axis tissue block from the normal heart, it was
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possible to identify the AV conduction axis: consisting of the inferior
nodal extension (INE), (Fig. 10Bi); compact node (CN) (Fig. 10Bii);
penetrating bundle (PB) (Fig. 10Biii) and His bundle (HB) (Fig. 10Biv).
However, in the aged and obese AV tissue blocks, the attenuation dif-
ference was not very obvious and only the His bundle was visible (data
not shown).

4.10. Histology confirms micro-CT observations

Following micro-CT scans, the SN and AV tissue blocks were frozen
at —80 °C before cryosectioning. The SN and AV conduction axis blocks
from the aged and obese hearts were not easy to be sectioned due to
large amount of fibrotic and fat tissue. Therefore only comparable re-
gions of the main part of the SN (the body) and the CN of the AV junction
were stained using Masson’s trichrome staining.

There were large amounts of epicardial fat surrounding the SN artery
on both endocardial and epicardial sides of the obese right atrium tissue
block (Fig. 11A). Compared to the normal SN tissue section (Fig. 11Ai),
it appeared that in the obese SN tissue sections, the nodal cells were to
some degree replaced by fat (Figs. 11A and Aii). As observed in the
coronary arteries of the obese whole heart (Fig. 4), the lumen of SN
artery in the obese right atrium tissue block was wider (Fig. 11A) than
that of the normal SN artery (Fig. 8D).

There was more connective tissue (more blue/green stain) in the
aged SN (Fig. 12Aii), compared to the normal/young SN (Fig. 12Ai) and
less myocytes (less purple stain). This suggests that in the aged SN, there
was increased fibrosis and loss of nodal cells (Fig. 12Aii).

Similar differences were observed in the obese and aged AV tissue
blocks, compared to the normal AV tissue block. In the histology section
of the obese AV block, there was fat surrounding the CN (Figs. 11B and
11Biii), compared to the normal AV section (Fig. 10Bii, 11Bii). There
also appeared to be increased connective tissue (i.e. fibrosis) and loss of
CN myocytes in the obese AV section (Fig. 11Biii).

4.11. There are fewer Purkinje fibres observed in the obese and aged apex

Tissue blocks from the LV apex (see green box, Fig. 5) were scanned

Fig. 7. Segmentation of fat (yellow) and the low attenuation (orange) difference regions in the normal, aged and obese right atrium blocks. Within the orange region
is the location of the sinus node. A, endocardial view. B, epicardial view. CT = crista terminalis; IVC = inferior vena cava; PcM = pectinate muscle; SVC = superior
vena cava. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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SN region of low attenuation

Fig. 8. Visualisation of the human sinus node within the low attenuation regions in the normal, aged and obese right atrium. A, B, C, micro-CT section of the sinus
node from the normal (A), aged (B) and obese (C) right atrium with. D, matching histological section for A. SN = sinus node.
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Fig. 9. Visualisation of epicardial fat surrounding the normal and obese sinus node. A, micro-CT section from the normal sinus node. B, micro-CT section from the

obese sinus node. SN = sinus node.

using micro-CT, after staining with I3KI contrast medium. Following
this, 2D ortho slices were obtained then converted to 3D volume ren-
derings using Amira 6.5 software.

Purkinje fibres in the normal, aged, and obese apex tissue blocks
were segmented (Fig. 13). The network of Purkinje fibres in the aged
(Fig. 13B) and obese apex blocks (Fig. 13C) were less dense, compared to
the network of fibres in the normal apex block (Fig. 13A). The
myocardium and papillary muscles in the obese apex tissue block were
thicker (Fig. 13Cii) than the normal apex block (Fig. 13Aii). The papil-
lary muscle in the aged apex tissue block (Fig. 13Bii) appear to be
thicker than the normal apex block (Fig. 13Aii) but the myocardial wall

of the aged apex (Fig. 13Bii) was thinner than that of the normal apex
block (Fig. 13Aii).

Table 2 is a summary of micro-CT datasets described in sections 4.1 -
4.9 and 4.11.

5. Discussion

In this study, we show that iodine potassium-iodide (I,KI) and gra-
phene oxide (GO) contrast-enhanced micro-CT is a non-destructive
methodology that can be used to produce high-resolution 3D re-
constructions of fixed human hearts. This has provided insights into
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Fig. 10. Visualisation of atrioventricular junction in the normal heart atrioventricular septal region. A, segmentation on the interatrial septum (yellow), atrio-
ventricular junction (green) and interventricular septum (grey). Ai, Aiii, side view, Aii, Aiv, anterior view. B, micro-CT sections from different low attenuation regions
of the atrioventricular junction and matching histology sections. AVJ = atrioventricular junction; BB = bundle branch; CFB = central fibrous body; CN = compact
node; FO = fossa ovalis; HB = His bundle; IAS = interatrial septum; INE = inferior nodal extension; IVS = interventricular septum; PB = penetrating bundle; TV =
tricuspid valve. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 11. Replacement of nodal cells by fat within the obese human sinus node and atrioventricular node. A, B, Masson'’s trichrome stained section through the obese
sinus node and atrioventricular node. Ai, Aii, closer view of normal/healthy and obese sinus node. Bi and Bii, closer view of the normal and obese atrioventricular
node. Myocytes are stained purple, connective tissue is stained blue and the red stars indicate fat. AVN = atrioventricular node; SN = sinus node. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 12. Fibrosis within the aged human
sinus node and atrioventricular node. A,B,
Masson’s trichrome stained section through
the young sinus node (Ai), aged sinus node
(Aii), young atrioventricular node (Bi), and
aged atrioventricular node (Bii). Myocytes
are stained purple, connective tissue is
stained green/blue. There is more green/
blue signal compared to purple in the aged
tissues (Aii and Bii). AVN = atrioventricular
node; SN = sinus node. (For interpretation of
the references to colour in this figure legend,
the reader is referred to the Web version of
this article.)

Endocardium

Fig. 13. Segmentation of Purkinje fibres in the normal, aged and obese apex blocks. Purkinje fibres (blue) are segmented and overlaid onto the 3D volume rendering
of the apex tissue blocks (A, B, C endocardial views and Ai, Bi, Ci side views). Aii, Bii, Cii, side views of micro-CT sections of the Purkinje fibres. The location of the
sections in Aii, Bii and Cii is indicated by the blue lines in the volume rendering in A, B, C. The arrows in Aii, Bii, Cii indicate Purkinje fibres. PM = papillary muscle;
TbC = trabeculae carneae. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

anatomical differences between the normal, aged and obese hearts and
can aid in creating mathematical models of these ageing and disease
processes. Further, such models can be used to create simulations of
arrhythmias, heart failure and other cardiovascular diseases.

The presented data confirms the findings of our previous studies
[37-40]. Importantly, the present study is the first to our knowledge to
use micro-CT to show 3D reconstructions of the whole normal, aged and
obese hearts and the first to show the attenuation difference region that
contains the SN in the aged and obese right atrium. Uniquely, the pre-
sent study provided the 3D reconstructions within the normal, aged and
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obese hearts of: 1) the moderator band; 2) the presence or absence of
epicardial fat surrounding the right atrium and the SN region; and 3) the
coronary artery network.

We observed that the regions of attenuation difference containing
the SN in the aged and obese heart were more extensive than in the
normal heart — perhaps as a result of extensive fibrosis/fat within these
regions within obese and aged hearts, supporting findings in a previous
study [41].
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Table 2

Summary of normal, aged, and obese specimen information and major differences observed. F = female; M = male.

Translational Research in Anatomy 27 (2022) 100175

Specimen Age  Specimen type Tissue block Health Gender  Segmented structures Major differences observed (aged vs. normal;
no. dissected status obese vs. normal)
1 54 Whole heart Left ventricular Healthy/ F Figs. 1-3: Atria, ventricles, X
apex normal pulmonary artery, aorta, mitral
valve, tricuspid valve
Fig. 4: Coronary arteries
Fig. 13: Purkinje fibres
2 32 Sinus node block X Healthy/ M Figs. 7-9: Sinus node region, X
normal epicardial fat
3 19 Atrioventricular X Healthy/ Fig. 10: Atrioventricular node X
node block normal
3 97 Whole heart eSinus node block Aged F Figs. 1-3: Atria, ventricles, eLarger right atrium; smaller ventricles
eAtrioventricular pulmonary artery, aorta, mitral eThicker coronary arteries and less
block valve, tricuspid valve bifurcations
eLeft ventricular Fig. 4: Coronary arteries eMore extensive region of attenuation
apex Figs. 7 and 8: Sinus node region, difference (sinus node region); more
epicardial fat connective tissue; fewer cardiomyocytes
Fig. 13: Purkinje fibres eFewer Purkinje fibres
4 56 Whole heart eSinus node block Obese M Figs. 1-3: Atria, ventricles, eLarger chambers; thicker walls; thicker
eAtrioventricular pulmonary artery, aorta, mitral moderator band
block valve, tricuspid valve eThicker coronary arteries and more
eLeft ventricular Fig. 4: Coronary arteries bifurcations
apex Figs. 7 and 8: Sinus node region, eMore extensive region of attenuation

epicardial fat
Fig. 13: Purkinje fibres

difference (sinus node region); more
connective tissue; fewer cardiomyocytes

e More fatty tissue
eFewer Purkinje fibres

5.1. The abnormal size of the obese heart’s wall and cavities — functional
associations

We investigated the myocardial anatomy of the normal, aged and
obese hearts to identify anatomical differences that could contribute to
the development of cardiovascular diseases.

Obesity is known to be a risk factor for heart failure and it has been
shown that a BMI rise of 1 kg/m? increases the risk of heart failure by 5%
in men and 7% in women [42]. Volume stress associated with obesity
results in anatomical and functional remodelling of the heart — leading
to atrial fibrillation [43], cardiomyopathy, fibrosis, diastolic and systolic
dysfunction and increased epicardial fat [44].

There are three different types of cardiomyopathy — dilated cardio-
myopathy, hypertrophic cardiomyopathy, and restrictive cardiomyop-
athy. Dilated cardiomyopathy causes dilated and weakened ventricles;
hypertrophic cardiomyopathy is an enlargement and thickening of the
heart’s muscles; and restrictive cardiomyopathy describes stiff and rigid
ventricles that are not thickened [45]. The obese heart used in this
project (specimen 2, Table 1) was diseased because it had hypertrophic
cardiomyopathy, based on its thickened ventricular walls and large
cavities (Figs. 1, 2 and 5C, 6Ci, 6Cii).

Using echocardiogram [46], cardiac magnetic resonance [47,48] and
computed tomography (CT) [49], research groups have analysed the
ventricular wall. However, the images obtained through these methods
are of low resolution (1-2 mm), when compared to micro-CT (0.5-1
pM). In this study, we have utilised micro-CT to analyse the tissues at
higher resolutions.

Our observations of increased cavity sizes and wall thicknesses in the
obese heart (Figs. 1, 2 and 5C, 6Ci, 6Cii) confirms previous descriptions
of the fact that obesity commonly causes myocardial hypertrophy —
especially left ventricular hypertrophy [37-39]. Our study approach
expands on previous works by exploring the 3D volume rendering at
various anatomical planes, at higher resolutions; yet additional hearts
need to be studied in the future.

Although it is generally noted that the left atrial wall of the obese
heart is thicker than the normal heart [32], the anatomic features of
atria walls is an area of the heart that is less explored — when compared
to the ventricular walls. In our study, we have included visual analyses
of the right and left atria and the atrial septum (Figs. 5 and 6) and found
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that the atrial walls of the obese heart were thicker than the normal
heart’s atrial walls and the atrial cavities of the obese heart were more
dilated.

5.2. The reduced size of the aged heart likely had an effect on its
functional capabilities

We investigated the myocardial anatomy of the normal, ageing and
obese hearts to identify anatomical differences that could be associated
with the development of cardiovascular dysfunction.

The United Nations, defines individuals that are 60-65 years or over
as ‘aged’ [50]. The aged heart used in this study was from a 97 year-old
female (specimen 3, Table 1). A common cause for hospitalisation in
patients over 65 years is cardiomyopathy — which can eventually lead to
heart failure [51]. It is known that aged hearts generally have smaller
mass and volume, compared to a normal heart, as a result of cellular
apoptosis (loss of cardiomyocytes) in the working myocardium [51].
This observation of thinner myocardial walls and smaller cavity sizes in
the aged heart was confirmed by our high resolution detailed analyses
(Figs. 1, 2 and 5B, 6Bi, 6Bii). These reduced cavity sizes and myocardial
wall thicknesses of the aged heart increases the prevalence of heart
failure and development of dilated cardiomyopathy.

The reduced size of the atrial cavity of the aged heart could be a
result of the reduced atrial muscle contraction that is commonly
observed in elderly patients [40].

5.3. Anatomical variations of the moderator band in the normal, aged,
and obese hearts

We investigated the anatomies of the moderator bands in the normal,
aged and obese hearts. The moderator band contains part of the right
bundle branch and is a column of muscle that inferiorly extends from the
right side of the interventricular septum and attaches to the anterior
papillary muscle in the right ventricle. The moderator band is not always
observed in all human hearts as noted in other studies [52-54], however
the band was observed in the specimens of normal, aged and obese
hearts that were used in our study. They were with varying anatomical
structures, but the bands were more prominent in the aged and obese
hearts compared to the normal, healthy heart (Figs. 5, 6Aii, Bii, Cii).
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Previous studies have observed various shapes of the moderator band
[53-57]. Across the three different hearts we used in our study, we also
observed different shapes of moderator bands. Currently, the moderator
band is now gaining recognition for playing a key role in arrhythmias
(specifically Purkinje-mediated arrhythmias) when no structural heart
disease is observed [30].

5.4. Variation in epicardial fat distribution in normal, aged, and obese
tissue blocks

Commonly located between the myocardium and pericardium is
varying degrees of epicardial fat — even in a considered functionally
healthy heart, a visceral fat deposit can cover up to 80% of the whole
heart [58]. Epicardial fat has various physiological functions such as
mechanical protection of the coronary arteries; providing an immune
barrier for the myocardium and coronary arteries [59]; and provide
space for arterial wall expansion in the development of atherosclerosis.

Increasing amounts of epicardial fat has also been associated with
obesity and age. The relationship between epicardial fat and obesity has
been studied using echocardiogram [60,61] and CT [62]. It is known
that epicardial fat increases with age [63-65] and increases by
approximately 22% in people over 65 years old, compared to younger
patients [66].

Uniquely here, both around and within the whole hearts and tissue
blocks, we investigated the extent of fat deposits and epicardial fat. We
now show that graphene oxide is a novel contrast agent for micro-CT
scanning that can be used to visualise fat and confirm that fat content
increases especially in obesity (Figs. 7 and 9).

5.5. Anatomical variations of the pectinate muscles within the right
atrium of the normal, aged and obese hearts

Currently, it is not known if the pectinate muscles in the right atrium
have a major role in atria contraction but it is known that they stretch
when the atria dilates and they prevent the displacement of valve cusps
[67]. Our study is the first to present a 3D reconstruction of the pectinate
muscles in the aged and obese hearts (Figs. 5B and C, 6Bi, 6Ci, 7). In the
right atrium of the obese heart, the pectinate muscles were thicker and
disorientated (Figs. 6Ci, 7), compared to the normal heart. This was
considered to be partly the result of an overall larger heart and epicar-
dial fat. Importantly, increased heart/bundle size increases the potential
for re-entrant arrhythmia to develop [68]. Further, the thickened
pectinate muscles — especially the thicker crista terminalis, where the SN
is located — may have an effect on electrical conduction across the right
atrium.

5.6. Anatomical variations of the papillary muscles within the ventricles
of the studied human heart specimens

Mitral regurgitation can be caused by dysfunctions of the papillary
muscles in the left ventricle; failing to contract properly, and so the
mitral valves fail to close properly. This results in the re-entry of
oxygenated blood into the left atrium which can lead to heart failure.
From the 3D reconstructions in Figs. 5 and 6, the obese heart appears to
have fewer, and thicker papillary muscles, compared to the aged and
normal hearts. In Fig. 3C, the tricuspid and mitral valves of the obese
heart was larger than the aged and normal hearts. We assume that the
significant expansion of the ventricular cavities observed in obese hearts
can lead to a loss in the number of papillary muscles and thicker valves.
Ventricular hypertrophy causes papillary muscle hypertrophy and
weakening, leading to late-systolic intra-left ventricular obstruction
during hypertrophic cardiomyopathy [69].
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5.7. Anatomical variations of the major vessels of the normal, aged and
obese hearts

Previous studies have used CT to create 3D reconstructions of the
whole aorta in diseased [70] and normal hearts [71,72]. Stephenson and
Atkinson et al. (2017) have used micro-CT to create a 3D reconstruction
of the aortic root in an intact normal human heart [8]. However, our
study is the first to use micro-CT to visualise and create 3D recon-
struction of the aortic root in the aged and obese hearts (Fig. 4).

The aortic root is located at the junction between the aorta and left
ventricle — an extension of the left ventricular outflow tract. The aortic
valve leaflets (right coronary cusp, left coronary cusp and non-coronary
cusp) are located in the aortic root in a crown-like fashion. Aortic root
abscess is a complication of the aortic root that requires prosthetic aortic
valves [31]. Our data show that the aortic root anatomy was not
consistent across the normal, aged and obese hearts. It is known that the
blood vessels of the aged heart has a thicker tunica media [73] and in the
aged heart used in our study, the aortic root appears thicker (Fig. 3A and
B). The aortic root in the obese heart appears even thicker and distorted
when compared to the aortic root of the normal heart (Fig. 3A and B).
Our research approach to obtain the aortic root reconstructions in this
study should aid in improving prosthetic valve design and implantation
— particularly in aged and obese hearts. Still today, because the precise
anatomies and variations of the aortic root is not well understood, it is
common for patients undergoing aortic valve replacements to experi-
ence arrhythmia - requiring pacemaker implantation [74]. When the
prosthetic valve is implanted below the native valve, the prevalence of
cardiac conduction defects increases [75]. Therefore, knowing the pre-
cise 3D anatomy of the aortic root and predicting where the conduction
system is likely located is crucial in clinics.

5.7.1. Pulmonary trunk/pulmonary artery root

The pulmonary trunk/artery has been reconstructed using magnetic
resonance imaging (MRI) [76] and CT [77-79] in normal and diseased
hearts; but not in aged hearts. In our study, we show the reconstruction
of the normal, aged and diseased pulmonary artery root, using micro-CT
(Fig. 3A and B). This novel data can further our current understanding of
pulmonary artery anatomical variations in order to improve the current
designs and implantations of prosthetic pulmonary valves, for the
treatment of pulmonary regurgitation.

5.7.2. Coronary arteries

To understand the development of coronary artery diseases and
atherosclerotic plaques and how they alter the anatomy of coronary
arteries, it is important to know the 3D anatomy of the arteries in
normal, aged and diseased hearts. Previous studies have used x-ray [80]
and CT angiography [81,82] to either study a bifurcation of the coronary
arteries or a section of one coronary artery in diseased and normal/-
healthy patients.

Our study provides new methodologies of using micro-CT to both
visualise and create 3D reconstructions and models of the coronary ar-
tery network in normal, aged and obese patients. In this small sample of
specimens we observed that the number of coronary arteries reduces in
the aged and obese hearts, and their thickness increases, respectively
(Fig. 4). Arterial wall thickening that occurs during the heart’s ejection
period is described as systolic wall thickening. It is reported that systolic
wall thickness increases as myocardial blood flow increases [83]. We
can assume that the heart from the obese patient had an increased heart
rate and blood flow (due to its thickened myocardial walls and increased
cavity size) — this would explain the increased coronary artery size and
thickness.

5.8. Anatomical variations of the normal, aged and obese sinus node and
atrioventricular conduction axis/node

CT has previously been used to visualise and segment the SN and AV
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conduction axis in aged hearts [5]. In whole hearts however, the reso-
lution of the CCS region have to date been considered low, making
visualisation difficult, hence why we dissected tissue blocks containing
the CCS regions from the whole hearts and then rescanned the blocks.
We have previously used micro-CT to visualise and segment the SN and
AV conduction axis in normal tissue blocks [8]. In our current study, we
provided high resolution contrast-enhanced micro-CT imaging that
could be used to visualise the SN and AV junction region in aged and
obese tissue blocks (Fig. 8B and C, 9, 11).

5.8.1. Sinus node

In the normal, healthy right atrium, fatty tissue and fibrosis are
landmarks of the SN region and these structures provide support and
insulation to the nodal tissue [84]. However, the occurrences of exten-
sive fibrosis and fatty tissue can be functionally problematic. Confirming
previous studies [33,41,85-87], our data show that loss of myocytes and
extensive fibrosis occurs in the aged nodal tissue (Fig. 12Aii). It has been
suggested that extensive fibrosis plays a key role in the development of
SN dysfunction, abnormal SN automaticity, abnormal SN conduction
and SN re-entry [88-90] and this has been confirmed in the aged mouse
[91].

SN dysfunction is associated with obesity [92] and there is a strong
correlation between obesity and increased cardiac fibrosis [93,94] -
confirmed in our obese nodal tissue (Figs. 11A and Aii). In ageing and
obesity, the size of the atria and ventricles increases to meet the heart’s
contractile demands [84]. The implication of increased atrial size
(Figs. 5-7) and increased fibrotic content (Figs. 11A and 12Aii) in the
aged and obese hearts on the functional demands of the SN is not well
established. But a proposed explanation is that the extended SN region
within a bigger, stretched atrial tissue requires more insulation as a
protective mechanism against the electrical and mechanical load of the
larger atria [95].

5.8.2. Atrioventricular node

Following micro-CT scanning of normal AV tissue block, the com-
ponents of the AV conduction axis were obvious in the ortho slices and
could be segmented (Fig. 10). However, this was not the case for the
aged and obese tissue blocks. This could be a result of extensive fibrosis
in the aged and obese AV region — making visualisation of the AV con-
duction axis difficult.

The risk of AV or heart block increases with older age and obesity
[96], leading to prolonged PR interval [21]. This could have a positive
correlation with the increased fibrosis in the AV region of the aged and
obese tissue blocks.

5.9. Anatomical variation of the Purkinje fibres in the left apex of the
normal, aged and obese hearts

It is known that Purkinje fibres are remodelled during heart failure,
therefore are pro-arrhythmic [6,97,98]. Therefore, it is important to
understand the anatomies and potential variations of the Purkinje
network in normal, aged and diseased hearts. We have previously used
micro-CT to visualise and reconstruct the Purkinje fibre network in the
intact normal human heart [8] and heart failure rabbits [6]. A previous
study used optical coherence microscopy and light microscope to visu-
alise the Purkinje fibre network of the left ventricle of the sheep heart
[99]. Other studies have used MRI to visualise the Purkinje fibre
network in the left ventricle of pig heart [7] and whole rabbit heart [4].

Our current study provides evidence that high resolution micro-CT
can be used to scan a tissue block taken from a small part of the left
ventricle apex from normal, aged, and obese hearts to visualise Purkinje
fibres (Fig. 13). From this, we show that the number of Purkinje fibres
reduces in the aged and obese ventricles, compared to the normal
ventricle (Fig. 13).

As mentioned above, Purkinje fibres are prone to early after-
depolarisation (EADs) - leading to torsade de pointes arrhythmia and
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ventricular tachycardia [25,26,100]. It is reported that the structural
and electrical remodelling that occurs in aged [101] and obese hearts
[102] is associated with the increased prevalence of ventricular tachy-
cardia observed in these patients.

In the human cerebellum, it is has been shown that loss of Purkinje
fibre branches is indicative of Alzheimer’s disease [103]. However, in
the human heart, the implications of Purkinje fibre loss on cardiac
function has not yet been explored. We propose that the loss of Purkinje
fibres observed in the left ventricular apex of the aged and obese heart is
a result of increased myocardium size and thickness and could
contribute to the prevalence of Purkinje fibre dysfunction.

6. Limitations

In the normal right atrium and AV junction blocks, the SN and AV
region was obvious and separate from the surrounding region (Figs. 8A
and 10). However, it was difficult for us to confidently distinguish the SN
and AV region in the aged and obese tissue blocks. As mentioned in the
introduction, the visualisation of the SN and AV conduction axis in the
normal heart is more obvious due to a difference in attenuation rates
between the SN, AV conduction axis and the surrounding myocardium
after immersion in LLKI contrast agent. High attenuation areas have
more accumulation of I5KI. IoKI binds to glycogen, therefore it localises
in areas of high glycogen content such as skeletal muscle (a major
muscle type in the working myocardium) - resulting in a lighter grey
appearance in the 2D ortho slices. Because the SN and AV region of the
aged and obese contain more connective tissue (compared to normal),
they contain even less glycogen, therefore appear even darker — making
visualisation of the precise SN and AV region difficult.

The cryosectioning of the frozen aged and obese tissue blocks was
difficult. This was particularly due to the extensive fatty tissue within
and around the blocks, the tissue blocks were too soft (even after
freezing at - 80 °C and sectioning at temperatures ranging between —10
and —20 °C) and the full tissue sections repeatedly folded.

Unfortunately, we had limited number of specimens (3 normal
specimens; 1 aged specimen and 1 obese specimen), making it difficult
to carry out statistical comparisons and semi-quantitative analysis,
identify anomalies and to draw robust conclusions. Ideally, for quali-
tative and quantitative studies, a minimum sample size of 12 and 40 is
recommended, respectively [104-106]. Ex-vivo human specimens are
incredibly difficult to obtain and having at least 3 normal, 3 aged, and 3
obese specimens would have allowed us to make firm conclusions about
the differences we have observed. However, wherever possible, we have
confirmed our observations with what is known in published literature.
We hope that the data obtained and reported using the imaging tech-
niques presented here can be transferred to mathematical modellers
(and 3D printers) to simulate disease (e.g. cardiac arrhythmia) observed
in aged and diseased/obese hearts. We have previously shown that we
can do the simulation of cardiac electrical activation in a healthy human
heart [8] and re-entry arrhythmia around the human SN [41].

7. Conclusions

We present here that micro-CT has clear useful applications for
cardiac imaging and advancement in our current understanding of the
CCS anatomy and variation in normal, aged and obese situations. Our
use of IoKI and GO as contrast agents for micro-CT scanning contribute
to - and expands - the current understanding of structural variations in
normal, aged and obese hearts.

These current and novel techniques can have key impacts on current
cardiovascular disease treatments such as the TAVI procedure and
electronic pacemaker implantation, and the development of mathe-
matical models of aged and diseased hearts. Thus aiding in the reduction
of cardiac morbidities and reduction of patient death rate.
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3.5 Limitations

This study used a very limited sample size (3 healthy/normal specimens, 1 aged specimen,
and 1 obese specimen). It would have been ideal to use more healthy, aged, and obese

samples from both males and females.

It was impossible to explore if gender would influence the extent of fat accumulation, the size
of the SN or AVN region and the anatomy of the whole myocardium and major blood vessels.
However, the fact that the healthy and aged samples were from females somewhat
eliminates gender influence as there were apparent differences in the anatomy and

microanatomy of these specimen groups.

The whole, healthy heart was from a 54-year-old individual. While ageing is classed as 60
years and above [2]), 54 years old is close to 60; therefore, it may be difficult to confidently
class 54 as ‘young’ (even though it technically is). Consequently, it would be ideal to obtain
whole heart samples from a younger cohort to confidently conclude the anatomical

differences between young/healthy/normal and aged.

The small sample size makes it difficult to make robust conclusions and conduct statistical,
semi-quantitative and qualitative analyses. However, where possible, the observations

reported in this study have been confirmed with published reports.

The nodal regions of these specimens contained much less-than-normal glycogen content.
This low glycogen content explains why these regions in the aged and obese specimens
appeared very dark and challenging to distinguish confidently from the surrounding tissue

(Figure 6 of Appendix).
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Appendix
Wall thickness and cavity volume measurements; atrioventricular
(AV) junction; and paranodal area from normal, aged, and obese

hearts

In addition to carrying out visual analyses and comparisons of the myocardial wall and cavities
in normal, aged, and obese hearts, | carried out additional measurements. These
measurements included: wall thickness/width measurements, segmentation of ventricular
and atrial cavities, calculating the volumes of cavities; segmentation of the paranodal area;
and analysis of the AV region in the aged and obese tissue block. To measure wall thickness,
| took measurements in the coronal plane (4-chamber view) (Figure 1, 2). As a ‘landmark’, the
hearts were split mid-way, at the point where the aortic valve starts to appear. To calculate
the volume of the atrial and ventricular cavities, they were first segmented (i.e., separated)
from the whole hearts using Amira v6.5 (Figure 3). Then the volume of the segmented cavities
was calculated (Figure 4). The ventricular and atrial walls of the obese heart were thicker than
those of the normal heart and aged heart (Figure 1). The aged heart’s atrial septum was more
expansive than the normal and obese heart’s (Figure 1). The volume of the atria and

ventricular cavities of the obese heart was higher than the normal heart’s and aged heart’s.

Chandler et al. (2011) first reported the paranodal area [109]. This area runs alongside the
sinus node (SN) and has atrial and nodal properties, although its exact function remains
unknown [109]. The region of attenuation difference (that possibly contained the SN) in the
normal, aged, and obese atrial tissue blocks has been segmented (Figure 7 in Paper 1, Chapter
3). I segmented the paranodal area from the normal, aged, and obese tissue blocks (Figure 5,
6). In the right atrium tissue blocks from the aged and obese hearts, the area of attenuation
difference is extended/greater. This observation may not necessarily mean the SN region is
extended (because nodal myocytes have been replaced with fat in obese and aged atrial
tissue, as shown in Paper 1, Chapter 3). The extended region of attenuation difference instead

suggests an increase in fibrosis, as shown in Paper 1, Chapter 3.
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In Paper 1, chapter 3, it was mentioned that the region of attenuation difference containing
the atrioventricular (AV) junction was not apparent in the aged and obese AV tissue blocks.

Only the His bundle was visible in the aged and obese tissue blocks (Figure 7).

D

Healthy heart_reconstructionmp4

Movie 1. 3D reconstruction of the normal heart, its chambers, major vessels, and valves. Double-

click on the icon to play it.
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Figure 1. Long axis four chamber view of the normal, aged and obese hearts, showing the location of the myocardial
wall width measurements. (A), normal heart. (B), aged heart. (C), obese heart. Red lines indicate location and position
of measurements. n=1 normal heart; n=1 aged heart; n=1 obese heart. Ao = aorta; AS = atrial septum; CT = crista
terminalis; EF = epicardial fat; LA = left atrium; LV = left ventricle; MV = mitral valve; PPM = posterior papillary muscle;

RA = right atrium; RV = right ventricle; VS = ventricular septum.
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Figure 2. Myocardial wall width measurements from normal, aged, and obese hearts. (A) Right atrial wall width, (B) Atrial septum wall width, (C) Left atrial wall width, (D) Right

ventricle wall width, (E) Ventricular septum wall width, and (F) Left ventricle wall width. Data are shown as mean + SEM. N numbers on the graph indicate the number of

measurements that were taken for the corresponding bar.
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A) Anterior B) Posterior

Normal

Figure 4. Segmentation of the atrial and ventricular cavities from the normal, aged and obese hearts. (A) Anterior view.

(B), Posterior view. (C) Right view. (D) Left view.
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Figure 3. Volume of segmented cavities from normal, aged, and obese hearts. Data are shown as

mean + SEM.
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Figure 5. Segmentation of paranodal area (white) and the low attenuation (yellow) difference regions in the normal,
aged and obese right atrium blocks. Within the yellow region is the location of the sinus node. (A) Endocardial view. (B)

Epicardial view. CT = crista terminalis; IVC = inferior vena cava; PcM = pectinate muscle; SVC = superior vena cava.

A) Normal B) Aged C) Obese
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S ™
‘ : \ SN artery Crista terminalis

SN region of low
attenuation

SN region of low attenuation

Figure 6. Visualisation of the human paranodal area and sinus node within the low attenuation regions in the normal,

aged and obese right atrium. A, B, C, micro-CT section of the sinus node from the normal (A), aged (B) and obese (C) right

atrium with. SN = sinus node.
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A) Normal

Figure 5. Micro-CT sections of the His bundle in the normal heart atrioventricular septal region. Yellow outline
identifies the region of low attenuation region containing the His bundle. A, B, C, micro-CT section of the sinus
node from the normal (A), aged (B), and obese (C) atrioventricular tissue block. CFB = central fibrous body; IAS =

interatrial septum; INE = inferior nodal extension; IVS = interventricular septum.
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CHAPTER 4) FURTHER INSIGHTS INTO THE MOLECULAR COMPLEXITY
OF THE HUMAN SINUS NODE - THE ROLE OF ‘NOVEL’
TRANSCRIPTION FACTORS AND MICRORNAS?

Expanding the current understanding of anatomical differences of various structures in healthy, aged,
and obese human hearts is essential. However, it is equally important to expand our current
understanding of the molecular interactions that underlie the first component of the CCS — the SN. This
is because the underlying interactions between molecules such as miRNAs, mRNAs, TFs, and cell
markers within the healthy human SN correspond to its anatomical structure. Alterations to these
intricate molecular interactions contribute to dysfunctions such as sick sinus syndrome and arrhythmia,

which can contribute to structural modifications of the SN and other parts of the heart.

This chapter further explains the incredibly complex morphological, molecular, and functional
characteristics that underlie the human sinus node (SN). The aim was to use next generation
sequencing (NGS) for RNA-sequencing (RNAseq) and Ingenuity Pathway Analysis (IPA) to analyse the
expression profile of transcription factors (TFs), microRNAs (miRs), and cell markers in the healthy adult
human SN, compared to the right atrial (RA) tissue. The aim was also to predict interactions of key
‘novel’ TFs and cell markers with key miRs in the healthy adult human SN, compared to the RA.
Therefore, providing new insight into the treatment of SN dysfunction (SND) — an increasing occurrence

in an increasingly ageing population.

A total of 10 samples were collected from the SN region and the pectinate muscles (i.e., remote from
the SN region). 3 of these samples were used for NGS for RNA-seq, and 7 were used for gPCR analysis.
The NGS dataset contained key known and ‘novel’ TFs and cell markers significantly more/less
expressed in the SN vs. RA. IPA was used to analyse interaction networks between TFs, cell markers,
and miRs previously reported to interact with key molecules involved in the SN’s pacemaking function

(Petkova et al. 2020).

The novel observations reported in this chapter - especially the uniquely high expression of immune
cell markers in the SN vs. RA and their interaction with key TFs and miRs — allow for developing

therapeutic targets in the treatment of SND.

2This chapter is directly from the publication: Aminu, A. J., Petkova, M., Atkinson, A. J., Yanni, J., Morris, A. D.,
Simms, R. T., Chen, W., Yin, Z., Kuniewicz, M., Holda, M. K., Kuzmin, V. S., Perde, F., Molenaar, P., Dobrzynsk, H.,
Further insights into the molecular complexity of the human sinus node — the role of ‘novel’ transcription factors

and microRNAs. Prog. Biophys. Mol. Biol. 2021. 166: p. 86-104
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4.1 Authors’ contribution to the paper

| (Abimbola J. Aminu) performed most of this study's bioinformatics (particularly IPA). | also

wrote and edited the paper. | appreciate the effort and input from all co-authors.

Abimbola J. Aminu: analysis of NGS dataset; analysis and creation of network
interactions using IPA; histology; created all figures and tables; manuscript planning,
writing, and editing; supervision of Weixuan Chen and Zeyuan Yin

Maria Petkova: contributed to cryosectioning; histology; RNA extraction; NGS analysis
Andrew J. Atkinson: contributed to RNA extraction; cryosectioning; histology; and
supervision

Joseph Yanni: contributed to RNA extraction; supervision

Alex D. Morris: contributed to cryosectioning and histology

Robert T. Simms: contributed to NGS and IPA analysis

Weixuan Chen: contributed to morphological analysis; NGS, and IPA analysis as part
of her training while | supervised

Zeyuan Yin: contributed to NGS and IPA analysis as part of his training while |
supervised

Mateusz K. Holda: manuscript editing (original draft)

Marcin Kuniewicz: manuscript editing (original draft)

Filip Perde: provided specimens

Peter Molenaar: provided specimens; manuscript editing (original draft)

Halina Dobrzynski: supervision; data analysis; formatted figures and tables;

manuscript planning, writing, and editing
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4.2 Hypothesis

Previous data obtained from NGS for RNA-seq for 3 healthy human SN samples showed
varying expression levels of key miRNAs, mRNAs, and TFs, compared to the RA [44]. If these
molecules have different expression levels in the SN, then they must be interacting with one
another. These varying expression levels must play a role in regulating the molecular and

functional characteristics of the SN.

4.3 Aims

The aims were based on the bioinformatics analysis of NGS for RNA-seq dataset for healthy
human SN samples to predict key molecular interactions and further understand the
molecular complexity of the SN. As published in Paper 2, Chapter 4, | aimed to identify ‘novel’
TFs in the human SN vs. RA; use IPA to predict interactions between these ‘novel’ TFs and
‘embryonic’ TFs and predict interactions among key TFs with pacemaking genes; deduce the
expression of markers of key cell types and organelles in the SN vs. RA and predict their
interaction with key TFs; and finally, predicted the interaction between these markers and

TFs, and recently published key microRNAs [44].

4.4 Materials and methods

Thorough descriptions of the methods used in this study are provided in the accompanying

paper.

4.4.1 Human sample details

Human hearts that were unsuitable for heart transplants were obtained from collaborators
in Romania and Australia (as shown in Table 1, Paper 2, Chapter 4). They were stored in the
Dobrzynski laboratory under the Human Tissue Act 2004. 3 samples (age range 19-54) were

used for NGS for RNAseq.

4.4.2 Cryosectioning and histological characterisation of the SN

One tissue specimen was cryosectioned at a thickness of 10-30 um and frozen at -80 °C
before Masson’s trichrome staining. This staining was carried out to identify cardiomyocytes,
connective tissue, and fat within the tissues. Following this, the Genomics department at the
University of Manchester carried out NGS for RNAseq on the 3 RA and SN samples. Further

details on this process are provided in paper 2, chapter 4.
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4.4.3 Ingenuity pathway analysis

In depth-description of the use of IPA to analyse the NGS dataset and to create interaction

pathways is provided in paper 2, chapter 4.

Initially, knowing how to use the IPA software was difficult as no one in the laboratory group
had experience with it. To overcome this, | attended various tutorial sessions organised by
the Genomics department at the University of Manchester and reached out to Qiagen
representatives. This increased my competence with the software, allowing me to explore the

NGS datasets in-depth.

4.4.4 Heatmaps, graphs, and statistical analysis

| used heatmaps to visualise the similarities and differences in the distribution of the
molecules in the SN and atrial tissue. After searching various software, | settled on

Heatmapper (http://www.heatmapper.ca/expression/). This software was relatively

straightforward to use. However, it was challenging to navigate how to select colour schemes.
| settled on using green and red colour schemes as this matched the colour schemes of the

pathways generated using IPA.

All graphs and statistical analyses were created using GraphPad Prism 8.4.3 software.
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Research purpose: The sinus node (SN) is the heart's primary pacemaker. Key ion channels (mainly the
funny channel, HCN4) and Ca?*-handling proteins in the SN are responsible for its function. Transcription
factors (TFs) regulate gene expression through inhibition or activation and microRNAs (miRs) do this
through inhibition. There is high expression of macrophages and mast cells within the SN connective
tissue. ‘Novel’/unexplored TFs and miRs in the regulation of ion channels and immune cells in the SN are
not well understood. Using RNAseq and bioinformatics, the expression profile and predicted interaction
of key TFs and cell markers with key miRs in the adult human SN vs. right atrial tissue (RA) were

Keywords: d ined
Transcription factors e.ter'rrllrle § . s :
microRNAs Principal results: 68 and 60 TFs significantly more or less expressed in the SN vs. RA respectively. Among

those more expressed were ISL1 and TBX3 (involved in embryonic development of the SN) and ‘novel’
RUNX1-2, CEBPA, GLI1-2 and SOX2. These TFs were predicted to regulate HCN4 expression in the SN.
Markers for different cells: fibroblasts (COL1A1), fat (FABP4), macrophages (CSF1R and CD209), natural
killer (GZMA) and mast (TPSAB1) were significantly more expressed in the SN vs. RA. Interestingly,
RUNX1-3, CEBPA and GLI1 also regulate expression of these cells. MiR-486-3p inhibits HCN4 and markers
involved in immune response.
Major conclusions: In conclusion, RUNX1-2, CSF1R, TPSAB1, COL1A1 and HCN4 are highly expressed in
the SN but not miR-486-3p. Their complex interactions can be used to treat SN dysfunction such as
bradycardia. Interestingly, another research group recently reported miR-486-3p is upregulated in blood
samples from severe COVID-19 patients who suffer from bradycardia.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Sinus node dysfunction
Immune cells

Funny channel

Heart rate

1. Introduction SN is an extended complex crescent-shaped structure that is

located at the superior vena cava and right atrium junction,

The sinus node (SN) is the heart's primary pacemaker because of
its unique morphological, molecular and functional properties
(Dobrzynski et al., 2013). Anatomical studies show that the human

* Corresponding author. Address: CTF Building, 46 Grafton Street, Manchester,
M13 9NT, UK.
E-mail address: halina.dobrzynski@manchester.ac.uk (H. Dobrzynski).

https://doi.org/10.1016/j.pbiomolbio.2021.04.008

extending along the crista terminalis (Stephenson et al. 2012, 2017;
Chandler et al., 2009).

Since the discovery of the SN in 1907 (Keith and Flack 1907), the
molecular mechanisms that regulate the pacemaking and con-
duction function of the SN remain an area of intense exploration.
The SN has a unique expression of ion channels, Ca®* handling
proteins previously analysed in the human SN by our group
(Chandler et al., 2009). These ion channels and Ca** handling

0079-6107/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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proteins are responsible for the membrane voltage and Ca** clocks
- two main mechanisms that are involved in maintaining the SN
automaticity which has recently been elegantly summarised by
DiFrancesco, D., 2020 in his mini review (DiFrancesco 2020).

An interesting “funny journey” involved in the so-called mem-
brane clock, started with Brown, DiFrancesco and Noble in the late
70's when they discovered the “funny” current (If) (Brown et al.
1979). Since then If has been expensively studied by DiFrancesco
and colleagues (see DiFrancesco D. 2020 for all relevant references)
(DiFrancesco 2020). This current is generated by hyperpolarisation-
activated cyclic nucleotide-gated channels, activated by cyclic
adenosine monophosphate (cAMP), during phase 4 of the SN's ac-
tion potential. The main isoform of the funny channel, HCN4, is
highly expressed in the human SN (Dobrzynski et al., 2013).

Through activation or inhibition of their targets, transcription
factors (TFs) regulate the expression of ion channels, Ca**-handing
proteins and other molecules involved in SN function. T-box factors
(TBX3, TBX5 and TBX18) and homeodomain factors (SHOX2, ISL1
and NKX2-5) are crucial TFs that are well established to be involved
in the development of the SN, heart embryogenesis and are also
expressed in adulthood (Petkova et al., 2020; Hoogaars et al., 2007;
Christoffels et al., 2010). In the SN, these TFs enhance the expression
of genes that are more abundant in the SN (e.g.,, HCN4) and sup-
press those that are less expressed in the SN (e.g. cardiac Na*
channel, SCN5A/Na,1.5 and main cardiac gap junctional channel,
Cx43) (Park and Fishman 2017).

In many tissues including the heart, small non-coding RNA
molecules (microRNAs, miRs) regulate the post-transcriptional
expression of many protein-coding genes (Thum et al., 2007;
Callis and Wang 2008).

We have recently shown that there is complex expression of key
miRs involved in pacemaking mechanisms and we confirmed that
miR-486-3p regulates HCN4 expression leading to bradycardia
when upregulated in the rodent SN (Petkova et al., 2020).

The SN is embedded in an extensive connective tissue as we
have previously shown (Chandler et al., 2009; Kharche et al., 2017).
Within this connective tissue, there are many elastic fibres and
non-cardiac cell types such as fibroblasts, macrophages, mast, fat,
neuronal, endothelial and epithelial. Due to a low abundance of
mitochondria and contractile/cytoskeletal proteins, nodal cardio-
myocytes are referred to as “empty” (Choudhury et al. 2015;
Boyett et al. 2000).

The SN is characterised by its complex morphology and mech-
anisms. Therefore, to bring more fun to the “funny” journey, we
aimed to: use next generation sequencing (NGS) to identify other
key unexplored ‘novel’ TFs in the human SN vs. RA; use ingenuity
pathway analysis (IPA) to identify predicted interactions amongst
‘novel’ TFs and ‘embryonic’ TFs (well known to be involved in the
embryonic development of the SN) described by (van Eif et al,,
2018) and identify any predicted interactions amongst key TFs
with those genes involved in pacemaker mechanisms - especially
the funny channel; determine the expression of key markers of
different cells type as well as organelles in the SN vs. RA and
identify any predicted interactions amongst TFs and markers;
identify predicted interactions of TFs, markers and recently pub-
lished key miRs (Petkova et al., 2020).

The dysfunction of the two clock pacemaker mechanisms as
well as changes to tissue morphology (e.g., in fibrosis) contribute to
the development of sinus node dysfunction (SND), which is char-
acterised by tachycardia and bradycardia, sinus pauses, sinus arrest,
sinoatrial exit block etc — a common problem in ageing, heart
failure, obesity and atrial arrythmias (Dobrzynski et al., 2013;
Zhang et al., 2000).

Interestingly, is has recently been shown, that in severe COVID-
19 patients who suffer from bradycardia (Amaratunga et al., 2020;
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Capoferri et al., 2020), miR-486-3p is shown to be elevated in their
RBC-depleted whole blood due to immune system response (Tang
et al., 2020). Furthermore, in the mouse atrioventricular node (AV
node), an unusually high expression of immune cells (such as
macrophages) has been discovered by (Hulsmans et al., 2017). They
noticed that depletion of macrophages in mice results in AV block
and bradycardia (Hulsmans et al., 2017). They also noticed that
HCN4-expressing cardiomyocytes in the AV node frequently inter-
sperse with macrophages (Hulsmans et al, 2017). Could this
upregulation of circulating miR-486-3p in the coronavirus disease
2019 (COVID-19) patients lead to downregulation of HCN4 hence
reduced heart rate via immune response?

This study seeks to contribute further to our understanding of
the morphological, molecular and functional characteristics of the
human heart's primary pacemaker and we hope that this will set a
scene for this funny journey to continue for 40 more years and
beyond, and thus provide new insight into the treatment of SND.

2. Materials and methods
2.1. Specimens’ information

Human specimens were obtained, dissected and frozen by co-
authors in Romania (FP) and Australia (PM) under their local
ethical approval procedures. Specimens from Australia (Table 1,
specimens 6, 7, 10) were obtained for research from hearts that
were unsuitable for heart transplantation (Ethics Approval EC256,
The Prince Charles Hospital Ethics Committee). Written author-
isation for removal and use of tissue was obtained from the avail-
able Senior Next of Kin. Post-mortem specimens from Rumania
(Table 1, specimens 2—5, 8, 9) were from suicide and road traffic
accidents people and no informed consent was required for FP to
remove and use the tissue for research. After transfer to the Uni-
versity of Manchester, specimens were stored under the Human
Tissue Act 2004. The age of patients ranged between 19 and 54.
Further information can be found in Table 1 and in (Petkova et al.,
2020). The quality and quantity of RNA was also assessed in
(Petkova et al., 2020).

2.2. Sectioning and histology

Ten frozen tissue blocks were sectioned perpendicular to the
crista terminalis and superior vena cava (SVC) and cryosections
were 10—30 pm thick.

Masson's trichrome histological staining was used to confirm
the location of the SN. This is our preferred staining method for the
SN identification, because nodal cells (stained purple) are
embedded into significant amounts of connective tissue (stained
blue) as previously described (Chandler et al., 2009) and can be
seen in Fig. 1A—C.

Table 1
Patient information.

Specimen Patient Patient Cause of death

Number Age Gender

1 29 M Road accident

2 22 M Road accident

3 66 M Suicide

4 19 M Suicide

5 60 M Sudden death

6 54 M Intracranial haemorrhage
7 42 M Subarachnoid haemorrhage
8 19 M Suicide

9 21 M Suicide

10 54 M Intracranial heamorrhage
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2.3. Next generation sequencing for mRNA and qPCR for miRs

Ten SN samples were collected from the area around the SN
artery (Fig. 1) and RA samples from the pectinate muscles remote
from the SN region as described by (Petkova et al., 2020). NGS for
RNA-sequencing (RNA-seq) was performed on RNA samples from 3
SN, 3 RA (Table 1, specimens 8, 9, 10) and qPCR for miRs was per-
formed on RNA samples from 7 SN, 7 RA (Table 1, specimens 1-7) as
described in our recently published study (Petkova et al., 2020).

We used Bcl2fastq software (2.17.1.14) to generate mRNA
expression database for the SN vs. RA as individual values as well as
mean values, Log2fold change, P values, adjusted P values and
calculated percent as shown in Table 2 — 4 from the SN and RA
specimens. Our published principal component analysis confirmed
the SN samples are similar and different from RA samples (Petkova
et al., 2020).

2.4. Bioinformatics

2.4.1. Ingenuity Pathway Analysis

The Ingenuity Pathways Analysis (IPA; Ingenuity systems, Qia-
gen) knowledge-base contains information about experimentally
validated genes, origin and function of which can be found in the
published scientific literature and other databases such as TarBase,
miRBase (http://www.mirbase.org/), Genome (https://genome.
ucsc.edu), RNA22 (https://cm.jefferson.edu/rna22/) and TargetS-
can Human (http://www.targetscan.org/). Identification of the
transcription factors/transcription regulators (TFs), which were
significantly more expressed (log2 fold change>1), or significantly
less expressed (log2 fold change < —1) in the SN vs. RA in our data
set was performed using IPA software. Our NGS dataset that was
uploaded into IPA and contained the gene ID of 2595 mRNAs
significantly less or more expressed in the SN vs. RA, gene ID, base
mean values (‘experimental intensity’), log2fold change
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(‘experimental log ratio’), P value (‘experimental P-value’) and
adjusted P value (‘Padj’). The uploaded dataset was ‘analysed/
filtered’ by performing ‘Core Analysis’ to compare our dataset to IPA
knowledge base. This allowed us to identify 1424 mRNAs signifi-
cantly more/less expressed mRNAs in the SN vs. RA within our data
set. A Log2foldchange cut-off of —1.5 to 1.5 was selected in order to
narrow down and select only significantly expressed molecules in
our dataset.

In order to identify TFs from 1424 significantly more/less
expressed mRNAs in the SN vs. RA, within IPA, we selected the
‘transcription regulator’ option from the ‘molecule type’ drop-
down menu and performed analysis. We identified 68 TFs that
were significantly more expressed in the SN vs. RA and 60 TFs that
were significantly less expressed in the SN vs. RA (see Tables 2 and
3).

After identifying all 128 differentially expressed TFs, we were
interested in investigating how these TFs regulate different cell
types and organelles in the SN vs. RA. In order to do this, key
markers for each cell types and organelles (see Table 4) were
selected from our NGS dataset, based on their gene description. The
estimation of NGS-based expression of key markers was correlated
with the TFs pattern. In total, 48 key markers were selected from
our NGS dataset (Table 4). The reliability of selected genes as
markers of each cell type and/or organelles (see Results section for
further information) was confirmed on the basis of published
literature and IPA data).

2.4.2. Creating and analysing interactions/networks in IPA

For each TF identified, individual pathways’ network was
created. In total 128 individual pathways were created and pre-
dicted targets ranged in individual networks from 0 to 153. Out of
128 only 27 TFs were identified to show interactions amongst each
other. We also searched for interactions of 27 TFs with 48 selected
markers of cells/organelles and 11 TFs were identified as directly

v
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Fig. 1. Morphology of the sinus node in comparison to right atrium. A, Masson trichrome stained section through the sinus node showing nodal myocytes around the sinus node
artery. Myocytes are stained purple and connective tissue is stained blue. The sinus node tissue is evident by the extensive connective tissue region. B and C, closer view of the sinus

node (B) and right atrium (C). CT = crista terminalis; SN = sinus node.
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Table 2
Transcription factors that significantly more expressed in the sinus node vs. right atrium. The table shows gene names of 68 transcription factors; expression in the SN and
RA + SEM; log2foldchange; adjusted P value (all calculated using the Bcl2fastq software 2.17.1.14); and % of each transcription factor in the SN/RA (where 100% expression is in
the RA).

Transcription factor (gene name) SN mean SN RA mean RA Log2fold change Adjusted P value % (SN/RA)
+ SEM + SEM

AKNA 677.906 142.210 319.611 57.408 1.055 1.134E-03 47.147
ATF5 540.281 69.534 247.840 41.619 1.127 1.312E-03 45.872
BACH2 226.331 59.842 97.960 20.395 1.130 9.556E-03 43.282
BATF 61.748 22.495 11.799 6.641 2.674 3.648E-04 19.109
BCL11B 39.23 22.307 8.633 6.676 2.608 5.776E-03 22.006
CEBPA 282.356 65.316 52.355 24.256 2.653 1.464E-08 18.542
CERS5 896.236 87.785 433.370 61.242 1.054 1.014E-03 48.354
CIITA 398.745 111.455 149.505 36.256 1.381 7.075E-05 37.494
DLX1 108.905 48.375 20.363 11.822 2.433 1.883E-04 18.698
DLX2 48.099 20.607 8.451 4.757 2.738 2.228E-03 17.570
DTX1 249.000 39.096 74.937 20.187 1.793 8.086E-06 30.095
FOXD3 385.436 175.537 84.572 47.553 2.199 5.883E-07 21.942
GLI1 183.878 38.227 57.936 7.130 1.607 1.140 E-03 31.508
GLI2 347.127 75.203 137.196 19.863 1.283 3.754E-03 39.523
HDAC10 38.406 10.630 6.879 1.777 2.465 4.688E-03 17.912
HEY2 457.506 13.418 165.326 11.391 1.463 1.335E-05 36.136
HIC1 1362.142 353.431 521.178 112.365 1.323 1.587E-05 38.262
HLX 782.153 165.116 306.64 117.080 1.468 1.079E-05 39.205
HOXA3 122.178 35.992 18.937 3.932 2.610 6.601E-06 15.500
HOXA5 61.832 13.331 12.492 4.679 2.387 6.226E-04 20.203
HOXB2 776.382 153.160 166.100 53.351 2319 1.204E-12 21.394
HOXB3 440.507 40.289 76.885 29.006 2.722 1.332E-10 17.454
HOXB4 221.93 24.513 37.187 24.114 3.091 1.103E-08 16.756
HOXC4 107.812 34.363 15.536 3.518 2.723 1.052E-06 14.411
HOXDS8 85.567 7.471 26.220 9.035 1.852 3.520E-03 30.642
HR 419.256 156.295 151.074 40.595 1.249 3.728 E-03 36.034
IER2 5491.416 1798.91 2118.285 678.573 1.361 6.376E-07 38.574
IKZF1 189.948 118.644 46.666 22.659 1.792 9.265E-05 24.568
IRF7 493.157 124.674 213.957 75.260 1.256 4.397E-04 43.385
ISL1 208.879 83.062 0.000 0.000 12.140 9.242E-05 0479
KCNIP3 389.946 148.584 138.006 68.334 1.607 6.986E-06 35.391
KLF2 6750.78 1240.935 2732.485 295.238 1.253 1.599E-05 40.477
LBH 2394.91 443.351 1091.937 135.245 1.093 4.424E-03 45.594
LMO2 687.174 86.682 319.748 115.363 1.280 5.251E-03 46.531
LYL1 379.379 41.071 181.422 9.254 1.038 6.576E-03 47.821
LZTS1 234.963 59.310 76.747 13.548 1.572 2.987E-04 32.664
MAF 1475.905 276.728 548.679 102.208 1.418 1.014E-06 37.176
MEOX1 1350.634 629.078 662.000 360.592 1.108 3.625E-04 49.014
MLXIPL 234.667 80.361 79.937 22.441 1.522 5.286E-04 34.064
MSC 1603.090 546.664 490.110 191.398 1.798 1.287E-09 30.573
MYCN 61.499 5.4330 10.308 4.002 2.689 2.365E-04 16.762
NFKBIZ 870.258 184.484 329.93 38.444 1.338 9.408E-04 37.912
NLRC5 341.150 66.534 136.747 23.483 1.303 4.248E-04 40.084
NUPR1 5710.273 179.142 2548.803 440.630 1.199 1.857E-04 44.635
PHOX2B 74.570 23.194 10.887 6.165 3.131 3.272E-05 14.600
PRDM16 456.732 25.624 137.165 9.657 1.727 6.020E-07 30.032
PYCARD 301.691 77.164 101.776 6.302 1.475 2.029E-04 33.735
RUNX1 412.141 61.976 112.900 13.806 1.841 1.892E-06 27.393
RUNX2 101.047 16.069 25.667 3.726 1.959 4.618E-04 25.401
RUNX3 97.062 41.225 25.676 14.122 2.041 3.027E-04 26.453
SHOX2 1039.710 260.04 223.735 78.368 2.250 1.719E-08 21.519
SMARCD2 1516.491 365.786 742.922 193.867 1.030 5.407E-04 48.990
SOX10 2026.732 753.631 662.197 179.093 1.394 6.052E-05 32.673
SOX13 1369.973 110.721 631.294 47.328 1.104 2.6400E-04 46.081
SOX17 584.337 39.839 290.279 85.723 1.101 2.817E-03 49.677
SOX2 153.772 53.947 21.604 6.022 2.776 1.521E-08 14.049
SOX9 3348.057 108.482 1507.809 373.240 1.231 5.124E-04 45.035
SPI1 381.480 186.713 119.83 69.676 1.799 5.273E-07 31.412
SREBF1 4927.952 1336.040 2308.654 325.077 1.001 1.191E-03 46.848
TBX1 131.445 67.297 36.094 25.787 2.261 2.286E-03 27.459
TBX18 1190.75 86.23333 470.920 64.5568 1.345 4.956E-05 39.548
TBX2 1749.702 175.142 658.368 122.010 1434 8.247E-05 37.627
TBX3 1972.733 469.804 543.995 115.281 1.845 7.316E-07 27.576
TGFB1I1 2466.217 284.716 872.904 75.898 1.477 1.511E-06 35.394
TSC22D3 9758.316 3669.472 4380.536 1004.956 1.030 2.313E-03 44.891
TWIST1 377.545 84.672 143.105 42.079 1.470 9.327E-05 37.904
VAV1 107.197 57.514 24.553 11.685 1.912 3.517E-03 22.904
VENTX 98.187 15.838 10.922 3.750 3.294 7.27E-08 11.123

89



AJ. Aminu, M. Petkova, A.J. Atkinson et al.

Table 3
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Transcription factors significantly less expressed in the sinus node vs. right atrium. The table shows gene names of 60 transcription factors; expression in the SN and
RA + SEM; log2foldchange; adjusted P value (all calculated using the Bcl2fastq software 2.17.1.14); and % of each transcription factor in the SN/RA (where 100% expression in is

the RA).
Transcription factor (gene name) SN mean SN RA mean RA Log2fold change Adjusted P value % (SN/RA)
+ SEM + SEM

ACTN2 21634.431 7833.845 59256.856 5474.155 -1.662 1.398E-04 36.510
ASB15 123.674 37.790 1739.861 474.424 —3.848 8.954E-45 7.108
ASB4 23.684 6.879 70.022 13.042 —1.645 8.560 E-03 33.824
ASB5 16.300 7.161 133.294 23.129 -3.233 4.37E-09 12.228
ASB8 637.596 50.060 1291.190 48.396 -1.037 7.061E-04 49.380
BRCA1 126.173 10.455 282.040 60.510 -1.120 4.219E-03 44.736
CAND2 590.303 136.063 1630.819 216.947 -1.539 4.103E-07 36.197
CASKIN1 98.435 21.743 370.275 36.706 -1.973 1.854E-06 26.584
CBX4 602.128 129.064 1333.066 241.324 -1.186 5.616E-04 45.169
CERS6 1222.011 380.239 3551.558 784.415 —1.665 4.948E-07 34.408
CHCHD3 1259.526 186.752 2966.429 190.626 -1.273 1.240E-04 42.459
COPS5 794.737 79.793 1980.436 268.256 -1.315 5.682E-05 40.129
DCAF6 2723.082 396.688 9437.394 312.369 -1.836 7.386E-10 28.854
FEM1A 1145.289 200.935 2378.667 319.940 —1.088 1.098E-03 48.148
FHL2 4488.626 1459.722 12576.092 7584.572 -1.173 7.422E-03 35.692
GRIP1 68.755 20.714 197.073 92.005 —1.422 4.8384 E-03 34.888
GTF2I 466.899 108.962 1313.898 292.866 -1.514 3.536E-07 35.535
GTF3A 2393.535 216.862 5320.791 640.947 -1.153 3.186E-04 44.985
HAND1 6.150 1.766 56.440 19.813 -3.029 9.348E-05 10.897
HDAC9 258.074 32.224 549.930 51.861 -1.112 7.917E-04 46.928
HIVEP2 538.440 57.714 1286.742 295.821 -1.201 3.419E-03 41.845
HLF 737.032 112.679 1921.831 194.315 -1.416 7.18E-07 38.350
HMGA1 420.776 54.922 856.277 41.092 —1.058 2.286E-03 49.140
HOPX 194.455 62.767 1157.648 446.288 —2.549 7.699E-18 16.797
HSF2 422.250 19.749 1691.197 128.986 —2.009 3.853E-13 24,968
KANK1 2571.452 526.933 6727.928 204.166 —1.458 1.868E-06 38.221
KAT2B 1121.328 73.391 3010.476 471.115 —1.408 1.318E-05 37.247
KCTD1 401.470 33.964 1268.950 310.905 -1.602 1.537E-06 31.638
MEF2A 2578.413 233.194 7634.998 757.997 -1.577 6.563E-09 33.771
MITF 598.513 213.906 1802.958 727.443 -1.578 7.884E-07 27.112
MKL2 956.58 331.959 2660.534 1659.107 -1.075 3.840E-04 35.954
MLIP 1407.866 431.711 6203.713 1222.175 —2.268 1.195E-13 22.694
MLX 969.099 65.291 1959.077 140.850 -1.026 4.594E-04 49.467
MYT1 3.126 2.298 32.681 10.734 —3.899 4.566E-04 9.566
NCOA2 835.154 95.142 1727.300 381.213 -1.018 1.960E-03 48.350
NCOA4 3405.760 431.596 8749.216 571.405 -1.389 4.000E-07 38.926
NFE2L1 10964.520 1829.637 28663.931 4334.959 —1.400 6.824E-07 38.252
NKX2-5 1116.112 308.341 5549.073 1761.584 —2.287 1.198E-10 20.113
NOCT 43.806 0.646 159.363 65.339 -1.663 1.464E-03 27.488
NPAS2 736.022 124.618 1503.172 308.439 -1.017 6.937E-03 48.965
PBX3 1224.393 47.244 3027.975 201.759 -1.314 5.361E-06 40.436
PPARGC1A 858.408 314.360 2627.464 651.225 -1.814 6.539E-05 32.671
PPP1R13 L 859.854 207.086 3018.562 350.626 —1.900 3.963E-10 28.486
PROX1 514.407 198.737 1897.360 415.061 -2.021 9.071E-09 27.112
RFX2 352.593 55.933 918.063 340.632 -1.133 7.258E-03 16.797
SALL1 9.075 3.795 67.701 33.401 —2.798 4.02E-04 13.405
SATB1 493.157 124.674 213.957 75.260 1.256 2.947E-04 45.573
SFMBT1 138.972 33.019 327.697 65.700 -1.285 2.152E-03 42.409
SMYD1 1604.484 589.106 5358.148 819.541 —1.960 3.263E-06 29.945
STAT4 140.858 42.809 581.692 74.953 -2.153 4.961E-08 24.215
TBX20 400.478 52.818 2094.381 304.501 -2.392 3.222E-13 19.122
TBX5 2894.793 967.928 9297.928 1916.888 -1.825 8.549E-07 31.134
TCEA3 828.140 135.026 1736.017 182.424 —1.098 9.300E-04 47.703
TEAD1 2063.731 110.694 4656.889 513.296 -1.174 6.386E-05 44316
TRIM24 400.102 64.223 875.524 95.024 -1.160 3.398E-04 45.699
VGLL2 32.552 29.600 60.589 25.769 -2.293 5.569E-03 43.727
YAF2 766.448 115.140 1719.524 37.999 -1.211 1.716E-04 44,573
YBX3 6104.641 277.970 13980.831 1611.231 -1.191 2.562E-05 43.664
ZBTB20 158.281 30.758 626.103 388.802 —1.494 7.478E-04 25.280
ZNF189 453.549 22.899 1185.676 426.572 -1.228 1.061E-03 38.252

interacting with 6 different key markers. In addition, we identified
those TFs that directly and/or indirectly regulate the key genes
involved in pacemaking.

Previously we predicted 15 miRs, which interact with the key
molecules involved in the SN's pacemaking (Petkova et al., 2020).
Therefore, we were interested if these key 15 miRs interact with
differentially expressed TFs and markers. The interaction for 27 TFs
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and 48 markers with 15 miRs was tested using IPA and identified
interaction is shown in Table 5.

2.4.3. Binding sites identification

For all mRNAs, the sequence of their 3’-untranslated regions
(UTR) were obtained using Genome (https://genome.ucsc.edu). The
sequence of all miRs were obtained using miRBase (http://www.
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Table 4
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Markers for different cell types and organelles expressed in the sinus node vs. right atrium. The table shows gene names of markers (see Fig. 11); expression in the SN and
RA + SEM; log2foldchange; adjusted p value (all calculated using the Bcl2fastq software 2.17.1.14); and % of each marker in the SN/RA (where 100% expression in the RA).

Marker (gene name) SN mean SN RA mean RA Log2fold change Adjusted P value % (SN/RA)
+ SEM + SEM

ACTG2 1242.990 432.331 269.4733 41.119 2.050 3.678E-08 461.266
ACTN2 21634430 7833.845 59256.86 5474.156 -1.662 1.398E-04 36.510
CD209 219.460 125.490 76.090 50.976 1.581 5.850E-04 288.436
CD44 2595.847 604.517 1277.290 291.791 1.035 2.819 E-03 203.230
CERCAM 3012.570 893.747 1013.453 329.419 1.550 9.575E-08 297.258
COL14A1 9472.997 1597.945 4242.62 953.404 1.183 1.971E-03 223.282
COL1A1 25501.240 4503.298 7930.85 1311.630 1.665 1.013E-09 321.545
COL1A2 58118.510 10427.945 23600.197 3021.211 1.271 1.182E-05 246.263
COL3A1 27758.890 8618.337 11647.983 2840.022 1.181 2.198E-05 238.315
COL5A1 4966.340 1553.434 2086.927 430.746 1.128 2.188 E-04 237.974
COL5A3 2761.960 915.702 1141.823 348.382 1.187 8.693E-05 241.890
COL6A1 25169.030 5652.913 12218.197 2535.694 1.025 6.598E-04 205.996
COL6A2 46818.51 6355.024 20505.690 4243.743 1.224 1.013E-04 228.320
COL8A2 600.92 163.656 197.187 34.931 1.515 8.104E-04 304.747
COL9A2 322.08 104.366 88.167 15.339 1.715 5.012E-05 365.308
COL9A3 682.560 288.143 210.997 56.040 1.390 1.507E-03 323.493
CSFIR 874.533 395.078 274.083 108.957 1.838 2.752E-09 353.943
DES 112041.9 40572.007 202808.3 17832.319 -1.141 0.0071819 55.245
DMD 2411.157 27711 8679.833 1901.656 —1.808 4.415E-08 27.779
EMILIN1 3317.597 360.138 1381.06 302.828 1.316 2.127E-05 240.221
FABP4 1802.743 350.257 316.377 79.730 2.539 9.571E-11 569.809
GZMA 59.184 41.363 8.052 2.872 2.387 3.830E-04 735.000
HLA-DMA 829.197 77.720 328510 65.641 1.369 2.325E-05 252411
HLA-DMB 197.270 34.208 64.797 13.501 1.620 2.046E-04 304.445
HLA-DOA 281.580 59.060 78.817 18.096 1.849 1.412E-06 357.259
HLA-DPA1 3574.673 333.741 1565.163 94.958 1.172 6.401E-05 94.958
HLA-DPB1 2027.295 407.980 931.253 128.927 1.275 1.321E-05 217.695
HLA-DQA1 672.007 98.565 231.413 39.456 1.535 1.76E-06 290.392
HLA-DQB1 1358.700 119.051 592.570 82.459 1.202 2.075E-04 229.289
HLA-DRA 4667.940 808.427 2002.060 235.036 1.182 6.295E-05 233.157
HLA-DRB1 4042.847 630.230 1702.450 104.091 1.202 5.656E-05 237.472
HLA-DRB5 1214.300 777.612 520.970 302.671 1.128 6.960E-04 233.084
INA 61.443 18.434 7.337 6.157 3.770 1.962E-04 837.483
MRPL15 1129.537 234.793 2254.08 289.964 —1.044 7.607E-03 50.111
MRPL33 1310.670 180.021 2891.307 306.905 -1.161 5.854E-04 45.331
MRPL35 1054.260 163.380 2374.223 25.602 -1.220 1.458E-04 44.404
MRPL39 449.207 36.865 985.8433 149.484 -1.118 9.678E-04 45.5666
MRPL50 540.197 47.376 1071.587 32518 -1.009 1.225 E-03 50.411
MRPS23 674.4633 103.967 1396.073 128.115 —1.081 5.398E-04 48.311
MRPS30 667.847 79.874 1635.447 133.496 -1.316 7.679E-06 40.836
MRPS33 721.797 49.514 1461.570 210.658 —1.005 3.432E-03 49.385
MRPS36 539.670 44411 1313.953 210.581 -1.264 2.877E-03 41.072
MRPS9 865.430 123.524 1804.787 260.927 -1.070 4.472E-03 47.952
MUC1 99.317 24.787 29.730 7.725 1.710 1.691E-03 334.062
MYH6 217807.900 83862.528 1066895.000 115574.238 —2.528 7.279E-13 20415
TNNT2 52996.690 15892.935 144599.200 21446.601 -1.560 1.099E-04 36.651
TPSAB1 408.170 60.284 54.140 5.871 2.889 1.147E-16 753.916
TIN 27820.200 8702.962 154512.700 72399.518 -2.376 5.388E-08 18.005

mirbase.org/). The sequence of the miRs and their predicted target
mRNAs were uploaded into RNA22 (https://cm.jefferson.edu/
rna22/) or TargetScan Human (http://www.targetscan.org/). The
number of miRs binding sites on their predicted mRNAs is sum-
marised in Table 5.

2.4.4. Heat maps

Heat maps were created using Heatmapper (http://www.
heatmapper.ca/expression/). To do this, a dataset containing gene
names and the normalised count of each gene expressed in each SN
sample (n = 3, Tables 2—4) or RA sample (n = 3, Tables 2—4) was
uploaded. Greener represents higher while redder represents lower
expression in the SN vs. RA. Z-score of —1 indicates that a sample is
one standard deviation below the mean value; and a Z-score of 1
indicates a sample is one standard deviation above the mean value
(see Tables 2—4 for mean values).
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2.4.5. Graphs and statistical analysis

GraphPad Prism 8.4.3. software was used for statistical analysis
and for making graphs. Data are shown as mean + SEM in
Tables 2—4 and graphs are plotted as % SN/RA. Significant differ-
ences were identified with one-way ANOVA test; differences were
assumed as significant at P < 0.001.

3. Results

3.1. The sinus node region is characterised by extensive connective
tissue and fewer myocytes

To confirm the location of the SN, Masson's trichrome staining
was performed as shown in Fig. 1 as previously shown by (Chandler
et al,, 2011; Stephenson et al., 2017; Petkova et al., 2020). The SN
myocytes (in purple) surround the SN artery and are embedded in a
network of connective tissue (in blue).
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Predicted microRNA-transcription factor and microRNA-marker interactions. This data is based on the expression of microRNAs from our previous study by Petkova et al.
(2020) and the expression of transcription factors and markers from this study. From left to right, the columns show miR name; expression of each miRs in the sinus node vs.
the right atrium; predicted targets according to RNA22 and TargetScan Human; expression profile of each target in the sinus node vs. the right atrium; the number of binding
sites on the target according to RNA22 and TargetScan Human. Bold represents those that are upregulated in the sinus node compared to the right atrium. -, no predicted
marker targets. TF = Transcription factor; HCX = Histo-compatibility complex. All predicted interactions from IPA were chosen for this table that were functionally validated.

miRNA miRNA expression in SN Gene name of predicted mRNA expression based on  Total no. of binding sites for each miRNA on predicted target
vs. RA target this study P<0.05 and P>0.05
based on Petkova et al.
(2020)
hsa-miR-10b- 1 TBXS5 (TF) ! 1
5p
hsa-miR-30c- | COL1A1 (Collagen) 1 0
5p RUNX2 (TF) 1 2
COL1A2 (Collagen) 1 0
COL9A3 (Collagen) 1 1
COL5A1 (Collagen) 1 0
hsa-miR- 1 COL1A1 (Collagen) 1 1
133a-3p RUNX2 (TF) 1 0
HLA-DOA (HCX) 1 0
TPSAB1 (Mast cells marker) 1 1
COL9A2 (Collagen) 1 0
hsa-miR-153- 1 MITEF (TF) 1 1
3p MEF2A (TF) ! 1
PPARGC1A (TF) ! 1
hsa-miR-215- 1 NKX2-5 (TF) ! 1
5p
hsa-miR-422a | TBX3 (TF) 1 2
GLI2 (TF) 1 3
hsa-miR-429 | SOX2 (TF) 1 1
hsa-miR-486- | LBH (TF) 1 1
3p LZTS1 (TF) 1 12
SOX13 (TF) 1 3
CERCAM (Endothelial cell 1 1
marker)
TPSAB1 (Mast cell marker) 1 2
CD209 (Macrophage cell 1 1
marker)
HLA-DRA (HCX) 1 2
HLA-DRB5 (HCX) 1 1
HLA-DRB1 (HCX) 1 1
hsa-miR-512- 1 NKX2-5 (TF) ! 0
5p
hsa-miR-938 | LBH (TF) 1 2
SOX2 (TF) 1 2
hsa-miR- 1 NKX2-5 (TF) ! 2
1225-3p
hsa-miR-483- | LBH (TF) 1 1
3p
hsa-miR-1-3p | — — -
hsa-miR-198 1 — — —
hsa-miR-204- 1 — — -
5p

3.2. Identification of ‘novel’/unexplored transcription factors in the
sinus node vs. right atrium

Tables 2 and 3 list all transcription factors (TFs) that are signif-
icantly more or significantly less expressed in the SN vs. RA. Using
IPA, we have identified 68 significantly more expressed and 60
significantly less expressed TFs in the SN vs. RA. The position of
these TFs is shown in Fig. 2 (A, B) on Volcano plots. Most identified
TFs are within a range of 0 to +5 or O to —5 log2Foldchange with the
exception of ISL1 (well known to be involved in the embryonic
development of the SN) which is > 10 log2Fold change.

The heat maps in Figs. 3A and 4A show expression profiles of TFs
in individual SN and RA samples. As expected, there is some inter-
individual variation in the expression of TFs within the range of 0—1
and 0 to —1 Row Z-score.

TF expression profiles are shown as percent in the SN/RA
(Figs. 3B and 4B and Tables 2 and 3). It is interesting to observe that
ISL1 is the most abundant TF in the adult human SN (Fig. 3B).
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Amongst well known TFs (important for the embryonic develop-
ment of the SN), TBX3 and SHOX?2 are highly expressed in the adult
SN compared to other TFs. Many ‘novel’/unexplored TFs in the adult
SN, were identified to be highly expressed e.g., FOXD3 (known to
regulate cardiac neural crest progenitors in the mouse heart -
(Nelms et al. 2011), DLX2 (known to regulate lymphocyte devel-
opment - (Sunwoo et al., 2008), PHOX2B (known to be associated
with congenital heart disease in humans (Lombardo et al., 2018),
VENTX (known to promote myeloid cell differentiation that may
differentiate into macrophages (Leitoguinho et al., 2019), SOX2
(known to be involved in stem cell preservation and self-renewal
(Mallanna et al., 2010) and a few HOX-TFs members (e.g. HOXA3,
HOXB4 and HOXC4) that play a major role in heart development
and are highly relevant to human pathology (Lescroart and Zaffran
2018).

Interestingly, NKX2-5 and TBX5 (key embryonic TFs) are <50%
expressed in the adult human SN vs. RA (Fig. 4B). Amongst ‘novel’
TFs that are least abundant in the human SN are ASB5 and ASB15
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Fig. 2. Volcano plot of significantly more and significantly less expressed transcription factors in the sinus node vs. right atrium. A, location of 68 transcription factors that are
significantly more highly expressed in the sinus node compared to right atrium. B, location of 60 transcription factors that are significantly less expressed in the sinus node,
compared to the right atrium. See Tables 1 and 2 for details. Red = significantly more/less expressed mRNA; blue = non-significantly expressed mRNAs.
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Fig. 3. Expression profile of 68 transcription factors that are significantly more expressed in the adult human sinus node vs. right atrial muscle. A, heat map shows inter-
individual expression of each transcription factor in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression of transcription factors in the sinus
node vs. right atrium (n = 3) plotted as % SN/RA (see Table 2 for details). The black line at 100% represents the transcription factors expression in the right atrium (i.e., basal level).

SN = sinus node; RA = right atrium.

(known to be associated with skeletal muscle growth (McDaneld
et al. 2004) MYT1, known to promote neuronal cell differentia-
tion, (Vasconcelos et al., 2016); HAND1, known to be associated
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with cardiac cell differentiation, (Riley et al. 1998); SALL1, known to
be associated with early heart development, (Morita et al., 2016);
RFX2 (known to maintain brain development HOPX (known to
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Fig. 4. Expression profile of 60 transcription factors that are significantly less expressed in the adult human sinus node compared vs. right atrial muscle. A, heat map shows
inter-individual expression of each transcription factor in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression of transcription factors in the
sinus node vs. right atrium (n = 3) plotted as % SN/RA (see Table 3 for details). The black line at 100% represents the transcription factors expression in the right atrium (i.e., basal

level). SN = sinus node; RA = right atrium.

regulate hypertrophy and maturation of cardiomyocytes (Friedman
et al., 2018) (Fig. 4B).

3.3. Prediction of interactions amongst transcription factors and
their predicted role in regulating HCN4 and Ca®" proteins

One of the main aims of this study was to predict the interaction
of the key ‘novel’ TFs with each other and with TFs known to be
involved in the embryonic development of the heart (ISL1, TBX3,
TBX5, NKX2-5, SHOX2) as well as to gain further insight into their
relationship with HCN4 and Ca®* handling proteins (RYR2, Na®*-
Ca®t exchanger, NCX1 and SERCA2A). An example of IPA-based
interaction network is shown in Fig. 5 which includes well
known TFs. ISL1 and TBX3 facilitate while NKX2-5 and TBX5 inhibit
the expression of HCN4, and Ca** channels, Ca,3.1 and Cav3.1, (Park
and Fishman 2017). HCN4, RYR2, NCX1 and SERCA2A have previ-
ously been shown by our group to be differentially expressed in the
SN vs. RA (Chandler et al., 2011): HCN4 more and both RYR2 and
SERCA2A less expressed in the adult human SN vs. RA.

Using IPA, we can appreciate the complexity of interactions of
many TFs that can directly and/or indirectly control the function of
the pacemaker of the heart. IPA analysis revealed that besides
HCN4, ISL1 (the most abundant TF in our adult human SN) activates
‘novel’ TFs RUNX3 (known to maintain the differentiation of
mesenchymal cells during heart development (Fu et al., 2011) and
RUNX1 (known to be involved in cardiac repair following myocar-
dial infarction (McCarroll et al., 2018). Oppositely, ISL1 is activated
by RUNX2 (known to be involved in osteoblast differentiation
(Alfieri et al., 2010), whereas GLI1 (known to regulate the coordi-
nation of the heart and lung (Park et al., 2000)) activates RUNX2
and SOX2 (Figs. 5A and 3B) activates TBX3. Together they activate
the expression of HCN4. Interestingly, the most targeted TF is
RUNX2 with 6 activators (Fig. 5A).
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Out of those TFs that are less abundant in the SN but more
abundant in the RA, TBXS5 is shown to interact with NKX2-5 and
HOPX (one the novel TFs to be least expressed in the adult human
SN (Figs. 4B and 5B). TBX5 activates NCX1, RYR2 and SERCA2A and
NKX2-5 activates RYR2 (Fig. 5B). MEF2A (another novel TF more
abundant in the adult human RA, known to regulate the mamma-
lian cardiomyocyte differentiation (Desjardins and Naya 2016), like
TBX5, activates SERCA2A (Fig. 5B). MEFA2A also activates ASB4
(known to be expressed in murine embryonic vasculature (Bode
et al., 2011) and PPARGC1A (a regulator of mitochondrial biogen-
esis (Duncan and Finck 2007) (Fig. 5B).

3.4. Markers for key cell types and organelles more abundant in the
sinus node compared to the right atrium

Fig. 1 shows the SN is characterised by more connective tissue
than surrounding RA. We therefore aimed to identify other cell
types’ markers that are present within its connective tissue. From
our NGS dataset we identified, and then selected at least one
marker of each cell type: ACTG2 for the smooth muscle cells
(Wangler et al., 2014); CSFIR and CD209 for macrophages (Rojo
et al., 2019) (Ortiz et al., 2008); FABP4 for fat/adipocytes cells
(Queipo-Ortuno et al.,, 2012); INA for neuronal cells (Baum and
Garriga 1997); MUC1 for epithelial cells (Dhar and McAuley
2019); TPSAB1 for mast cells (Lyons et al., 2017); CERCAM for
endothelial cells (Starzyk et al., 2000); COL1A1 for fibroblasts
(Wong et al., 2020); CD44 for mesenchymal stem cells (Maleki et al.,
2014), widely investigated for many therapies including creation of
a biological pacemaker (Hu et al., 2019); GZMA for natural killer
cells (Cursons et al., 2019) and EMILIN1 for elastic fibres (Zanetti
et al., 2004).

Table 4 lists markers and their mean + SEM expression profile in
3 SN and 3 RA. The heat map shows their expression profile in each
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(NCX1)

(SER

Fig. 5. Ingenuity Pathway Analysis predictions of interactions amongst ‘novel’ and well-known transcription factors (to be involved in embryonic development of the
heart) and their predicted role in controlling HCN4 and Ca>* handling proteins. A, transcription factors that were more abundant in the sinus node vs. right atrium. B,
transcription factors that were less abundant in the sinus node vs. right atrium. Arrows = predicted activation. Oval shape = transcription factors; trapezoid shape = calcium-
handling proteins; diamond shape = HCN4, hyperpolarisation-activated neuclotide-gated channel 4; NCX1 = Na*/Ca®* exchanger; SERCA2A = sarcoplasmic reticulum Ca?*-ATPase.
Red nodes represent molecules significantly more expressed in the SN. Green nodes represent molecules that are significantly less expressed in the SN (i.e., significantly more

expressed in the RA).

sample (Fig. 6A). Their expression as % SN over RA is also included
in Table 4 and shown graphically in Fig. 6B. As expected, there is
some inter-individual variation in the expression of these cell
markers within range of 0—1 and 0 to —1 Row Z-score. Each marker
is abundantly expressed in the SN samples compared to the RA
(Fig. 6B). Considering that the SN is highly innervated by the
autonomic nervous system (ANS) (Alboni et al., 2007) not surpris-
ingly, the most expressed marker was INA (log2foldchange of 3.77,
Table 4) and percentage difference of 837% (Fig. 6B). It was inter-
esting to observe that the immune cell marker (TPSAB1) is highly
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expressed in the adult human SN (754%, Fig. 6B). Similarly to
TPSAB1, the natural killer marker (GZMA) is also highly expressed
in the adult human SN. In addition, the fat, smooth muscle,
macrophage and mesenchymal stem cell markers are highly
expressed in the human adult SN (Fig. 6B: FABP4, ACTG2, CSF1R/
CD209 and CD44 are markers for these cells, respectively).

As well as the immune cells such as the mast, macrophages and
natural killer being highly abundant in the adult human SN (Fig. 6),
we noticed that 10 human leukocyte antigens (HLA, encoded by the
major histocompatibility complex genes involved in regulation of

B

1000

Fig. 6. Expression profile of markers for different cell types in the human adult sinus node vs. right atrial muscle. A, heat map shows inter-individual expression of each
marker in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression of cell markers in the sinus node vs. right atrium (n = 3) plotted as % SN/RA (see
Table 4 for details). The black line at 100% represents the markers expression in the right atrium (i.e., basal level). SN = sinus node; RA = right atrium.
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the immune system) were more highly expressed in the adult hu-
man SN (Fig. 7B). Table 4 lists those HLA markers and their
mean + SEM expression profile in 3 SN and 3 RA. Their expression
as % SN over RA is also included in Table 4 and shown graphically in
Fig. 6B. The heat map shows their expression profile in each sample
(Fig. 7A).

The high expression of HLAs together with high expression of
macrophages, mast and natural Killer cells in the adult human SN is
of great interest are may be related to slower heart rates in COVID19
patients (Amaratunga et al., 2020; Capoferri et al., 2020). As already
mentioned in the introduction, the importance of macrophages in
maintaining HR and rhythm has been explored by (Hulsmans et al.,
2017).

Table 4 lists collagen isoforms and their mean + SEM expression
profiles in 3 SN and 3 RA. The heat map shows their expression
profile in each sample (Fig. 8A). Their expression as % SN over RA is
also included in Table 4 and shown graphically in Fig. 8B. Collagens
are linked to cardiac fibrosis (Dobrzynski et al., 2013; Zhang et al.,
2000; Wynn 2009). We have identified 11 collagen isoforms that
are highly expressed in the SN compared to RA (Fig. 8). Out of the
11-collagen isoforms, COL9A2 (365% SN/RA is most abundant),
however, COL9A3, COL8A2 and COL1A1 are also highly abundant in
the human adult SN (Fig. 8B).

3.5. Contractile apparatus and related markers and mitochondria
markers are less expressed in the adult human SN vs. right atrium

Table 4 lists markers for the contractile apparatus and mito-
chondria and their mean + SEM expression profiles in 3 SN and 3
RA. The heat maps show their expression profile in each sample
(Figs. 9A and 10A). Their expression as % SN/RA is also included in
Table 4 and shown graphically in Figs. 9B and 10B. Each marker is
abundantly less in the SN samples compared to the RA (Figs. 9B and
10B).

The SN myocytes are not contractile cells and are known to be
‘empty’ due to poor expression of the contractile machinery
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(Choudhury et al. 2015; James et al., 1966; Boyett et al. 2000). All
contractile markers: actin (ACTN2), myosin heavy chain 6 (MYH6),
titin (TTN), troponin T (TNNT2), as well as, desmin (DES (Yamamoto
et al., 2011); and dystrophin (DMD (Williams and Bloch 1999); are
less expressed in the human adult SN vs. RA. MYH6, a well-
established marker for atrial cells (Gelb and Chin 2012; Ching
et al., 2005), is approximately 80% less expressed in the SN/RA
(Fig. 10B).

The SN cells also contain less mitochondria (James et al., 1966).
We observed that various isoforms of mitochondria (MRPs) are less
abundant in the adult human SN compared to RA (Fig. 9B). All of
these isoforms were similarly twice less expressed in the SN
(around 50%) to that of RA.

We summarised the expression profiles of the markers of cells,
collagen, HLA, mitochondria and contractile machinery in the SN
according to their log2foldchange to show their clustering (Fig. 11).
The markers for the non-cardiac cell types (smooth muscle,
macrophage, fat, neuronal, epithelial, mast, endothelial, natural
killer, mesenchymal stem cells) are mostly expressed in the SN and
they cluster together (Fig. 11). The least expressed markers in the
SN also cluster together (Fig. 11).

3.6. Prediction of interactions of novel transcription factors and
markers for cell types and contractile machinery

After identifying novel TFs within our dataset and quantification
of various cell markers/organelles, we aimed to use IPA to deter-
mine if any of the key ‘novel’ TFs activate/inhibit the key markers
specific to the SN. Several cross-control pathways were identified
with IPA and are shown in Fig. 12A and B. Both RUNX1 and RUNX3
are activating mast cells; RUNX1 is also activating macrophages
along with CEBPA. CEBPA also activates fat cells and RUNX2 acti-
vates fibroblasts (Fig. 12A). The TFs, GLI1 activates RUNX2, fibro-
blasts and CD44 (Fig. 12A). MEFA2A (more expressed in the RA)
activates MYH6 (atrial myocyte marker which is more expressed in
the RA vs. SN).

B

400

Fig. 7. Expression profile of human leukocyte antigen markers in the human sinus node vs. right atrium. A, heat map shows inter-individual expression of HLA markers in each
sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression in the sinus node vs. right atrium (n = 3) plotted as % SN/RA (see Table 4 for details). The black
line at 100% represents HLA expression in the right atrium (i.e., basal level). SN = sinus node; RA = right atrium; HLA = human leukocyte antigen (major histocompatibility complex

class I).
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Fig. 8. Expression profile of collagen isoforms expressed in the adult human sinus node vs. right atrial muscle. A, heat map shows inter-individual expression of various
collagen markers in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression in the sinus node vs. right atrium (n = 3) plotted as % SN/RA (see
Table 4 for details). The black line at 100% represents collagens expression in the right atrium (i.e., basal level). SN = sinus node; RA = right atrium; COL = collagen.
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Fig. 9. Expression profile of contractile mitochondria markers in the adult human sinus node vs. right atrial muscle. A, heat map shows inter-individual expression of various
mitochondria markers in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression in the sinus node vs. right atrium (n = 3) plotted as % SN/RA (see
Table 4 for details). The black line at 100% represents mitochondria markers expression in the right atrium (i.e., basal level). MRP = mitochondrial ribosomal protein; SN = sinus
node; RA = right atrium.
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Fig. 10. Expression profile of contractile apparatus/cytoskeletal markers the adult human sinus node vs. right atrial muscle. A, heat map shows inter-individual expression of
various contractile/cytoskeletal markers in each sinus node (SN1 — SN3) and right atrium (RA1 — RA3) samples. B, mean expression in the sinus node vs. right atrium (n = 3) plotted
as % SN/RA (see Table 4 for details). The black line at 100% represents contractile/cytoskeletal markers expression in the right atrium (i.e., basal level). ACTN2 = actinin alpha 2;
DES = desmin; DMD = dystrophin; MYH6 = myosin heavy chain 6; RA = right atrium; SN = sinus node; TTN = titin; TNNT2 = troponin T2.
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Fig. 11. Summary of expression of all markers as fold change. log2foldchange expression or markers. Log2foldchange>1 = significantly more expressed in the sinus node vs. right
atrium; log2foldchange<1 = significantly less expressed in the sinus node vs. right atrium (see Table 4 for details).

3.7. Interaction of key microRNAs with key transcription factors
and key cell markers

We have recently published miR profiles of the human adult SN
vs. RA (Petkova et al,, 2020). We predicted that 15 key miRs are
involved in regulation of the two clocks responsible for pacemaking
(Petkova et al., 2020). Furthermore, we validated that the funny
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channel HCN4 is inhibited by miR-486-3p. If miR-486-3p is upre-
gulated that leads to HCN4 downregulation resulting in
bradycardia.

Fig. 13 is summarises our key findings on our new predicted
interaction. The number of binding sites on the targets interacting
with miRs are listed in Table 5. The predicted interactions need to
be validated in the future as we did in our recent study by (Petkova
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(therefore significantly more expressed in the RA).

et al., 2020) for HCN4 and miR-486-3p.

Fig. 13 shows that miR-486-3p interacts with the mast cell
marker, TPBAB1, macrophage cell marker, CD209, and other im-
mune system markers (HLAs) as well as endothelial cell marker,
CERCAM, (Fig. 13). MiR-133a-3p also inhibits the mast cells and
COL1A (Fig. 13). Interestingly, some ‘novel’ TFs (LZTS1, SOX13, LBH,
SOX2, RUNX2 and GLI2), which are highly expressed in the human
adult SN are predicted to inhibit those microRNAs that are less
expressed in the SN including miR-486-3p, miR-133a-3p, miR-938,
miR-429, miR-422a, miR-30c-5p, miR-483-3p (Fig. 13).

It can be suggested that in the SN, RUNX2 activates COL9A3 via
inhibition of miR-30c-5p, whereas LZTS1, LBH and SOX13 are acti-
vate immune markers via inhibiting miR-486-3p (Fig. 13). It can
also be suggested that those miRs that are highly expressed in the
SN namely miR-10 b-5p, miR-215-5p miR-1225-3p and miR153-3p
inhibit the expression of TBX5, NKX2-5, MITF, MEF2A and
PPARGC1A (Fig. 13).

We also hypothesise that increased circulating miR-486-3p in
severe COVID-19 patients (Tang et al., 2020) may be responsible for
decreased HR (Amaratunga et al., 2020; Capoferri et al., 2020) via
inhibition of HCN4 and/or immune markers.

4. Discussion

4.1. The role of ‘novel’ transcription factors in the sinus node and
their predicated interactions with TBX3 and ILS1

In this study we investigated the expression profile of known/
‘embryonic’ and unexplored/‘novel’ TFs in the human adult SN vs.
RA. We explored the interaction pathways of all significantly
expressed TFs and their potential role in controlling SN function
and structure by interacting with different cell types in this speci-
alised tissue of the heart. Furthermore, we explored the interaction
pathways of key miRs with key TFs and markers of different cells.

It is known that TBX3 and ILS1 are important during the em-
bryonic development of the SN (van Eif et al., 2019). These TFs are
also expressed in the SN of adult rodent heart (Liang et al., 2015) as
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well as adult human heart (Petkova et al., 2020; Chandler et al.,
2009). Nothing is known about overexpression of these TFs in the
adult mammalian SN but TBX3 overexpression in the ventricles of
adult mice can induce pacemaker characteristics (Bakker et al.,
2012).

Many other ‘novel’ TFs present in the adult human SN are pre-
dicted to interact with TBX3 and ISL1 to regulate the expression of
the funny channel, HCN4, (Fig. 5A). It is well known that HCN4
downregulation is responsible for SND and its upregulation can
promote atrial arrhythmias (Zicha et al., 2005). ISL1 (the most
abundant TF in the human adult SN; Figs. 2 and 3, Table 1), if
mutated, can cause sinus bradycardia and sinus arrhythmia
(Tessadori et al., 2012; Hoffmann et al., 2013).

As can be seen in Fig. 5A, some ‘novel’ TFs namely RUNX2
directly activates ISL1 whereas SOX2 activates TBX3 (Fig. 5A). It can
therefore be hypothesised that changes to RUNX2 or SOX2
expression (the direct activators of ILS1 and TBX3 respectively;
Fig. 5) could also result in SND. RUNX2 (an osteogenic TF) has been
detected in the heart, where its overexpression caused significantly
lower heart rate in mice (Nakayama et al., 2018). This could be
mediated via ISL1 (Fig. 5) or immune cells (Fig. 12) discussed later.
SOX2 (one of the most highly expressed TFs in the SN vs. RA;
Figs. 2A and 3B, Table 2) is reported to be important for hiPSC
generation into diverse cardiac cells from human fibroblasts, which
are then further differentiated into pacemaker cells (Schweizer
et al, 2017). It has also been reported that overexpression of
SOX2 can increase number of differentiated myocytes in mice
(Koyanagi et al., 2010).

The precise role of RUNX2 and SOX2 in the SN is not yet un-
derstood but their higher expression in the SN and predicted direct
interactions with ISL1 and TBX3 can help to maintain the SN
structure and function.

Other ‘novel’ TFs activate ISL1 via RUNX2 to activate HCN4
(Fig. 5A) and GLI1 via SOX2 activates TBX3 to also activate HCN4. Of
interest are the following ‘novel’ TFs: 1). GLI1 (known to be upre-
gulated in diseased mouse heart and is involved in the hedgehog
pathway (Xiao et al., 2012); 2). GLI2 is also involved in signalling
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pathways in the heart (Qin et al., 2019); 3). RUNX1 if lost in
zebrafish enhances heart regeneration (Koth et al., 2020). Inter-
estingly, ISL1, RUNX2 and TBX3 are also known to be involved in
this Sonic hedgehog pathway (Lin et al.,, 2006; Dunaeva and
Waltenberger 2017; Ludtke et al, 2016). TBX3 expression in
mouse lungs depends on Sonic hedgehog signalling (Ludtke et al.,
2016). RUNX1 depletion results in an altered expression of ISL1 in
cancer research (van der Deen et al., 2012).

The ‘novel’ aforementioned TFs together with TBX3 and ILS1
may help with biological pacemaker formation strategies, human
embryonic stem cell differentiation and use as novel therapeutic
targets in regenerative medicine.

The role of ‘novel’ transcription factors in the sinus node and
their predicated interactions with markers of immune, fat and
fibroblast cells.

Interestingly some of these novel TFs e.g., RUNX1, RUNX2,
RUNX3 and CEBPA also activate immune cells (Fig. 12A). This in-
formation may be of importance and may suggest that there might
be an interaction between immune and nodal cells because both
cells types are predicted to be activated by the TFs involved in the
same signalling pathways.

We found that the markers for macrophages (CSF1R/CD209,
Fig. 6) and the major histocompatibility complex (MHC) compo-
nents (Fig. 7) are more expressed in the adult human SN compared
to RA. Macrophages not only clear foreign antigens and cellular
debris but also they are involved in the regeneration of the
damaged myocardium through their interaction with other cardiac
cells (Pinto et al. 2014). The HLA (human leukocyte antigen) com-
plex is a group of related proteins that are encoded by the MHC and
they are cell-surface proteins involved in the regulation of the
immune system and are well known as transplantation antigens
(Choo 2007). It is well known that CSFIR is important for

100

macrophage development, growth and survival by CEBPA (Zriwil
et al, 2016) and RUNX1 (Himes et al, 2005). RUNX3 was also
shown to be an important mediator of immune cell development
and maturation (Boto et al. 2018).

At gestation, immune cells are recruited into the heart and
remain there for life; therefore the immune system is essential for
the development and maintenance of the heart. In response to
infection or after myocardial infraction, immune cells are essential
for repairing the damaged tissue (Swirski and Nahendorf 2018). In
the mouse AV node a high expression of macrophages was
discovered by (Hulsmans et al., 2017) that are electrically coupled
with AV node cells via Cx43. The depletion of macrophages in mice
results in AV block and lower heart rate (Hulsmans et al., 2017). This
research group also noticed that HCN4-expressing cardiomyocytes
in the AV node frequently scattered with macrophages (Hulsmans
et al., 2017).

It is likely that the depletion of immune cells in diseased SN can
cause lower heart rate via Cx45 dysregulation (the main gap
junction channel in the human SN; Chandler et al., 2009).

RUNX2, GLIT and HOXA5 activate fibroblasts, CEBPA activates fat
cells and GLI1 also activates mesenchymal stem cells (Fig. 12A). We
have previously shown that there is an increase in connective tissue
(mainly collagen content - an indicator of fibrosis) as well as fat in
the aged cardiac conduction system (Kharche et al., 2017; Saeed
et al., 2018; Csepe et al., 2015). Ageing is a risk factor of SND, and
increased fibrosis is observed in sick sinus syndrome (Csepe et al.,
2015). When activated fibroblasts secrete excessive extracellular
matrix, which can lead to pathological fibrosis and organ failure
(Zhang et al,, 2019). In our current study, we observed a high
expression profile of 11 different isoforms of collagens (Fig. 8A) and
FABP4 (a fat cell marker - Fig. 6B) in the adult human SN. Highly
expressed collagen 1A1 is predicted to be activated by RUNX2, GLI1
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and HOXA5. HOXAS is known to be expressed in fibroblasts and its
upregulation depends on GLI1-dependent Hedgehog signalling
(Zhang et al., 2019; Katoh and Katoh 2005) and RUNX2 has also
been shown to be involved in fibrosis (Hsu et al., 2017).

An increase in fat content can also contribute to SND (Shiraishi
et al., 1992), therefore it would be interesting to know if CEBPA and
FABP4 are also increased in the diseased SN. It has recently been
reported that they are involved in adipogenesis and FABP4 is
expressed in the mature fat cells (Bahrami-Nejad et al., 2020).

Collectively our data suggests that similar TFs are involved in
regulation of different cell types in the SN (namely immune, nodal,
fat and fibroblasts) in health. RUNX1 is of particular interest
because it not only regulates key TFs involved in the regulation of
primary pacemaker cell (Fig. 5) activity but are also involved in
regulation of other cell types present in the SN (Fig. 12) and perhaps
can offer new treatment for SND. In fact, RUNX1 has recently been
reported to offer a new emerging target for treatment for cardio-
vascular diseases (Riddell et al., 2020).

The SN is non-contractile tissue and has fewer myofilaments
and fewer mitochondria than in RA (Bleeker et al., 1980; Marvin
et al., 1984; Boyett et al. 2000; Christoffels et al., 2010). Therefore,
as expected, there is a lower expression of contractile machinery
and mitochondria in the adult human SN compared to the RA
(Figs. 9 and 10). TFs, MEFA2A, TBX5 and NKX2-5 are activating Ca®*
handing proteins in the RA (Fig. 5B), which are less expressed in the
SN (Chandler et al., 2009). It is reported that the knock-out of
NKX2-5 in mouse heart resulted in the repression of RYR2 (Briggs
et al., 2008). Interestingly MEF2A (known to regulate structural
proteins — (Guo et al., 2014)), together with TBX5 activates MYH6
(involved in the contractile machinery in the working atrial muscle)
(Fig. 12B).

4.2. The role of microRNAs in the sinus node and their predicted
interactions with transcription factors and other markers

Interestingly, Fig. 13 shows that lower expression of MEF2A and
NKX2-5 in the SN may be due to higher expression of miR-153-3p
and miR-1225-3p, which are also predicted to inhibit RYR2 and
Nay1.5 respectively which are less expressed in the SN (Petkova
et al., 2020; Chandler et al., 2009).

The ‘novel’ TFs namely: SOX2, RUNX2 and LBH inhibit the
expression of e.g., miR-30c-5p, miR-938 in the SN hence explain the
higher expression of Ca,1.3 (Petkova et al., 2020; Chandler et al,,
2009) and COL9A3 (Fig. 13).

The TFs LZTS1, SOX13 and LBH, which are highly expressed in
the adult human SN vs. RA, and are predicted to inhibit miR-486-
3p, which can explain higher expression of HCN4 and immune
markers in the SN vs. RA (Fig. 13). LZTS1 has as many as 12 binding
sites for miR-486-3p (Table 5); therefore it is also possible that miR-
486-3p is inhibiting LZTS1 expression in the RA. LZTS1 is a TF that
plays a role in the regulation of cell growth and proliferation and
deficiency of this TF is reported to cause cancer in human cell lines
(Cabeza-Arvelaiz et al., 2001).

It has already been mentioned that sinus bradycardia in COVID-
19 patients has recently been reported by (Amaratunga et al., 2020;
Capoferri et al., 2020), which has been postulated to be caused by
hypoxia and inflammatory damage of the SN cells. It has also been
recently reported that circulating miR-486-3p is upregulated in
COVID-19 patients, which may result in immune response dysre-
gulation (Tang et al., 2020). It is possible that upregulation of miR-
486-3p can cause changes in the connective tissue flora via mast
and macrophage cells and HLAs dependent pathological conditions
in the SN in addition to the direct HCN4 suppression leading to
sinus bradycardia (Fig. 13). Furthermore, SND can also be attributed
to changes in immune response and fibrosis via changes in miR-
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133a-3p and RUNX2 (Fig. 13).

The interactions of miR-486-3p and miR-133a-3p with immune
and|/or fibroblast markers and ‘novel’ TFs (Fig. 13) requires further
validation.

All this puzzling information on the high expression of immune
markers’ in the SN vs. RA and their complex interactions with TFs
and miRs leads to the question “why does the SN require such high
expression of immune response markers”? (Hulsmans et al., 2017)
showed that macrophages are involved in healthy functioning of
the mouse AV node. Here we report that the immune system is
likely to be important for the maintenance of a healthy functioning
human SN. The high expression of innate immune system natural
killer cells, macrophages and HLAs (present on the surface of most
cells) in the SN may play an important role in the immune response
to foreign material (Fig. 13). It is possible that this high expression
of HLAs, natural killer and macrophage cells rapidly respond to
virus infections and other pathological stimuli in the SN may cause
an obstacle for the development of biological pacemakers (Hu et al.,
2014; Kapoor et al., 2013; Kapoor et al. 2011). The development and
delivery of TFs and/or miRNAs as biological pacemakers is a difficult
task, primarily due to the fact that the SN induces a rapid immune
response against foreign matter. Hu et al. studied the adenoviral
vector-delivery of TBX18 (expressed in the adult human SN
(Petkova et al., 2020);) in a swine model of total heart block where
the pacemaking activity was stabilised but after day 7 the heart rate
started to decrease due to an immune response by the host tissue
(Hu et al., 2014). Thus our results and the studies carried out by
other groups confirm significance of the immune system cells in the
SN functioning.

5. Conclusion

The morphology and mechanisms of the adult human SN are
incredibly complex. There is a unique expression of ‘novel’ TFs in
the adult human SN tissue that most likely work together with
TBX3 and ISL1 to regulate the expression of the funny channel as
well as immune cells in health and could contribute to SND. Our
study provides novel insights into the complex underlying mech-
anisms that control molecular, morphological and functional
characteristics of the tissue that makes our heartbeat. It also pro-
vides novel perception into the importance of the immune
response that contributes to functioning of the primary pacemaker
of the heart. In an increasing global ageing population, the occur-
rence of SND is increasing, therefore key ‘novel’ TFs, immune
marker cells and miRs identified in this study should be explored
for functional validation and for potential therapeutic management
of SND.
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4.5 Limitations
The three specimens used in this study were aged 19, 21, and 54. Although principal

component analysis showed that the SN samples from these age groups were like each other
and different from the RA samples from the same groups, it would be ideal to compare
comparing another sample from an age group similar to 19 to 21. A similar age group would

eliminate any potential age-related anomalies.
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CHAPTER 5) MIR-486-3P AND MIR-938 — IMPORTANT INHIBITORS OF
PACEMAKING ION CHANNELS AND/OR MARKERS OF IMMUNE
CELLS3

The study described in Chapter 4 provided novel insights into predicted interactions between key
miRNAs, mRNAs, and cell markers — particularly markers of immune cells. It was interesting to see that
both miR-486-3p and miR-133a-3p inhibit the mRNAs of Ca?* ion channels and a mast cell marker
(TPSAB1). It is important to experimentally validate these interesting, predicted interactions that

underlie the molecular mechanisms of the healthy human SN.

This chapter provides insights into the interaction between key miRNAs and mRNAs that play key roles

in the sinus node (SN).

This study identifies potential therapeutic targets for treating SN dysfunctions (SND). This study aimed
to validate previously predicted interactions between miRNAs and mRNAs of key pacemaking Ca2+ ion
channels and mRNA of TPSAB1 using luciferase assay experiments. These predicted interactions were

mentioned in the previous chapter.

Previous studies (Petkova et al. 2020, Aminu et al. 2021) show Ca,1.3, Ca,3.3 or TPSAB1 are
upregulated, and miR-486-3p and miR-938 (a novel miRNA highly expressed in the human right atrium)
are downregulated in the human SN, compared to the surrounding right atrium. Using bioinformatics
software, we predicted these mRNAs to be inhibited by these miRNAs. To validate these predictions,
rat cardiac H9C2 were transfected with either Ca,1.3, Ca,3.3, or TPSAB1, along with miR-486-3p or
miR-938 in a luciferase reporter gene assay. The study showed that miR-486-3p significantly
downregulates Cav1.3, Cav3.3, and TPSAB1-mediated luciferase activity is significantly downregulated

by miR-938.

This chapter provides novel insights into the interaction between key miRNAs, ion channels, and
immune cell markers in H9C2 cells. Therefore, it provides a basis for the further exploration of these

miRNAs and their effect on cardiac function/dysfunction.

At the end of this thesis is an appendix that contains additional data relevant to this study. This

appendix was not included in the final publication of the paper.

3 This chapter is directly from the publication: Aminu, A. J., Petkova, M., Chen, W. C,, Yin, Z., Kuzmin, V. S.,
Atkinson, A. J., Dobrzynski, H., MiR-486-3p and miR-938-important inhibitors of pacemaking ion channels and/or

markers of immune cells. Appl. Sci., 2021. 11: p. 11366
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5.2 Hypothesis

The in-silico prediction of interactions between key miRNAs (e.g., miR-486-3p) and key mRNAs
(e.g., Cay1.3) in the adult human SN required further exploration. If it is predicted that these
key miRNAs have binding sites on their target mRNAs, then experimental validation should

prove this

5.3 Aims

The aims were based on the experimental validation of key predicted interactions. As
published in Paper 3, Chapter 5, | aimed to use luciferase assay experiments to validate the
predicted interactions between microRNAs, key pacemaking ion channels, TFs, markers for

immune (mast) cells, and collagen.

This study identifies potential therapeutic targets for treating SN dysfunctions (SND). The aim
was to use luciferase assay experiments to validate previously predicted interactions between
miRNAs and mRNAs of key pacemaking Ca2+ ion channels and mRNA of TPSAB1 (a mast cell

marker). These predicted interactions were mentioned in the previous chapter.

5.4 Materials and methods
Thorough descriptions of the methods used in this study are provided in the accompanying

paper.

5.4.1 H9C2 cells

Rat cardiac H9C2 cells were purchased from ATCC, LGC Limited, Middlesex, UK. Upon arrival,
they were stored in a liquid nitrogen storage freezer. When needed, they were defrosted in a
water bath at a temperature of 37°C before storing in DMEM containing 10% feline bovine
serum (FBS), 1% penicillin-streptomycin, and 1% nonessential amino acids (this made up the
cell culture medium). The cells were then stored in a 37°C incubator. This initial passage was
passage 1. After splitting the cells a few times (up to a passage number of 4), some cells were
frozen in separate vials at 1 million cells per 1 ml of freezing media (containing 1 mL dimethyl
sulfoxide, 5 mL FBS, and 4 mL cell culture medium). For the luciferase assay experiments, the
cells were used at passage numbers ranging between 4 and 20 or until the structure of the

cells started to disintegrate following microscopic observation.
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Following the laboratory practice of the department, the cells were routinely tested for
mycoplasma infection. Contamination of cell cultures can cause major problems such as:
altering the DNA and protein synthesis of the cells, halting experimental procedures for

weeks, and infecting other cell cultures that are kept in the same incubator, to name a few.

5.4.2 MiRNAs

MiRNA mimics arrived from Horizon Discovery (UK) in a powder form in a 96-well plate. These
miRNAs were: miR-1-3p; miR-30c-5p; miR-486-3p; miR-133a-3p; miR-938; miR-429; and miR-
422a. A non-functional scrambled miRNA from the c. elegans family was also purchased to
serve as a control miRNA. The plates were spun at 2000 rpm for approximately 30 seconds to
ensure that all the powder was suspended at the bottom of each well. The powder was diluted
using 20 ul 1X siRNA buffer to a concentration of 5 uM. The plate was then sealed before

storing in a -20 °C freezer.

The first time | performed this, | noticed that the solution had evaporated by the time | wanted
to use the miRNAs for luciferase experiments. | realised that the plate was not sealed tightly
enough — causing the solution to evaporate while it was stored in the freezer. To overcome
this issue, after the powder was diluted in 20 ul 1X siRNA buffer to a concentration of 5 uM,
each solution was transferred to a 1 mL microcentrifuge tube. These tubes were then stored

in a-20 °C freezer.

5.4.3 Plasmids

All the human-3’UTR-containing plasmids were purchased from GeneCopoeia (Rockville, MD,
USA) or LabOmics (UK). These plasmids were Ca,1.3, Ca,3.1, HCN1, HCN4, TBX3, TBX18,
TPSAB1, COL1A1, LZTS1, LBH, and HLA-DRA.

These plasmids were predicted to interact with the miRNAs mentioned above. The predicted

miRNA-mRNA interactions were based on the studies described in Chapter 4.

5.4.4 Plasmid amplification

1 pL of each plasmid was taken up in 20 plL of supercompetent cells before placing them on ice and
heat shocking them for approximately 30 seconds. The solution was put on ice again before spreading
on an agar plate containing carbenicillin (under sterile conditions). This plate was then stored

overnight in a 37°C incubator.
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The following day, a single colony was picked using a glass ‘picker’ and placed into a solution
of 3 mL LB medium and 3 pL carbenicillin (both sterile) (100 pg/uL), then placed in a shaker overnight
at a speed of 120 rpm at 37°C. The following day, the solution was cloudy — indicating that the
colony had multiplied. However, the solution was not cloudy on some occasions, and the
colony had not multiplied. To overcome this, 2 or 3 colonies were picked (rather than 1) and
placed into the LB medium and carbenicillin solution. 1 mL of the cloudy solution was then
added to a 200 mL LB medium solution and 200 ulL carbenicillin in a shaker overnight at a

speed of 200 rpm at 37°C.

The following day, a Purelink Plasmid Kit (Thermo Fisher Scientific, Altrincham, UK) was used

to extract and purify the plasmid DNA according to the manufacturer’s protocol.

5.4.5 Luciferase reporter gene assay experiments

On day 1, rat cardiac H9C2 cells were seeded into a 96-well plate at a density of 50,000 cells
per well in 250 pL media for 24 h, stored in an incubator at 37 °C and 5% CO. The following
day, the media was replaced with 225 pL fresh media. Cells were then transfected with 0.25
ug human plasmid (i.e., mRNA) (from a stock solution of 1 pg/uL) and with 1.25 uL miRNA
(from a stock solution of 5 uM). The plasmid and miRNA were diluted in 11 pL optiMEM, and
0.75 pL Lipofectamine 2000 (ThermoScientific, Altrincham, UK) was diluted in 11.75 ulL
optiMEM. This brought the total solution to 25 pL. This 25 uL solution of diluted plasmid,
miRNA and lipofectamine was mixed and incubated at room temperature for approximately
5 minutes. The solution was then added to the well containing the 225 pyL media. The plate

was then stored in an incubator at 37 °C and 5% CO, for 24 h.

The following day, the media was aspirated from the cells, then 50 uL lysis buffer was added,
and the plate was placed on a rocker for approximately 20 minutes to detach (i.e., ‘lyse’) the
cells from the well. Following this, 10 uL of each lysate was added into a 96-well plate, in
duplicates, for luciferase and renilla readings, from a GloMax Luminometer (Promega,
Southampton, UK). This luminometer injected 50 uL of luciferase or renilla from injectors 1 or
2. Luciferase activity was normalised to renilla, and bioluminescence was read as a normalised
ratio of luciferase/renilla‘ This ratio was input into GraphPad Prism 8. The number of luciferase

assay experiments per plasmid/miRNA ranged between 3-5. Statistical significance was calculated in

GraphPad Prism 8 and identified using an unpaired t-test. P < 0.05 indicated statistical significance.
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5.4.6 Prediction of binding sites

The 3'UTR sequence of the target human mRNAs was obtained from Genome

(https://genome.ucsc.edu/), and the miRNA sequence was obtained from miRbase

(https://www.mirbase.org/). TargetScan Human (https://www.targetscan.org/vert 72/) and

RNA22 (https://cm.jefferson.edu/rna22/interactive/) were used to predict the number of

binding sites on the target mRNA for the miRNA.
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Abstract: The sinus node (SN) is the heart’s primary pacemaker and has a unique expression of
pacemaking ion channels and immune cell markers. The role of microribonucleic acids (miRNAs)
in control of ion channels and immune function of the sinus node is not well understood. We have
recently shown that hsa-miR-486-3p downregulates the main pacemaking channel HCN4 in the SN.
In addition, we recently demonstrated that immune cells are significantly more abundant in the
SN compared to the right atrium. The aim of this study was to validate the previously predicted
interactions between miRNAs and mRNAs of key Ca®* ion channels (involved in peacemaking)
and mRNA of TPSAB1—(a mast cells marker) using luciferase assay. We now show that miR-486
significantly downregulates Cay1.3, Cay3.1, and TPSAB1-mediated luciferase activity, while miR-938
significantly downregulates only TPSAB1-mediated luciferase activity. This makes miR-486-3p a
potential therapeutic target in the treatment of SN dysfunctions.

Keywords: miR-486-3p; miR-938; Cay1.3; Cay3.1; TPSABI; sinus node; pacemaking channels; mast
cells; cardiovascular diseases

1. Introduction

As part of the cardiac conduction system (CCS), the sinus node (SN) is the primary
pacemaker of the heart and is located at the junction of the superior vena cava and right
atrium. The SN is a crescent-shaped structure that extends along the crista terminalis [1,2].
Compared to the surrounding working myocardium, the SN has distinctive molecular
and functional properties—owing to its unique expression of ion channels and Ca?*-
handling proteins, both responsible for the membrane voltage and Ca?* clocks—as we
have previously described [1].

Hyperpolarization-activated cyclic nucleotide-gated channels 1 and 4 (HCN1, HCN4)
are the key ion channels responsible for the SN’s myocytes” diastolic depolarization also
known as the pacemaker potential, with HCN4 being the main isoform that is highly
expressed in human SN [3,4]. The Cay3.1 ion channel carries the T-type calcium current
(Ica 1) at the late diastole phase of the pacemaker potential, and Cay 1.3 carries the L-type
calcium current (I, 1) at the upstroke phase of the action potential [3]. We have previously
shown that these key ion channels are highly expressed in the human SN, compared to the
atrial muscle [1,4]. The SN dysfunction of these ion channels contribute to the development
of SN-related rhythm abnormalities such as bradycardia, tachycardia, sinus arrest, etc. [3,5].

Small noncoding RNA molecules (miRNAs) have been extensively studied and are
known to regulate the post-transcriptional expression of protein-coding genes, through
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inhibition [6] by binding to complimentary 3 prime untranslated region (3'UTR) of their
target messenger-ribonucleic acids (mRNAs). This regulation plays key roles in the devel-
opment of cardiac diseases such as cardiac arrhythmia, hypertrophy, fibrosis, and heart
failure [7-9].

Our previous studies have shown that 18 microRNAs are significantly more experi-
enced, and 48 microRNAs are significantly less expressed in the SN vs. right atrium [1,4].
Among these microRNAs, seven microRNAs (miR-1-3p, miR-30c-5p, miR-133a-3p, miR-
429, miR-4220, miR-486-3p, and miR-938) were predicted to inhibit key pacemaking ion
channels (HCN1, HCN4, Cay1.3, and Ca,3.1) [4], key transcription factors (TFs) (TBX3
and TBX18) [4], a mast cell marker (TPSAB1—a tryptase isoenzyme), and macrophage cell
marker CD209 [10], which are significantly more expressed in the SN compared to the right
atrium [10]. We have also shown that miR-486-3p reduces the beating rate of rat SN via
inhibition of HCN4 [4].

To further our understanding of the SN’s pacemaking and immune response function,
the aim of this work was to validate the previously predicted interactions between six
miRNAs and key ion channels, transcription factors, immune cell markers, and collagen
using luciferase assay experiments. A reduction in bioluminescence indicated that the inhi-
bition of miRNA's target is taking place. Renilla reporter gene is used to normalize values
produced by the luciferase reporter gene. We found that out of the seven microRNAs that
are predicted to inhibit key pacemaking channels and mast cell marker, some microRNAs
did or did not downregulate their predicted targets.

2. Materials and Methods

Main methods are summarized in Figure 1.

2.1. MiRNAs

MiRNA mimics were ordered from the Dharmacon Cherry Pick library (Horizon
Discovery) and arrived in a powder form in a 96-well plate. This was then resuspended
in 1X siRNA buffer (diluted from 5X buffer Dharmacon using RNAse-free water). All
miRNAs were diluted to a final concentration of 5 uM. Plates were spun down, at a speed
of 2000 rpm for 30 s, before adding 20 pL of 1X siRNA buffer to each well and storing at
—20 °C. As one of the control experiments, scrambled miRNA (a nonfunctional miRNA)
was used.

2.2. Plasmids

Human Cay 1.3 (NCBI Reference Sequence: NM_000720.2; HmiT054373-MT06); HCN4
(NCBI Reference Sequence: NM_005477.2; HmiT088528-MT06); and TBX18 (NCBI Refer-
ence Sequence: NM_001080508.1; HmiT022062-MT06)—3'UTR-containing plasmids were
purchased from GeneCopoeia (Rockville, MD, USA).

Human Cay3.1 (NCBI Reference: NM_001256324.1; HmiT055094-MT06); TPSAB1
(NCBI Reference Sequence: NM_003294.3; HmiT018221-MT06); TBX3 (NCBI Reference Se-
quence: NM_005996.4; HmiT117945-MT06); HCN1 (NCBI Reference Sequence: NM_021072.4;
HmiT117946a-MT06); COL1A1 (NCBI Reference Sequence: NM_000088.4; HmiT127385-
MTO06); LZTS1 (NCBI Reference Sequence: NM_001362884.1; HmiT091521-MT06); LBH
(NCBI Reference Sequence: NM_030915.4; HmiT127384-MT06); and HLA-DRA (NCBI Refer-
ence Sequence: 019111.4; HmiT100191-MT06)—3'UTR-containing plasmids were purchased
from LabOmics, UK. The plasmids were delivered in pEZX-MT06 with reporter genes for
firefly luciferase and tracking genes for renilla luciferase, in a 30-50 uL solution. A generic
vector information provided for all plasmids is shown in Figure 2. Further information
regarding predicted interactions between miRNAs and mRNA is shown in in Table 1.
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Figure 1. Summary of main methods. H9C2, a rat cardiomyoblast cell line; OptiMEM (Life Technologies, Inc., Gaithersburg,
MD, USA), minimal essential medium; and miRNA, microribonucleic acid. Created with BioRender.com.
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2.3. Plasmid Amplification

In total, 1 uL of plasmid was taken up in 20 pL of supercompetent cells (XL1-Blue,
Agilent Technologies) and placed on ice for 3 min before heat-shocking for 30 s. The solution
was placed on ice again before spreading 21 pL solution on an agar gel plate (containing
carbenicillin) and incubating at 37 °C overnight. Then, a single bacterial colony transfected
with the plasmid was added to a solution containing 3 mL sterile LB medium and 3 puL
carbenicillin (100 pg/uL) overnight at 37 °C, shaking at a speed of 120 rpm. Following this,
1 mL of the resulting culture was mixed with a solution containing 200 mL LB medium and
200 puL carbenicillin (100 ng/pL) overnight at 37 °C, shaking at a speed of 120 rpm. The
remaining 2 mL of culture was added to 200 pL 50% glycerol and stored at —80 °C for future
use. The next day, the plasmid DNA was extracted and purified using Purelink Plasmid
Kit (Thermo Fisher Scientific, Altrincham, UK), according to manufacturer’s protocol.
Concentration of plasmids was determined using a NanoDrop ND-1000 spectrophotometer
(ThermoScientific, Altrincham, UK). The plasmid concentrations ranged between 0.3 and
2.3 pg/ pL.

Table 1. Predicted microRNA-mRNA interactions. MicroRNA expression data are based on our previous studies [4,10].

Significant change in the expression of mRNA and microRNA is classed as p < 0.05. Red represents significantly more

expressed mRNA in the SN vs. right atrium. Green represents significantly less expressed microRNA in the SN vs. right
atrium. HCN1, HCN4, Cay1.3, and Cay3.1 are pacemaking ion channels (see text for details); LZTS1, LBH, TBX3, and TBX18
are transcription factors; COL1Al is a collagen marker; TPSABI is a mast cell marker; HLA-DRA is histocompatibility

complex marker; and CD209 is a macrophage cell marker. N = no; Y = yes; Hsa = homosapien.

Hsa-miRNA

Number of Binding Sites for

Hsa-miRNA Sequence Predicted Target mRNA Hsa-miRNA on Hsa-mRNA

HCN1
UGGAAUGUAAAGAAGUAUGUAU HCN4
TBX3

—_

HCN1
UGUAAACAUCCUACACUCUCAGC HCN4
COL1A1

HCN1

HCN4

Cay3.1

Cayl.3

CGGGGCAGCUCAGUACAGGAU LZTS1

LBH
TPSAB1
HLA-DRA
CD209

AR N | O, R R

—_
N

HCN4
UUUGGUCCCCUUCAACCAGCUG COL1A1
TPSAB1

Cay1.3

UGCCCUUAAAGGUGAACCCAGU LBH

UAAUACUGUCUGGUAAAACCGU TBX18

= R, O R, U= NN

ACUGGACUUAGGGUCAGAAGGC TBX3

2.4. Luciferase Reporter Gene Assay

Rat cardiac H9C2 cells (cell line purchased from ATCC, LGC Limited, Middlesex,
UK) were maintained in DMEM (Life Technologies, Inc., Gaithersburg, MD, USA) contain-
ing 10% feline bovine serum (Life Technologies, Inc., Gaithersburg, MD), 1% penicillin-
streptomycin (Life Technologies, Inc., Gaithersburg, MD), and 1% nonessential amino acids
(Thermo Fisher Scientific, Altrincham, UK). At day 1, cells were plated in 48-well plates
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at a density of 50,000 cells in a volume of 250 uL of media for 24 h. Following this, the
medium was removed and replaced with 225 uL of fresh medium. Cells were transfected
with 0.25 ug plasmid (from a 1 pg/uL stock solution) with 1.25 uL miRNA (from a 5 pM
stock) in 11 pL of optiMEM (Life Technologies, Inc., Gaithersburg, MD). Lipofectamine
2000 (ThermoScientific, Altrincham, UK) was diluted in optiMEM (0.75 pL lipofectamine
2000 with 11.75 pL optiMEM). Then, the diluted lipofectamine 2000, diluted miRNA, and
diluted plasmid were mixed (see Figure 1 for details) and allowed to incubate for 5 min at
room temperature before adding to the cells in each well. The cells were then incubated at
37 °C and 5% CO; for 24 h before luciferase activity was measured.

Following this, renilla and luciferase substrate and buffers (Promega) were thawed
at room temperature. Here, 1X cell culture lysis was prepared from 5X cell culture lysis
reagent (Promega), using milliQQ water to dilute. Medium was aspirated from the cells
before washing with PBS, and then 50 pL lysis buffer was added and placed on a rocker
for 20-25 min. In addition, 10 uL of each lysate was added into a 96-well plate in dupli-
cate for both renilla and luciferase assay readings. A GloMax Luminometer (Promega,
Southampton, UK) was set up to inject 50 pL of either luciferase (from injector pump 1) or
renilla (from injector pump 2) per well. Luciferase assay activity was normalized to renilla
assay activity to obtain a ratio than was then inputted in GraphPad Prism 8. Batches of
experiments ranged between 3 and 6.

2.5. Statistical Analysis

In Tables 2 and 3 and Figures 3-5 mean + SEM values are shown. All statistical
analysis was carried out using GraphPad Prism 8. Significant differences were identified
using unpaired t test. Significant difference was assumed at p < 0.05.

Table 2. Nonsignificant downregulation of hsa-mRNAs by hsa-miRNAs in HIC2 cells, observed following luciferase assay
experiments. Mean & SEM values are shown. Red represents significantly more expressed mRNA in the SN vs. right atrium
whereas green represents significantly less expressed microRNA in the SN vs. right atrium, as shown in our previous
publications [4,10].

No hsa-miRNA

Predicted Target  HS-miRNAPlus ?;f;‘g‘l\}l’r‘li,l ,  Hsa-miRNA No and No
Hsa-miRNA edictec “arget 1 sa-mRNA Mean a u mRNA hsa-mRNA
hsa-mRNA hsa-mRNA .
+ SEM Mean + SEM Mean + SEM (Negative Control)
Mean + SEM
HCN1 0.789 + 0.205 0.686 + 0.211 - -
HCN4 0.558 + 0.144 0.422 4+ 0.103 . .
TBX3 0.686 + 0.244 0.586 + 0.189 - -
HCN1 0.955 + 0.248 0.686 + 0.211 - -
HCN4 0.689 + 0.024 0.422 4+ 0.103 - -
COL1A1 0.800 + 0.232 0.626 + 0.292 - -
HCN1 0.554 + 0.157 0.686 + 0.211 0.593 + 0.344 0.580 + 0.313
LZTS1 0.326 4 0.178 0.556 4 0.178 0.707 + 0.398 0.589 + 0.310
LBH 0.343 + 0.142 0.604 + 0.228 0.7065 + 0.398 0.589 + 0.310
HLA-DRA 0.672 + 0.228 0.944 + 0.359 0.593 + 0.344 0.580 + 0.313
HCN4 0.457 4 0.111 0.422 + 0.103 - -
COL1A1 0.334 + 0.094 0.542 4 0.186 0.255 + 0.126 0.666 + 0.369
TPSAB1 0.814 + 0.300 0.743 + 0.372 0.255 + 0.126 0.6666 + 0.369
LBH 0.276 4+ 0.109 0.575 4 0.190 0.081 + 0.035 0.093 4 0.024
TBX18 0.593 + 0.048 0.558 + 0.229 - -
TBX3 0.512 + 0.171 0.586 + 0.179 - -
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Table 3. Significant downregulation of hsa-mRNAs by hsa-miRNAs in HIC2 cells, observed following luciferase assay
experiments. Mean + SEM values are shown. Red represents significantly more expressed mRNA in the SN vs. right
atrium, whereas green represents significantly less expressed miRNA in the SN vs. right atrium, as shown in our previous
publications [4,10]. p values are shown in Figures 3-5.

No hsa-miRNA

Predicted Tareet Hsa-miRNA Plus hsa?;:fl?l\lljjl:;i’lus Hsa-miRNA No and No
Hsa-miRNA 8 hsa-mRNA Mean mRNA hsa-mRNA
hsa-mRNA hsa-mRNA .
+ SEM Mean + SEM Mean + SEM (Negative Control)
ea Mean + SEM
Cay3.1 0.511 & 0.111 1.188 £ 0.281 0.596 + 0.344 0.567 4 0.318
Cay1.3 0.211 4 0.039 0.449 + 0.019 0.057 + 0.020 0.083 4+ 0.026
TPSAB1 1.049 £ 0.256 2.240 + 0.032 0.593 + 0.344 0.580 + 0.313
Cay1.3 0.159 + 0.025 0.449 4+ 0.019 0.074 4+ 0.020 0.087 4 0.020
A B Cavl3+ miR-486-3p B mm Ca3.1+miR-486-3p
_ P 19‘0052 Bl Cavl.3+ Scrambled miR Ca31+ Scrambled miR
o8 I miR-186-3p 2.0 L
negative CTR P=0.0447 —_ miR-486-3p
0.4 1.54 = B negative CTR

Bioluminescence
Bioluminescence
-
=}

1

T

0.5
0.1

0.0-

0.0-
Treatment

Treatment

Figure 3. Luciferase bioluminescence after transfection of HOC2 cells with hsa-miR-486-3p and plasmids. Bioluminescence
was recorded 24 h after transfecting HIC2 cells with 0.25 ug of (A) Cay1.3'- or (B) Cay3.1—3'-untranslated region-containing
plasmid and 1.25 pL hsa-miR-486-3p or scrambled hsa-miRNA. Two control groups did not include the luciferase reporter
gene, and cells were transfected with only hsa-miR-486-3p or remained untransfected (i.e., contained an equivalent volume of
culture medium to replace the hsa-miRNAs or 3'-untranslated region-containing plasmid). Data are shown as mean + SEM
(n = 3 batches of experiments were plotted for Cay1.3; n = 6 batches of experiments were plotted for Cay3.1; * p < 0.05,

**p <0.005).
P =0.0007 Bl Cavl.3 + miR-938
0.5- *kk
- Hl Cavl.3 + Scrambled miR
0.4- [ miR-938
‘é’ ’ Bl negative CTR
¢ 0.3
v
g
£ 0.2
=]
£ |
0.0-

Treatment

Figure 4. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-938 and hsa-
Cay1.3. Bioluminescence was recorded 24 h after transfecting HIC2 cells with 0.25 pg of hsa-Cay1.3—
3'-untranslated region-containing plasmid and 1.25 uL hsa-miR-938 or scrambled miRNA. Two
control groups did not include the luciferase reporter gene, and cells were transfected with only
hsa-miR-938 or remained untransfected (i.e., contained an equivalent volume of culture medium to
replace the miRNAs or Cay1.3). Data are shown as mean 4+ SEM shown (1 = 3 batches of experiments;
***p < 0.0010).
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BN TPSABI + miR-486-3p
P =0.0200 HEl TPSAB1 + Scrambled miR
257 - I miR-486-3p

o 2.0 Bl negative CTR

v

g

Y

@ 1.5

P

g

E 1.0-

Ic

M

e
2]
1

0.0-

Treatment

Figure 5. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-486-3p and
hsa-TPSAB1. Bioluminescence was recorded 24 h after transfecting HIC2 cells with 0.25 ug of
hsa-TPSAB1 3'-untranslated region-containing plasmid and 1.25 pL has-miR-486-3p or scrambled
miRNA. Two control groups did not include the luciferase reporter gene, and cells were transfected
with only hsa-miR-486-3 or remained untransfected (i.e., contained an equivalent volume of culture
medium to replace the miRNAs or hsa-TPSAB1). Data are shown as mean + SEM shown (1 = 3
batches of experiments; * p < 0.05).

2.6. Binding Sites Prediction

Genome (https://genome.ucsc.edu accessed on 25 November 2021) was used to
obtain the 3'UTR sequence for the target mRNAs. MirBase (https://www.mirbase.org
accessed on 25 November 2021) was used to obtain the sequence for the microRNAs. The
microRNA sequence and the 3'UTR sequence for their target mMRNA were uploaded into
RNA22 v2 (https:/ /cm jefferson.edu/rna22/interactive/ accessed on 25 November 2021)
or TargetScan Human (http:/ /www.targetscan.org/vert_72/ accessed on 25 November
2021) in order to predict the number of binding sites on the mRNAs for their corresponding
microRNAs and identify predicted binding sites (Table 1).

3. Results

Out of the 12 hsa-mRNAs that had been predicted to be inhibited by their respective
has-miRNAs, we did not observe a significant decrease in luciferase activity with eight hsa-
mRNAs and their respective hsa-miRNAs (Table 2). However, we observed a significant
decrease in luciferase activity with four hsa-mRNAs and their respective hsa-miRNAs
(Table 3, Figures 3-5), suggesting the presence of interaction between the hsa-mRNAs and
hsa-miRNAs. Therefore, we can assume a reduction in the expression of the genes and
proteins encoded by these genes, based on these observed interactions.

3.1. Hsa-miR-486-3p Significantly Downregulates Hsa-Ca,1.3

Hsa-Cay1.3 is predicted to have six binding sites for hsa-miR-486-3p (Table 1). Hsa-
Cay1.3-mediated luciferase activity was significantly reduced by hsa-miR-486-3p when
compared to cells transfected with hsa-Cay1.3 and scrambled miR, hsa-miR-486-3p only, or
negative control cells (culture media only) (Table 2 and Figure 3).

3.2. Hsa-miR-486-3p Significantly Downregulates Hsa-Ca,3.1

Hsa-Ca,3.1 is predicted to have one binding site for hsa-miR-486-3p (Table 1). Hsa-
Cay3.1-mediated luciferase activity was significantly reduced by hsa-miR-486-3p, when
compared to cells transfected with hsa-Cay3.1 and scrambled miR, hsa-miR-486-3p only, or
negative control cells (culture media only) (Table 2 and Figure 3).

3.3. Hsa-miR-938 Significantly Downregulates Hsa-Ca,1.3

Hsa-Cay1.3 is predicted to have nine binding sites for hsa-miR-938 (Table 1). Hsa-
Cay1.3-mediated luciferase activity was significantly reduced by hsa-miR-938, when com-


https://genome.ucsc.edu
https://www.mirbase.org
https://cm.jefferson.edu/rna22/interactive/
http://www.targetscan.org/vert_72/

Appl. Sci. 2021, 11, 11366

8 of 12

pared to cells transfected with hsa -Ca,1.3 and scrambled miR, hsa-miR-938 only, or
negative control cells (culture media only) (Table 2 and Figure 4).

3.4. Hsa-miR-486-3p Significantly Downregulates Hsa-TPSAB1

Hsa-TPSABI is a marker for mast cells, involved in immune system regulation, and is
predicted to have two binding sites for hsa-miR-486-3p (Table 1). Hsa-TPSAB1-mediated
luciferase activity was significantly reduced by hsa-miR-486-3p, when compared to cells
transfected with hsa-TPSAB1 and scrambled miR, hsa-miR-486-3p only, or negative control
cells (culture media only) (Table 2 and Figure 5).

4. Discussion

Following our previously predicted interactions between key hsa-miRNAs and key
hsa-mRNAs [4,10], it was important for us to experimentally verify these predictions. It
should be noted that the experimental validation of miRNA-mRNA interaction is still a
challenging feat. The reason why some predicted microRNA-mRNA interactions have
been confirmed (through observations of significantly reduced bioluminescence/luciferase
activity) and some interactions could not be confirmed could be due to several factors such
as: thermodynamic stability and binding site accessibility—as recently reviewed by Riolo
et. al., 2021 [11].

The current study focuses on two microRNAs (hsa-miR-486-3p and hsa-miR-938) that
significantly reduces the luciferase of the mRNAs encoding for Ca?* ion channels (Cayl1.3
and Cay3.1) and a mast cell marker (TPSAB1) in H9C2 cells (Table 3). This suggests that
an interaction between these mRNAs and their respective microRNAs is taking place;
therefore, this could result in a reduction in expression of Cay1.3, Cay3.1, and TPSABI.

In our previous study, we have shown that the direct binding of hsa-miR-486-3p
to hsa-HCN4 significantly reduces HCN4-mediated luciferase activity and reduces the
beating rate in the rat SN preparations [4]. We now provide evidence that hsa-miR-486-3p
also significantly downregulates the luciferase activity of mRNAs encoding hsa-Cay1.3,
hsa-Cay3.1, and hsa-TPSAB1 (Figures 3-5).

4.1. Hsa-miR-486-3p

Hsa-miR-486-3p is less expressed in the SN, which explains why the pacemaking
ion channels and other related transcripts are more expressed in this specialized tissue of
the heart [4]. In human SN during heart failure, hsa-miR-486-3p is upregulated [12]. The
other predicted targets for hsa-miR-486-3p are hsa-Cay1.3, hsa-Ca,3.1, hsa-TPSABI, hsa-
HCN1, hsa-HCN4, LZTS1, LBH, HLA-DRA, and TBX18 [4,10]—all of which we explored
through luciferase assay experiments. Interestingly, we observed that hsa-miR-486-3p
can significantly reduce the luciferase activity of three key target mRNAs (hsa-Cay1.3,
hsa-Ca,3.1, and hsa-TPSAB1) (Figures 3 and 5). In acute myocardial infarction patients,
their serum hsa-miR-486-3p levels is increased [13,14]. The expression of hsa-miR-486-3p is
also elevated during ventricular hypertrophy [15] and in patients with congenital heart
diseases [16]. Not only does hsa-miR-486-3p inhibit hsa-TPAB1 (a mast cell marker), it
also inhibits hsa-CD209 (a macrophage marker) [10]. We have pilot data that show a trend
toward hsa-miR-486-3p inhibiting hsa-CD209 (data not shown). Hulsmans et. al. (2017)
noticed a high expression of immune cells in the atrioventricular node (AV) of mice [17].
They also observed AV block and bradycardia in mice that had reduced macrophage
expression [17]. Incidentally, severe COVID-19 patients suffer from bradycardia [18,19],
and the expression of hsa-miR-486-3p in their blood is increased due to an immune response
to the virus [20].

Based on our studies and many other studies described above, hsa-miR-486-3p can be
a principal therapeutic target in the treatment of cardiac dysfunction.
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4.2. Hsa-Cay1.3 and Hsa-miR-486-3p

Cay1.3 is a voltage-gated L-type Ca?* channel that is important in the regulation of
the SN’s pacemaking function. When this channel is deactivated in mice, bradycardia
and sinoatrial arrhythmia are observed [21,22]. We have recently shown that hsa-miR-
486-3p is predicted to indirectly inhibit hsa-Cay1.3—with hsa-Ca, 1.3 being predicted to
have six binding sites for hsa-miR-486-3p [4]. Our luciferase assay experiment confirms
this prediction because the binding of hsa-miR-486-3p significantly reduces hsa-Ca,1.3-
mediated bioluminescence (Figure 3).

4.3. Hsa-Cay3.1 and Hsa-miR-486-3p

Cay3.1 is a voltage-gated T-type Ca?* channel that also plays a key role in regulating
the pacemaking function of the SN. Mangoni et al. (2006) demonstrated that the knockout
of Cay3.1 in mice led to the lack of transitory Ic, T current and slowed down the SN
pacemaker activity and AV conduction and reduced their heart rate [23]. We have recently
shown that hsa-miR-486-3p is predicted to indirectly inhibit hsa-Ca,3.1—with Ca,3.1
being predicted to have one binding site for hsa-miR-486-3p [4]. Our luciferase assay
experiment confirms this prediction because the binding of hsa-miR-486-3p significantly
reduces hsa-Cay3.1-mediated bioluminescence (Figure 3).

4.4. Hsa-TPSAB1 and Hsa-miR-486-3p

In the early phase of myocardial infarction, inflammatory cells migrate to the infarction
in order to aid cardiac repair [24]. It has been shown that a dysfunction of the immune
and inflammatory pathways may contribute to the development of various cardiovascular
diseases, including heart failure and arrhythmia [25,26]. Mast cells are involved in the
immune response pathways, and TPSAB1—the main tryptase isoenzyme that is expressed
in mast cells—plays a role in immunity [27].

Tryptase is the enzymatic activator of membrane protease-activated receptor 2 (PAR-
2)—a receptor that is expressed by cardiomyocytes [28]. These PAR-2 receptors are con-
nected to ERF kinases that mediate survival and hypertrophic signals. It could be assumed
that hsa-miR-486-3p suppresses the tryptase/PAR-2/ERK hypertrophy pathway in the SN,
preventing myocyte hypertrophy and therefore supporting the SN’s spindle-like neonatal-
like morphology. In addition, tryptase belong to the serine proteases family [29], and they
all have very conservative 3-UTRs with a unique secondary structure that is crucial to
mRNA stability.

We recently reported that hsa-TPSABI is significantly expressed in the adult human
SN and is predicted to be directly inhibited by hsa-miR-486-3p [10]. The function of TPSAB1
in the SN is unknown, but it is interesting to see its high expression in the SN. The binding
of hsa-miR-486-3p significantly reduces hsa-TPSAB1-mediated bioluminescence (Figure 5).
It is possible that the immune system is important for maintaining the pacemaking function
of the human SN. A high expression of hsa-miR-486-3p in the blood plasma of COVID-
19 patients [20] could result in the reduced expression of hsa-TPSAB1 and abnormal
functioning of immune cells in the SN. Based on this information, hsa-miR-486-3p could
be a promising target in the treatment of bradycardia that is experienced by COVID-19
patients [18,19].

The high expression of immune cells in the SN could slow down the development
of effective biological pacemakers. It has been supposed that immune cells contribute to
SN functioning. For example, Hu et al. (2014) reported that when an adenoviral vector of
TBX18 was delivered to a swine model of total heart block, it affected not only the heart
rhythm but also caused an immune response [30].

4.5. Hsa-miR-938

We have previously reported that hsa-miR-938 is one of the novel microRNAs that
is uniquely expressed in the human right atrium and is predicted to inhibit Ca,1.3 [4].
Now, following our luciferase assay experiments, we observed a significant decrease in the
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luciferase activity of the mRNA encoding for Cay 1.3 when hsa-miR-938 is added (Figure 4).
This observation suggests there is interaction between hsa-Cay1.3 and hsa-miR-938. The
function of this microRNA in the cardiovascular system is unknown, but this microRNA is
known to promote cell proliferation [31] and is linked to the development of gastric [32]
and pancreatic cancer [33].

5. Conclusions

With the growing occurrence of cardiovascular disease, particularly sinus node dys-
function (SND), as the global ageing population increases, it is important for us to identify
new therapeutic targets and to further understand the complex mechanisms that regulate
the SN’s pacemaking function. We hereby provide novel insights into the interacting be-
tween key microRNAs and ion channels and immune cell markers in H9C2 cells by further
exploring our previous predicted interactions (as described in Petkova et al. (2020) [4] and
Aminu et al. (2021) [10]). Using luciferase assay experiments, our observation of significant
reduction of luciferase activity suggests there is interaction between miR-486-3p and three
mRNAs (Cay1.3, Cay3.1, and TPSAB1) and between miR-938 and Cay1.3 mRNA. These
observations allow room for further explorations of how these microRNAs can be used for
ex vivo and in vivo experiments to study their effect on cardiac function/dysfunction, as
previously shown by Yanni et al., who injected an antimiR to miR-370 into heart failure
mice and restored HCN4 mRNA and protein expression in the SN, thus increasing the
beating rate [34], and recently by Petkova et al., who injected miR-486-3p into the rat SN
tissue and observed a reduced heart rate [4].
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5.5 Limitations
Out of 21 predicted mRNA-miRNA interactions, only 4 were validated through luciferase

reporter gene assay experiments. More surprisingly, LZTS1 mRNA was predicted to have 12
binding sites for miR-486-3p (Table 1 in Paper 3, Chapter 5); however, there was no decrease
in bioluminescence to indicate a reduction in LZTS1 mRNA expression (Figure 10 in Appendix).
The exact reason why some predicted mRNA-miRNA interactions were not experimentally
verified is unclear. However, further experimental routes can be explored to verify these
predicted interactions further. For example, both strands of the miRNAs (for example, both
miR-486-3p and miR-486-5p) could be explored. Also, western blot analysis could be
conducted to confirm the expression level of the genes in the H9C2 cells. The number of

prediction tools could be increased to narrow down the binding sites predictions.

In addition, rat cells do not contain the biological machinery to process the human miRNAs
and mRNAs that were transfected into them. Therefore, using H9C2 (rat cardiac cells) could
have played a role in the lack of experimental verifications. It would be ideal to carry out these

experimental verifications in human cardiomyocytes (such as HL-1 or AC16 cell lines).

Finally, it would be beneficial to use gPCR to confirm the sequencing data and the expression
levels of mMRNAs and miRNAs that were transfected into the H9C2 cells, as gene expression
levels do not always correlate with protein expression levels. To further validate that

expression is altered at the protein level, in vitro analysis in human cell lines would be ideal.
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Appendix
Luciferase assay experiments to validate previously predicted

interactions between key mRNAs and miRNAs

In addition to what is presented in Aminu et al. 2022, other luciferase assay experiments were

conducted.

In our previous studies [32, 44], we predicted interactions between microRNAs and mRNAs
that play a role in the function of the sinus node (SN) (see Table 5 of Paper 2, Chapter 4 in
chapter 5 and Table 1 of Paper 3, Chapter 5). Some of these microRNAs (miR-486-3p and miR-
938) significantly decreased the luciferase activity of some of their target mRNAs (TPSAB1,
Cal1.3, and Ca\3.1) (see Paper 3, Chapter 5).

Luciferase assay experiments were conducted on all the interactions presented in Table 5 of
Paper 2, Chapter 4 and Table 1 of Paper 3, Chapter 5; however, significant downregulation of
luciferase activity was not observed for all interactions. Of the 12 hsa-mRNAs that had been
predicted to be inhibited by their respective hsa-miRNAs (Table 1 of Paper 3, Chapter 5), | did
not observe a significant decrease in luciferase activity with 8 hsa-mRNAs and their respective

hsa-miRNAs (Table 2 of Paper 3, Chapter 5).

The non-significant downregulations are presented here. The statistical test was an unpaired
t-test, and the non-significance was p > 0.05. Grubbs test was used to identify and eliminate
outliers. It should be noted that the two control groups were not used for all the experiments

because the downregulations (or lack thereof) were not significant.

Even after conducting 3-6 batches of experiments, significant downregulation was not
observed. This shows that the prediction of binding sites on the target mRNA (as shown in
Table 1 of Paper 3, Chapter 5) does not always mean that binding of the microRNA (or even
significant binding) will occur. Reasons for this observation are provided in the Discussion
section of Paper 3, Chapter 5. One of these reasons is binding site accessibility: the predicted
binding sites on the 3'UTR of the target mRNA should be accessible to the miRNA. Some
algorithms and software can predict the binding site accessibility and rank this based on a
specific score [110] or free energy [111]. Another reason could be the proximity of the binding

sites. Another reason is the thermodynamic stability of the miRNA-mRNA complexes. The free
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energy of the predicted interaction is used to assess the thermodynamic stability of the
miRNA-mRNA complex —a lower (i.e., more negative) free energy means the complex is more
thermodynamically stable. Therefore, the miRNA-mRNA binding is stronger. When this is
stronger, significant downregulation in the luciferase activity of the target mRNA will be
observed. Hence, it can be predicted that the non-significant reported in this Appendix

occurred due to the low thermodynamic stability of the miRNA-mRNA complex.
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Figure 1. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-1-3p and plasmids. Bioluminescence was recorded 24 hours after transfecting H9C2
cells with 0.25ug (A) HCN1, (B) HCN4, or (C) TBX3 - 3’- untranslated region-containing plasmid and 5 uM hsa-miR-1-3p or scrambled hsa-miRNA. Two control groups did
not include the luciferase reporter gene and cells were transfected with only hsa-miR-1-3p or remained untransfected (i.e., contained an equivalent volume of culture
medium to replace the hsa-miRNAs or 3’-untranslated region-containing plasmid). Data are shown as meantSEM shown (n=4 batches of experiments were plotted for

HCN1 and TBX3; n=3 batches of experiments were plotted for HCN4).
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Figure 2. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-30c-5p and plasmids. Bioluminescence was recorded 24 hours after
transfecting H9C2 cells with 0.25ug (A) HCN1, (B) HCN4, (C) Ca,1.3 or (D) COL1A1 - 3’- untranslated region-containing plasmid and 5 uM hsa-miR-30c-5p or
scrambled hsa-miRNA. Two control groups did not include the luciferase reporter gene and cells were transfected with only hsa-miR-30c-5p or remained
untransfected (i.e., contained an equivalent volume of culture medium to replace the hsa-miRNAs or 3’-untranslated region-containing plasmid). Data are

shown as mean+SEM shown (n=3 batches of experiments were plotted for HCN1, HCN4, and Ca,1.3; n=6 batches of experiments were plotted for COL1A1).
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Figure 3. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-486-3p and plasmids. Bioluminescence was recorded 24 hours after
transfecting H9C2 cells with 0.25ug (A) HCN1, (B) LZTS1, (C) LBH or (D) HLA-DRA - 3’- untranslated region-containing plasmid and 5 uM hsa-miR-486-3p or
scrambled hsa-miRNA. Two control groups did not include the luciferase reporter gene and cells were transfected with only hsa-miR-486-3p or remained
untransfected (i.e., contained an equivalent volume of culture medium to replace the hsa-miRNAs or 3’-untranslated region-containing plasmid). Data are
shown as mean+SEM shown (n=4 batches of experiments were plotted for HCN1; n=5 batches of experiments were plotted for LZTS1 and LBH; n=6 batches

of experiments were plotted for HLA-DRA).
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Figure 4. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-133a-3p and plasmids. Bioluminescence was recorded 24 hours after
transfecting H9C2 cells with 0.25ug (A) COL1A1 or (B) TPSAB1 - 3’- untranslated region-containing plasmid and 5 uM hsa-miR-133a-3p or scrambled hsa-
miRNA. Two control groups did not include the luciferase reporter gene and cells were transfected with only hsa-miR-133a-3p or remained untransfected
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Figure 5. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-938 and LBH.
Bioluminescence was recorded 24 hours after transfecting H9C2 cells with 0.25ug LBH 3’-untranslated
region-containing plasmid and 5 uM hsa-miR-938 or scrambled miRNA. Two control groups did not
include the luciferase reporter gene, and cells were transfected with only hsa-938 or remained
untransfected (i.e., contained an equivalent volume of culture medium to replace the miRNAs or LBH).
Data are shown as meantSEM shown (n=3 batches of experiments). Data are shown as mean+SEM

shown (n=6 batches of experiments).
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Figure 6. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-429 and TBX18.
Bioluminescence was recorded 24 hours after transfecting H9C2 cells with 0.25ug TBX18 3’-untranslated
region-containing plasmid and 5 uM hsa-miR-429 or scrambled miRNA. Two control groups did not include
the luciferase reporter gene, and cells were transfected with only hsa-miR-429 or remained untransfected
(i.e., contained an equivalent volume of culture medium to replace the miRNAs or TBX18). Data are shown

as meantSEM shown (n=4 batches of experiments).
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Figure 7. Luciferase bioluminescence after transfection of H9C2 cells with hsa-miR-422a-5p and
TBX3. Bioluminescence was recorded 24 hours after transfecting H9C2 cells with 0.25ug TBX3 3’-
untranslated region-containing plasmid and 5 uM hsa-miR-422a-5p or scrambled miRNA. Two control
groups did not include the luciferase reporter gene, and cells were transfected with only hsa-miR-
422a-5p or remained untransfected (i.e., contained an equivalent volume of culture medium to

replace the miRNAs or TBX3). Data are shown as meanzSEM shown (n=4 batches of experiments).
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CHAPTER 6) IDENTIFICATION OF KEY SMALL NON-CODING
MICRORNAS CONTROLLING PACEMAKER MECHANISMS IN THE
HUMAN SINUS NODE*

The first three chapters of this thesis describe studies published as papers in which | am the first author.
The study described in this last chapter is published as a paper in which | am a co-author. Some of the
data obtained from the study described in this chapter were preliminary data for the study described

in chapter 4. However, this study has been added to the last chapter for consistency.

While we know that microRNAs inhibit gene expression, the role of microRNAs in regulating the
expression profile of the human SN pacemaking and conduction genes are not well known. This chapter
explores the unique expression profile of microRNAs in the adult human sinus node (SN) compared with

the right atrial muscle.

Using quantitative polymerase chain reactions (qPCR) and bioinformatics software, out of 754
microRNAs, those that control the expression of SN pacemaker genes were identified. 14 microRNAs
were significantly more, and 48 were significantly less expressed in the SN than in the right atrium.
Among these 48 was miR-486-3p, which was predicted to inhibit key pacemaking channels such as
HCN4, Ca,1.3, and Ca,3.1. This makes miR-486-3p a potential therapeutic target in the treatment of

SN dysfunction. An interesting interaction pathway is also presented in this chapter.

4This chapter is directly from the publication: Petkova, M., Atkinson, A. J., Yanni, J., Stuart, L., Aminu, A. J.,
Ivanova, A. D., Pustovit, K. B., Geragthy, C., Feather, A., Li, N., Zhang, Y., Oceandy, D., Perde, F., Molenaar, P.,
D’Souza, A., Fedorov, V. V., Dobrzynski, H., Identification of key small non-coding microRNAs controlling

pacemaker mechanisms in the human sinus node. J. Am. Heart Assoc., 2020. 9: p. e016590
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6.1 Contribution to the paper

As a co-author, my contribution to this paper were:

e Masson’s trichrome staining of SN tissue section (Figures 1C and 1D)
e Creation of heatmaps and the graph of normalised TFs count (Figure 6)

e Contributed to creating the interaction network (Figure 7)
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Identification of Key Small Non-Coding
MicroRNAs Controlling Pacemaker
Mechanisms in the Human Sinus Node

Maria Petkova, PhD*; Andrew J. Atkinson, PhD*; Joseph Yanni, PhD; Luke Stuart, MRes; Abimbola J. Aminu, MRes;
Alexandra D. lvanova, MSc; Ksenia B. Pustovit, PhD; Connor Geragthy, MBChB; Amy Feather, MRes;

Ning Li, PhD; Yu Zhang, PhD; Delvac Oceandy, PhD; Filip Perde, PhD; Peter Molenaar “/, PhD; Alicia D’'Souza, PhD;
Vadim V. Fedorov &, PhDT; Halina Dobrzynski &, PhD'

BACKGROUND: The sinus node (SN) is the primary pacemaker of the heart. SN myocytes possess distinctive action potential
morphology with spontaneous diastolic depolarization because of a unique expression of ion channels and Ca®*-handling
proteins. MicroRNAs (miRs) inhibit gene expression. The role of miRs in controlling the expression of genes responsible for
human SN pacemaking and conduction has not been explored. The aim of this study was to determine miR expression profile
of the human SN as compared with that of non-pacemaker atrial muscle.

METHODS AND RESULTS: SN and atrial muscle biopsies were obtained from donor or post-mortem hearts (n=10), histology/
immunolabeling were used to characterize the tissues, TagMan Human MicroRNA Arrays were used to measure 754 miRs,
Ingenuity Pathway Analysis was used to identify miRs controlling SN pacemaker gene expression. Eighteen miRs were sig-
nificantly more and 48 significantly less abundant in the SN than atrial muscle. The most interesting miR was miR-486-3p
predicted to inhibit expression of pacemaking channels: HCN1 (hyperpolarization-activated cyclic nucleotide-gated 1), HCN4,
voltage-gated calcium channel (Ca))1.3, and Ca,3.1. A luciferase reporter gene assay confirmed that miR-486-3p can control
HCN4 expression via its 3" untranslated region. In ex vivo SN preparations, transfection with miR-486-3p reduced the beating
rate by ~35+5% (P<0.05) and HCN4 expression (P<0.05).

CONCLUSIONS: The human SN possesses a unique pattern of expression of miRs predicted to target functionally important
genes. MiR-486-3p has an important role in SN pacemaker activity by targeting HCN4, making it a potential target for thera-
peutic treatment of SN disease such as sinus tachycardia.

Key Words: ion channels m microRNAs m pacemaker of the heart ® sinus node disease

the heart and is located at the junction of the su-
perior vena cava with the right atrium (RA). It is
an extensive crescent shaped structure and its 3-di-
mensional anatomy has recently been shown within
the whole ex vivo human heart.™* The SN myocytes
possess distinctive action potential morphology, with

The sinus node (SN) is the primary pacemaker of

a phase (phase 4) of slow, spontaneous, diastolic de-
polarization ultimately responsible for pacemaking. A
unique expression of ion channels and Ca*-handling
proteins in the SN (described in the human by Chandler
et al®) is responsible for 2 main mechanisms that syn-
ergistically generate this pacemaker potential during
phase 4—the membrane voltage and Ca?* clocks.®

Correspondence to: Halina Dobrzynski, PhD, University of Manchester, CTF building, 46 Grafton Street, Manchester M13 9NT, United Kingdom. E-mail:

halina.dobrzynski@manchester.ac.uk

Supplementary Material for this article is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.016590

"Dr Petkova and Mr Atkinson are co-first authors.
Dr Fedorov and Dr Dobrzynski are co-last authors.
For Sources of Funding and Disclosures, see page 14.

© 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and

is not used for commercial purposes.
JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590


https://orcid.org/0000-0002-7122-4656
https://orcid.org/0000-0003-1035-4569
https://orcid.org/0000-0003-4754-5975
mailto:﻿
mailto:halina.dobrzynski@manchester.ac.uk
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.120.016590
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.ahajournals.org/journal/jaha

2202 ‘22 Yo N uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Petkova et al

CLINICAL PERSPECTIVE

What Is New?

e This is the first study to investigate the expres-
sion of key microRNAs and their predicated
targets important for pacemaking in the human
heart.

e MicroRNA-486-3p directly inhibits hyperpolar-
ization-activated cyclic nucleotide-gated 4 and
thereby reduces action potential generation by
the sinus mode.

What Are the Clinical Implications?

e MicroRNA expression has an important role in
establishing tissue-specific gene expression
profiles in the sinus node and enhances our
understanding of the molecular makeup of the
human sinus node and its function in health and
disease.

e The effect of microRNA-486-3p on sinus
node beating rate makes it a potential target
for manipulating pacemaking and could have
therapeutic implications for the treatment of in-
appropriate sinus node tachycardia and for bio-
logical pacemaker development.

Nonstandard Abbreviations and Acronyms

AP action potential

HCN hyperpolarization-activated cyclic
nucleotide-gated

IPA Ingenuity Pathway Analysis

miR microRNA

qPCR quantitative polymerase chain reaction
RA right atrium

SN sinus node

Tbx T-box

3-UTR 3 prime untranslated region

Recent extensive work on non-coding molecules
has begun to recognise their robust gene regulatory
functions. One family of non-coding molecules are
the microRNA (miR) family. miRs are =18 to 24 nucle-
otide single stranded RNAs, which regulate mRNA
translation into functional protein through post-tran-
scriptional repression’ by complementary nucleotide
binding to the 3 prime untranslated region (3'UTR)
recruiting the target gene into RNA-induced silencing
complexes to be rendered translationally incompe-
tent. miRs negatively regulate gene expression at the
post-transcriptional level by degradation of mRNA
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or translational repression,® and have been impli-
cated in cardiac development and pathophysiologi-
cal processes such as cardiac hypertrophy, fibrosis,
arrhythmias, and heart failure.®=' There is some ev-
idence that miRs are involved in the SN function: in
the mouse, the key pacemaker gene, HCN4 (hyper-
polarization-activated cyclic nucleotide-gated 4), is
under the control of miRs following athletic training.'
The aim of this work was to determine if differences
in MiR expression between the SN and neighboring
atrial muscle in the human can explain the differ-
ences in the expression of pacemaker genes in the 2
tissues and why the SN shows pacemaking and the
atrial muscle does not.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Human Tissue

The human specimens used in this study are de-
scribed in detail in Table S1. They were obtained,
dissected and frozen by co-authors in Australia (PM)
and Romania (FP) under their local ethical approval
procedures. No informed consent was required.
Specimens were stored under the Human Tissue Act
2004.

Upon arrival of donor hearts to the Prince Charles
Hospital (in a cardiologic solution on ice) and cadav-
ers (10-35 hours from death) to National Institute of
Legal Medicine right atrial/venocaval blocks (an ex-
ample is shown in Figure 1C) were removed and
trimmed, immediately frozen in liquid nitrogen or
—60°C liquid isopentane and stored in freezers (-60°
to —80°C). Specimens were transported on dry ice to
the University of Manchester where the frozen samples
were stored at —80°C.

Animal Tissue

Male Wistar-Hanover rats (Charles River UK Ltd,;
230-250 g) were euthanized in accordance with the
guidelines of the Animal (Scientific Procedures) Act
1986 and the local ethical committee of the University
of Manchester.

Histology

To identify the location of the SN, histology was per-
formed on 10- to 30-um thick cryosections, which
were cut perpendicular to the crista terminalis from
each specimen listed in Table S1. The cryosections
were stained with Masson trichrome to identify the lo-
cation of the SN as previously described'®8 (Figure 1).
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Figure 1. MicroRNAs significantly more or less expressed in the human SN in comparison with

right atrial muscle.
A, Expression of 18 microRNAs that are significant

ly more abundant in the sinus node (SN) compared with

atrial muscle. B, Expression of 48 microRNAs that are significantly less abundant in the SN compared
with atrial muscle (n=7; P<0.05). C, Three-dimensional model of the human right atrium showing the

location of the SN around the SN artery (similar

to Stephenson et al, 2017 study).! The SN is stained

blue by the Masson trichrome stain, because of its high content of fibrous tissue. D, Masson trichrome

stained section through the SN cut perpendicular

to the crista terminalis showing the location of the SN

around the SN artery. See Table for key microRNAs indicated by red and blue arrows. CT indicates crista
terminalis; miR, microRNA; SN, sinus node; and SVC, superior vena cava.

Sections were fixed overnight at room temperature
in Bouin solution (Sigma) and then rinsed 3 times in
70% alcohol for 10 minutes. Sections were: stained
with Celestine blue for 5 minutes and washed in tap
water for 10 minutes; stained with Cole alum hema-
toxylin for 10 minutes and washed for 15 minutes in
tap water; stained with acid fuchsin for 5 minutes
and washed for 30 minutes in tap water; and placed
in phosphomolybdic acid for 5 minutes, drained
and then stained with methyl green for 1 minute
and washed for 20 minutes in tap water. Sections
were then dehydrated using a graded series of al-
cohol as follows: 70% alcohol (1 minute), 90% alco-
hol (1 minute), 100% alcohol (twice for 2 minutes).

Finally, sections were placed in histoclear solution for
5 minutes and mounted with distyrene, plasticizer,
and xylene (Thermo Fisher). Histological sections
were visualized with a light microscope (Zeiss LSM5)
and an Axiocam camera (Zeiss) and collected with
Axiovision software (Zeiss).

Immunohistochemistry

To further confirm the location of the SN, immu-
nohistochemistry experiments were performed on
sections neighbouring those used for histological
verification. Tissue sections were fixed in 10% neutral
buffer formalin (Sigma) for 30 minutes and washed

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590 3



2202 ‘22 Yo N uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Petkova et al

3 times for 10 minutes in 0.01 mol/L PBS (Sigma).
Tissue sections were then treated with 0.1% Triton
X-100 for 30 minutes, washed 3 times for 10 minutes
in PBS and then blocked with 1% bovine serum albu-
min (Sigma) in PBS for 1 hour at room temperature.
Sections were then incubated overnight at room tem-
perature with primary antibodies diluted in 1% bovine
serum albumin in PBS. The antibodies used in immu-
nohistochemical experiments are listed in Table S2.
Sections were washed 3 times in PBS after incubation
with the primary antibody and then incubated with
a secondary antibody conjugated to fluorescence
markers diluted 1:100 in 1% bovine serum albumin in
PBS for 2 hours at room temperature. The sections
were washed 3 times in PBS and mounted using
Vectashield mounting medium (Vector Laboratories)
and coverslips sealed. Immunofluorescence was de-
tected by a confocal microscope (Zeiss LSM5, Zeiss
Microscopy) and images were taken with Pascal
software (Zeiss Microscopy).

Tissue Sampling and RNA Extraction

The SN area was identified by the presence of the SN
artery, a large amount of connective tissue, positive
staining for HCN4. After identification of the location
of the SN by histology and immunohistochemistry,
total RNA was isolated from small SN biopsies taken
around the SN artery and an area of right atrial pec-
tinate muscle remote from the SN and flash frozen
in liquid N,.2 The tissue biopsies from the SN and
atrial muscle were homogenized with an lka T10
homogenizer (lka Werke) for 1 minute, and the mir-
Vana miRNA Isolation Kit (Applied Biosystems) with
phenol (Life Technologies) was used for RNA isola-
tion according to the manufacturer’s instructions.
RNA was treated with deoxyribonuclease (Ambion),
and RNA purity (260/280 ratio), concentration, and
RNA integrity number were measured using Agilent
2100 Bioanalyzer (Agilent). Quality and quantity of
RNA extracted from each specimen can be found in
Table S1.

Reverse Transcription, Preamplification,
and Quantitative Polymerase Chain
Reaction for miRs

One-hundred and eighty-five nanograms RNA
from each sample were reverse-transcribed using
the TagMan microRNA Reverse Transcription Kit
(ThermoFisher). The product of this reaction (2.5 pL)
was preamplified with Megaplex PreAmp Primers
(ThermoFisher). The primers were divided into pool
A and B, each pool containing 380 stem-looped
reverse transcription primers and TagMan PreAmp
Master Mix (Applied Biosystems) in a 25-uL polymer-
ase chain reaction. The preamplification cycles were
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run as follows: 95°C (10 minutes), 55°C (2 minutes),
and 75°C (2 minutes) followed by 12 cycles of 95°C
(15 seconds) and 60° (4 minutes). The cDNA prod-
ucts for each sample were diluted to 100 pL with 0.1x
Tris buffer and EDTA, ethylenediaminetetraacetic
acid, molecule (pH=8.0). Ten microliters of the di-
luted cDNA were used for quantitative polymerase
chain reaction (QPCR) using TagMan Array Human
MicroRNA A+B Cards Set v3.0 (ThermoFisher) for
754 human microRNAs. 7900HT Fast Real-Time PCR
System (Applied Biosystems) was used for gPCR.
The reaction conditions were as follows: 92°C for
10 minutes, 40 cycles of 97°C for 1 second, 60°C for
20 seconds. RQ Manager (Applied Biosystems) was
used to obtain the average threshold cycle values.
RealTime StatMiner (Integromics) was used for differ-
ential expression analysis. GeNorm stability assess-
ment of the suitability of the housekeepers for the
analysis of cards A and B was used. Housekeepers
RNU44 and RNU48 were selected to analyze card
A; RNU44 and U6 small nuclear RNA were used for
card B. Statistical analysis of the expression levels
was performed using Benjamini-Hochberg test and
P<0.05 values were assumed as significant.

Reverse Transcription and qPCR for
mRNAs

Total RNA was extracted using RNeasy Micro Kit
(Qiagen) according to manufacturer’s instructions.
Two hundred and fifty-four ng RNA from each sam-
ple was reverse transcribed to cDNA with SuperScript
VILO cDNA Synthesis Kit (ThermoFisher) in 20 pL re-
actions. The cDNA samples were run on a gPCR Veriti
96-well thermal cycler (Life Technologies) in accord-
ance with the manufacturer’'s recommended protocol.
HCN4 and voltage-gated calcium channel (Ca,1.3
Quantitect primers were used (Qiagen) for gPCR
using a 7900HT Fast Real-Time PCR System (Applied
Biosystems). The reaction conditions were as follows:
50°C for 2 minutes, 95°C for 10 minutes, 40 cycles
of 95°C for 15 seconds, 60°C for 1 minute. mMRNA
expression was analyzed using the delta threshold
cycle method. RQ Manager (Applied Biosystems) was
used to obtain the average threshold cycle values and
GAPDH was used for normalization.

Ingenuity Pathway Analysis Bioinformatics
Sixty-six miRs listed in Table S3 were joined with
the mRNA data for the SN and atrial muscle from
the study by Chandler et al,® and analyzed using
Ingenuity Pathway Analysis (IPA, Qiagen) to identify
potential interactions and relationships between the
miRs and mMRNAs involved in the membrane and Ca®*
clock pacemaker mechanisms. IPA uses data from
TarBase database, miRecords (mirecords.biolead.org),
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TargetScan (www.targetscan.org/) and rna22 (cm.jeffe
rson.edu/ra22) to predict if any of the miRs potentially
target the mRNAs based on conserved 8mer (>0.8
conserved branch length) and 7mer sites that match
the seed region of each miR.

Next Generation Sequencing

Next generation sequencing was performed at the
Genomic Technologies Core Facility at the University
of Manchester on RNA samples collected from fro-
zen human SN preparations. SN samples were col-
lected from the area around the SN artery and right
atrial muscle samples from the pectinate muscles
remote from the SN region. Samples were col-
lected from 3 human specimens (Specimens 8, 9,
10 in Table S1). Quantity and integrity of the RNA
samples were measured using a 2200 TapeStation
(Agilent Technologies) to ensure their suitability.
Subsequently, TruSeq Stranded mRNA assays
(Numina) were used to produce libraries of more sta-
ble, single-stranded cDNA as follows. Total RNA was
purified to polyadenylated mRNA via magnetic sepa-
ration technology, which works through hybridization
of covalent interactions of oligo d(T),s; to poly (A) re-
gions present in most eukaryotic mMRNA. The mRNA
sequences were fragmented into parts via divalent
cations at higher temperature, and random primers
were used to reverse transcribe the mRNA fragments
into single-stranded cDNA. DNA polymerase and ri-
bonuclease H-mediated the synthesis of the second
cDNA strand produced from RNA oligonucleotides,
originating from the 5" end of the mRNA. The final
cDNA library was generated by an addition of a sin-
gle “A” base, binding of adapters to the fragments
and purification and enrichment via a polymerase
chain reaction. The cDNA libraries were incorpo-
rated into a multiplex system using the adapters;
they were then pooled and clustered using a cBlot
instrument (lllumina). Optical flow-cells containing the
mMRNA samples were then paired-end sequenced
and mRNA was quantified through repeating 76 cy-
cles twice, using a HiSeg4000 instrument (lllumina).
Bel2fastq software (2.17.1.14) was used to generate
an mRNA expression database for each individual
SN versus atrial muscle and calculate fold difference
in expression between the 2 regions.

Luciferase Reporter Gene Assay

Rat cardiac H9C2 cells (ATCC, UK) were maintained in
DMEM (Invitrogen), containing 10% fetal bovine serum,
and 1% penicillin-streptomycin. H9C2 cells were
seeded at a density of 5x10° cells per well in 24-well
plates 24 hour before the transfection experiment. Cells
were transfected with 500 ng HCN4 or Ca, 1.3 3'UTR-
containing plasmid (see below for description of the
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plasmid) and 1 pg miR-486-3p, scrambled miR, or cul-
ture media only. Lipofectamine 2000 (Invitrogen, UK)
transfection agent was used in accordance with the
manufacturer’s instructions. The DNA-lipofectamine
transfection complex was incubated for 20 minutes
at room temperature and then 37°C and 5% CO, for
24 hours, followed by washing with PBS and lysis via
passive lysis buffer (Promega) on a rocker for 20 min-
utes. Luciferase reporter gene activity, which is di-
rectly proportional to mRNA expression of the target
gene, was assessed using the luciferase assay system
(Promega). A Lumat LB9507 luminometer (Berthold
Technologies) was used to measure the biolumines-
cent activity in 10 pL cell lysate. Each assay was per-
formed in quadruplicate and repeated 3 independent
times. The luciferase assay activity was normalised to
Renilla (Promega) activity and expressed as a ratio.

Sinus Node Preparations Used for
Extracellular Potential Recording
Three-month-old male Wistar—Hannover rats weigh-
ing 230 to 250 g were used. Animals had free ac-
cess to food and water and were maintained under
standard laboratory conditions in a temperature-
controlled room (22°C) with a 12:12 hour light:dark
lighting regime. Animals were humanely euthanized
by a Schedule 1 procedure (concussion and cervi-
cal dislocation) in accordance with UK Home Office
regulations under the Animals (Scientific Procedures)
Act 1986 under an institutional licence held at the
University of Manchester.

Rats were humanely euthanised via CO, inhala-
tion and cervical dislocation. The heart was dissected
out and placed in 37°C Tyrode’s solution (containing
NaCl 120 mmol/L, CaCl, 1.2 mmol/L, KCI 4 mmol/L,
MgSO,-7H,0 1.3 mmol/L, NaH,PO,-2H,0 1.2 mmol/L,
NaHCO, 25.2 mmol/L, glucose 5.8 mmol/L). The en-
tire right atrium was then dissected and opened along
the anterior atrial wall and anterior superior vena cava
so that the posterior intercaval region remained intact
(Figure 2A).

The dissection medium was changed to Modified
Eagle’s Minimum Essential Medium, containing 5% fetal
bovine serum (Life Technologies), and preparations in-
cubated at 37°C/5% CO,. The culture medium was
changed 8 hours after injection (see below) to Advanced
DMEM/F-12 medium (Life Technologies), containing
10% fetal bovine serum and 1% penicillin-streptomycin
(Sigma). Preparations were kept for 24 hours.

Sinus Node Preparations Used for Sharp
Microelectrode Recordings

Ten-week-old male Wistar rats weighing 280 to 300 g
were used. Animals were kept in an animal house and
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Figure 2. Functional effects of microRNA-486-3p transfection of ex vivo rat
sinus node preparations.

A, Typical sinus node (SN) preparation. Site of injection around the SN artery shown. B,
Beating rate of SN preparations in the 24 hours after injection with microRNA-486-3p
or scrambled microRNA (means+SEM, n=9). C, Luciferase bioluminescence recorded
24 hours after transfection of H9C2 cells with 500 ng with HCN4 3 prime untranslated
region -containing plasmid and 1 g microRNA-486-3p or scrambled microRNA. As
2 control groups, cells were transfected with microRNA-486-3p alone or remained
untransfected (ie, an equivalent volume of culture medium was added in place of
transfected oligos or 3 prime untranslated region plasmid). These 2 control groups
did not include the luciferase reporter. Means+SEM shown (n=3 batches of cells with
4 replicates; *P<0.05). D and E, Quantitated polymerase chain reaction experiments
showing expression of microRNA-486-3p, (D) and HCN4 (hyperpolarization-activated
cyclic nucleotide-gated). (E) mRNA in SN preparations 24 hours after microRNA-
486-3p transfection (means+SEM; n=4; *P<0.05). CT indicates crista terminalis; HCN4,
hyperpolarization-activated cyclic nucleotide-gated; miR, microRNA; SN, sinus node;
and SVC, superior vena cava.

had free access to food and water and were main-
tained under standard laboratory conditions with a
12:12 hour light:dark lighting regime. Animals were hu-
manely culled. They were heparinized (100 1U/100 g,
intraperitoneal injection), anesthetized with isoflurane
(3.5%) and decapitated in accordance with European
Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes
(Council of Europe No 123, Strasbourg 1985) and
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approved by the Ethics Committee of the National
Medical Research Center of Cardiology Institute of
Experimental Cardiology.

The chest was opened RA with intercaval SN region
was rapidly excised and pinned with endocardial side
up to the bottom of a 5 mL perfusion chamber filled with
physiological (Tyrode) solution of the following compo-
sition (in mmol/L): NaCl 118.0, KCI 2.7, NaH,PO, 2.2,
MgCl, 1.2, CaCl, 1.2, NaHCO, 25.0, glucose 11.0, pH
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7.4+0.2 bubbled by 95% O, and 5% CO, gas mixture.
The constant perfusion with flow rate of 10 mL/min at
37°C was started immediately after the preparation.

Spontaneously evoked SN pacemaker derived
action potentials (APs) were recorded with glass mi-
croelectrodes (10-20 MQ) filled with 3 mol/L KClI, con-
nected to Warner intracellular electrometer (IE-210,
Warner Instruments, USA) from the endocardial side
of the preparations. Signal was digitized at 10 kHz
sampling rate with analog-digital converter (E-154,
ADC L-card, Russia). The rate of spontaneous AP
was calculated using PowerGraph (PowerGraph 3.3
Professional, version 3.3.8, DISoft) and MiniAnalysis
software (Synaptosoft, USA, version 6.0.7). The prepa-
rations were equilibrated for 30 minutes before record-
ing of control APs in 3 to 4 mm? region surrounding SN
artery bifurcation. Only APs with a diastolic depolariza-
tion (35-55 mV/s) and a slow rate of the AP upstroke
(<15 V/s) were considered as pacemaker.

After the control recording, the SN region was in-
jected with Tyrode solution (control), lipofectamine or
miR-486-3p transfection mixture. The 5 pL of transfec-
tion mixture was delivered via glass microelectrode (tip
diameter <560 pm) connected to Narishige microma-
nipulator and microinjection syringe pump (Harward
Apparatus, PHD ultra) with a constant rate 1 pL/min,
the injection was repeated for 5 times to cover the
2 to 4 mm? of SN region and to deliver 25 yL of the
transfection mixture in total. Pacemaker APs from the
same sites in SN preparations were recorded at least
for 5 minutes immediately, 2, 4, and 6 hours after the
injections. The rate of spontaneous APs as beats per
minute was calculated.

Transfection Injection

~2 pL transfection mixture, containing 6 pL 1x
Modified Eagle’s Minimum Essential Medium, re-
duced serum medium (Life Technologies), 1.5 pL
Lipofectamine RNAmix (Life Technologies), and
2.5 pL miR-486-3p (MC12986; Life Technologies),
was injected at the bifurcation of the SN artery with a
10 pL NanoFil syringe (World Precision Instruments).
Control preparations were transfected with Cy3-
labeled pre-miR negative control (ThermoFisher). All
transfection was performed immediately after dis-
section of the preparations at the time of the initial
culture. The beating rate was measured 24 hours
later, ie, post injection.

Plasmids

Human HCN4 (NCBI Reference
NM_005477.2; HmiT088528-MT06) and Ca,1.3
(NCBI Reference  Sequence: NM_000720.2;
HmMIiT054373-MT06) 3'UTR-containing plasmids were

purchased from GeneCopoeia (Rockville, MD, USA).

Sequence:
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The pEZX-MTO6 luciferase miR expression vector
contained reporter genes for luciferase and Renilla lu-
ciferase. The amplification of the plasmids was per-
formed as follows: DH5a Escherichia coli cells (Sigma)
were transformed with the plasmids. A single bacte-
rial colony transfected with the plasmid was incubated
in 2 mL LB medium, containing 100 pg/mL ampicillin
overnight at 37°C, shaking at 150 rpm. Plasmid DNA
was purified from the transduced E coli using PureLink
Plasmid Kit (Thermo Fisher) according to the manufac-
turer’s protocol. Restriction digest, to confirm the pres-
ence of the correct ligation of the miR 3’'UTR inserts in
the pEZX-MTO6 vector, was then performed. One mi-
crogram of each plasmid was incubated with restric-
tion endonuclease enzymes EcoRV and Hindlll (New
England Biolabs) overnight at 37°C. DNA gel electro-
phoresis was then performed to confirm the presence
of the expected DNA fragments.

Extracellular Potential Recording

To record and monitor automaticity of the ex vivo SN
preparations, extracellular potentials were recorded
from the right atrial appendage using 2 0.15-mm diam-
eter stainless steel electrodes (ADInstruments) as previ-
ously described by Morris et al.'” In addition, the culture
medium surrounding the preparation was grounded
with a 0.15 mm wire earth electrode. Extracellular po-
tentials were continuously recorded using PowerlLab
4/35, 4-channel recorder, and LabChart v7 software
(ADInstruments). The average beating rate of the SN
preparation was calculated via the detection of a de-
flection >2 SD of a paced beat. Recordings were col-
lected for 24 hours and the SN preparation retained for
further experiments.

Statistical Analysis

Mean+SEM values are shown. Significant differences
were identified with 1-way ANOVA and/or paired t
tests. A difference was assumed to be significant at
P<0.05 or P<0.001.

The authors had full access to and take full respon-
sibility for the integrity of the data. All authors have read
and agree to the article as written.

The presented data can be available from the corre-
sponding author upon request.

RESULTS

Differential MicroRNA Expression in
Human Sinus Node and Atrial Muscle

The expression profile of miRs in the SN and neigh-
boring right atrial muscle was mapped using gPCR
and a TagMan assay for human miRs. Out of the 754
human miRs examined, 18 were significantly more
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abundant (Figure 1A) and 48 significantly less abun-
dant (Figure 1B) in the SN than the atrial muscle. The
location of the SN tissue in which the miR expression
was measured is shown in Figure 1C and 1D and the
miRs that are significantly differentially expressed in
the SN and atrial muscle are summarized in Table S3.

Ingenuity Pathway Analysis

IPA software was used to predict which of the miRs
that are differentially expressed between the SN and
atrial muscle may be involved in the differential expres-
sion of key ion channels, Ca%*-handling molecules and
connexins involved in the regulation of the membrane,

MicroRNAs Controlling Function of Human Pacemaker

and Ca?* clock pacemaker mechanisms. The predic-
tions were based on miR-to-mRNA sequence bind-
ing probability, in combination with miR expression
data for the human SN and atrial muscle from this
study (Table S3) and expression of mMRNA for key ion
channels, Ca?-handling proteins and connexins for
the human SN, and atrial muscle from Chandler et
al, 2009; upregulation of an miR is expected to lead
to downregulation of its target mRNA and vice versa.
TargetScan Human and/or TarBase software was
used to predict target mRNA; rna22 software was
used to predict the number of binding sites for an miR
on an MRNA. The predicted miR-mRNA relationships
are summarized in Table and are shown graphically

Table. Summary of Predicted MicroRNA-mRNA Interactions in the Human Sinus Node

Expression of miR in Expression of Target No. of Binding Sites for
Sinus Node (vs Right Atrial mRNA in Sinus Node miR on Predicted Target

miR Muscle) Predicted Target (vs Right Atrial Muscle) mRNA
miR 1-3p ! Thx3 ) 1
HCN1 1 1
HCN4 ) 1
miR 10b-5p T Gjab ! 1

(Connexin 40)
miR 30c-5p J HCNA1 T 1
HCN4 ) 1
Cacnalg T 1
Ca,1.3

miR 133a-3p HCN4 ) 5
miR 153-3p Scnba (Na,1.5) J 1
Cacnalc (Ca,1.2) J 1
RyR2 J 2
miR 198 1T Cacnalc (Ca,1.2) J 2
Kcnh2 (ERG) 1 7
RyR2 ! 1
miR 204-5p Cacnailc (Ca,1.2) J 1
miR 215-5p Kcnad (K,1.4) N 1
miR 371-3p Cacnald (Ca,1.3) T 1
Gijc1 (Connexin 45) T 5
miR 422a ! Thx3 ) 1
miR 429 Thx18 1 1
miR 486-3p HCN1 T 6
HCN4 ) 7
Cacnald (Ca,1.3) T 6
Cacnalg (Ca,3.1) T 1
miR 512-5p T Gjal (Connexin 43) J 1
miR 938 N Cacnald (Ca,1.3) T 9
miR 1225-3p T Scnba (Na,1.5) J 2

The data are based on the expression of miRs (microRNAs) from this study and the expression of selected mRNAs important for pacemaking from Chandler
et al.> The columns from left to right show the miRs, expression of the miRs in the sinus node vs the right atrial muscle, the gene names (ion channel names
shown in parenthesis) of targets predicted by TargetScan Human and/or TarBase software, expression of the predicted targets in the sinus node vs the atrial
muscle, and the number of potential binding sites on the target for each miR (predicted by rna22 software). Note that upregulation of an miR is expected to
result in a downregulation of the target and vice versa. ERG indicates ether-a-go-go-related gene; Gja, gap junction protein ahpha 5; HCN1, hyperpolarization-
activated cyclic nucleotide-gated, miR, microRNA; RyR, ryanodine receptor 2; and Tbx, t-box.

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590
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Figure 3. The intracellular recordings of action potentials from rat sinus node preparations after
microRNA-486-3p transfection ex vivo.

A, Representative example of action potentials recorded intracellularly in the sinus node before and
6 hours after injection with Tyrode (control), lipofectamine, and microRNA-486-3p transfection mixture.
B, Beating rate of sinus node preparations in 6 hours after the injection (means+SEM, n=>5 for each group).
AP indicates action potential; LP, lipofectamine; and miR, microRNA. *P<0.05, **P<0.005, ****P<0.0001
(2-way ANOVA with Tukey multiple comparison test).

in Figure 1 (arrows). Of the 18 miRs that were more
abundant in the SN than the atrial muscle, 7 were
predicted to target physiologically relevant pace-
maker mRNAs that were expressed at lower levels
in the SN compared with the atrial muscle (Figure 1
arrows; Table). The 7 miRs were: miR-10b-5p, pre-
dicted to target connexin 40; miR-153, predicted to
target Ca, 1.2, ryanodine receptor 2, and Na,1.5; miR-
198, predicted to target Ca,1.2, ryanodine receptor
2, and ether-a-go-go-related gene (ERG); miR-204,
predicted to target Ca,1.2; miR-215, predicted to tar-
get K, 1.4; miR-512-5p, predicted to target connexin

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590

43; and miR-1225-3p, predicted to target Na,1.5
(Figure 1, arrows). Of the 48 miRs that were more
abundant in the atrial muscle than the SN, 8 were pre-
dicted to target physiologically relevant pacemaker
mMRNAs that were expressed at lower levels in the
atrial muscle compared with the SN (Figure 1, arrows;
Table). The 8 miRs were: miR-1-3p, predicted to target
HCN1, HCN4 and T-box (Tbx)3; miR-30c, predicted
to target HCN1 and Ca,1.3; miR-133a, predicted to
target HCN4; miR-371-3p, predicted to target Ca,1.3
and connexin 45; miR422a, predicted to target Thbx3;
miR-429, predicted to target Tbx18; miR-486-3p,



2202 ‘22 Yo N uo Aq Bio'sjeulnofeye//:dny wouy papeojumoq

Petkova et al

MicroRNAs Controlling Function of Human Pacemaker

HCN4

Caveolin3

404

204

miR-486-3p Scrambled miR
Treatment

80 +

60 4

40 4

Signal intensity profile (arbitrary units)
m

20 4

miR-486-3p Scrambled
miR

Treatment

Figure 4. Effect of exogenous expression of microRNA-486-3p on HCN4 protein expression in
the rat sinus node.

A and B, Immunolabeling of HCN4 (hyperpolarization-activated cyclic nucleotide-gated) protein in the
rat sinus node before (A) and after (B) 24 hours after transfection with microRNA-486-3p. C and D,
Immunolabeling of Caveolin-3 (plasma membrane marker) in the rat sinus node before (A) and after (B)
24 hours after transfection with scrambled microRNA. E, HCN4 protein signal intensity in the rat sinus
node 24 hours after transfection with microRNA-486-3p or scrambled microRNA (means+SEM; n=5;
**P<0.005). F, Caveolin-3 protein signal intensity in the rat sinus node 24 hours after transfection with
microRNA-486-3p or scrambled microRNA (means+SEM; n=4; no significance difference was observed).

HCN4 indicates hyperpolarization-activated cyclic nucleotide-gated; and miR, microRNA.

predicted to target Ca,1.3, HCN1, and HCN4; and
miR-938, predicted to target Ca, 1.3 (Figure 1, arrows).

miR-486-3p Effect on SN Beating Rate

Four miRs were predicted to target the pacemaker
channel, HCN4, and the L-type Ca?* channel, Ca,1.3,
(Table) and this may reflect the importance of these
pacemaker channels. Three miRs were predicted to
target the alternative pacemaker channel, HCN1, and
the alternative L-type Ca?* channel, Ca,1.2 (Table).
Two miRs were predicted to target the Na* channel,
Na,1.5, the ryanodine receptor, ryanodine receptor 2,
and the SN transcription factor, Tbhx3 (Table). Finally,
1 miR was predicted to target a T-type Ca?* chan-
nel, Ca,3.1, 2 K* channels (Kv1.4 and ERG), 3 con-
nexins (40, 43, and 45) and the SN transcription factor,
Thx18 (Table). Arguably the most important pace-
maker channel in the SN is HCN4 and consequently
it was of special interest. Of the miRs potentially tar-
geting HCN4, miR-486-3p was of special interest,
because it was predicted by IPA to have 7 binding

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590

sites on HCN4 mRNA in the human (Table). To con-
firm that miR-486-3p can target HCN4, experiments
were performed on the ex vivo rat SN preparation.
McGahon et al showed that the human miR-486-3p
sequence is conserved in other species, including
the rat.'”® Also analysis showed that rat HCN4 mRNA
has predicted binding sites for miR-486-3p. This sug-
gests that the ex vivo rat SN preparation is suitable to
validate HCN4 mRNA as a target of miR-486-3p. miR
486-3p (in a transfection mixture) was injected into the
SN (Figure 2A) and the preparation was maintained in
culture for 24 hours. Preparations injected with a non-
functional scrambled miR were used as controls. miR-
486-3p significantly reduced the beating rate of the
ex vivo rat SN preparations by ~35% 15 hours after
transfection and this change was maintained over the
rest of the 24-hour period of culture (Figure 2B). The
effect of miR-486-3p on SN beating rate appeared to
develop a few hours after transfection (Figure 2B).

In another set of experiments, using sharp micro-
electrode recordings of the electrical activity in the

10
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Figure 5. Next generation sequencing for RNAseq data of 3 human sinus node and 3 right atria
specimens from the same hearts.

A, Principal component (PC) analysis scatter-plot of RNAseq data from 3 human sinus node (SN) (black
dots) and 3 right atrium (RA) (grey dots) specimens. The graph shows that there are 2 distinct groups
of tissue, namely the SN (SN1 to SN3 cluster close on the left of x-axis) and RA (RA1 to RAS cluster
closer close on the right of x-axis), that have significant differential gene expression. B, Volcano plot of
all RNAseq data with 6 “embryonic” transcription factors annotated on the plot. Log2FoldChange P<0
indicates genes less expressed in the SN vs RA and vice versa. RA indicates right atrium; and SN, sinus
node. Significantly more/less expressed genes (illustrated in red) based on false discover rate <0.01. FDR
indicates false discovery rate; RA, right atrium; and sinus node.

RA/SN preparations, we observed that after injec-
tions of the SN region (n=5) with miR-486-3p, the
rate of the SN-derived spontaneous APs in the RA
decreased gradually from 250+30 down to 32+21
beats per minute+SEM (Figure 3). This gradual re-
duction was observed from 2 hours after injection
and was maximal at 6 hours post-injection. The rate
of APs was only 13+9% (P<0.0001, n=5) of the initial
rate before injections calculated both on the basis of
the SN or RA recordings (Figure 3). After injections
with Tyrode (n=5) and lipofectamine (n=5) there was
no change to the rate of the SN-derived spontaneous
APs (Figure 3).

miR-486-3p Effect on HCN4 Expression

To investigate whether miR-486-3p can affect HCN4
expression as predicted, a luciferase reporter gene
assay was performed. The predicted binding sites
for miR-486-3p are in the 3-UTR of human HCN4.
Therefore, the 3-UTR of human HCN4 was intro-
duced as the 3-UTR of the luciferase gene. The
resulting plasmid was transfected into rat cardiac

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590

HOC2 cells. Following transcription and translation,
the expression of the luciferase protein (surrogate
of HCN4 expression) was measured by the result-
ing luciferase bioluminescence. Bioluminescence
was significantly less from cells transfected with the
plasmid and miR-486-3p than from cells transfected
with the plasmid and scrambled (non-functional) miR
(Figure 2C). As expected, bioluminescence was also
low if the cells were not transfected with the HCN4
plasmid but only transfected with miR-486-3p or nei-
ther transfected with the plasmid nor miR-486-3p
(Figure 2C). This suggests that miR-486-3p can con-
trol HCN4 expression.

To confirm that miR-486-3p can affect HCN4 ex-
pression, experiments were conducted on the ex
vivo rat SN preparation. Preparations were injected
(Figure 2A) with miR-486-3p or scrambled miR. As
expected, miR-486-3p expression was greater in
preparations in which the SN was transfected with
miR-486-3p rather than scrambled miR (Figure 2D).
HCN4 mRNA expression was significantly reduced in
preparations injected with miR-486-3p (as compared
with preparations injected with the scrambled miR).

11
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Figure 6. “Embryonic” transcription factors significantly more or less expressed in the human
adult sinus node in comparison with right atrial muscle.

Data were analyzed via Bcl2fastq software (2.17.1.14). Transcription factors (TFs) normalized counts are the
mean of the DESeg2 normalized read counts for each TF in the sinus node (SN) and right atrium (RA). A,
Heat maps showing relationship across 6 SN and RA samples (SN1-SN3 and RA1-RAR) for the expression
of 6 TFs. Three SNs cluster together and 3 RAs cluster together for the expression of these 6 TFs. B and
C, Means+SEM; n=3; ***P<0.001 of 6 TFs in SN and RA. Graphs were created via GraphPad Prism 7.0.
Nkx2-5 indicates NK2 homeobox 5; RA, right atrium; Shox; short stature homeobox; SN, sinus node; Tbx,

T-box; and TF, transcription factor.

This shows that miR-486-3p controls HCN4 mRNA ex-
pression in the sinus node (MiR-486-3p must promote
HCN4 mRNA degradation). In the same ex vivo rat SN
preparations, HCN4 protein expression was assessed
by immunolabeling of HCN4 protein in thin cryosec-
tions through the SN (Figure 4A, 4B, and 4E). Labeling
was significantly reduced in preparations injected with
miR-486-3p (as compared with preparations injected
with the scrambled miR) (Figure 4A, 4B, and 4E). Cell
membrane preservation and integrity over the 24-hour
incubation period was confirmed by Caveolin-3 immu-
nolabeling (Figure 4C, 4D, and 4F).

Transcription Factors are Also Involved in
Differential Gene Expression Between the
Human Sinus Node and Atrial Muscle

Differential gene expression between the human sinus
node and atrial muscle will not exclusively be the re-
sult of a differential expression of miRs—a differential

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590

expression of transcription factors will also be involved.
Expression of transcription factors was investigated
using next generation sequencing. The transcriptomes
of 3 human SN and corresponding right atrial mus-
cle samples were sequenced. The expression of the
3060 most abundant human mRNAs was investigated
and principal component analysis confirmed distinct
SN and atrial muscle mRNA profiles (Figure 5A); 1238
MRNAs had significantly higher expression in the SN
(log, fold change >1, P<0.05), 1357 had significantly
higher expression in the atrial muscle (log, fold change
<1, P<0.05), and 465 were not significantly differ-
ent between the 2 tissues (-1 <log, fold change >1)
(Figure 5B, red dots). IPA software was used to identify
transcription factors and potential relationships with
either miRs or mRNAs in this study; 68 transcription
factors were significantly more expressed in the SN,
and 60 were more significantly expressed in the atrial
muscle. Six of the differentially expressed transcription
factors have potential relationships with either the miRs

12
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Figure 7. Ingenuity Pathway Analysis predictions of interactions between “embryonic” transcription factors, microRNAs,

ion channels, and gap junction subunits.

Transcription factors are shown in the nucleus, microRNAs in the cytoplasm, and ion channels in the surface membrane. For
simplicity, RYR2 (ryanodine receptor 2) is shown in the surface membrane rather than the sarcoplasmic reticulum. HCN4 indicates
hyperpolarization-activated cyclic nucleotide-gated; miR, microRNA; NKX2-5, NK2 homeobox 5; RA, right atrium; SHOX; short

stature homeobox; SN, sinus node; and TBX, T-box.

or mRNAs in this study. These are Isletl, short stature
homeobox 2, Tbx3, and Tbx18, which were signifi-
cantly more highly expressed in the SN, and Tbx5 and
NK2 homeobox 5, which were significantly more highly
expressed in the atrial muscle (Figures 5B and 6).
The predicted relationships between these transcrip-
tion factors and either miRs or mRNAs are shown in
Figure 7. This network shows 24 potential links (direct
or indirect) between miRs and ion channels, but only
3 between transcription factors and ion channels. This
raises the question of whether much of the ion channel
regulation occurs at the post-transcriptional level via
miRs. However, miRs themselves are under the control
of transcription factors as shown in Figure 7.

DISCUSSION

This study shows, for the first time, a distinct expres-
sion pattern of miRs in the human SN compared with
that of the right atrial muscle that is predicted to af-
fect the expression of target molecules responsible for
the pacemaker mechanisms in the heart. This study
shows 66 differentially expressed miRs (Figure 1). The
differentially expressed miRs are predicted to target
mRNAs that have been reported to be differentially ex-
pressed in these tissues.®

J Am Heart Assoc. 2020;9:e016590. DOI: 10.1161/JAHA.120.016590

In this study, we found 7 miRs (miR-10b-5p, miR-
1563-3p, miR-198, miR-204-5p, miR-215-5p, miR-
512-5p, and miR-1225-3p) expressed at higher levels in
the SN compared with atrial muscle that are predicted
to bind to and thus downregulate molecules that are
known to be expressed at lower levels in the SN®: the
Na* channel, Na,1.5, the L-type Ca? channel, Ca 1.2,
2 K* channels (Kv1.4 and ERG), the RYR2 (ryanodine
receptor 2), and 2 connexins (40 and 43). The absence
of Na,1.5 (and the corresponding absence of the Na*
current, /) in the SN explains why the upstroke of the
SN action potential is slow and the absence of the 2
high conductance connexins, 40 and 43, in the SN ex-
plains the poor electrical coupling in the SN (essential
to protect the SN from the hyperpolarizing influence of
the neighboring atrial muscle).'?

Eight miRs (miR-1-3p, miR-30c-5p, miR-133a-3p,
miR-371-3p, miR-422a, miR-429, miR-486-3p, and
miR-938) that were expressed at higher levels in the
atrial muscle compared with the SN are predicted to
inhibit molecules that are important for pacemaking:
2 pacemaker HCN channels (HCN1 and HCN4), 2
pacemaker Ca?* channels (Ca,1.3 and Ca,3.1), and
the low conductance connexin isoform, connexin 45.
If the predicted actions of the miRs are correct, this
helps to explain why the atrial muscle does not nor-
mally show pacemaker activity; conversely, the low

13
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expression of these miRs in the SN helps to explain
why the SN does show pacemaking. Of these miRs
and their predicted effects, miR-486-3p and its pre-
dicted effect on HCN4 were the focus, because of
the importance of HCN4 and the number of predicted
binding sites on HCN4 for miR-486-3p. A luciferase
reporter gene assay confirmed that miR-486-3p can
potentially control expression of HCN4 (Figure 2), and
miR-486-3p, when ectopically expressed in the SN,
reduced HCN4 mRNA and protein levels (Figures 2
and 4), and reduced the SN beating rate (Figure 2)
In a recent study, we showed that miR-486-3p is
upregulated in the SN in a mouse model of athletic
training.'* Following athletic training, the downregu-
lation of HCN4 and the corresponding ionic current
(f) in the SN and the consequent sinus bradycardia
was attributed to an upregulation of miR-486-3p and
miR-423-5p': in this study, a luciferase reporter gene
assay showed that miR-486-3p was able to regulate
mouse HCN4 expression—therefore, miR-486-3p is
able to regulate both human (this study) and mouse'
HCN4 expression.

In this study, we also identified key “embryonic”
transcription factors that are differentially expressed
in the adult human SN versus atrial muscle and with
predicted links to either the miRs or ion channels of
interest in the SN (Figures 5, 6, and 7). This suggests
that both transcription factors and miRs are responsi-
ble for the unique gene expression pattern of the SN.
Furthermore, transcription factors may frequently act
via miRs.

CONCLUSIONS

The human SN possesses a unique pattern of ex-
pression of miRs. Some of the differentially expressed
miRs are predicted to target genes that are important
for pacemaking, such as HCN1, HCN4, Ca,1.3, and
Ca,3.1. The action of miRs is complex with interac-
tions between multiple miRs, transcription factors, and
target genes. It has been confirmed that miR-486-3p
has an important role in regulating SN pacemaker ac-
tivity. miR-486-3p directly inhibits HCN4 and thereby
reduces action potential generation by the SN, mak-
ing it a potential target for manipulating pacemaking in
therapeutic treatment of sinus node disease. For exam-
ple, inappropriate sinus node tachycardia is currently
treated using ivabradine to block HCN4?° and use of
miR-486-3p could be alternative strategy. This study
provides novel insights into the mechanisms control-
ling SN gene expression vital for its role as the primary
pacemaker in the heart.
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Table S1. Human specimen information.

Number | Age | Sex | QLT | (i) SURA | (RIN) SIRA | US®
1 29 M sooad | 100.60/231.90 | 6.1/7.6 gPCR
2 22 M aooad | 30.98/301.40 | 8.0/7.7 gPCR
3 66 | M Suicide | 47.48/285.70 |  5.2/4.7 gPCR
4 19 | M Suicide | 114.11/389.00 |  6.4/7.2 gPCR
5 60 M Sydden 25.4/123.25 7.2/6.5 gPCR
6 54 M | habracrhage | 164.67/400.00 | 8.3/8.8 gPCR
7 42 M | e o | 173.65/423.00 |  85/9.1 gPCR
8 19 [ M Suicide | 114.11/389.00 - NGS
9 21 M Suicide 35.3/59.66 : NGS
10 54 M | haoaorimae | 45.35/91.77 : NGS

- data not available but total RNA isolated from samples 8-10 passed their quality for

NGS experiments
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Table S2. Summary of primary antibodies.

Protein Company Catalogue # Source Dilution
Cx43 Millipore MAB3068 Mono - Ms 1:50
HCN4 Alomone APC-052 Poly - Rbt 1:50

Caveolin3 Transduction 310421 Poly-Ms 1.50




Table S3. Significantly up- or down- regulated miRs in the SN vs. RA. Mean
relative miR expression and SEM in SN and RA, fold change and log fold

change, and P values shown.

Log fold

change P vdue

miR 5M mean 5N SEM RA mean R SEM Fold change

hsa-ma B-1-3p E.0DE-D2 3 DMOE-D2 Z.ME-01 E.DDE-02 -1L.40E-01 -5.0DE-01 3.0E-02

heea-mi B-103- 5p 1L00ED4 2 DOE-D5 3. ME-O5 L.0DE-O5 3 .S0E-05 3.60E-01 S.0E-02

h=a-miR-10b-5p 5.00E-DZ 2 DDE-0F 1.00E-D2 1.0DE-03 4,00E-D02 B.S0E-D1 1.00E-03

h=a-miR-10b-3p 1o0EDZ L.OE-D2 2.DDE-DF 2.D0E-D3F SHE-D3 5.J0E-DL 1.D0OE-DZ

hea-miR-126-3p 3AL1EHDD B SDE-D1 7.65E+DD 1.31E+DD -1, 24E+D0 -3.50E-01 4.00E-D2

h=a-mi B- 130b-3p 200 E-D3 L.DE-D3 1.0pE-02 L.0DE-03 -3.DE-03 -1, BOE-D01 S.0ME-02
hsa-ma B- 130b-5p 3.0 E-D3 4 DDE-D4 1.00E-02 1.0DE-03 -3.E-03 -3, 20E-01 2. ME-02
hsa-miR-133a-3p 9.25E+00 1.77E+DD 5.05E+D1 1.13E+01 -1, 1ZE+01 -7.40E-01 1.00E-03

J.00EDZ B IE-03 1.62E-01 6.20E-02 -1.30E-01 -7. 10E-01 3.36E-02

1T0EDL 3 E-D2 4.40E-01 E.DDE-D2 -2. TDE-01 -1, 10E-01 9.0ME-D3

3.00E-D3 L.DE-D3 Z.ME-02 L.0DE-02 -2, DE-02 -8, 90E-01 4.0E-02

Z.00E-DS 1.0DE-D5 4, ME-DE 3.0DE-DE 1.0DE-D5 5.50E-01 5.0E-02

Z.00E-D2 1.OE-D2 4.D0E-02 6.00E-D3 -2.0E-02 -3. 10E-01 5.DME-D2

3.00ED3 1.E-D03 4.DOE-02 1.00E-D2 -4, ME-02 - 1. 'GE+DD 1.00E-D3

hea-mi B- 153b-3p Z00EDT 4,00E-D4 1.E-DF 2, 00E-04 L.DE-D3 3 ADE-01 2. 0ME-02

h=3-miR-1%8 1LMEDS 3 DDE-D4 4,E-D4 3.00E-04 3 00E-04 Z2.70E-01 4,00E-D02

he=a-miR-204-5p BIDEDL 2. 10E-D1 1.60E-D1 3.0DE-02 6.50E-01 7.00E-D1 2. 0ME-03

nE3-miR-210-3p 4.00E-D2 1.OE-D2 1.30E-01 3.D00E-D2 -0, ME-02 -5, 10E-01 1.D0E-D2

3.00ED3 1.OE-D3 2.DDE-D4 1.00E-04 3 OE-D3 123E+DD 1.D00E-D3

200 E-D4 4 DOE-D5 1.00E-03 2, 00E-04 -3, 40E-01 S.0ME-02

1.00E-D2 3 DDE-D3 2. ME-02 2. 0DE-03 -3, TOE-01 5.0ME-03
1.00E-D2 1.0DE-03 1.00E-02 1.0DE-03 -3.30E-01 6. ME-03

-03 3 IE-04 2. DDE-D3 2.D0E-04

-0l 3.D0E-D2

-0l 6 JIE-D2 5.20E-01 7.D0E-D2 -0l 3.D0E-D2

01 & DOE-D2 S.40E-01 7.00E-02 -3, 50E-01 2. 0ME-02

5.10E-D1 2 JOE-01 2, 35E+DD 5.30E-01

-3, 10E-01 3.0E-02

L69E+DD 4. F0E-01 4. TEE+DD 1. 14E+0D -3.0FE+DD -1, S0E-01 4.00E-02

EDDEDZ 2 JMIE-D2 1.90E-01 3.D00E-D2 -1. 10E-01 -3. BDE-D1 1.D0E-D2

EOEDL & DDE-D2 S.20E-01 7.00E-02 -2, 60E-01 -3, 0DE-01 . 0ME-02

4.00E-04 2 DOE-D4 Z.ME-03 L.0DE-03 -1.D00E-03 -5.B0E-01 2. 0ME-02

-5p 3.00E-DT 1.0DE-O7 1.0DE-D5 7.0DE-DE -1.DE-05 -1. 56E+00 4.0E-02

3.00E-DS 1 IE-D5 2. DDE-D4 B.DDE-D5 - 1. MME-Du -T.G0E-01 4.00E-02

100ED3 3 IE-04 1.pOE-D2 3.00E-D3 -5.E-03 -9, G0E-01 2.DE-D2

3.00E-DS 2 DOE-D5 1.00E-04 2. 0DE-05 -1, DOE-04 -1, 60E-01 3.0E-03
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6.50E-D1 1.0DE-D5 LATE+DD 4,00E-DE -7.BDE-01 -3.30E-01 4,00E-02

3.D0E-D5 5.20E-01 5.DME-DE 5.40E-01 2 JDDE-D5 7 60E-01 4.00E-02

J.00EDZ 1.OE-D2 6.DDE-D2 1.D00E-D2 -3. ME-02 -3.40E-01 2.DE-D2

h=a-miR-37E3-5p 4.00E-D4 1.00E-D 1.pDE-D3 1.00E-04 -3.0DE-D4 -2.60E-0L 5.00E-D2

mi R-4223 3.00E-D3 L.DE-D3 1.0pE-02 2. 00E-03 -5.DDE-03 -3, 40E-01 2. 0ME-02

hsa-miR-424-5p 1.00E-D3 3 DDE-D4 3.ME-03 1.0DE-03 -2.DE-03 -3, 90E-01 3.0E-02

hs3-miR-429 200 E-D4 2 IE-04 2. DDE-D3 1.00E-D3 -2.0DE-03 -9, 10E-01 4.00E-02
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SM mean

1.DDE-Du

SN 5EM

LDDE-D

RA mean

3.0DE-D4

RA SEM

1.DDE-Du

P walue

4, D0E-02

L.ADE-D2

4. 0E-03

SDDE-D2

1.0DE-D2

4,DE-03

6. DDE-D3

2.DDE-03

LODE-D2

2.DDE-D3

5.DE-02

3. DDE-D4

LDDE-D

LODE-03

3. DDE-D4

1.00E-02

. DDE-Du

2. DDE-D4

LODE-D2

1.0DE-D3

4, D0E-02

LE3E+D1

1.16E+01

LODE-D5

0. DDE-DE

1.E3E+D1

3. DDE-02

3. OE-O7

L.DDE-O7

3.0 DE-DE

2. DDE-DE

-3.DDE-DE

-5.7DE-01

4, D0E-02

0. DDE-D5

3 OF -5

-B.DDE-0'5

-2.7DE-01

5.DDE-02

2. DDE-D5

-EADE-D1

5.DE-02

2. DDE-D4

-1L.95E+DD

4, D0E-02

E.DDE-D5

2. EDE-D1

4,DDE-02

hsa-miR-548k

E.DDE-DE

7.20E-01

5.D0E-02

2. DDE-D4

-6.60E-01

3.DDE-02

1.DDE-Du

-2.7DE-01

4, D0E-02

4. DDE-D5

-2.60E-01

4, D0E-02

1.0DE-D3

-2.7DE-01

4, D0E-02

1.0DE-D2

- L. DOE+DD

4, DE-04

o, DDE-DE

-3. 7 0E-01

4, D0E-02

hsa-miR-654-5p

6. DDE-DE

2 ABE+DD

3.DDE-02

h=a-miR-668-3p

E.DDE-DE

2, 11E+DD

3.DDE-02

h=a-miR-BE&5-3p

7.0DE-DE

3. 45E+0D

2, DDE-02

hsa-mi R-0 38

1.DDE-DE

-6.60E-0'1

3.DDE-03

hsa-miR-1225-3p

LODE-D2

L.DDE-D2Z

3.10E-01

3.DDE-02

hsa-miR-1233-3p

5. 3BE+DD

4. 35E+0D

1. 05E+DD

3.DDE-02

hsa-miR-1244-3p

LODE-D4

4.0DE-D5

4,50E-01

1.00E-02

miRs with significant higher expression in SN highlighted in bold.




CHAPTER 7) GENERAL DISCUSSIONS, CONCLUSIONS, LIMITATIONS,
FUTURE WORK, AND LIST OF PUBLICATIONS

There are five parts to this chapter. The first summarises the main discussions, the second
summarises the main conclusions, and the third summarises the limitations of this
dissertation. The next section provides directions for future research, and the final section

provides a list of publications at the time of this thesis submission.

155



7.1 Discussion
Micro-CT is being used to optimise cardiac devices. In patient-specific studies, micro-CT is

used to predict post-TAVI aortic regurgitation (a common post-TAVI risk) [112] and improve
the position accuracy of the left atrial pressure sensor device [113] in aged and diseased
human hearts. However, the studies mentioned did not use contrast agents and were of lower
resolution. The contrast-enhanced micro-CT data collected from healthy, aged, and obese
cardiac tissue presented in this thesis provides high-resolution insights into the anatomical
structures and variation of valves in these three heart groups. Thus, it can contribute to the

further improvement of the devices used to treat cardiac dysfunctions.

The anatomical reconstructions and novel imaging techniques reported in this thesis can aid
in developing computational models and biophysical simulations of aged and diseased hearts.
This can contribute to further understanding, diagnosis, and treatment of CVDs such as

cardiac arrhythmia, hypertrophy, and fibrosis.

Anatomical observations are a result of underlying molecular mechanisms. Ageing is
correlated with an increase in cardiac fibrosis and loss of nodal cells (as observed in Figure
12Aii in Paper 1, Chapter 3), and extensive fibrosis is a structural remodelling resulting from
increased myofibroblast activity. It can lead to dysfunction of the SN, heart failure and death
[114, 115]. The loss of nodal myocytes could suggest the loss of pacemaking ion channels
(e.g., HCN4) and immune cell markers (e.g., TPSAB1). Different cells and molecules are
involved in the development of myocardial fibrosis. In the development of cardiac fibrosis,
myofibroblasts are recruited and activated to express ECM-related genes that synthesise
collagen 1 — amongst other types of collagens [101]. As mentioned in Paper 2, Chapter 4,

COL1A1 (a marker for collagen 1) is more expressed in the healthy SN than in the right atrium.

It has been reported that the increased production of collagen 1 during fibrosis leads to rigid
myocardial walls and increased wall tension [116]. With collagen deposition increasing with
age and subsequently leading to reduced diastolic function, we know that the structural
remodelling caused by cardiac fibrosis in the aged heart results from underlying molecular
remodelling. Hence, exploring the interaction pathways of cardiac molecules (such as
COL1A1) can enhance our anatomical observations and understanding —and perhaps identify

molecular targets for potential drug therapies. Does this raise the question: “can the
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introduction of key microRNAs reverse fibrosis”? Table 1 in Paper 2, Chapter 4 showed that
COL1A1 is a predicted target for miR-30c-5p and miR-133a-3p. | assume that the increase in
the expression of COL1A1 in the SN region during fibrosis means a decrease in the expression
of miR-30c-5p. So, the introduction of miR-30c-5p or miR-133a-3p could subsequently reduce
the expression of COL1A1 and, therefore ‘reverse’ the development of fibrosis or stop the
further loss of SN myocytes. As mentioned previously, Yanni et al. injected a miR-370 antimiR
into heart failure mice to restore the expression of HCN4 in the SN [69] and Petkova et al.
injected miR-486-3p into healthy rat tissue to reduce HCN4 expression and thus reduced heart

rate [44].

Cardiac hypertrophy — particularly ventricular hypertrophy — is a pathological response to
various stimuli such as volume and pressure overload and prolonged cardiac hypertrophy can
result in heart failure or eventually cardiac arrest. The heart of the obese individual used in
my project was hypertrophic due to its thick ventricular walls and large atrial and ventricular
cavities (Figures 1, 2, 5C, 6Ci, 6Cii from Chapter 3). Apart from increased fibrosis, a common
feature of cardiac hypertrophy is the activation of inflammatory signalling and immune cells,
encouraging inflammation [117, 118]. Inflammatory cytokines such as tumour necrosis factor
alpha (TNF-a) are upregulated during cardiac hypertrophy and heart failure [119, 120]. A
study by Bozkurt et al. 1998 showed that the continuous infusion of TNF-a into the peritoneal
cavity of rats resulted in cardiac dysfunction [121]. This could be reversed through treatment
with a TNF-a antagonist [121]. Another study by Sun et al. 2007 showed that the knockout of
TNF-a in mice reduced fibrosis, hypertrophy and cardiac dysfunction [122]. Even though the
inhibition of TNF-a reduces/reverses cardiac hypertrophy and dysfunction in animal studies,
this was not observed in clinical studies of patients with chronic heart failure [123, 124].

Therefore, new molecular targets are required.

In Paper 2, Chapter 4, | show that immune cell markers (i.e., TPSAB1, a mast cell marker;
CD209, a macrophage cell marker; and HLAs, human leukocyte antigen markers) are more
expressed in the SN, compared to the right atrium, and are predicted to be inhibited by miR-
486-3p - thus confirming their importance in maintaining the healthy SN’s function. When
miR-486-3p was introduced in H9C2 cells, the expression of TPSAB1 was significantly

downregulated (Figure 5, Paper 2, Chapter 5). The fact that an immune response is induced
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during the development of cardiac hypertrophy makes these markers (particularly TPSAB1)

potential therapeutical targets in treating this structural abnormality.

The number of electronic cardiac pacemaker implantations is increasing; however, they are
still significantly limited regarding clinical applications. The challenges of electronic
pacemakers involve lead failure/repositioning, electronic interference, and relatively short
battery life [125]. In addition, other cardiac dysfunctions (such as congenital heart block)
cannot be treated using electronic pacemakers and require other non-device approaches.
Therefore, biological pacemakers could be a favourable therapeutic alternative. A gene- and

cell-based approach for the generation of biological pacemakers is currently being studied.

The gene-based approach relies on the delivery/overexpression of ion channel-encoding
genes or other proteins through viral or non-viral techniques. The delivery of ion channel
encoding genes (e.g., HCN ion channels), microRNAs (e.g., miR-486-3p and miR-938) or other
proteins into the SN for biopacemaking can be used in the treatment of SN dysfunctions and
subsequently, heart failure. In 2013, Morris et al. carried out an adenovirus-mediated gene
transfer of HCN2 and HCN212, which increased SN pacemaking rate [126]. In 2017, D’Souza
et al. showed that the introduction of the anti-miR-423-5p reversed bradycardia through the
restoration of HCN4 [127]. In 2020, Yanni et al. showed that the injection of anti-miR-370-3p
in mice models of heart failure with sinus bradycardia led to the restoration of HCN4 [69].
Additionally, Petkova et al. injected miR-486-3p in the SN tissue of a healthy rat and observed
a reduction in heart rate due to HCN4 downregulation. All these studies show that the
regulation of specific microRNAs make them potential pharmacological targets in treating SN

dysfunction.

The cell-based approach relies on sinus nodal cells or pluripotent stem cells (PSCs) and
induced PSCs (iPSCs)-derived cardiomyocytes. Lin et al. injected human sinus nodal cells
(mixed with atrial cells) into the left ventricles of pigs and observed functional junctions and
pacemaker activity [128]. Zhang et al. injected sinus nodal cells into the myocardial wall of
the right ventricle in a canine model of complete heart block with electronic pacemaker
implantation and observed preserved electrical activity [129]. Some research groups have
observed biological pacemaker ability in vitro and in vivo after transplanting hiPSCs-derived

cardiomyocytes into animal hearts [130, 131]. Others have derived SN-like cells from the
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cardiac differentiation and pacemaker specification of hiPSCs [132-134]. Results from Chapter
4 show the downregulation of key mRNAs and an immune cell marker by key microRNAs in
HI9C2 (rat myoblast cell line). It would be interesting to confirm these observations in SAN-

like cells derived from hiPSCs.

While this PhD project has identified miRNAs as potential novel therapeutic targets, using
miRNAs as therapeutic targets are met with some difficulties. A single miRNA can be predicted
to target tens to hundreds of genes, as mentioned earlier in the introduction chapter [49].
Another challenge is that miRNAs are prone to non-specifically binding to blood proteins,
consequently reducing their urinary clearance [135]. Therefore, it is almost impossible to
specifically inject miRNAs into the SN because these miRNAs could have off-target effects in
the surrounding atria or ventricles. This is a challenge that further research is required to

overcome.

As mentioned in the limitations section of Chapter 5, H9C2 rat cells do not contain the
biological machinery to process the human miRNAs and mRNAs that were transfected into
them. Therefore, it would be ideal to out these experimental verifications in human
cardiomyocytes such as hiPSCs. Following the transfection of these molecules into stem cells,

the cells can then be transferred into aged or diseased cardiac tissue.

The expression profile of miRNAs that are up-regulated or down-regulated in the healthy
human SN is presented in this thesis (Paper 2, Chapter 4). This can be used to treat cardiac
dysfunction — particularly CCS dysfunction. Ageing is a common risk factor of heart failure,
and the dysfunction of the SN positively correlates with the development of heart failure. A
2021 study by Li et al. on human heart failure hearts showed the expression profile of key
microRNAs (such as miR-486-3p, miR-133a-3p, and miR-1-3p) are significantly upregulated in
the SN during heart failure [136]. These significantly upregulated miRNAs were predicted to
inhibit ion channels that regulate SN automaticity (such as HCN1 and HCN4) [136]. This
observation provides insight into the CCS remodelling and abnormal SN automaticity

observed during heart failure in humans.
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7.2 Conclusions
To conclude, this PhD project has shown how various methods such as contrast-enhanced

micro-CT imaging; 3D reconstruction, NGS for RNA-seq; and luciferase assay experiments can

be used to further understand anatomical and molecular mapping of the human CCS.

The current understanding of the various anatomical structures (such as the CCS, aortic and
pulmonary trunk, and coronary arteries) and their structural variations in aged and obese
hearts is currently limited. The results presented in this thesis show the useful applications of
GO — a novel contrast agent and |:KI for micro-CT imaging. This has the potential to improve
the current treatments for cardiovascular diseases, such as the implantation of electronic
pacemakers, ablation, and TAVI procedures. The data obtained can also aid in developing

computational/mathematical models of aged and diseased hearts.

With electronic pacemakers costing the National Health Service approximately £75.6 million
annually [137] and the device sometimes failing after implantation in patients, it is important
to identify alternative therapies for treating cardiac arrhythmias. The molecular mechanisms
responsible for the SN’s pacemaking function is incredibly complicated. The results from this
PhD project shed some light on this complex mechanism. | have shown that, uniquely, there
is a high abundance of immune cell markers in the SN, compared to the surrounding atrial
tissue — providing further explanation for why the development of biological pacemakers is
very difficult. By identifying ‘novel’ TFs and markers as targets for key microRNAs, | have
presented potential therapeutic targets and biopacemakers for treating SN disease — a

prevalent disease in our increasingly ageing population.

Results from luciferase assay experiments suggest an interaction between miR-486-3p and
three key mRNAs (Cay1.3, Cay3.1, and TPSAB1) and between miR-938 and the Cay1.3 mRNA.

Again, these are presented as potential therapeutic targets in the treatment of SND.

Essentially, the results obtained from this project allow us to appreciate the intricate
complexity of the whole heart — particularly the SN. Doing so provides further understanding
of cardiac anatomical variations in aged and diseased situations and insights into alternative
treatments of cardiovascular diseases, potentially reducing health care costs, cardiac

morbidities, and patient death rate.
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7.3 Limitations
Limitations specific to each study are provided in each of the previous chapters. However,

further general limitations are mentioned below.

During the first lockdown of 2020, laboratory work was suspended as access to the University
was prohibited for approximately eight months. As a result, | could not carry out experiments
such as luciferase assay and gPCR. In addition, further micro-CT scanning of tissue samples
could not occur, and | could not analyse previous micro-CT images because | had no access to
the computers in the University that had the Amira v6.5 software. Therefore, during the eight
months, | primarily focused on the bioinformatics aspect of my PhD project (as | had the
software downloaded on my laptop) — allowing me to analyse the NGS for RNA-seq dataset
and use IPA to carry out various studies. Furthermore, the funding for this project was

exhausted — further preventing the possibility of further experimental validations.

As mentioned in Chapter 3, it was difficult to categorically segment the SN and AVN region
within the aged and obese right atrium tissue blocks. This was because the attenuation
difference between these regions and the surrounding atrial tissue was not as distinct as

within the healthy/normal tissue blocks.

Cardiac glycogen is an important source of glucose for the myocardium’s high energy demand.
Therefore, glycogen is more localised in the working myocardium compared to the CCS. 1Kl
has a high binding capacity for glycogen and accumulates in regions of high glycogen content
[138]. Because of the working myocardium’s high attenuation of I,Kl, the atrial tissue appears
lighter grey in 2D ortho slices. Because of the SN and AV region’s low attenuation of I>KI, this

region appears darker grey in 2D ortho slices.

Low glycogen content and reduced glycolysis process are associated with increased cardiac
hypertrophy and fibrosis [139, 140]. The aged specimen used for this project was fibrotic, and
the obese specimen was hypertrophied. Therefore, the nodal regions of these specimens
contained much less-than-normal glycogen content. This explains why these regions in the
aged and obese specimens appeared very dark and difficult to distinguish from the

surrounding tissue confidently.

It would be ideal to analyse at least n=3 hearts from each group (normal, aged, and obese) to

properly investigate and compare anatomical variations and draw more confident
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conclusions. However, at the time of this project, only 5 specimens were available, as ex-vivo

human hearts are very challenging to obtain.

7.4 Future work
The Dobrzynski laboratory has obtained more normal, aged, and obese human heart samples

—colleagues in the laboratory are conducting various analyses on these samples to draw more
robust conclusions. This also allows for semi-quantitative and statistical analysis of the 3

different heart groups.
In vivo morphological analysis of aged hearts and obese hearts

The hearts used for micro-CT analysis were ex-vivo. It would be interesting and ideal to
determine if the reported findings (e.g., loss of nodal cells and increased epicardial fat) are
observed and are reproducible in-vivo in ageing patients and obese patients. Another thing
to explore in the future is how the loss of nodal cells observed in aged and obese heart tissues
(Figure 11, 12, Chapter 3) leads to reduced heart rate because of slowed/reduced conduction.
The risk of thromboembolism and the long-term stability of artificial heart valves remains an
issue. Therefore, in the future, the anatomical variations of the myocardial walls and valves
in the normal, aged, and obese hearts reported in this thesis can improve the current design
of artificial valves. This can enhance the variability in artificial valve designs to accommodate

the hearts of aged patients and obese patients.
NGS for RNA-seq on aged nodal and atrial tissues

For the project reported in this thesis, NGS for RNA-seq was performed on 3 healthy SN and
3 healthy RA samples. More healthy samples would be used to carry out statistical analysis
and make more comparisons. With an increasingly ageing population, NGS for RNA-seq would
also be performed on aged SN and RA samples. This will allow the comparison of mRNAs,
miRNAs, TFs, and immune cell markers expression profiles in healthy/young samples vs aged
samples. In the project documented in this thesis, the expression of key molecules was
studied at the messenger level. The next steps would be to study the expression of these

molecules at the protein level using proteomics.
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Further validation of luciferase assay experiments

It would be useful to analyse if the miRNA and markers expression observed in H9C2 cells is
also observed in SAN-like cells derived from hiPSCs. This could be done by transfecting key
molecules (such as miR-486-3p, miR-938, Ca,1.3, Ca,3.1, and TPSAB1), as previously shown
by Miiller et al. where they introduced ISL1 and MYH6 to pluripotent stem cells to cause an

increase in HCN4 expression [132].

To further validate the results obtained from luciferase assay experiments, gPCR experiments

will be performed.

Testing microRNAs for gene-based biopacemaking

As mentioned in the Discussion, studies show that the regulation of specific microRNAs makes
them potential pharmacological targets in treating SN dysfunction. | also mentioned that an
immune response is activated during cardiac hypertrophy. This PhD project identified TPSAB1
(a mast cell marker) as a target for miR-486-3p. Therefore, further studies could be conducted
that involve the introduction of the TPSAB1-encoding gene into hypertrophied hearts or into
cardiac tissue of COVID-19 patients to restore the normal functioning of immune cells in the

SN, and therefore restore normal pacemaking function.
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