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ABSTRACT

Skeletal muscle is a heterogeneous tissue comprised of diverse cell types and is

highly adaptable and sensitive to stimuli, such as exercise. Epigenetics is the study of

mechanisms that impact chromosomal regions to alter gene activity without an under-

lying change in the sequence of Deoxyribonucleic acid (DNA). One of the most widely

studied epigenetic mechanisms is DNA methylation (DNAm), which plays an impor-

tant role in perpetuating cell identity. To date, studies have shown that exercise causes

widespread DNAm changes in skeletal muscle. However, these studies have remained at

the whole tissue-level. This approach limits interpretation of results due to, 1) the influ-

ence of cell identities on DNAm, 2) the variable cellular composition of tissue and 3) the

specific responses of each cell type to exercise. This thesis investigates the genome-wide

DNAm profiles of Type I, Type IIa and Type IIx multi-nucleated muscle fibres from hu-

man muscle at baseline and after twelve weeks of High Intensity Interval Training (HIIT).

It describes the development of a novel method for the simultaneous extraction of DNA

and protein from pooled human skeletal muscle fibre fragments (Chapter 4). The the-

sis also compares the methylome and proteome assessed in skeletal muscle fibre types

using the same biological samples (Chapter 5 & 6), and in response to twelve weeks of

HIIT (Chapter 7). This research will contribute to a deeper understanding of fibre-type

specific muscle biology and molecular adaptations to exercise, with potential to improve

treatment strategies for muscle related diseases and maintenance of muscle health.
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1 INTRODUCTION

"...there is nothing more interesting than the theory of cells.... In reality, this genesis

of cells is something that closely concerns everybody, for all of us, like plants and

animals, consist of and have our origin in cells." Ernst Haeckel

[1, 2]

Skeletal muscle is one of the largest organs in the human body, comprising ap-

proximately 40-60% of body mass, and is vital for movement, posture and whole-body

metabolism. Muscle is known to adapt and change throughout life and regular exercise

can cause profound changes in muscle structure and function. At the cellular level, the

coordination of specialised cell types enable skeletal muscle function. These cells and

their interactions underpin skeletal muscle health and adaptation and are known to re-

spond differently to exercise.

Muscle fibres are multi-nucleated cells that contract to enable movement. Skeletal

muscle fibres have long been characterised as slow (Type I) and fast (Type II) fibres. Each

fibre type has unique contractile properties and their proportions differ between muscles,

biopsy location and individuals, particularly the sexes. In addition, muscle tissue con-

tains a range of mono-nucleated cells such as vascular, immune and stem cells. Despite

each cell type having the same stable deoxyribonucleic acid (DNA) sequence, they have

distinct functions and morphologies. These differences are partly explained by epigenetic

mechanisms.

Epigenetics is the study of mechanisms which alter DNA structure, access and

transcription without altering the underlying nucleotide sequence. DNA methylation

(DNAm), the chemical addition of a methyl group to cytosine nucleotides, is an im-

portant epigenetic mechanism that influences cell-type specificity. To date, the study of

DNAm in skeletal muscle has predominantly focused on alterations at the whole tissue

level. This may lead to misleading conclusions and may mask important DNAm changes

occurring in a subset of skeletal muscle cells.
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1 Introduction

The ability to study DNAm in purified-fibre-types of skeletal muscle helps to ad-

dress common limitations of global tissue studies. Limitations include the following: 1)

fibre-type proportions of tissues differ between individuals and between muscle samples

of the same individual; 2) skeletal muscle fibres are categorised by their functional prop-

erties into fast and slow fibres and their proportions can vary due to age, sex, training

status or biopsy location; 3) DNAm differences between cell types are larger than DNAm

differences of the same cell-type between individuals 4) skeletal muscle cells are known

to respond to exercise in a fibre-type-specific manner. Only one study to date has in-

vestigated the methylome of slow and fast skeletal muscle fibres in humans. This study

showed that muscle fibre types have a distinct methylome but was limited to a sample

size of one sample per fibre type [3].

This thesis contains the following chapters. In chapter 2, I provide a literature re-

view on the connection between cell type identity and epigenetics, and discuss the im-

portance of studying fibre-type-specific DNAm in human skeletal muscle at rest and in

response to exercise. Chapter 3 provides an overview of the ethics, participants, inter-

vention and methods encompassed in this thesis. In chapter 4, I have developed a novel

method to study both the methylome and proteome of human Type I and Type II skeletal

muscle fibres. In chapter 5, I have utilised this method to investigate fibre-type-specific

DNAm differences in Type I and Type II muscle fibres using both male and female sam-

ples. In chapter 6, I have studied the fibre-type-specific proteome of Type I and Type

II fibres from the same samples utilised in chapter 5 and compared the methylome and

proteome in a fibre-type-specific manner. In chapter 7, I assessed how exercise can shift

the methylome and proteome of Type I and Type II muscle fibres. Finally, chapter 8 pro-

vides a discussion of the results presented in this thesis and offers suggestions for future

research.
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2 BACKGROUND

The background literature in this thesis is organised into five sections with a sixth section

outlining the aims and hypotheses:

Section 1 - An overview of the importance of DNA and epigenetics in cell type

specification with a focus on the role of DNAm in cell type determination and identity.

Section 2 - A discussion on the importance of skeletal muscle in health and disease

and the beneficial role of exercise. It also provides an overview of skeletal muscle cell

type composition and the role of studying a complex tissue in terms of cell types.

Section 3 - A discussion of the role of DNAm in skeletal muscle as a mediator be-

tween environment and genetics.

Section 4 - An analysis of the current knowledge of fibre-type specific DNAm and

the fibre-type specific responses to exercise and a discussion of fibre-type specific pro-

teome differences.

Section 5 - An outline of the open questions in consideration of the literature dis-

cussed.

Section 6 - The overall aims and hypotheses of the thesis.
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2 Background

2.1 SECTION 1: FROM DNA TO MULTICELLULAR ORGANISMS

2.1.1 DNA

It is a profound moment when two reproductive cells fuse providing all the information

to produce an organism. This initial cell (known as a zygote) is set on a course of devel-

opment that will culminate in a new multicellular organism. By the late 19th century it

was hypothesised that the cell and it’s nucleus contain this information for life [2]. Ernst

Haeckel first proposed that the cell nucleus was the site that handles heritable charac-

teristics [4], suggesting that the cell nucleus is pivotal in passing information from one

generation to the next. At the end of the 19th century Walther Flemming was studying

a substance he called chromatin and showed that during cellular division (mitosis) the

chromatin in the nucleus divides ending in two daughter nuclei [5].

Around the same time Johann Friedrich Miescher had isolated a crude mixture of

DNA and protein that he called nuclein [6]. The nuclein was likely chromatin as exper-

iments confirmed that it contained both histone proteins [7] and nucleic acids [8]. The

chemical nature of DNA was determined to be made of the four nucleic acids; adenine

(A), cytosine (C), guanine (G) and thymine (T) [9]. The DNA was tightly associated with

proteins in the nucleus in structures called chromosomes, and the chromosome theory

was proposed stating that genes (a region of DNA that codes for ribonucleic acid (RNA)

or protein) are found on the chromosomes and are Mendel’s units of inheritance [10, 11].

Avery and others [12] showed that DNA was able to transform one bacteria to another

type, finally providing experimental evidence that DNA was the hereditary material con-

taining the information of life.

The DNA structure was revealed to be the four nucleic acids arranged in a helical

structure (Figure 2.1) that immediately provided a mechanism for DNA to divide and

replicate on cell division [13, 14, 15]. DNA is like a musical score that holds all the notes

required for life to develop, play and become immortalised and in 2001 after 142 years of

decoding the music of life, the first score of Homo Sapiens was published in the form of

the human genome project [16, 17]. Since this major scientific milestone there has been

an exponential increase in the understanding of the human genome.
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Figure 2.1: Helical Structure of DNA

A representation of DNA with a methyl group in black on the fifth carbon of cytosine.

2.1.2 Epigenetics

The entire score of a human is in the DNA of the very first cell. The human body builds

itself through multiple rounds of mitosis as the cells take on specific roles coded into the

DNA. Despite containing the same DNA, cells start to express different genes differenti-

ating into the different cell types that make up a multicellular organism. This process is

significantly influenced by the chemical modifications on DNA that can alter the expres-

sion of gene sets without altering the underlying DNA sequence. This has been termed

"Epigenetics". If DNA is the musical score, epigenetics can be considered the orchestra

that generates the complexity contained in DNA.

Epigenetics had its foundation in two separate ideas [18]. Waddington [19] initially

described epigenetics as the mechanisms by which phenotypes arise from a specific geno-

type and Nanney [20] added that epigenetic control systems may perpetuate expression

patterns in cells and that these can persist during cellular division. This persistence has

led others to describe epigenetics as a property that can enable a cell to retain information

of a previous event. Lappalainen and Greally "define an epigenetic property as that of a cell

mediated by genomic regulators, conferring on the cell the ability to remember a past event" [21].

Furthermore, attempts have been made to capture the diverse meanings used in the field

such as the definition suggested by Bird that epigenetics is "the structural adaptations of
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chromosomal regions so as to register, signal or perpetuate altered activity states"[22]. Despite

differences in definitions, two central questions in epigenetics research are: 1) how does

a multicellular organism form from a zygote that contains the entire genetic code [23, 24];

2) how can cell identity be maintained throughout the organisms’ lifespan [25]? The alter-

ation of chromatin structure via histone modifications, the emerging role of non-coding

RNAs in gene silencing, and the widely studied DNAm are all epigenetic mechanisms

that orchestrate the development of a multicellular organism.

Histone modifications

Each cell contains approximately 2 metres of DNA yet is packaged in to a nucleus with

a diameter of 2-20 µm. The efficiency with which the DNA is packaged into the nucleus

is due to the wrapping of DNA around histone proteins [7, 26, 27]. Histone proteins

are organised in octamers consisting of two each of H2A, H2B, H3 and H4 histones [28].

Histones have small sections of amino acid tails that can be modified via the attachment

of molecules [29]. Histone modifications have been shown to influence RNA synthesis

[30] and interact to either compact DNA in chromosomes (heterochromatin) or loosen

them (euchromatin) influencing gene expression [31].

Non Coding RNAs

Only 1-2% of the DNA sequence codes for proteins, leaving the vast majority as non cod-

ing DNA. These regions of the genome contain non-coding RNA (ncRNA) genes that can

regulate translation [32]. MicroRNAs, PIWI-interacting RNAs, small interfering RNAs,

enhancer RNAs and long non-coding RNAs are all types of ncRNAs that influence gene

expression [33]. ncRNAs can modulate epigenetic regulation but are less well understood

than histone modifications and DNAm [34].

DNA Methylation

DNAm is a chemical modification where a methyl group is bonded to the fifth carbon

of cytosine nucleotides of DNA [35] (Figure 2.1). The accumulation of 5-methylcytosine

(5mC) in humans occurs most frequently in CpG dinucleotide pairs (CpG) [36, 37]. Al-

though CpGs are relatively sparse throughout the mammalian genome, accounting for

1% of nucleotide pairs [38], CpG DNAm is important in gene expression and regula-
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tion [39]. The discovery of methylated CpGs and DNA methyltransferases [40] provide

evidence that epigenetic patterns can be maintained during cell division [41]. This mech-

anism enables a cell to pass on it’s identity to a daughter cell and illustrates an important

role of DNAm in cell differentiation and cell specification. DNAm is the focus of this

thesis and will be discussed in further detail.

2.1.3 DNAm

Developmental biologists have studied how cells divide and differentiate to form multi-

cellular organisms, and have identified the importance in the coordinated and controlled

expression of gene sets to enable the development of distinct cell types with similar mor-

phologies and functions. One mechanism by which DNAm influences cellular identity

is through gene regulation. The genomic location and frequency of methylated and un-

methylated cytosines play an integral role in this process. Regions dense in CpGs are

called CpG islands [42] and are often found in promoter and enhancer regions of genes

and are usually unmethylated [43]. Methylation of CpG islands normally represses gene

expression [44]. In contrast, DNAm in gene bodies seems to be non-repressive [45],

highlighting the complex role of DNAm. Further, emphasising this complexity is that

DNAm displays the contradictory nature of being both stable (that is, perpetuates cell

identity) and flexible, with the ability to play a dynamic role during an organism’s lifes-

pan. [46, 47]. Epigenetic regulation of the genome enables cells to develop functional

diversity [48] and DNAm is a stable epigenetic mark that enables cellular identity to be

maintained [49].

DNAm can be likened to the conductor in the orchestra, that has potential to direct

higher levels of epigenetic modifications [50] that dictate cellular identity. The picture of

an orchestra and conductor is a helpful analogy of the interplay between histone modifi-

cations and DNAm. Both play an important role in the production of the music. Likewise

histone modifications can help direct methylation of DNA and DNAm offers a scaffold

for which histone modifications can be reestablished after cellular division [51].

2.1.4 Cell Type

Robert Hooke coined the term cell in the 15th century when studying cork under mag-

nification [52], and shortly thereafter Antony von Leuwenheuk described cells as living
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entities. Further observations led to the development of the cell theory; which postulates

that all living organisms are made up of one or more cells and find their origin in a cell

[53]. In the analogy of DNA as a musical score, cells can be considered the musicians that

create the music. The musicians can be clustered into different sections with different

instruments. This is just like defining the different cell types in the human body some

similar to others and some quite different, but all of them reading off a specific part of the

music to create the whole musical piece.

There is large diversity in cell types in humans and despite containing the same

genetic sequence and starting from the same single cell, these cell types express different

sets of genes and proteins. The set of genes and proteins distinguishes the shape, size and

function of cells allowing the generation of complex tissues and organisms [54]. There is

mounting evidence that a small number of distinct transcription factors can even force

a cell to switch fate [55]. The definition of cell type has been proposed to contain three

parts: a cell type is defined based on phenotype; a cell type has a particular historical

lineage; and cell types have particular cell states which can respond to stimuli [56]. Mak-

ing things more difficult, even within a cell-type there is heterogeneity and cells can be

further divided into sub-populations of cells [57, 58]. Skeletal muscle fibre types are a key

example of such a subdivision with three distinct fibres types [59] (to be further reviewed

in later sections).

The fate of a cell’s identity is greatly influenced by epigenetic mechanisms [60]. As

earlier highlighted, epigenetic mechanisms are key to maintaining altered activity states

of genes required for cell type determination [22]. The Roadmap Epigenome Project aims

to characterise epigenetic patterns of the multitude of cell types in the human body in-

dicating the importance of epigenetic regulation of cell type [61]. A basic function of

DNAm is in altering gene transcription state. During germ line development there is

large de novo methylation that helps cell specification [62] and experiments have shown

that DNAm is important during cell lineage determination [63]. A key aspect of cell iden-

tity is that a particular cell state can remain stable over time [56]. DNAm in somatic cells

tend to be more stable than during development [64] and DNAm patterns are a form of

memory that is passed on to daughter cells [65, 66]. It is no surprise then that studies

of DNAm are often strongly confounded by cell type and sub cell type populations of

samples. Greater differences in DNAm have been reported between cell types of a given
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individual than between individuals for a given cell type [67]. In recent years there has

been a surge in the number of studies reporting the generation of cell type atlases of DNA

methylation [49, 68].

2.1.5 Key Point 1

Complex tissues are composed of numerous cell types each with a specific function. Even

within a set cell-type there exists sub-cell types and specific cell states. The coordinated

expression of gene sets helps dictate cell identity, and DNA methylation is a crucial epige-

netic modification that assists in maintaining a stable cell identity through coordination

of gene transcription.

2.2 SECTION 2: SKELETAL MUSCLE

2.2.1 Skeletal Muscle in Health and Disease

Skeletal muscle is vital for movement, posture and metabolism and comprises approxi-

mately 40-60% of body mass. One of the first major milestones in human development

is the ability to walk and the capacity to maintain this is fundamental to autonomy and

health. To initiate movement skeletal muscle uses specialised cells, called muscle fibres

(also known as a muscle cell), that contract and relax pulling on the skeleton. The skeletal

muscle fibres comprise the largest part of muscle tissue and are the focus of this thesis,

however a brief discussion of skeletal muscle composition is provided. The deterioration

of muscle mass and muscle fibres with age or disease and the concomitant rise in muscu-

loskeletal and metabolic diseases highlights the importance of studying skeletal muscle

health [69, 70, 71, 72].

A distinguishing feature of skeletal muscle is its high proclivity for adaptation and

regeneration [73]. This response is largely driven by the stem cell of muscle, termed the

satellite cell [74], which maintains the ability to differentiate toward a mature myogenic

cell or divide, forming a daughter cell [75, 76, 77]. Satellite cells play an important role

in muscle maintenance and growth [78], and contribute to fibre regeneration and repair

[73, 79]. Upon insult, quiescent satellite cells are activated and fuse with muscle fibres

contributing new myonuclei to the fibres [75]. Another feature of muscle is the sub-
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stantial requirement for blood delivery at rest and during activity [80, 81]. As a result,

skeletal muscle is highly vascularised to enable efficient delivery of oxygen and nutrients,

and removal of waste [82, 83]. There is growing evidence that the endothelium plays a

role in skeletal muscle regeneration and maintenance [73, 84]. Interactions between the

mono-nucleated cells and multi-nucleated muscle fibres have been reported during mus-

cle regeneration [73], however, their interplay and contribution to muscle maintenance

and adaptation remains relatively unknown.

Muscle is an important metabolic organ with a basal metabolic rate approximated

to use 20% of energy at rest [85]. Muscle is a major store of glycogen and protein both

important for vital bodily functions [86, 87]. A decline in skeletal muscle mass is linked to

a decline in metabolic health [88]. There has been a rise in the prevalence and burden of

metabolic syndrome [89]: defined as a disease associated with a clustering of the follow-

ing conditions; increases in insulin resistance, excessive adipose deposits, hypertension

and an imbalance of lipids [90]. Skeletal muscle is one of the most important tissues for

insulin stimulated glucose uptake and dysregulation of insulin action in muscle is a main

contributor to metabolic syndrome [91]. Further studies of skeletal muscle metabolism

may provide insight in how to counteract the burden of metabolic disease.

The decline in physical performance with age is associated with a decline in muscle

mass [69]. However, the decline in muscle mass is not the sole contributor to this decline,

with other aspects of muscle health such as strength, muscle integrity and altered muscle

metabolism also contributing. Evidence suggests that mitochondrial dysfunction with

age is also a factor in sarcopenia [92]. There is a need to further understand the molecular

mechanisms underpinning skeletal muscle health throughout the lifespan.

2.2.2 Adaptations of Skeletal Muscle to Exercise

Outside of the changes occurring during development, growth and ageing, skeletal mus-

cle shows a dynamic plasticity in response to environmental stimuli, in particular muscle

shows a potent response to exercise. As a result exercise is an ideal model to study skele-

tal muscle adaptations and muscle biology.

The adaptation of muscle to exercise has been extensively studied in both mouse

and human models. Exercise induces angiogenesis, changes the composition of muscle-
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fibres, alters substrate utilisation in muscle, and stimulates muscle and endocrine cross-

talk [93]. Skeletal muscle undergoes both morphological and metabolic changes due to

exercise, with an increase in oxidative capacity, muscle mass and muscle strength due

to both resistance and endurance training [94, 95, 96]. Exercise can lead to increases in

muscle mass [97], improvements in endurance capacity [98], and evidence is accumu-

lating that exercise can be used to treat a range of chronic diseases [99]. At a molecular

level, recent studies have highlighted the transcriptomic and proteomic changes in skele-

tal muscle after exercise [100, 101]. These studies are revealing the beneficial effects of

exercise in skeletal muscle health. The importance of exercise is highlighted by findings

that physical inactivity is a major risk factor for poor health and in the establishment of

a global action plan on physical activity [102]. There is a continued need to understand

how exercise and physical activity leads to improved muscle health.

2.2.3 Cell-Type Composition of Skeletal Muscle

Skeletal muscle is a heterogeneous organ comprised of diverse cell types, such as multi-

nucleated muscle fibres, and a population of mononucleated cells [103, 104, 105, 106, 107].

Muscle forms from the fusion of myogenic progenitor cells as a result of the coordinated

expression of myogenic factors [108]. These progenitor cells differentiate and fuse to form

muscle fibres or retain stem-like properties to initiate future repair and growth [76, 77].

This enables muscle to maintain plasticity outside of development with a large ability to

regenerate and adapt to environmental cues. Although the majority of the structure and

protein of muscle tissue comes from muscle fibres, myonuclei may only make up 50% of

the nuclei in muscle tissue [109].

Human skeletal muscle consists of three distinct muscle fibre types categorised by

their expression of distinct myosin heavy chain (MYH); Type I (slow-twitch, oxidative),

Type IIa (fast-twitch, oxidative-glycolytic-intermediate), Type IIx (fast-twitch, glycolytic)

fibres, and a further collection of hybrid fibres [59]. Muscle contraction and function is

primarily driven by muscle fibres [110], but is also dependent on the additional functions

of the mono-nucleated cells resident within the muscle. Three important structures sup-

porting muscle fibres are the extracellular matrix (ECM) [111], the muscle vasculature

and the nerve supply. These structures and their cell types play a coordinated role in the
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regeneration of injured skeletal muscle as outlined recently [73]. The following section

briefly summarises the resident cells in skeletal muscle (Figure 2.2).

Figure 2.2: Cell-Types of Skeletal Muscle

A representation of skeletal muscle and key resident cell types.

Muscle Fibres

Muscle fibres are multi-nucleated cells that form when myoblasts fuse [112]. The resul-

tant nuclei of the muscle fibre are called myonuclei and are located at the periphery of

muscle fibres. Human skeletal muscle consists of three distinct muscle fibre types as cate-

gorised by their expression of MYH; Type I, Type IIa, Type IIx, and a further collection of

hybrid fibres [59]. Muscle fibres contain the highly specialised contractile proteins actin

and myosin that form cross-bridges leading to muscle contraction. There are morpho-

logical and functional differences in the action of myosin and actin in the different fibre

types. Muscle fibres are the main focus of this work and are outlined in further detail in

Section 4.
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Fibroblasts

Although muscle fibres spatially constitute the majority of muscle tissue, the ECM plays

an important role [113]. Skeletal muscle fibres are surrounded by and intertwined with

a structure of support comprising approximately 10% of muscle mass [111]. The ECM

contains multiple cell types: stem-like cells, endothelial cells, resident immune cells, fi-

broblasts and nerve-related cells. Fibroblasts secrete collagens that maintain the ECM

enabling it to support the micro-environment of muscle and enable movement [113, 114].

Satellite Cells

A distinguishing feature of skeletal muscle is its high propensity for adaptation and re-

generation [73]. Muscle contains multiple progenitor cell types that can form various

tissue structures assisting in the process of adaptation. These cells are referred to as mus-

cle stem cells and include satellite cells, mesenchymal stem cells and fibroadipogenic

progenitor cells. Satellite cells (SCs) lie between the sarcolemma and the outer mem-

brane of muscle fibres [74]. The satellite cell is called the stem cell of muscle, with the

ability to differentiate toward a mature myogenic cell or to divide into a daughter cell

[75, 76, 77, 115]. During skeletal muscle development, SCs provide the source of mature

muscle cells that can fuse to form muscle fibres. SCs constitute 2-5% of adult skeletal

muscle and can be identified by the expression of paired box protein 7 (Pax7) [116]. In

postnatal skeletal muscle, SCs normally remain quiescent, but after muscle insult become

activated and contribute to fibre regeneration and repair [79], and are indispensable for

muscle regeneration [117].

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) were first isolated and identified from bone marrow

[118, 119] and have since been shown to have myogenic, angiogenic and neurogenic po-

tential [120]. MSCs have been isolated from skeletal muscle [121, 122] and can differen-

tiate into multiple cell lineages. These cells have the potential to contribute to skeletal

muscle regeneration and have application for skeletal muscle tissue engineering [123].
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Fibro-adipogenic Progenitor and Twist Progenitor Cells

Fibro-adipogenic progenitor cells (FAPs) are a mesenchymal cell population resident in

skeletal muscle [124, 125]. FAPs have the potential to form both adipocytes and fibrob-

lasts and contribute to muscle regeneration [124]. Twist 2 positive cells found in the

interstitium of skeletal muscle may be involved in muscle regeneration [126, 127].

Endothelial Cells and Pericytes

Skeletal muscle is highly vascularised [128] enabling oxygen and nutrient delivery and

removal of waste. Two cell types associated with blood vessels in muscle are endothelial

cells and pericytes. Endothelial cells line the walls of blood vessels and may comprise a

quarter of muscle nuclei [109]. Angiogenesis and neo-vascularisation in skeletal muscle

in coordination with endothelial cells may contribute to muscle regeneration [129, 130].

Pericytes surround endothelial cells of small blood vessels [131] and maintain a

close association in rodent and human skeletal muscle [132]. In skeletal muscle pericytes

and satellite cells lie in proximity and pericytes have the potential to fuse with muscle

fibres during regeneration [133, 134]. Evidence suggests that pericytes contribute to post-

natal myofiber growth and satellite cell quiescence [135].

Immune Cells

Immune cells are produced in specialised immune organs but reside in other tissues [136].

Macrophages reside in all tissues [136] and have been identified in both healthy and

regenerating mouse and human skeletal muscle [137, 138, 139]. Macrophages may lead to

the activation of satellite cells and promote muscle growth and repair [140, 141]. Immune

cells identified in muscle are neutrophils, macrophages, regulatory T-cells, eosinophils,

B cells and natural killer cells [73, 103, 106]. The finding that macrophages support the

co-ordination of myogenesis and angiogenesis during muscle regeneration highlights the

need to study muscle cell type interactions in skeletal muscle [142].

2.2.4 Key Point 2

Skeletal muscle is an important tissue for maintaining a high quality of life. Muscle is a

complex tissue composed of numerous cell types many of which provide muscle it’s abil-
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ity to increase in size. Skeletal muscle fibres make up a large portion of muscle and can

be further divided in to distinct fibre types. The improvement in sensitivity to measure

molecules from low input biological material has led to numerous studies investigating

differences between groups of cells. There is growing interest in assessing cell type and

fibre type differences and interactions in human skeletal muscle.

2.3 SECTION 3: DNA METHYLATION & SKELETAL MUSCLE

2.3.1 DNAm Regulation of Skeletal Muscle

DNAm is an important epigenetic modification that coordinates the development of cell

types [66]. Skeletal muscle is an important model for studying the role of DNAm in

cell specification and tissue (muscle) development. The forced reprogramming of mouse

embryonic cells to striated muscle like cells after treatment with 5-Azacytidine (5-Aza)

provided some of the earliest evidence of the importance of DNAm to cell identity [143].

The action of 5-Aza was the inhibition of DNAm. Experiments showed that with a higher

concentration of 5-Aza there was an increased inhibition of DNAm and a subsequent in-

crease in the number of reprogrammed muscle cells [144]. The application of 5-Aza with

the forced expression of myoblast determination protein 1 (MyoD) was able to convert

somatic fibroblast cells to myoblasts [145]. More recent work has reported an improved

efficiency to directly reprogram mouse fibroblasts to muscle progenitor cells by using key

epigenetic modulators [146, 147]. Indicating that DNAm is regulating cell identity during

differentiation in skeletal muscle [148].

These data provide strong experimental evidence explaining the role of DNAm in

cell type identity in skeletal muscle. DNAm in skeletal muscle appears to function by

changing both the transcription of RNA and translation of proteins. Seminal work has

shown that cells with a lower level of methylation in enhancer regions of MyoD in mouse

have have high levels of MyoD expression [149]. Further experiments have linked a hy-

pomethylation in muscle cells in myogenic genes to increased protein expression of myo-

genic proteins [150, 151]. For example, the demethylation of the Myf5 super enhancer in

muscle cells increases gene expression of Myf5 and initiates the myogenic program [148].

Numerous cell culture studies have established a clear link between DNAm and altered

gene activity in muscle [152]. A recent atlas of skeletal muscle development confirms that
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DNAm affects gene expression during muscle development [153]. Outside of develop-

ment a number of studies have investigated DNAm and transcription in skeletal muscle

in a number of different contexts.

2.3.2 Factors associated with DNAm changes in Skeletal Muscle

The study of DNAm in skeletal muscle has identified a number of factors associated with

changes in DNAm, such as age, diet, disease and exercise.

Ageing

Studies have shown there is a difference in methylomes between old and young skeletal

muscle with increased hypermethylation in older muscle [154, 155], and this has also been

found in differentiating human-derived cell cultures [156]. DNAm increases globally

during ageing in both mouse and human myogenic cell cultures and increased DNAm in

muscle stem cell quiescence pathways reduces the capacity for stem cell self-renewal in

older muscle [157]. Epigenetic discordance between mono-zygotic twins increases dur-

ing ageing in skeletal muscle as a result of environmental stressors and stimuli expe-

rienced differently by the twins throughout their lives [158]. Our laboratory and others

have recently reported widespread DNAm changes associated with ageing in key muscle

genes [159, 160].

Sex

There are significant sex differences in skeletal muscle; such as size [161], metabolic [162]

and functional differences [163]. At the molecular level there are global differences in the

transcriptome between males and females [164, 165]. Experiments assessing human de-

rived myoblasts have shown differences between male and females in DNA methylation

and gene expression in genes involved with energy metabolism [166]. Our group has re-

ported extensive DNAm differences between males and females in skeletal muscle, with

a greater overall hypomethylation in male muscle and DNAm sex differences in genes

involved in substrate metabolism [167].
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Health and Disease

The role of DNAm in health and disease is a burgeoning field of study. Numerous papers

report on associations between DNAm and a number of diseases, such as cardiovascular

disease and Type 2 diabetes (T2D) [168]. There is evidence showing that DNAm plays

a role in type 2 diabetes [169]. DNAm differences have been reported in skeletal mus-

cle of individuals with and without a family history of T2D [170], and twins discordant

for T2D have differences in DNAm [171]. Targeted analysis of DNAm differences in

skeletal muscle between normal and diabetic participants revealed hypermethylation in

PGC1-α in diabetic participants with a corresponding reduction in mitochondria [172].

Differences in DNAm in diabetic individuals may be linked to diet induced changes in

DNAm. Differences in skeletal muscle DNAm have been reported after six weeks of a

high fat diet compared to a control diet [173]. Although associations have been identified

between health outcomes and DNAm within skeletal muscle, there is a large need for

further investigations into the role of DNAm and skeletal muscle health.

Exercise and Physical Activity

Epigenetics is thought to mediate muscle tissue changes in response to exercise. Seminal

work by Barres and others [174] investigating DNAm in human skeletal muscle after an

acute bout of exercise reported a global decrease in DNAm, which was exercise dose-

dependent and resulted in increased gene expression of key genes in muscle metabolism

(PGC1α, PDK4 and PPARδ). Using genome-wide methods, further studies have investi-

gated the impact of both endurance and resistance training on DNAm [170, 175, 176, 177]

Some have reported no overall global changes in DNAm as a result of exercise [176],

while others reported an increase in hypomethylation after training [170, 177]. Endurance

exercise increased DNAm at enhancers of the myogenic regulatory factors (MRFs), which

was unexpected as increased methylation should lead to transcriptional repression [175].

The study reporting no changes in DNAm after 12 weeks of HIIT, did however report

gene expression changes [176]. This indicates an incomplete understanding of the in-

terplay between DNAm and gene expression in the context of exercise, and a reason to

further study DNAm in muscle. It has been reported that there is a greater hypomethyla-

tion after a second resistance training intervention compared with an initial intervention

[177, 178], suggesting that the methylome encodes a cellular memory of previous exer-

cise. However, the capacity for DNAm to mediate a memory of previous exercise remains
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to be firmly established. Literature so far suggests that exercise may alter DNAm patterns

in muscle.

Another consideration when studying skeletal muscle adaptations to exercise is

the different response of females and males to varied stimulus. It has been reported

that there are sex differences in response to both resistance exercise [179] and endurance

exercise [180] between males and females. For example, it appears that females have

higher expression of key metabolic enzymes after endurance training [180]. Different

responses to exercise in male and female muscle may be driven by differences in DNAm

and exercise may lead to sex-specific DNAm changes. Our laboratory has conducted a

DNAm assessment of sex specific changes to exercise, and reported no changes in DNAm

after four weeks of exercise [181]. However, due to notable sex differences in DNAm at

baseline, future studies that involve exercise should consider sex-specific differences and

aim to recruit both males and females.

2.3.3 Key Point 3

DNAm plays an important role in cell identity and specification in skeletal muscle. Along

with this, a number of factors are associated with changes in DNAm in whole skeletal

muscle samples, however, the interpretation of DNAm changes in bulk muscle is chal-

lenging due to the important role of DNAm in both fibre sub-populations and cell types.

The following section describe the importance of studying skeletal muscle in a fibre-type

specific manner by highlighting that skeletal muscle fibre-type differences are apparent

in multiple contexts, suggesting the need to extend the study of skeletal muscle DNAm

to muscle fibre types.

2.4 SECTION 4: SKELETAL MUSCLE FIBRES

2.4.1 Skeletal Muscle Fibres in Focus

Skeletal muscle initiates and maintains movement, and is vital for maintaining a high

quality of life. The energy demands of skeletal muscle increases dramatically during

physical activity with an estimated 100 fold increase with exercise [182]. The performance

of muscle is largely driven by skeletal muscle fibres as previously described [183]. In
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human muscle these fibres have been characterised into three distinct sub-types each

with a distinctive functional and metabolic phenotype [59]. The demands during long

sustained or short powerful movements rely on the capacity of either Type I slow or

Type II (TIIa/TIIx) fast skeletal muscle fibre types respectively. Type I fibres are more

predominant in endurance athletes and Type IIa/Type IIx fibres are more abundant in

power-based athletes [184]. Skeletal muscle fibres make up the bulk of muscle tissue

although a number of other cell types are present in muscle [103, 106]. It is estimated

that muscle fibres contribute 50-70% of the nuclei in skeletal muscle depending on the

muscle and the animal [109, 185, 186, 187]. Skeletal muscle fibres have been extensively

studied due to their importance to muscle performance, and this section briefly describes

the differences between Type I, Type IIa and Type IIx fibres.

Size, function & metabolic differences between fibre types

Initial studies of skeletal muscle fibres were conducted on cross-sections of muscle. The

cross-sectional approach to study skeletal muscle fibres restricts studies predominantly

to questions of size and distribution. Type II muscle fibres are larger than Type I fibres in

male muscle with fibre size observed in the order TIIa > TIIx > TI [188, 189, 190], how-

ever in females the results are mixed [188, 191, 190]. A number of studies indicate fibre

type size differences in the order TI > TIIa > TIIx in female muscle [188]. Moving beyond

cross-sectional area, a number of studies have extensively studied single fibre functional

and metabolic properties in human skeletal muscle. Type IIa and Type IIx muscle fibres

have higher maximum shortening velocities and maximum power output compared to

Type I fibres [192, 193]. The metabolic properties of skeletal muscle fibre types have

been well documented. The volume of mitochondria differs in muscle fibre types with

a higher mitochondria volume in the following order TI > TIIa > TIIx [194], and Type I

fibres have more interconnected mitochondrial networks than Type II fibres [195, 196].

These mitochondrial differences are accompanied by differences in energy metabolism

between the muscle fibre types [183]. Type I muscle fibres rely on oxidative metabolic

systems and have been shown to have higher levels of succinate dehydrogenase (SDH)

and 3-hydroxyacyl-CoA-dehydrogenase (HAD) than Type II fibres [197], and Type II fast

fibres have higher levels of glycogenolysis enzymes than Type I fibres [198]. The dif-

ferences in contractile and metabolic properties of the muscle fibre types enable muscle
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to perform varied movements from long sustained to short powerful contractions, and

there is evidence that the muscle fibre types utilise energy systems differently.

2.4.2 Factors influencing fibre-type in skeletal muscle

Ageing

The effects of ageing appear to differ between the fibre types. Skeletal muscle mass de-

creases during ageing and is attributed to a loss of motor-neuron number which results

in a loss of muscle fibre number and a reduction in muscle fibre size [199, 200]. The ev-

idence has been conflicting regarding Type I muscle fibre changes in size with ageing,

a recent review concludes that Type I fibre size does not change with ageing [201]. In

contrast, Type IIa/TIIx fibre size decreases with age in both men and women [201]. The

functional properties of skeletal muscle fibres aligns with the reductions in size, with a

Type I fibre contractile function maintained with age, however, Type IIa/TIIx fibres have

a reduction in contractile function with age [201]. Interestingly, a study examining sin-

gle fibres in 90 year-olds report greater contractile properties in both Type I and Type IIa

skeletal muscle fibres in advanced age compared with 20 year-olds, suggesting that the

quality of remaining muscle fibres is high [202]. In addition to size and contractile func-

tion, Type II fibres have reduced metabolic properties with age [203]. Recent proteomics

identified a reduction in glycolytic proteins in Type II fast fibre populations compared

with Type I fibres, offering further evidence for a greater loss of function in Type II fibres

with age [203].

Sex

Cell composition of muscle may also vary between males and females. Females have a

tendency for higher proportions of Type I fibres compared to males and a greater area

of muscle is composed of Type IIa fibres in males compared with a greater area of Type

I fibres in females [190, 204]. Muscle fibre cross sectional area is larger in males than

females for both Type I and Type IIa fibres [205]. There appears to be a difference in satel-

lite cell distribution between females and males, with females showing a lower satellite

cell content of Type II compared with Type I fibres and females had a lower content of

SCs in Type II fibres compared to males [206]. Evidence from our laboratory suggests
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differences in DNAm between the sexes in skeletal muscle and indicated that fibre type

proportion differences between males and females may explain DNAm differences [167].

2.4.3 Transcriptomic & Proteomic differences between Fibre Types

The study of molecular differences between skeletal muscle fibre types have increased

with high-throughput transcriptomics and proteomics. Gene expression differences be-

tween skeletal muscle fibre types have been investigated in rodent muscle [207], and a

number of genes were differentially regulated between the fibre types in mouse muscle

[208]. The study of single fibre and pooled fibre type proteomics has progressed in the last

10 years with improvements in technology. Single fibre and pooled fibre type proteomics

has revealed fibre-type specific protein patterns in Type I, Type IIa and Type IIx muscle

fibres in human skeletal muscle, with clear differences in key contractile and metabolic

proteins [209, 210]. A recent pre-print reported both a transcriptomic and proteomic sin-

gle fibre analysis on Type I, Type IIa and Type IIx fibres [211]. Their results confirmed

that Type I and Type IIa fibres have distinct contractile and metabolic proteomes and

transcriptomes, however they challenged the conventional wisdom of a distinct Type IIx

fibre population [211]. The study of fibre-type proteomics and transcriptomics has the

ability to identify changes that can not be seen using whole muscle samples [212]. The

recent data indicates the need to also assess fibre-type specific DNAm in human skeletal

muscle.

2.4.4 DNAm regulation of Skeletal Muscle Fibre Types

DNAm profiles of skeletal muscle fibre types are not well characterised. The only study

to assess DNAm differences between Type I and Type IIa human muscle fibres reported

DNAm differences in key muscle-related genes [3]. However, this study did not assess

fibre type profiles of females or Type IIx fibres, and they did not assess individual vari-

ation. A more recent study assessed DNAm differences between fast and slow muscle

fibres in mouse muscle [213] showing a similar set of differentially methylated genes as

Begue and others [3]. Oe and others identified a strong hypermethylation of promoters

particularly in slow fibres [213]. The importance of muscle fibre-type on DNAm is fur-

ther highlighted by a comprehensive study that attempted to integrate diverse omic data

sets to link DNAm with gene expression. The authors assessed the correlation between
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gene expression, DNAm and physiological traits in human skeletal muscle, and found

that controlling for tissue composition and fibre type reduced the number of associations

identified between genes and DNAm sites [214]. The authors did not isolate single fi-

bres to assess fibre-specific DNAm differences. Current methods to adjust for fibre type

and cell type heterogeneity in DNAm studies of whole muscle tissue are limited. Com-

menting on results from their comprehensive study, Taylor and others [214] provide the

following insight into future research, "Overall, these results emphasise the importance of tis-

sue/cell type composition as a component of physiological traits and the need for single cell data,

either for the study of samples or as a source of cell type signatures for more accurate estimates of

tissue composition". [214]. As earlier discussed, recent work from our laboratory made a

similar observation that fibre type proportion was an underlying explanation for sex dif-

ferences in DNAm, indicating the importance of fibre-type identity on DNAm patterns.

2.4.5 Fibre-Type-Specific Changes of Muscle to Exercise

Size & distribution

The role of exercise on morphological changes such as fibre size, proportion and distri-

bution have been extensively investigated using microscopy throughout the latter half of

the 20th century. In 1972, Gollnick and others [215] compared Type I and Type II fibre

percentages in men with a history of sustained participation in a variety of sports. Their

study showed that men who took part in endurance like sports had a higher percentage of

slow-twitch fibres (Type I) compared to resistance/sprint trained men or untrained men

[215]. Inversely resistance/sprint trained men had a higher percentage of fast-twitch fi-

bres (Type II) than endurance trained men. The results suggest that the mode of exercise

may influence the structure of muscle tissue in a fibre specific manner.

Subsequent intervention studies have shown that skeletal muscle fibres have the

ability to shift in response to endurance and resistance based exercise training. There is

a tendency that the proportions of Type IIx fibres decrease with a subsequent increase in

Type IIa fibres after high intensity and moderate endurance training [216, 217, 218, 219,

194, 220, 221, 222]. Both short and long term resistance training results in an increase in

fibre size with a preference for an increase in Type II fibre area [223, 224, 225, 226], and

a similar muscle fibre shift away from Type IIx toward Type IIa [227, 228, 229, 230, 231,

232, 233]. Hybrid and intermediate fibres also change as a result of exercise [234, 235].
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Studies also confirm that resistance and exercise training cause a shift in fibres in hybrid

fibre populations, with an increase in Type I and Type IIa fibre populations however no

change in Type IIx [236].

Contractile function

Observational studies assessing lifelong exercise on single muscle fibre properties have

shown that despite the ageing cohorts, exercise leads to higher force production in muscle

fibres [237]. Gries and others [238] showed that in elderly women who had undertaken

lifelong exercise fibre power, strength and speed were maintained despite reductions in

Type IIa fibre size. Resistance exercise improves contractile properties of single muscle

fibres with improvements in contractile velocity and power in both Type I and Type IIa

fibres in men [239] and increases in absolute power in older women [240]. Resistance

training has been shown to improve the specific force and shortening velocity of sin-

gle fibres in females [241]. However, evidence for a change in contractile properties in

the elderly after resistance exercise is conflicting with some showing improved contrac-

tile properties and others showing no improvements [242, 243]. There is also evidence

that endurance exercise leads to fibre specific changes in contractile function. Marathon

training decreased both Type I and Type IIa muscle fibre size whilst contractile function

remained unchanged [244], however aerobic training in elderly women increased the

power of Type I fibres but not Type IIa fibres [245]. In both young and elderly males 12

weeks aerobic training increased contractile power of Type I fibres, but contractile power

of Type IIa fibres only increased after exercise in elderly males [246]. There is evidence

that fibre contractile properties are influenced by exercise in a fibre-type-specific manner

and that there are both age and sex specific adaptations.

Metabolic function

Exercise induces fibre-type specific metabolic responses of skeletal muscle, many of which

are related to energy substrate utilisation. Sprint training alters adenosine triphosphate

(ATP), phosphocreatine (PCr) and glycogen more in Type II fibres compared to Type I

fibres [247]. Further studies showed an increased utilisation of PCr in Type IIx and Type

IIa fibres with utilisation of ATP only in Type II fibres and not in Type I fibres during

short maximal exercise [248]. Glycogen content of Type II fibres is dramatically decreased
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compared to Type I fibres in response to high intensity exercise [249, 250]. The fibre-

type differences in metabolic substrate utilisation during exercise are firmly established.

Studying purely whole muscle limits the ability to determine fibre-type specific metabolic

changes to exercise and future work should investigate the role of DNAm in regulation

of fibre-type metabolism.

Proteome & Transcriptome

A number of studies have reported the transcriptome and proteome differences of fibre

types using either single or pooled muscle fibres [210, 251]. The study of fibre type spe-

cific mRNA changes have revealed that aerobic exercise causes an increase in the num-

ber of fibres expressing MYH7 and a reduction in the number of fibres expressing MYH2

[252]. An acute session of resistance exercise increased the expression of proteolytic genes

in both Type I and Type IIa muscle fibres, with Type I fibres having a higher expression

both at rest and after exercise [253]. The assessment of the transcriptome after resistance

exercise showed that Type IIa fibres had a significant increase in gene expression com-

pared with Type I fibres [254]. On the level of proteins, protein synthesis rates differ be-

tween Type I and Type II fibres after resistance exercise [255]. A recent study assessed the

proteome after endurance exercise and reported differential responses of Type I and Type

II muscle fibres [210]. The results of transcriptomic and proteomic studies investigating

the response of muscle fibre types to exercise is beginning to reveal the underlying molec-

ular adaptations driving global skeletal muscle changes. As of yet a global assessment of

the methylome after exercise has not been investigated and is warranted considering the

clear fibre-type specific responses to exercise.

2.4.6 Key Point 4

Skeletal muscle enables both fast powerful and slow sustained movements and the en-

ergy demands of muscle increase with exercise. Skeletal muscle fibre types enable these

different movements and energy abilities of muscle and exercise causes fibre-type-specific

responses of muscle. There is growing evidence that muscle causes specific fibre type

transcriptomic and proteomic changes. To date no studies have investigated the poten-

tial shifts in methylation of muscle fibres after exercise and studying changes in DNAm

in whole skeletal muscle might mask interesting fibre-type DNAm changes to exercise.
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2.5 SECTION 5: OPEN QUESTIONS

Appreciating that skeletal muscle is a heterogeneous tissue and considering the role

DNAm plays in perpetuating cell identities, there is a need to identify fibre-type DNAm

profiles of human skeletal muscle. To our knowledge, the challenge of studying DNAm

in a fibre-type specific manner in human muscle has been restricted to one individual

study assessing the differences of Type I and Type II muscle fibres [3]. The study was

restricted to a sample size of one and did not investigate fibre-type specific DNAm in

female muscle. Future research in skeletal muscle should aim to broaden studies to in-

clude both males and females and include multiple samples. There is a pressing need to

extend the study of DNAm in skeletal muscle fibre types considering the evidence that

skeletal muscle function, metabolic properties, the proteome and the transcriptome differ

between the fibre-types.

The nature and role of the epigenetic landscape is still developing, and although

integral to cell specification, evidence is growing that the environment has an effect on

the epigenome [256]. Studies should also assess the impact of the environment on the

epigenome of both fibre-types. As indicated earlier, fibre-type variations are major fac-

tors to consider in DNAm studies in exercise and muscle adaptation. Studies have shown

that muscle responds to exercise in a fibre-type-specific manner. For example, different

modes of exercise cause fibre-type changes, such as growth [257], and shifts in fibre-type

proportions [258]. Specifically, HIIT has been shown to decrease the quantity of Type

IIx fibres [219], and cause enzymatic changes in Type IIa fibres [259]. The findings de-

scribed in the previous sections highlight the need to study fibre-specific DNAm changes

in response to exercise.
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2.6 SECTION 6 AIMS AND HYPOTHESES

The aims of this doctoral thesis presented in the following chapters were:

1. To improve existing methods for the extraction of DNA and protein from pooled

Type I, Type IIa and Type IIx skeletal muscle fibre segments.

I expect that we can isolate DNA and protein from pooled muscle fibre types with-

out cutting the fibre using an approach that is scalable.

2. To determine the DNAm profiles of Type I, Type IIa and Type IIx muscle fibres in

male and female skeletal muscle.

I expect that Type I, Type IIa and Type IIx muscle fibres will have distinct methy-

lomes that are not influenced by sex and that such methylomes can be utilised as a

reference for future work.

3. To identify differential shifts in DNAm between Type I, Type II muscle fibres before

and after 12 weeks of HIIT in male and females.

I predict that 12 weeks HIIT will alter the methylome in Type II muscle fibres in

key genes involved in mitochondrial function and that this will be reflected in mi-

tochondrial networks.

4. To compare fibre-type specific DNAm results with fibre-type specific proteome data

extracted from the same sample before and after 12 weeks of HIIT.
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3 MATERIALS & METHODS

3.1 ETHICS, PARTICIPANTS AND STUDY DESIGN

3.1.1 Ethics approval

This study was approved by the human ethics and research committee at Victoria Uni-

versity (HRE13-223, HRE21-122). Written and informed consent was obtained from all

participants prior to commencement.

3.1.2 Participants

Fifteen healthy, non-smoking, young males (n=8) and females (n=7) volunteered to par-

ticipate in the study (participant characteristics are summarised in Table 5.1). A de-

tailed medical history was taken on the first visit and participants were excluded if they

had a history of the following medical conditions: coronary heart disease, significant or

chronic respiratory conditions, major musculoskeletal problems, uncontrolled endocrine

or metabolic disorders or diabetes requiring insulin. Presence of the following additional

criteria led to the exclusion of participants from the study: females taking hormonal con-

traceptives, currently pregnant or breast feeding and any participant non-compliant with

the training intervention.

3.1.3 Study design

This thesis was part of the ongoing Skeletal Muscle Adaptive Response to Training (Gene

SMART) study and was designed accordingly [260]. Participants completed familiarisa-

tion (see section Familiarisation visit) and exercise testing prior to the commencement of

training. The complete study design is outlined in Figure 3.1. All participants completed

twelve weeks of High Intentisy Interval Training (HIIT) that consisted of 36 individual

sessions (three times per week) on a Velotron cycle ergometer (Velotron Dynafit Pro, Rac-

ermate, Inc., Seattle, WA, USA). Each training session consisted of six to fourteen bouts

of two minute cycling intervals (performed at individually determined workloads) inter-

spersed with one minute active rest intervals (performed at 30-60 Watts). Muscle biopsies

27



3 Materials & Methods

were taken before, at four weeks, and at twelve weeks at the completion of the training

program. All muscle biopsies were collected 48 hours after testing/training.

Figure 3.1: Study Overview

An overview of the study design showing testing, training and biopsy timepoints.

Standard set-up of the COSMED system

Prior to each graded exercise test (GXT) and maximal oxygen uptake (VO2peak) test the

COSMED gas analysers were calibrated with calibration gases and the flow turbine (COSMED)

was calibrated with a 3L calibration syringe following the COSMED calibration program.

The COSMED mixing chamber application was used for all V02 measurements

Familiarisation visit

On the day of the first visit, participants completed medical screening and genetic back-

ground questionnaires, and were provided the opportunity to discuss the study with

research staff before giving written informed consent of participation. The participants

then completed a familiarisation session of a GXT and VO2peak test as outlined below.

After each exercise test and biopsy visit, participants were provided a small UP and GO

(Sanitarium) liquid based meal to aid in recovery.

Graded exercise test (GXT)

During the second and third visits, participants completed one GXT to exhaustion to

determine baseline lactate threshold (LT) and peak aerobic power (Wpeak). The GXT

was performed at the same time as the VO2peak test. The test was performed on an

electronically-braked cycle ergometer (Lode-Excalibur Sport, Groningen, the Netherlands)

and consisted of four minute stages separated by 30 s rest periods until exhaustion. Be-

fore commencement, during each 30 s rest, and at exhaustion, capillary blood was sam-

pled from the fingertip and analysed for whole blood lactate (La) and glucose concen-
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trations on a YSI2300 STAT Plus system (Yellow Springs, Ohio, USA). For female partic-

ipants the test started at either 25 or 50 depending on results from the familiarisation

test. Likewise, male participants started at 30 , 60 or 120 W. Each four minute stage was

increased by either 25 W or 30 W for females or males respectively. The participant wore

a COSMED silicone face mask attached to the COSMED metabolic system and VO2 was

measured for two minutes during stationary rest and for the first three stages of the GXT.

LT was calculated using the modified DMax method [261] using the Lactate-E macro in

excel [262]. Wpeak was calculated using the following formula:

Wpeak = WLC + ((WS ∗ (SecsLS/240)). (3.1)

WLC were the Watts at the last fully completed stage.

WS were the Watts increment of each stage (i.e 25W or 30W)}

SecsLS were the seconds completed of the last attempted stage.

VO2peak test

After 5 minutes rest following the GXT, peak oxygen consumption (VO2peak) was mea-

sured using a calibrated Quark CPET metabolic system with mixing chamber (COSMED,

Rome, Italy). The face mask was returned to the participants and VO2 was collected for

two minutes during stationary rest, then for three minutes whilst cycling at the start-

ing intensity of the GXT, and during a subsequent exercise to exhaustion stage at 105%

of calculated Wpeak obtained on the GXT. VO2peak values were smoothed over a 15 sec-

ond period using the COSMED software and VO2peak was considered the highest value

maintained over one minute during the test (every 15 second value was averaged over

one minute).

High Intensity Interval Training (HIIT) phase

Our group have previously reported that 8-12 weeks of HIIT is optimal to elicit perfor-

mance and biological adaptations [263, 264] therefore we chose to implement a 12 week

HIIT program. All participants completed 12 weeks HIIT that consisted of three train-

ing sessions per week (36 sessions in total) on an electronically braked cycle ergometer

(Velotron, Racer Mate Inc., Seattle, USA). Each session consisted of a short warm up fol-
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lowed by six to 14 two minute intervals performed at individually determined workloads

with one minute rest intervals. The participants cycled at individually-determined inten-

sities calculated as LT power plus 40% (week 1) to 70% (week 4) of the difference (∆) be-

tween their individually-determined Wpeak (derived from the baseline GXT test results)

and the power at the LT (LT + 40–70% ∆). At the completion of four and eight weeks

of training two GXTs and V02peak tests were completed to re-adjust individually deter-

mined intensities for the HIIT sessions. Fourteen out of fifteen participants completed

the intervention and one female participant dropped out during week three of training.

Post-testing

After 12 weeks of HIIT, participants reported to the laboratory to complete two post

GXT/V02peak tests and the average of the two tests was calculated to determine LT, Wpeak

and V02peak. Values were calculated as the average of the two tests or as the highest value

of one test if the difference between values were greater than 5%. Three out of the fifteen

participants were unable to complete the post testing for various reasons but were able

to provide a muscle sample which were included in biochemical analyses.

Controlled diet

Each participant was provided with individualised, pre-packaged meals for the 48 hours

prior to their muscle biopsies. The nutrient needs of participants were calculated using

the Mifflin St-Jeor equation [265] and each participant’s weight, height, age and activity

level. FoodWorks 10 software (Xyris, Brisbane, Australia) was then used to determine the

nutritional composition of the prepared meals and to ensure participant’s nutrient needs

were met over the provided 48 hour diet. The content of the diets were constructed based

on the current National Health and Medical Research Council (NHMRC) guidelines (50-

55% carbohydrates, 15-20% protein, <30% total fat) [266].

Muscle biopsies

Muscle biopsies were taken from the participants dominant leg prior to training, at four

weeks, and at completion of the training. Biopsies were collected from the m. vastus

lateralis under local anaesthesia (5 mL, 1% Xylocaine) by an experienced Medical Doctor

(Dr. Andrew Garnham) using a Bergstrom needle [267]. For female participants muscle
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biopsies were taken during the first seven days of their menstrual cycle and testing and

training was coordinated accordingly. For consistency all muscle biopsies were taken in

the morning between 6-8am. The four week muscle biopsies were collected as part of the

ongoing Gene SMART study. For fibre type experiments we used only baseline and 12

week samples as 12 weeks of training offers more reliable measures of the response to

exercise than four weeks based on our groups previous work [264].

3.2 MUSCLE PROCESSING

3.2.1 Muscle separation and preservation

After muscle biopsies were taken, muscle was placed in a glass petri-dish on ice, the

perti-dish was lined with filter paper to remove excess blood. Samples (100-200 mg)

were separated into four sections: ~50-70 mg of muscle was immediately snap frozen in

liquid nitrogen (stored at -80 °C), ~25-40 mg of sample was placed in ice cold PBS 1X

for single fibre separations, ~10-20 mg was embedded in Tissue-Tek O.C.T Compound

and frozen on thawing 2-methylbutane, and ~>60 mg was placed in Phosphate-Buffered

Saline (PBS) on ice for mono-nucleated cell fraction preparation.

3.2.2 Preparation and preservation of skeletal muscle fibres

Immediately after the biopsy, muscle stored in ice cold PBS was separated into smaller

bundles under a light microscope and processed in the following manner. Two thirds

of the sample was moved to ice-cold RNAlater in a 1.5 mL eppendorf tube and stored

at -20 °C. The remaining one third was fixed for imaging experiments as previously de-

scribed (with minor alterations) [196]. Firstly, muscle fibre bundles were transferred to

4% Paraformaldhyde (PFA) in 1.5 mL eppendorfs for 30 minutes at Room temperature

(RT). Muscle bundles were then transferred to fresh 4% PFA and allowed to sit for two

hours at 4 °C, after fixation, muscle bundles were washed three times by slowly dipping

them in PBS. Fixed bundles were then moved to a 1:1 PBS/Glycerol solution and left at 4

°C overnight. The following day fixed fibre samples were moved to -20 °C for long term

storage.
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3.3 BIOCHEMISTRY TECHNIQUES

3.3.1 Single fibre isolation, muscle digestion and lysis

Skeletal muscle fibre bundles stored in RNAlater were removed from -20 °C storage and

immediately put on ice. Using a light microscope smaller bundles of muscle fibres were

isolated with Dumont biological grade tweezers (Dumont, Jura, Switzerland) in a plastic

60 mm petri dish on a ceramic tray on ice. Small bundles were transferred to ice cold

RNAlater and the remaining muscle was kept in RNAlater at -20 °C. Single fibres were

isolated using tweezers on ice under the microscope and transferred to 8-strip PCR strip

tubes and kept on ice. Single fibre fragments were approximately 4-8mm in length de-

pending on the sample. After isolation of approximately 24 fibres, 10 mL of digestion

buffer (100 mM TRIS-HCl pH=7.6, 50 mM DTT and 4% SDS) was added to each tube.

PCR tubes were spun down for one minute on a table top micro-centrifuge and then vor-

texed for one minute on a MSA vortexer. Tubes were briefly spun again and transferred

to -80 °C for storage. Before fibre-typing, muscle fibres were vortexed for 15 minutes on

an MSA vortexer to aid in complete digestion of the fibres. Samples were stored at -80 °C

until fibre typing had been completed as outlined below.

3.3.2 Dot-blot fibre typing

Sample preparation

A dot blot procedure of muscle fibres as previously described [268] was modified to allow

high-throughput and accurate dot blotting. A nitrocellulose membrane was pre-wet in

1X Tris-Buffered Saline (TBS) for 5-10 minutes. 40-50 µL of TBS 1X was added to each

well of a 96 well plate. Muscle fibre segments were thawed on a 96-tube vortexer (MSA)

at 2500RPM and centrifuged. 2 µL of each single fibre lysate was added to each well of

the 96-well plate and agitated on an orbital plate shaker for 10 minutes.

Dot-blot microfiltration

A 96 well Bio-Dot Microfiltration Apparatus (BioRad) was assembled with the nitrocel-

lulose membrane whilst under vacuum. The vacuum was switched off and 50 µL of TBS

was loaded into each well and filtered through by vacuum suction. 40-50 µL of pro-
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tein/TBS from each fibre segment was added to the well of the dotblot apparatus and

allowed to filter through for 45-60 minutes by gravity. After all the lysate had filtered

through the apparatus an additional 50 µL of TBS was added to wash the remainder of

the lysate onto the membrane via vacuum suction. The dot blot apparatus was disassem-

bled and the nitrocellulose membrane was briefly washed in TBS 1X and then allowed

to air dry. The membrane was washed in Tris-Buffered Saline with Tween (TBS-T) and

blocked in TBS-T with 5% milk for 15 minutes at RT.

Antibody incubation and imaging

After blocking, the membranes were rinsed with TBS-T 3x5 minutes and incubated overnight

with antibodies for MYH7 (A4:840 DHSB - made fresh every second day) at 1:75 in

TBS-T with 1% bovine serum albumin (BSA). The next day the membrane was washed

with TBST for 3x10 minutes and incubated with secondary antibody for anti-mouse Im-

munoglobulin M (IgM) 1:10,000 (Invitrogen, California, United States) in TBS-T with

5% milk. The membrane was again washed 3x10 minutes and exposed to a chemi-

iluminescent substrate for 45 seconds (BioRad, California, United States). The mem-

branes were imaged with a BioRad ChemiDoc MP system (Biorad, California, United

States) at both high and low resolution settings for between 30-120 seconds.

Stripping and re-probing

After imaging, membranes were washed briefly in TBS-T and stripped for 5-10 minutes

in PIERCE Restore PLUS stripping buffer (Thermofisher(Thermofisher, Massachusetts,

United States). The membranes were briefly washed in TBS and re-incubated in sec-

ondary antibody for more than 15 minutes and re-imaged. If signal remained one more

round of stripping was performed. After confirmation of successful stripping the mem-

brane was incubated overnight with antibodies for MYH2 (A4:74 Development Studies

Hybridoma Bank DSHB, Iowa, United States - made fresh every few days) at 1:200 in TBS-

T with 1% BSA. The next day the membrane was washed with TBS-T for 3x10 minutes

and incubated with secondary antibody for anti-mouse Immunoglobulin G (IgG) 1:10,000

(Invitrogen, California, United States) in TBS-T with 5% milk and the same imaging pro-

cess was completed as the day before. Following imaging for MYH2 membranes were

washed in TBS and incubated in ponceau red for 10 minutes. Membranes were briefly
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washed in water to remove excess ponceau stain and imaged as a ponceau protein stain

using a ChemiDoc.

3.3.3 Fibre type sample pooling

After fibre typing, skeletal muscle single fibres fragments were pooled for downstream

use in protein and DNA analyses. PCR strip tubes were allowed to thaw by vortexing

for 5 minutes at 2,500 revolutions per minute (rpm) on an MSA vortexer. Type I and

Type II samples were pooled by transferring 2 µL to a 1.5 mL eppendorf tube for protein

analyses. 2 µL of ponceau positive but MYH2 and MYH7 negative fibre lysates were also

pooled. 100 µL of each sample was stored at -80 °C for proteomic sample preparation.

After removal of sample for protein analyses, 6 µL of stabilisation buffer (10mM TRIS-

HCl pH = 8.0, 26mM EDTA) was added to each tube and briefly vortexed and spun

down. DNA was extracted as outlined below.

3.3.4 Pooled fibre type DNA extractions

Day 1

75-150 single fibre samples were pooled together for each fibre (Type I and Type II) in

1.5 mL eppendorf tubes in batches of 50 fibres per eppendorf tube. 25 µg of protinase K

was added to each tube and the tube was kept at 56 °C for 4 hours at 1000 rpm. The

following protocol was adapted to extract DNA [269]. 200 µL of 3M sodium acetate (non

adjusted pH) was added to each eppendorf tube and vortexed for one minute. 200 µL of

cool Phenol Choloroform Isoamyl Alcohol (PCI) was added to each tube and then vor-

texed for 20 seconds and centrifuged for 10 minutes at 18000 g at 4°C. The upper aqueous

phase was carefully removed and transferred to a new 1.5 mL eppendorf without disturb-

ing the organic phase. 500 µL of cool isoproponol was added to the new eppendorf and

mixed by inversion. genomic DNA (gDNA) was precipitated overnight in isoproponol

at 4°C.

Day 2

Eppendorf tubes were centrifuged at 20000 g for 30 minutes at 4°C. After centrifugation

a small pellet was visible and the supernatant was carefully removed without disturbing

the gDNA pellet. The pellets were washed with 70% ethanol and centrifuged at 20000
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g for 20 minutes at 4°C. The supernatant was again removed and the pellets allowed

to air dry at 37 °C on a heating block. gDNA pellets were dissolved in TE buffer and

re-suspended by gently pipetting up and down. gDNA was further dissolved by place-

ment on a heating block at 37 °C for 30-60 minutes. gDNA concentration was assessed

using a Qubit High Sensitivity 1x DNA kit on a Qubit Fluorometer 4 (Thermofisher,

Massachusetts, United States) following kit instructions. DNA A260/280 values were

measured on a Nanodrop One (Thermofisher, Massachusetts, United States) unless they

contained less than 250 ng DNA concentration on the Qubit reading.

3.3.5 Whole muscle DNA extractions

gDNA and RNA was extracted from pre and twelve-week whole muscle samples using

the AllPrep DNA/RNA/miRNA Universal Kit (Qiagen, Venlo, Netherlands). 10-15 mg

of muscle was homogenised two times at 30 Hz for 30 seconds with a Qiagen TissueLyser

II (Qiagen, Netherlands) in 600 µL RLT Plus Buffer (with beta-mercaptoethanol added as

per manufacturers instructions). gDNA and RNA was extracted following the AllPrep

Universal Kit instructions. gDNA was re-suspended in 50 µL of AE buffer provided with

the kit. The extracted gDNA was passed twice over the column to increase gDNA yield.

3.3.6 DNA Agarose Gel Visualisations

gDNA was visualised by running gDNA on a 1.5% agarose gel which were prepared

with 1x SYBR Safe DNA Gel Stain (Invitrogen, California, United States). 50-75 ng of

gDNA was prepared in a volume of 2 µL and mixed with five parts 6X DNA loading gel

(Invitrogen, California, United States). 12 µL of final volume was loaded in to each well

and ran at 80V for 45 minutes. 2-3 µL of 1 Kb Plus DNA Ladder (Invitrogen, Califor-

nia, United States) was loaded in each gel. Agarose gel images were taken on a BioRad

Chemidoc Imaging System (Biorad, California, United States).

3.3.7 DNA array sample distribution

Both balanced and randomised approaches to sample distribution on the chip can be

problematic [270, 271]. Therefore, I distributed samples using a stratified randomised

approach to minimise batch effects. Male/female, rest/exercise and typeI/typeII/whole-

muscle samples were distributed across arrays and across array position. All samples
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were bisulfite converted in a single 96 well plate. Three duplicate samples were dis-

tributed across arrays and two duplicate samples were distributed across positions in

one array.

3.3.8 Bisulfite Conversion and DNA Methylation Analyses

Samples were sent to the Human Genomics Facility of the Genetic Laboratory of the

Department of Internal Medicine (HuGe-F) at Erasmus MC, Erasmus, Netherlands for

bisulfite conversion and DNA methylation data generation. Between 200-250 ng gDNA

was bisulfite converted using the EZ-96DNA Methylation™MagPrep (ZYMO Research,

California, United States) according to the manufacturer’s instructions. The Illumina

Infinium MethylationEPIC v2.0 Kit (Illumina, California, United States) was used for

DNA methylation analysis. After elution of converted DNA the samples were hybridised

to the BeadChip and imaged with a NextSeq 550 system (Illumina, California, United

States).

3.3.9 Liquid Chromatography Tandem Mass Spectrometry

(LC–MS/MS)

Protein Lysates (100 µL) from the pooled muscle fibre samples were prepared in a 4%

SDS, 100mM Tris-HCl (pH 8.0), 50mM DTT buffer. Liquid chromatography with tan-

dem mass spectrometry (LC-MS/MS) was performed by the Monash Proteomics and

Metabolomics Platform at Monash University, Melbourne, Australia. Samples were son-

icated and proteins trapped on S-trap Acclaim PepMap 100 (100 µm x 2 cm, nanoViper,

C18, 5 µm, 100Å; Thermo Scientific) columns. Proteins were cleaned and then digested

to peptides overnight at 36 °C with trypsin. Peptide concentrations were measured and

0.9ug of peptide was injected for LC-MS/MS. LC-MS/MS data was acquired using a

Dionex Ultimate 3000 RSLCnano (Thermo Scientific) for peptide separation and measure-

ments acquired with a Orbitrap Q-Exactive HF (Thermo Scientific) mass spectrometer.
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3.4 DATA PROCESSING, ANALYSIS AND STATISTICS

3.4.1 Power Calculations

Epigenome wide association studies (EWAS) conducted in bulk tissue and investigating

non-disease factors, such as, age, diet and exercise, typically report small, widespread

effect sizes of 5-10% DNAm differences between individuals and conditions [175]. How-

ever, differences between cell types are much larger than differences between individuals

for a given cell type [67]. In skeletal muscle for example 50% of all differentially methy-

lated sites between Type I and Type IIa muscle fibres showed at least 10% methylation

differences [3]. While there is no study on the differential DNAm response of the dif-

ferent muscle fibres after exercise to guide our power calculations, effect sizes in whole

blood have been reported (from ~5% DNAm difference in whole blood to >20% DNAm

difference in one specific blood cell type) [272]. We therefore expect medium to large ef-

fect sizes (>10%) both at baseline and in response to exercise training between different

fibre types. Using the power calculations from Mansell and others [273], 85% of differen-

tially methylated positions (DMPs) showing a mean difference of 10% would be detected

at a power of 80%, with a sample size of n=60, that is n=10 males, n=10 females (for 3

fibre types). Due to COVID19 restrictions and a subsequent pause on human research,

we were only able to recruit eight males and seven females to this study.

3.4.2 DNAm Data Preprocessing and Quality Control

All processing and analysis were performed using the R statistical computing platform

[274]. Raw IDAT files were processed using the minfi package [275]. Firstly, probes with

a detection P-value > 0.01, and/or bead count < 3 were removed. All non-cpg probes,

probes located in the sex chromosomes and SNP-related probes were removed. Probes

flagged by Illumina as inaccurate or underperforming and cross reactive EPICv1 [276]

and 450K [277] probes were removed. Normalisation of type I and type II probes were

performed using the Dasen normalisation method [278] as implemented in the wateR-

melon R package. Principal component regression (PCR) was utilised to identify biolog-

ical and technical sources of variation in DNAm and due to limited batch effects, batch

correction was not implemented.
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3.4.3 Differentially Methylated Probes, Regions and Gene Set

Enrichment Analysis

Identifying DMPs

DMPs between fibres at rest and after 12 weeks of exercise were identified using the limma

[279, 280] package in R by calculating empirical bayes moderated t-statistics. The model

was grouped according to cell-type/tissue (TI, TII, WM) and timepoint (pre and post).

Sex was included as a co-variate and duplicate correlation was added to control for the

clustering of samples by participant due to the paired experiment design. As the sample

size was small there was a low representation of different ethnicities in the dataset and it

was not included as a co-variate in the model. The following code was used:

design <- model.matrix(~ 0 + group + sex, pheno_filt_subset)

cor <- duplicateCorrelation(m_val_filt_subset, design, block =

pheno_filt_subset$participant)↪→

fit <- lmFit(object = m_val_filt_subset,

design = design,

block = pheno_filt_subset$participant,

correlation = cor$consensus.correlation)

The following contrast matrix was generated to answer the following questions:

1. What methylation differences are there between TI-pre and TII-pre fibres?

2. What methylation differences are there between WM-pre and TI-pre fibres?

3. What methylation differences are there between WM-pre and TII-pre fibres?

4. What methylation changes occur within a TI fibre after HIIT?

5. What methylation changes occur within a TII fibre after HIIT?

6. What methylation changes occur within WM after HIIT?

The contrast matrix and contrast fit code is found below.
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contrasts <- makeContrasts(T1preVsT2pre = groupT1_Pre - groupT2_Pre,

T1postVsT2post = groupT1_Post - groupT2_Post,

T1preVsWMpre = groupT1_Pre - groupWM_Pre,

T2preVsWMpre = groupT2_Pre - groupWM_Pre,

T1VsT2 = (groupT1_Pre + groupT1_Post) / 2 -

(groupT2_Pre + groupT2_Post) / 2,

T1preVsT1post = groupT1_Pre - groupT1_Post,

T2preVsT2post = groupT2_Pre - groupT2_Post,

WMpreVsWMpost = groupWM_Pre - groupWM_Post,

Interaction = (groupT1_Post - groupT1_Pre) - (groupT2_Post -

groupT2_Pre),↪→

levels = colnames(design))

fit_2 <- contrasts.fit(fit, contrasts)

fit_3 <- eBayes(fit_2)

Identifying DMRs

The DMRcate package in R [281, 282] was applied to determine differentially methylated

regions (DMRs), that is neighbouring CpGs with consistent DNAm differences. DMRs

were defined as regions with ≥ 4 CpGs. Any DMPs/DMRs identified were annotated,

taking into consideration the skeletal muscle chromatin state obtained from the Roadmap

Epigenomics Project.

Gene Set Enrichment Analysis of DMPs and DMRs

The application of multiple gene set enrichment analysis (GSEA) approaches increases

robustness of results [283]. ClusterProfiler [284, 285] and missMethyl [286] packages in

R were both used for overrepresentation analysis (ORA). The missMethyl package [287]

was modified for compatibility with the Infinium MethylationEPIC Beadchip (EPIC)v2

to conduct bias adjusted over representation of GO, Reactome and KEGG genesets. To

correct for multiple testing in the identification of DMPs, DMRs and over-represented

gene sets, the Benjamini and Hochberg false discovery rate (FDR) method was used [288]

and multiple thresholds reported. All genesets with < 5 or > 500 genes were removed

prior to ORA.
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3.4.4 Proteomic Data Preprocessing and Quality Control

Raw LC-MS/MS data files were analysed using Fragpipe (V 19.1) and the MSfragger (V

3.5) search engine [289] to obtain protein identifications. The picky library was used for

protein search and identifications [290]. Quality control and statistical analyses were per-

formed using the R software. The analysis required the MSFragger combined protein

file containing proteins that passed a FDR cutoff of 0.01 and a experiment design text file

with sample details. First contaminant proteins were removed for all non human species.

All proteins identified in at least four condition replicates were kept so that proteins with

inconsistent identification were removed. The MaxLFQ values were log2 transformed,

normalised using a median centring approach, grouped by condition and missing values

were imputed assuming they were missing not at random (MNAR), where random val-

ues were selected from a left-shifted Gaussian distribution of 1.8 standard deviation with

a width of 0.3.

3.4.5 Proteomic Data Analysis

Identifying DEPs

The limma [279] package was used to generate protein-wise linear models using em-

pirical bayes statistics, that identified deferentially expressed proteins for each pair-wise

comparison. We reported multiple cutoffs of the adjusted-p-value (Benjamani-Hochberg

method [288]) along with a log2 fold change of 1 to determine regulated proteins be-

tween each fibre type. The model was grouped according to fibre-type (TI and TII) and

timepoint (pre and post). Sex was included as a co-variate and duplicate correlation was

added to control for the clustering of samples by participant due to the paired experiment

design. We removed sample s197-pre-T2 from the analysis due to the reduced number of

proteins identified.

The following code was the model design used with Limma:

design <- model.matrix(~ 0 + group + sex, experiment_design)

colnames(design) <- c("TI_post", "TI_pre", "TII_post", "TII_pre", "sexm")
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cor <- duplicateCorrelation(data_normalised_imputed, design, block =

experiment_design$sample_id)↪→

fit <- lmFit(object = data_normalised_imputed,

design = design,

block = experiment_design$sample_id,

correlation = cor$consensus.correlation)

contrasts <- makeContrasts(TIpreVsTIIpre = TI_pre - TII_pre,

TIpostVsTIIpost = TI_post - TII_post,

TIpostVsTIpre = TI_post - TI_pre,

TIIpostVsTIIpre = TII_post - TII_pre,

interaction = (TII_post - TII_pre) - (TI_post - TI_pre),

levels = colnames(design))↪→

fit2 <- contrasts.fit(fit, contrasts)

fit2 <- eBayes(fit2)

Gene Set Enrichment Analysis of DEPs

ClusterProfiler [284, 285] was used to conduct overrepresentation analysis of differen-

tially expressed proteins (DEPs) in GO, KEGG and Reactome gene sets. All genesets

with < 5 or > 500 genes were removed prior to ORA and functional class scoring (FCS).

Multiple FDR cutoff levels for each comparison are reported. ORA results were com-

pared to FCS methods using the fGSEA [291] package in R. For FCS genes were ranked

using the following formula.

−log10(P.Value) ∗ sign(logFC) (3.2)

41



4 RESULTS 1: A METHOD FOR THE

SIMULTANEOUS EXTRACTION OF DNA

AND PROTEINS FROM SINGLE AND

POOLED SKELETAL MUSCLE FRAGMENTS

4.1 INTRODUCTION

To date, researchers interested in analysing protein, RNA and DNA in human skele-

tal muscle fibres have been studying either single muscle fibres or pooled muscle fibres

based on myosin isoform content. Single muscle fibre experiments are becoming more

common due to improvements in technology. However, experiments with single fibres

are expensive and single muscle fibre samples contain little biological material leading

to experimental challenges and poor yield. To overcome these limitations, researchers

have developed methods to separate and type muscle fibre fragments [292], before pool-

ing muscle fibre types to increase biological material [3]. The isolated fibre-type-specific

DNA and protein can be used to study protein or DNAm differences between skeletal

muscle fibre types or protein and DNAm changes as a result of environmental stimuli

such as exercise.

The common approach to determine fibre types is to digest fibres, type them us-

ing SDS gel electrophoresis (SDS-PAGE) followed by myosin isoform content identifica-

tion using antibodies targeted against MYH7 and MYH2. In order to extract fibre-type-

specific DNA, fibres are first isolated and then protein extracted for fibre-type identifica-

tion before pooling them for DNA extraction. This approach was utilised by Begue and

others [3] to study DNAm in human skeletal muscle fibre types, where they cut single

muscle fibres and used one fragment to type fibres and the remainder to extract DNA.

This cutting of fibres adds additional time to the method and causes a higher chance of

error when handling the biological sample. I hypothesised that the process of digesting,
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typing and preparing single fibre fragments for DNA extraction could be improved and

achieved in one tube without the need for cutting fibre fragments.

Begue and others [3] conducted DNAm analysis on one pooled Type I fibre sample

and one pooled Type II fibre sample (pooled from n=8 male samples) using Reduced

representation bisulfite sequencing (RRBS). The aim of this thesis was to study DNAm in

pooled muscle fibre types using the most common assay to measure DNAm, the Infinium

Methylation Arrays [293]. This method requires a minimum of 250 ng of DNA and is the

most frequently used DNAm assay in skeletal muscle tissue. To achieve the required

quantity of DNA, I optimised the fibre typing process to enable the processing of more

fibres per sample.

Since the publication by Begue and others [3], Christiansen and others have de-

veloped a quick sample sparing method to type single fibre fragments using a dot blot

method [268]. In the dot blot method, a small sample of protein lysate is blotted onto a

membrane and subsequently probed with antibodies targeting MYH7, MYH2 and MYH1

[268]. This method removes the need for gel electrophoresis and can be completed in one

day. As fibre typing is based on the absence or presence of myosin isoforms this method

could enable a higher throughput of fibres leading to enough DNA material for DNAm

measurements using the EPIC array.

The overarching aim of this chapter was to develop an optimised simple method

for the isolation of DNA and proteins from muscle fibres by eliminating the need for

cutting fibres. The development of a common lysis approach for extracting proteins and

DNA from the same sample in one tube resulted in the following benefits: precious sam-

ple was spared; the extraction approach was simplified; the number of fibres processed

was increased; and the costs of protein and DNA extraction was reduced. By developing

this method, I was able to obtain enough sample for dot blot fibre typing, and by pooling

samples I was able to extract enough DNA and protein from pooled muscle fibre frag-

ments for the simultaneous measurement of DNAm using the EPIC array and protein

expression using proteomics.

The aims of this chapter were:
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and pooled skeletal muscle fragments

1. To optimise digestion of single muscle fibres in one tube for DNA and protein ex-

traction.

2. To optimise a dot blot protocol for accurate high capacity fibre typing.

3. To simultaneously isolate DNA and proteins from pooled skeletal muscle fibre frag-

ments without the need to cut fibres.

Myh7 (Type 1) Myh2 (Type 2a)

Figure 4.1: Method Schematic

A schematic of the proposed method for simultaneous preparation of protein and DNA from
skeletal muscle fibre fragments.

4.2 METHODS & RESULTS

4.2.1 Sample Lysis and Digestion

Rationale

The choice of lysis buffer should ideally enable the extraction of both proteins and DNA

without the need for cutting fibres. This buffer ideally enables fibre type identification,

aids in protein digestion and stabilises DNA protecting it from degradation. I tested

three previously reported lysis buffers used for fibre digestion, typing and subsequent

analysis.

Method

The following three buffers were tested and were slightly modified; buffer one [1% SDS, 6

/ EDTA, 0.06 TRIS (pH 6.8), 15% glycerol] [3], buffer two [4% SDS, 0.100 Tris-HCl,100mM

DTT][210] and buffer three [4% SDS, 0.125 Tris-HCl, 10% glycerol, 4 urea, 10%] [268]

(without 2-mercaptoethanol and bromophenol blue). Small skeletal muscle fibre bundles
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(approximately 5 fibres) were digested in 50 µL of buffer and agitated on an orbital plate

shaker for four hours. Digested fibres were frozen at -80°C, thawed and passed through a

BioDot dot blot apparatus (BioRad, California, United States) onto a nitrocellulose mem-

brane according to manufacturers instructions. Membranes were incubated in primary

antibody for MYH2, a mouse IgG secondary antibody and imaged using a chemilumi-

nescence substrate in a Biorad MP imaging system.

Results

A minimal SDS/Tris buffer is adequate for fibre digestion and dot blotting

The resulting dot blots in Figure 4.2 show that all three buffers were able to digest

and release proteins for dot blot analysis of MYH2. Buffer two, the buffer with fewest

chemicals, appeared to perform better than buffers one and three, although this could

reflect a higher amount of MYH2 in these fibres. Buffer two has recently been used in

proteomic experiments on pooled skeletal muscle fibre types [210] where Sodium Do-

decyl Sulfate (SDS) and Dithiothreitol (DTT) were effectively removed for compatibility

with mass spectrometry (MS) proteomics. Common DNA extraction protocols rely on a

SDS Trishydroxymethylaminomethane (TRIS) buffer for cell lysis, while the addition of

DTT denatures proteins and stabilises DNA. As buffer two performed well on testing,

contains the least chemicals and has key reagents for DNA extraction, it was chosen as

the lysis buffer of choice for the remaining experiments.

(A) Buffer 1 (B) Buffer 2 (C) Buffer 3

(D) Un-cropped membrane of the three buffer test

Figure 4.2: Buffer Test

Small muscle fibre bundles were digested with (A) buffer 1 [1% SDS,6mg/ml EDTA, 0.06M Tris
(pH 6.8), 15% glycerol], (B) buffer 2 [4% SDS, 0.100M Tris-HCL,100mM DTT], (C) buffer 3 [4%
SDS, 0.125M Tris-HCL, 10% glycerol, 4M urea, 10%] and spotted onto a nitrocellulose membrane
using a dot blot apparatus. The membrane was probed with a MYH2 antibody and quantified
using a ChemiDoc MP. The uncropped membrane can be seen in (D).
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and pooled skeletal muscle fragments

4.2.2 Dot Blot Fibre Typing

Rationale

The success of cell-type-specific experiments relies on accurate methods to determine and

isolate cell types of interest. Christiansen and others [268] developed a simple method for

typing single skeletal muscle fibres by spotting 1 µL of digested fibre fragment directly

on a Polyvinylidene Fluoride (PVDF) membrane. This method is indeed rapid, how-

ever a dot blot apparatus (or manifold) is routinely used in studies testing the absence

or presence of a protein in a sample. The advantage of a vacuum manifold is that it can

help concentrate samples and make protein loading consistent and uniform. The applica-

tion of a vacuum maximises sample binding and reduces sample contamination between

wells. As previous studies have not described using a dot blot apparatus, I tested the ap-

plication of the device for determination of the absence or presence of MYH2 and MYH7.

Furthermore, I compared PVDF verses nitrocellulose membranes, tested different pro-

tein loading concentrations and tested different antibodies reported for typing Type IIx

muscle fibres in order to determine the most robust fibre typing protocol.

Method

I isolated single muscle fibres under a light microscope in a petri dish on a ceramic plate

resting on ice. Fibres were placed in a single PCR tube and 10 µL of lysis buffer was

added. Fibres were digested by pulse vortexing for up to 5 minutes. Digested fibres

were frozen and thawed for one cycle to assist fibre digestion. For dot blot apparatus

experiments 2 µL of sample was added to 50 µL of lysis buffer, mixed and loaded into

each well of a dot blot apparatus. Sample was allowed to filter through by gravity onto

two nitrocellulose membranes. Membranes were allowed to dry, blocked for 5 mins in

TBS-T with 5% milk and then incubated with antibodies for MYH2 or MYH7. Images

were acquired using a chemiluminscent substrate and a ChemicDoc MP system.

Results

Using a dot blot apparatus results in consistent and reproducible fibre typing results

Using a dot blot apparatus produces defined and consistent protein dots. As seen

in Figure 4.3, the absence and presence of MYH7 and MYH2 can be identified using a
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vacuum manifold. The manual dot blot method resulted in variable results, with less

defined and clear protein dots (Figure A.1). The use of a dot blot apparatus is not as

efficient as directly spotting lysate onto a membrane as it requires more time for sample

filtration. This might be a drawback for some studies, however in studies where accuracy

is a high priority, a dot blot apparatus is a good option. The dot blot apparatus was used

for the remaining experiments as accuracy of typing was the highest priority.

A B C D E F G H
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8 X X X X X

(A) MYH7: Dot Blot Apparatus

X X X X X

A B C D E F G H
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3

4

5

6

7

8

(B) MYH2: Dot Blot Apparatus

Figure 4.3: Dot Blot Apparatus Test

One fifth of the same single muscle fibre fragments were spotted onto nitrocellulose membranes
using a dotblot apparatus. (A) shows uniform and consistent identification of MYH7. (B) shows
uniform and consistent identification of MYH2. Positions labelled with an X indicate that no
fibre was loaded in this well.

Both nitrocellulose and PVDF membranes perform well in a dot blot apparatus

Manufacturers often report that PVDF membranes are able to capture a higher con-

centration of proteins whereas nitrocellulose membranes have higher resolution. I com-

pared dot blotting onto a PVDF membrane to dot blotting onto a nitrocellulose membrane

to determine which is best for myosin identification. One fifth of single muscle fibre frag-

ments were spotted onto a nitrocellulose or PVDF membrane using a dot blot apparatus.

PVDF membranes were preactivated in methanol prior to placement of the membrane

in the apparatus. There was little difference between the PVDF membrane and nitrocel-

lulose membrane and both are able to determine absence or presence of MYH2 (Figure

4.4). I opted to use nitrocellulose membranes for further experiments as it is reported that

they have less background [294] and are recommended as the membrane of choice when

using the BioDot apparatus from Biorad.
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(A) Nitrocellulose
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A B C D E F

(B) PVDF

Figure 4.4: PVDF vs Nitrocellulose Comparison

One fifth of the same single muscle fibre fragments were spotted on to either a nitrocellulose or
PVDF membrane using a dot blot apparatus. PVDF membranes were preactivated in methanol
prior to placement of the membrane in the apparatus. Membranes were incubated with
antibodies against MYH2. (A) & (B) both show the same presence or absence of MYH2.

One fifth of a fibre can be used for reliable dot blot fibre typing of skeletal muscle

fragments for MYH2 and MYH7

Another important consideration in dot blotting is the amount of protein required

for accurate fibre typing. One major challenge when isolating muscle fibres is avoiding

contamination from other fibres. Total avoidance of contamination is not feasible, there-

fore the dot blot method should be sensitive enough to ensure false typing of fibres is

reduced. I tested different protein loading concentrations based on proportion of fibre

length to determine which length of fibre is optimal for dot blot fibre typing. Single fibre

fragments where digested in 50 µL of lysis buffer and either one tenth, one fifth or one

half of each sample was dot blotted for both MYH2 and MYH7. As little as one tenth of

a fibre was sufficient to determine presence of MYH2, however for MYH7 one tenth of

a fibre seems too little for reliable typing (Figure 4.5). The image could be enhanced by

contrasting but this may lead to false typing due to background signal. There is varia-

tion in muscle fragment length when isolating fibres and low signal may reflect starting

protein quantity. It appears (Figure 4.5B) that MYH2 may have unspecific binding when

higher protein is loaded. Loading one fifth of a fibre strikes a balance between having

enough protein for MYH2 and MYH7 identification and avoiding background signal.
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Figure 4.5: Dilution Test

One tenth, one fifth and one half of the same single fibre was spotted onto a nitrocellulose
membrane using a dot blot apparatus and then incubated with (A) MYH7 then stripped and
reprobed for (B) MYH2.

Accurately typing Type IIx fibres using reported antibodies was difficult

It was previously reported that the blot dot technique could successfully distin-

guish type I, Type IIa and Type IIx fibres using three antibodies from DSHB (A4-840 -

MYH7, A4-74 - MYH2, and 6H1-s - MYH1) [268]. I tested two antibodies reported to dis-

tinguish Type IIx muscle fibres (DSHB-6H1 and DSHB-Bf-35). Single muscle fibre frag-

ments were digested and one fifth of a fibre was spotted on to four different membranes

and probed with MYH7, MYH2 and the two antibodies reported for Type IIx fibres. Sev-

enteen fibres were loaded in rows one to three and eighteen were loaded in rows four to

six. The 6H1 antibody bound to all fibres including dot five in row four which was miss-

ing from MYH2 and MYH7, however signal was measured in empty wells (Figure 4.6C).

Antibody Bf-35 was detected in all fibres where both MYH2 and MYH7 were present

(Figure 4.6D). Two possibilities for these results are: that I did not isolate Type IIx fibres

or I was unable to obtain consistent Type IIx typing of fibres. In some cases no dot was

visible on typing for MYH2 and MYH7 but was visible after ponceau staining. Typing

Type IIx fibres in my hand was unreliable with reported antibodies, so I decided in future

experiments to stain each membrane with Ponceau to confirm if dots visible but negative

for both MYH2 and MYH7 represent Type IIx fibres.
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Figure 4.6: Antibody-testing

One fifth of the same single fibre fragment was spotted on to four separate nitrocellulose
membranes using a dot blot apparatus. Membranes (A) & (B) show the absence and presence of
MYH7 and MYH2 as tested with antibodies A4-840 and A4-74 (respectively) obtained from
DSHB. Membranes (C) & (D) show the absence and presence of MYH1 as tested with antibodies
6H1 and BF-35 obtained from DSHB and reported to detect Type IIx fibres. Positions labelled
with an X indicate that no fibre was loaded in this well.

4.2.3 Three method comparison

Rationale

The dot blot method has potential limitations: it requires antibodies for determination

of fibre type; proteins are not separated by size and therefore antibodies might bind

non-specifically to other proteins; and determining myosin isoform content of fibres is

not a quantifiable approach. Silver-staining has been a standard method for analysing

myosin content of single skeletal muscle fibres [295]. In this method proteins are sepa-

rated by size and the presence of myosin isoforms is determined by staining with silver

nitrate [296]. The advantage of silver-staining is that there is no requirement for anti-

bodies for the different myosin isoforms. The comparison of the dot blot typing and

silver-staining was not reported in the original article [268], however I think is warranted.

Whilst silver-staining or dot blotting is effective for initial typing of skeletal muscle fibres,

a comprehensive assessment of the most abundant proteins in a sample is possible using
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MS-based proteomic methods. Recent work has used MS-based proteomics to assess the

myosin isoform content of both single muscle fibres and pooled muscle fibre samples

[210, 297, 298]. After typing each sample using both the dot blot and silver-staining pro-

tocol, I used this same MS-based proteomic approach to assess the purity of the resultant

pooled fibre samples.

Method

I isolated sixty single muscle fibres from three different samples under a light microscope

on ice. Fibres were digested in a 96-well plate in 50 µL of buffer by agitation for four hours

on a plate shaker. Plates were transferred to -80 °C. Upon thawing, 10 µL of each sample

was spotted onto a nitrocellulose membrane using the dot blot apparatus and stained for

MYH2 and MYH7. After typing each fibre, 10 µL of five MYH2 fibres, five MYH7 fibres

and five potentially mixed fibres from two participants were loaded in a 4-10 % gel. Gels

were run at 100 V for twenty hours and stained with silver and imaged. In addition,

10 µL of 15 MYH2 fibres, 15 MYH7 fibres and 15 potentially mixed fibres were pooled for

three participants for MS-based proteomics.

Results

Dot blotting, silver-staining and proteomics all confirm fibre typing of muscle fibre

fragments

The dot blots in this experiment were of variable quality as seen in Figure 4.7. This

could be due to the over-stripping of protein during the blotting or reblotting, or antibody

binding issues. I proceeded with the experiment to assess how an optimal dot blot (Fig-

ures 4.7A & 4.7B), a poor dot blot (Figures 4.7C & 4.7D), and a medium quality dot blot

(Figures 4.7E & 4.7F) would affect results from the silver-stain and fibre pooling. I chose

fifteen fibres to run on a gel for silver-staining from samples s197 and f28 as annotated in

Figure 4.7.

Interestingly the results of the dot blots (Figure 4.7) and silver-stain (Figure 4.8)

show the same fibre typing. It has been shown that MYH7 migrates faster than MYH2

during electrophoresis [295]. The results of the silver-stain align with the dot blot typing

results except for B13 in Figure 4.7B. This was typed as a mixed fibre, but most likely
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represents a MYH2 positive, MYH7 negative Type II fibre. It may also be a result of the

very low and unreliable signal in Figure 4.7C. Surprisingly, the positive control (a whole

muscle lysate) sample shows the same migration pattern as the MYH2 fibres. Even with

low quality dot blot results, I was able to correctly type all Type I and Type II fibres with

the dot blot and silver-stain method.
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Figure 4.7: Dot blot trial

60 single muscle fibre fragments from three individuals were fibre typed for MYH7 and MYH2
using a dot blot apparatus. (A), (B), (E) & (F) show two male participants and (C) & (D) shows a
female participant. Indicated fibres in (A), (B), (C) & (D) were also used for silver-staining.
Positions labelled with an X indicate that no fibre was loaded in this well.
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(A) s197-Silverstain

(B) F28-Silverstain

Figure 4.8: Silver-stain

Five MYH7, MYH2 and potentially mixed fibres from two participants were run for 20 hours on
a 4-10% gradient gel. The coloured numbering indicates the same fibre that was typed using the
dot blot method. (A) & (B) show that MYH7 fibre fragments migrate faster than MYH2
fragments and typing aligns with the dot blot approach.

After typing single muscle fibres, I pooled 10 µL (one fifth of a fibre) of fifteen type

I, fifteen Type II, and fifteen potential mixed fibres for each sample (I pooled 15 µL of five

mixed fibres for sample f28 due to insufficient numbers of fibres). These pooled sam-

ples were frozen on dry ice and proteins were digested to peptides. Peptides were sepa-

rated and identified using LC-MS/MS. Figure 4.9 shows the percentage of MYH7, MYH2,

MYH1 and MYH4 in each pooled fibre sample. Type I fibres contain over 95 % MYH7 and

Type II fibres contain over 80 % MYH2 and interestingly the remaining myosin isoform

in Type II was MYH4. As I was unable to identify mixed fibres in samples s197 and s198

(4.7), I pooled an additional 15 Type I fibres for both samples. As confirmation of the sen-

sitivity of the MS-based proteomics the mixed sample from f28 showed a mix of MYH7

and MYH2 which aligns with the results from the silver-staining (Figure 4.8B). The agree-

ment of the dot blot, silver-stain and MS-based proteomics provide strong evidence that

the dot blot method is appropriate for typing Type I and Type II skeletal muscle fibres.
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Figure 4.9: Myosin Isoform Content as measured by Mass Spectometry

Figure 4.9 shows the myosin isoform content of 15 pooled MYH2, 15 pooled MYH7 and 15
pooled potentially mixed fibres for three participants. The myosin isoform content aligns with
both the dot blot and silver-stain results.

4.2.4 Proteomics

Rationale

One challenge in studying protein in skeletal muscle is that the overwhelming majority of

quantifiable protein in a sample belongs to the contractile proteins. As a result, MS-based

proteomics can be used to confirm the success of pooling skeletal muscle fibre fragments

by quantifying myosin isoform content of each sample. In addition the results could also

be used to study fibre type specific differences at baseline and after exercise as previously

reported [210]. I investigated whether pooling one fifth of a fibre from fifteen fibres could

be used to study protein expression differences between skeletal muscle fibre types.

Method

I assessed the quality of the proteomic results generated from pooling one fifth of fif-

teen muscle fibres. Proteins were filtered to include only proteins from Homo sapiens and

proteins identified in at least two condition replicates. MaxLFQ values were log2 trans-

formed, grouped by condition and missing values were imputed assuming they were

MNAR. The limma [279] package was used to generate protein-wise linear models using
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empirical bayes statistics that identified differentially expressed proteins for each pair-

wise comparison.

Results

The total number of proteins identified was 1052 with approximately 900 measured in

each sample. The number of proteins was consistent across samples and conditions (Fig-

ure 4.10). A principal component analysis (PCA) analysis showed that samples clustered

along the first principal component (PC) according to Type I and Type II fibres and that

this component explained 44 % of the variation (Figure 4.11A). The clustering of samples

along Type I and Type II fibres can also be seen in the sample correlation plot (Figure A.4)

and missing value heatmap (Figure A.3) confirming a clear separation by fibre type. The

PCA rotation plot confirmed that PC1 was driven by proteins associated with fibre type

(Figure 4.11B).
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Figure 4.10: Protein Count per Sample

Figure 3.10 shows the number of proteins identified in each sample. Approximately 900 proteins
were measured in each sample using MS-based proteomics.
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Figure 4.11: PCA Analysis of Proteome Trial

Figure 4.11 is a dimension reduction analysis of the major sources of variation within the dataset.
(A) is a PCA plot showing that the first principal component explains 44% of the variation and is
clustered according to fibre type. (B) shows the top twenty proteins that explain the variation in
PC1. (C) shows a scree plot showing a sharp reduction in variation after PC1.
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MYH7 and MYH2 are shown to be differentially expressed between Type I and

Type II fibres and between the mixed samples and Type I fibres (figure 4.12). These results

align with the myosin isoform content percentages of each sample shown in figure 4.9.

It is clear from these results that the mixed fibre samples are mostly Type I fibres with

sample f28 having some contamination from Type II fibres. A ranked intensity plot of

proteins show MYH7 and MYH2 as some of he most abundant proteins in the samples

(figure 4.13). The results from the proteomics highlight the importance of accurate typing

and careful pooling of muscle fibre samples for use in downstream experiments. These

results provide evidence that MS-based proteomics can be applied to pooled muscle fibre

samples using as little as one fifth of a fibre segment. They also show the importance of

checking the myosin isoform content of pooled muscle fibre type samples for accurate

interpretation of results.
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Figure 4.12: Volcano Plots

Figure 4.12 shows the differentially expressed proteins between the pooled fibre types as
identified using pair-wise comparisons. (A) shows the most significant proteins up regulated in
either Type I or Type II fibres. (B) and (C) confirm that the potentially mixed fibre samples are
most likely Type I fibres. The red dotted lines indicate an adjusted P-value < 0.05 and a logFC >
±1.
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and pooled skeletal muscle fragments

Figure 4.13: Ranked Intensities of Proteins of Proteome Trial

Figure 4.13 shows the ranked intensities of myosin proteins identified in all samples. The most
abundant proteins in the samples belong to the major contractile proteins such as MYH7 and
MYH2.

4.2.5 DNA extractions

Rationale

The majority of DNAm studies in human skeletal muscle have utilised the infinium EPIC

beadchip array. The EPIC array measures methylation at approximately 850,000 CpGs

and is a cost effective method to measure DNAm in multiple samples. I was interested

in generating DNAm profiles of human skeletal muscle fibre types using the EPIC array

whilst also comparing the results to DNAm in whole tissue skeletal muscle samples. The

EPIC array requires a minimum of 250 ng of DNA, therefore I aimed to optimise a DNA

extraction method from pooled skeletal muscle fibre fragments that could yield 250 ng of

DNA. There has been one previous study of DNAm in Type I and Type II skeletal mus-

cle fibres [3]. The approach utilised silicon columns to extract high quality gDNA from

pooled Type I and Type II muscle fibre samples. I tested a number of DNA extraction

methods to determine the best approach to maximise yield and quality of gDNA.

Method

I tested three general approaches to isolating gDNA: a silicon based column method; an

organic phase separation method and a magnetic bead based method. I tested a variety
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of silicon column kits as they are reported to be user-friendly and safer methods for DNA

extraction. Bundles of twenty skeletal muscle fibres were separated into groups of five

fibres and digested in 50 µL of lysis buffer for four hours on a plate shaker. Digested

fibres were frozen at -80 °C to assist in cell disruption and lysis. After muscle fibres

were thawed to RT, I pooled four wells of five fibres and tested six different DNA ex-

traction protocols on ~twenty pooled fibres, according to the manufacturers instructions

with minor modifications. The organic phase separation method was modified from the

following protocol [269]. The main modification of each method was to replace the initial

lysis buffer with the SDS-DTT lysis buffer. Once DNA was extracted, the concentration

was measured using a Qubit flurometer and DNA quality assessed by running gDNA on

a 1.5 % agarose gel stained with gelRed..

Results

Qiagen QIAMP DNAmicro kit and PCI DNA methods both yield DNA

I decided to test multiple DNA extraction methods with slight modifications to

allow for the use of an SDS-TRIS-DTT buffer. DNA yields of each method are sum-

marised in Table 4.1, where the Qiagen QIAMP DNAmicro kit and PCI methods yielded

the most gDNA. On average the PCI method produced higher concentrations of DNA

and equalled a DNA yield of approximately 4.5 ng of gDNA per muscle fibre fragment.

The other silicon columns (lanes four to seven) and the magnetic beads lanes (ten and

eleven) produced significantly less gDNA Table (4.1). The quality of gDNA was high for

both the Qiagen and PCI methods (Figure 4.14).

Phenol chloroform isoamyl enables higher yield DNA

On average the PCI method produced higher concentrations of DNA. PCI extrac-

tions yielded approximately 4.5 ng of gDNA per muscle fibre fragment, whereas the Qi-

agen QIAMP DNAmicro kit averaged 3.8 ng per fibre fragment (table 4.1). From initial

testing the PCI extraction method is a viable method for extracting high quality gDNA.

As the goal of this method was to maximise DNA yield, this method was chosen for

further experiments.
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and pooled skeletal muscle fragments

Table 4.1: DNA extraction methods

Lane Extraction Method DNA yield (total)

Lane 1 DNA Ladder

Lane 2 Qiagen QIAamp DNAmicro 72 ng

Lane 3 Qiagen QIAamp DNAmicro 81 ng

Lane 4 Qiagen AllPrep DNA/RNA 5 ng

Lane 5 Qiagen AllPrep DNA/RNA 31 ng

Lane 6 NucleoSpin XS (MN) 18 ng

Lane 7 NucleoSpin XS (MN) 24 ng

Lane 8 Phenol/Choloroform/Isoamyl 76 ng

Lane 9 Phenol/Choloroform/Isoamyl 101 ng

Lane 10 NucleoMag Tissue (MN) 40 ng

Lane 11 NucleoMag Tissue (MN) 40 ng

Figure 4.14: DNA extraction tests

DNA extracted from 20 muscle fibre fragments using five methods were loaded on a 1.5%
agarose gel and run for 45 minutes. Lanes 2-3 are DNA samples extracted using the Qiagen
QIAmp DNAmicro kit/ Lanes 8-9 are DNA samples extracted using the PCI methods. These
two methods yielded the most gDNA.

PCI alcohol is a cost effective and viable approach to isolate gDNA from pooled

skeletal muscle fibre fragments

In the previous experiment 20 muscle fibres were digested in groups of five and

pooled in only 200 µL of total volume. To scale this method up to 50 fibres would require

a large volume of starting lysis buffer. Therefore I next tested the PCI method for ex-

tracting gDNA where a single fibre was digested in a tube in 10 µL of lysis buffer. After,

lysis and digestion, 2 µL of fibre lysate was dot blotted and typed for MYH7 and MYH2.

The remaining 8 µL was used for pooling and DNA extractions using the PCI method.
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Between 45 and 50 fibres were pooled together resulting in approximately 500 µL of total

liquid used for DNA extraction. Carrier RNA is often added to increase DNA yield and

this was added to one sample [3]. From 45-50 fibres the PCI method yielded on average

212 ng, equivalent to an average 4.5 ng of DNA per fibre fragment (table 4.2). This is the

same yield as when testing DNA extractions using 20 fibres, in which five fibres were

digested per tube. Figure 4.15 confirms that the gDNA was of high quality. Interestingly,

the sample in lane six included carrier RNA, and in this experiment it did not produce

higher yields of gDNA (Table 4.2) but smearing on an agarose gel was observed instead

(Figure 4.15). These results show that the PCI method is consistent at producing high

quality gDNA from pooled single skeletal muscle fibre fragments.

Table 4.2: PCI DNA extractions

Lane Starting Material DNA yield (total)

Lane 1 DNA Ladder

Lane 2 50 Type I fibres 307 ng

Lane 3 50 Type I fibres 173 ng

Lane 4 50 Type II fibres 230 ng

Lane 5 50 Type II fibres 216 ng

Lane 6 50 Type I fibres 196 ng

Lane 7 45 fibres 193 ng

Lane 8 45 fibres 168 ng

Figure 4.15: DNA extractions PCI pooled single fibres

DNA extracted from 50 muscle fibre fragments using the PCI method were loaded on a 1.5%
agarose gel and run for 45 minutes. From 45-50 fibres the PCI method yielded on average 212 ng,
equivalent to an average 4.5 ng of DNA per fibre fragment.
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and pooled skeletal muscle fragments

4.3 DISCUSSION

This chapter presents a modified method for the simultaneous extraction of DNA and

proteins from human skeletal muscle fibre fragments. This work combined and opti-

mised previous methods used to study DNA or proteins in skeletal muscle fibres to pro-

vide a flexible approach that can make the most of precious human muscle tissue samples

[3, 268, 210]. I demonstrated that by pooling Type I (TI) and Type II (TII) muscle fibre frag-

ments, I obtained enough DNA and protein to run DNAm analyses with the EPIC array

and study protein expression from pooled human skeletal muscle fibre samples (Table

4.2 & Figure 4.10).

Previous studies successfully extracted gDNA from pooled skeletal muscle fibres

by cutting fibres and using one piece for fibre type identification and another piece for

DNA extraction [3]. I have developed the following protocol for the preparation of DNA

and proteins from skeletal muscle fibre fragments. Single fibre fragments are digested in

10 µL of an SDS-TRIS buffer in a small PCR tube. One fifth of a fibre is used for accurate

fibre typing using a dot blot apparatus. After fibre typing, one fifth of a fibre is pooled

for proteomic analysis of pooled fibre type samples. The remaining three fifths of each

single fibre can be used to extract high quality gDNA using a PCI protocol.

I have successfully increased the yield of gDNA by using a dot blot apparatus to

efficiently type more fibres followed by PCI extraction of DNA. Three fifths of a fibre

are expected to yield, depending on fibre length, 3.5 ng of gDNA on average. Therefore,

pooling between 65-85 single fibre fragments should yield 250 ng of gDNA. Compared

to previous work [3] this increase in yield would enable us to utilise the commonly used

Infinium Human BeadChip arrays for probing DNAm and to extend the study of DNAm

in skeletal muscle fibre types to multiple samples.

It has previously been reported that typing Type IIx muscle fibres through a process

of elimination using the dot blot method is possible [268], however when using a dot

blot apparatus we were unable to determine Type IIx fibres using the same approach.

Christiansen and others [268] did highlight that antibodies used during dot blot fibre

typing are a limitation due to cross reactivity. At the outset of this work I intended to

study Type IIx fibres from multiple samples. Due to the inability to accurately identify
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Type IIx fibres, I proceeded to characterise Type I slow and Type II fast fibre populations

in the following chapters.

Building on the work of Christiansen and others [268], I compared the dot blot

method to both silver-staining and LC-MS/MS and showed that all three methods showed

agreement when typing Type I and Type II fibres (Figures 4.7, 4.8 and 4.9). This is consis-

tent with Deshmukh et al. who also utilised the dot blot method and proteomics to study

differences in Type I and Type II fibres [210].

Using both a recently reported fibre typing method [268] and a proteomic study

on pooled skeletal muscle fibres [210], I developed a one tube digestion protocol for the

preparation of both DNA and proteins from skeletal muscle fibre fragments. This method

would allow researchers to investigate both epigenetic and protein differences in skeletal

muscle fibre types from the same biological sample. There is also the potential to adapt

this method to extract DNA, RNA and proteins from the same sample to study role of

DNAm in the control of both RNA and protein expression in skeletal muscle fibres.

In the subsequent chapters I apply this method to investigate DNAm differences

between Type I and Type II human skeletal muscle fibres in twelve healthy adults. I also

investigate changes in the methylome and proteome after 12 weeks of High Intensity

Interval Training.
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5 RESULTS 2: FIBRE-TYPE-SPECIFIC AND

WHOLE MUSCLE DNA METHYLATION

DIFFERENCES IN HUMAN SKELETAL

MUSCLE AT BASELINE

5.1 INTRODUCTION

DNA methylation is the chemical addition of a methyl group to the fifth carbon of cyto-

sine nucleotides [35] and occurs the majority of the time at CpG dinucleotides [36, 37].

DNAm can be measured using a number of platforms such as sequencing or arrays. Due

to the cost effectiveness of DNAm arrays and their widespread use, I studied DNAm in

human skeletal muscle samples using the Infinium MethylationEPIC Beadchip. Recently

the EPIC array has been updated as the new EPICv2 beadchip which contains more than

900,000 CpG methylation sites [299].

Skeletal muscle is a heterogeneous organ comprised of multiple cell types, each

with its own specific function. The muscle fibre is a major component of muscle tissue

and is categorised into three specific types in humans: Type I, Type IIa and Type IIx [59].

To date, studies investigating DNAm in human muscle have predominantly focused on

assessing global DNAm of whole tissue samples. Due to the importance of cell-type on

DNAm signatures, studying whole tissue samples often requires adjustments for cell-

type proportions to gain meaningful biological insights [300]. Begue and others reported

DNAm differences between muscle fibre-types using one pooled Type I fibre and one

pooled Type II fibre mixed from eight male samples [3]. The overarching aim of this

chapter was to compare DNAm profiles between Type I and Type II muscle fibres and

whole muscle in both males and females. We extended the study of human skeletal mus-

cle fibre-type-specific DNAm by utilising our modified fibre-typing and DNA/protein

extraction method. The application of this method enabled us to assess DNAm using

the new EPICv2 Infinium beadchip in 12 individual pooled Type I and Type II muscle
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fibre samples from both males (n=7) and females (n=5). We generated fibre-type-specific

DNAm profiles from human skeletal muscle that provides a valuable resource for re-

searchers studying DNAm in human skeletal muscle.

The specific aims of this chapter were:

1. To isolate, type and extract ~250ng of DNA and protein from Type I and Type II

muscle fibres from 12 human skeletal muscle samples.

2. To assess the most appropriate pre-processing and normalisation method for the

new EPICv2 array in the context of human skeletal muscle samples.

3. To compare DNAm of pooled Type I, pooled Type II and whole muscle (WM) sam-

ples using the new EPICv2 from multiple samples.

5.2 METHODS

5.2.1 Participant Summary

Participant Characteristics

15 apparently healthy participants (males = 8, females = 7) were recruited as part of the

ongoing Gene SMART study [260]. At baseline all 15 participants muscle samples were

used for whole muscle DNA extraction and a total of 12 participant’s (males = 7, females

= 5) muscle samples were used to isolate fibre-type specific DNA. At the time of recruit-

ment 34 was the median participant’s age (range = 25-42) and mean was body mass index

(BMI) 24.6 kg.m2 (range = 18.0-28.7 kg.m2). Physiological fitness was measured at base-

line: mean VO2peak 39.1 ml.min.kg (range = 27.3-55.7 ml.min.kg); mean lactate threshold

153.5 W (range = 107.5-249.5 W); and mean aerobic Wpeak 217 W (range = 162.5-351.0 W).

Participant characteristics and fitness measures at baseline are summarised in Table 5.1.
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human skeletal muscle at baseline

Table 5.1: Participant Baseline Characteristics

Participants n=15

Sex Male 8

Female 7

Age Median 34

Min-Max 25-42

BMI Mean (SD) 24.6 (3.0)

Min-Max 18.0-28.7

VO2max Mean (SD) 39.1 (8.7)

Min-Max 27.3-55.7

Lactate Threshold Mean (SD) 153.5 (42.8)

Min-Max 107.5-249.5

Aerobic Peak Power Mean (SD) 217.0 (55.5)

Min-Max 162.5-351.0

5.2.2 DNA, protein and sample preparation

Dot blot fibre typing of single fibre fragments

A total of 288 fibres were isolated under a light microscope for each muscle sample and

dot blotted using a 96 well dotblot apparatus. Figure 5.1 is a representative blot of 96

fibres isolated from one participant at baseline. Fibres were typed for MYH7 (Type I

fibres), MYH2 (Type II fibres) and ponceau stained. Membranes were imaged using a MP

Biorad ChemiDoc and contrasted depending on signal intensity. Fibres were identified as

Type I if they contained only MYH7, Type II if they contained only MYH2, contaminated

if they contained both MYH7 and MYH2 or as Type IIx fibres if they stained positive for

ponceau and were negative for both MYH7/MYH2. As seen in Figure 5.1 some fibres

were classed as MYH7 positive and MYH2 negative even with small amounts of MYH2

signal present as signal was considered to be background staining. This decision was

made as a result of previous experiments outlined in the previous chapter. Fibres that

were negative in all three blots were labelled missing fibres. Missing fibres were marked

with a X upon typing as shown in Figure 5.1D. The cause of missing fibres is likely due

to no single fibre being placed in each tube or the fibre remaining stuck to the tube wall.
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The total number of fibres isolated across all samples are summarised in Table 5.2.

At baseline a total of 3,218 fibres were isolated and typed. Across 12 participants an av-

erage of 113 Type I fibres (min-max = 65-179) were pooled per sample, and an average of

119 (min-max = 66-155) Type II fibres were pooled per sample resulting in a total of 1,353

Type I fibres and 1,427 Type II fibres being used for DNA and protein extractions. On av-

erage 23 (min-max = 0-68) Type IIx fibres were identified per sample resulting in a total

of 272 Type IIx fibres across all samples. One IIx fibre sample was pooled together for

DNA extractions due to low numbers of Type IIx fibres identified using the ponceau ap-

proach. On average 14 contaminated fibres (min-max = 2-43) were identified per sample

for a total of 166 contaminated fibres. Contaminated fibres were not used in the following

study as it was difficult to determine if these fibres represent true hybrid fibres or were

contaminated during the isolation procedure.

For the purpose of this chapter we only show DNAm results, whereas the proteins

were analysed in the next chapter of this thesis.

Table 5.2: Fibre Numbers

Participants (n=12) Pre Post Total

Type I Fibres 1353 1426

Type II Fibres 1427 1357

Type IIx Fibres 272 199

Contaminated Fibres 166 145

Missing Fibres 62 33

Total Fibres 3218 3127 6345
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human skeletal muscle at baseline

Figure 5.1: Representative Dot Blot

A representative blot of 96 single muscle fibre fragments dot blotted using a dot blot apparatus.
Samples were blotted on one membrane and typed for MYH7 (A) stripped and reprobed for
MYH2 (B) and finally stained with ponceau (C). (D) Fibres were typed as either type I (I =
MYH7+/MYH2-), type II (II = MYH2+/MYH7-), contaminated (I/II = MYH7+/MYH2+),
potential type IIx (IIx = MYH7-/MYH2-/Ponceau+) or missing (X = MYH7-/MYH2-/Ponceau-).
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Fibre type purity of pooled samples

After single muscle fibre fragments were typed, one fifth (2 µL) of each fibre was pooled

for mass spectrometry analysis of proteins. This resulted in between 132-358 µL of protein

lysate per sample. 10 µL of each pooled sample was dot blotted to validate if sample

pooling was accurate and 100 µL was sent for mass-spectrometry analysis of proteins.

As seen in Figure 5.2 columns A, C, E and G represent pooled Type I fibres and were

determined to be MYH7 Type I fibres. Columns B, D, F, and H represent pooled Type II

fibres and were determined to be MYH2 positive Type II fibres. Dot 6 in both column G

and column H are the pooled Type IIx fibres from baseline and after 12 weeks exercise

(see chapter 6), interestingly these fibres show a reduced staining for MYH7 and MYH2.

Dot one of column E shows a low amount of both MYH7 and MYH2 expression. The

varying intensity of signal could be the result of varying fibre length between muscle

samples and therefore a result of lower protein concentrations.
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Figure 5.2: Pooled Samples Dot Blot

Pooled fibre-type specific samples were dot blotted for MYH7 and MYH2 to assess sample
purity. (A) shows MYH7 and indicates that Type I fibres are MYH7 positive and (B) shows
MYH2 and indicates that Type II fibres are MYH2 positive.
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human skeletal muscle at baseline

DNA extractions and quality from pooled fibre fragments

After typing each single fibre fragment, four fifths (8 µL) of each fibre was pooled as

a Type I or Type II sample. gDNA was subsequently extracted using a modified PCI

method. On average 3.2 ng of gDNA was isolated per single fibre fragment (min-max =

1-7.7 ng) which was dependent on the length of fibres. On average 404 ng of gDNA was

extracted from pooled Type I samples (min-max = 128-900 ng ) and 368 ng of gDNA was

extracted from Type II fibres (min-max = 66-816 ng) as summarised in table 5.3. Less than

250 ng of total gDNA was obtained from 13 out of a total of 48 pooled fibre samples. Five

of these samples had less than 200 ng of gDNA and an additional 96 fibres from each of

these samples were isolated to obtain more gDNA. At the end of all DNA extractions total

DNA concentrations were measured for the 48 samples: three samples had between 70-

190 ng; seven had between 200-250 ng; and 38 samples had greater than 250 ng of gDNA.

We proceeded to send gDNA for all samples for DNAm assessment with the EPICv2 as

it was recently reported that as little as 40 ng of DNA can be used with the EPIC array

[301]. To assess the quality of gDNA we measured A260/A280 values and ran agarose

gels for all samples with more than 250 ng of gDNA. The average A260/A280 value for

pooled muscle fibre samples was 1.7 (min-max = 1.54-1.89) as shown in table 5.3. The

gDNA from pooled muscle fibres was of high quality when run on 1.5% agarose gels and

stained with gelRed (Figure 5.3).

Table 5.3: DNA concentrations Pooled Fibres

Type I Type II Combined

DNA (ng) 404 368 386

A260/A280 1.7 1.7 1.7
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0.5ug/lane -ve ctr

(A) Agarose Gel 1 of Pooled Fibre DNA samples

0.5ug/lane -ve ctr

(B) Agarose Gel 2 of Pooled Fibre DNA samples

Figure 5.3: Pooled Fibre Type DNA

gDNA extracted from pooled muscle fibre fragments were loaded on 1.5% agarose gels and run
for 45 minutes. (A) & (B) show all pooled fibre samples that had yield > 250 ng of gDNA. gDNA
was of high quality as seen by one clear band on agarose gels. The first and last lane on each gel
was a DNA ladder and the missing lanes on both gels were negative controls loaded without
gDNA

DNA extractions and quality from Whole Muscle

DNA was extracted from whole muscle from a total of 15 participants at baseline, after

four weeks of HIIT and at the end of the 12 week HIIT program (total samples = 43 due

to one drop out after three weeks of training). Between 10-12 mg of whole muscle was

used to extract both gDNA and RNA using the AllPrep DNA/RNA/miRNA Univer-

sal Kit (Qiagen, Venlo, Netherlands). gDNA quality was measured using a Nanodrop

One (ThermoScientific, Massachusetts, USA) and the average A260/A280 value was 1.84

(min-max = 1.66-1.93). 75 ng of gDNA was run on a 1.5% agarose gel to assess DNA

quality. A representative gel is shown in Figure 5.4 and gDNA was of high quality.

Figure 5.4: Whole Muscle DNA

A representative agarose of gDNA extracted from whole muscle samples were loaded on a 1.5%
agarose gel and run for 45 minutes. gDNA was of high quality as seen by one clear band on
agarose gels. The first lane on the gel was a DNA ladder.
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human skeletal muscle at baseline

5.2.3 Sample overview

A total of 96 samples were used to assess DNAm in human skeletal muscle using the

Infinium MethylationEPIC Beadchip v2.0 (Illumina). 250 ng of gDNA was bisulfite con-

verted in one plate and samples were hybridised to the EPICv2 arrays using a ran-

domised stratified approach across array and position. A summary of the 96 samples

are given in table 5.4. As there were five positions left on the 96 plate, three whole muscle

replicates and one each of a pooled Type I and Type II fibre sample were included for

additional analyses.

DNAm values from the Infinium arrays are pre-processed and normalised to re-

move unwanted variation [302]. However, the use of normalisation methods can shift

methylation values away from their true values [303] and there is a risk that biological

variation is removed [304]. To overcome this I utilised some spare positions on the array

to include replicates to guide DNAm pre-processing and normalisation of values from

the new EPICv2 in human skeletal muscle samples.

Table 5.4: Samples Assessed with the EPICv2

Sample Group Baseline 4 Weeks Post

Type I Fibres 12 0 11

Type II Fibres 12 0 11

Pooled Type IIx 1 0 1

Pooled Type I 1 0 0

Pooled Type II 1 0 0

Whole Muscle 15 14 14

Replicates 3 0 0

Total Samples 45 14 37 Total 96
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5.3 RESULTS

5.3.1 DNA methylation preprocessing and sample quality control

Sample QC

To assess sample quality, a number of quality control (QC) measures were performed on

all 96 samples. DNAm values were produced by the human genomics facility at Erasmus

University Medical Center and sample and probe based quality control was provided

along with raw IDAT files. Further QC was performed in house to assess the quality of

DNAm data produced from human skeletal muscle fibre samples using the new EPICv2

platform. All samples had < 0.01 mean detection P values (Figure 5.5A), and log median

intensities of the methylated vs unmethylated channels >10.5 (Figure 5.5B), indicating

all samples were reliable. To check for potential sample swaps, the sex of samples were

predicted based on the difference in log2 median intensity for the X and Y chromosome

probes using minfi. Figure B.1 indicates that no samples were mismatched for sex. Based

on the results from sample QC no samples were flagged for exclusion. The samples with

starting DNA of < 250 ng showed reliable quality control metrics and were included in

the following analysis.
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Figure 5.5: Detection P and QC plots

(A) Mean detection P values for each sample were calculated and plotted. All samples had mean
detection P values < 0.01. (B) Log 2 median methylated vs unmethylated values were calculated
and plotted for each sample. All samples had > 10.5 Log 2 median methylated vs unmethylated
values indicating good quality samples.
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human skeletal muscle at baseline

Pre-processing comparisons for the EPICv2

It is standard practice to preprocess DNAm data generated using Infinium Methylation

BeadChips to minimise unwanted technical variation due to the array design. Beta values

are calculated as:

β = M/(U + M + 100) (5.1)

where:

M = intensity of the methylated allele

U = intensity of the unmethylated allele

A number of preprocessing workflows have been established to correct experimen-

tal variation, however the selection of preprocessing method is not trivial and can lead

to loss of methylation signal [305]. Beta values were filtered and normalised using seven

published normalisation techniques. To assess the various normalisation methods, five

replicate samples were used to assess the agreement of DNAm signals after each prepro-

cessing method. One limitation in using only five replicate samples is that it is recom-

mended to assess agreement in DNAm signal in a minimum of 30 replicate pairs [306].

As this is the first study (to my knowledge) to analyse DNAm measured by the EPICv2

in skeletal muscle and skeletal muscle fibre types, I used the following results to guide

sample preprocessing.

Absolute beta value differences between the replicates for each normalisation tech-

nique are summarised in table 5.6 along with the percentage of CpGs exceeding a |∆β|

of 0.05 and 0.10. The best performing normalisation method based on |∆β| differences

was the Dasen normalisation method provided in the wateRmelon package in R. Dasen

normalisation had a mean |∆β| of 0.018 and the lowest percentage of CpGs exceeding

|∆β| of 0.05 and 0.10 (11.6% and 1.17% respectively). The worst performing normali-

sation methods based on |∆β| were Noob+BMIQ as provided in the ChAMP package

and preprocessRaw in the minfi package. Overall these values are higher than previously
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reported [307], which may be a result of the replicate samples in this study being placed

across array and position. Figure 5.6 shows correlations between duplicate pairs with all

normalisation methods showing a similar correlation of > 0.99.

Table 5.6: Absolute Beta differences

Min Q1 Mean Q3 Max |∆β|
> 0.10

|∆β|
> 0.05

Raw 0.020 0.021 0.023 0.023 0.028 2.02 17.24

Quantile 0.018 0.018 0.020 0.022 0.022 1.63 13.34

Noob 0.014 0.015 0.017 0.190 0.020 2.44 13.85

Noob + Quantile 0.016 0.016 0.018 0.019 0.020 2.28 13.67

FunNorm 0.014 0.015 0.017 0.019 0.019 2.21 13.30

Noob + BMIQ 0.016 0.019 0.020 0.022 0.025 3.59 18.44

Dasen 0.016 0.016 0.018 0.020 0.021 1.17 11.66

0.
95

0.
96

0.
97

0.
98

0.
99

1.
00

P
ea

rs
on

's
 C

or
re

la
tio

n
Pre

Pro
ce

ss
Raw

Q
ua

nt
ile

Noo
b

Noo
b+

Q
ua

nt
ile

Fu
nN

or
m

Noo
b+

BM
IQ

Das
en

(A) Duplicate Pearson’s correlation between
normalisation methods

Figure 5.6: Normalisation method Pearson’s correlations

Seven published normalisation methods were assessed for duplicate pair correlations. Pearson’s
correlation values were calculated for all replicate pairs and all normalisation methods had
similar correlation of > 0.99.

Density plots of normalised and filtered beta values are shown in Figure B.3 each

showing the typical bimodal distribution of beta values around 0 and 1. Compared to

the preprocessRaw normalisation the other methods show a smoother correction of beta
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values. The noob plus BMIQ normalisation as recommended in the ChAMP package

displayed a tighter normalisation for beta values between 0.2 and 0.8 as previously re-

ported [307]. As values between 0.2-0.8 are likely to be of interest between the different

cell types in a sample, we checked which variables explain the most data variation us-

ing principal component regression. PC regression was used to assess the association of

the top 20 principal components and the covariates cell type, slide, array, sex, partici-

pant, ethnicity, timepoint and age. Normalisation methods have different effects on the

covariates association with the top 20 principal components (Figures B.4). Dasen normal-

isation retained the most significant association between cell type and the first principal

component whilst minimising associations of slide and array with the top five principal

components (Figure B.4G) . The Dasen normalisation method was chosen as the normal-

isation approach due to the lower |∆β| differences and PC regression results.

5.3.2 Probe Filtering and Quality Control

Probe Filtering

A number of probe filtering steps were implemented to remove unreliable and unwanted

variation from the data prior to sample analysis. Probe filtering is summarised in table

5.7. Detection P-value (detp) values were generated to assess probe reliability using minfi

and 24,115 probes with detp > 0.01 in one or more samples were removed. A major

source of variation in DNAm data is driven by the sex chromosomes as seen in Figure

B.5, therefore 22,779 probes on sex chromosomes were removed prior to analysis. Non

CpG and single nucleotide polymorphism (SNP) related probes were removed. Cross

reactive probes have been identified for the EPICv1 [276] and 450K [277] arrays and we

removed probes remaining from a list provided from Erasmus MC. Probes flagged by

Illumina as underperforming, inaccurate and masked on the EPICv2 were removed. In

total 91,730 probes were removed prior to differential methylation analysis.
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Table 5.7: Probe Filtering

Filter Step Probe Number Dropped Probes

Full Probe 930075 0

Detection P > 0.01 905960 24115

Bead count < 3 905522 438

Sex Chromosomes 882743 22779

Non CpG 879450 3293

Underperforming Probes 849474 29976

Innaccurate Probes 849355 119

Masked Probes 849354 1

Cross Reactive Probes 849354 0

SNPs 838705 10649

Final Probes Remaining 838705

Probes Removed 91370

Batch Assessment

Batch effects due to plate, array and position are major sources of variation when using

Illumina BeadChips. All samples in this study were bisulfite converted in one 96 well

plate to remove plate as a source of variation. PCA was used to assess the influence

of array and position on the DNAm data. In B.2A and B.2B samples from each array

and position were present in each quadrant of the PCA plot. Both array and position

were not major sources of variation on PC regression, particularly when using Dasen

normalisation (Figure B.4G). As a result batch correction for array and position was not

performed.

5.3.3 DNA methylation analysis revealed widespread differences

between muscle fibres

Genome-wide DNAm analysis was performed on 838,705 DNAm sites probed using the

Methylation EPICv2 Beadchip that passed quality control. A total of 74 samples were

kept for differential methylation analysis (DMA). Four-week whole muscle samples were

excluded from the dataset and replicate samples were averaged before DMA. There were

very small mean global DNA methylation differences between TI, TII and WM samples.
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A welches t test revealed a very small (0.2%) hypermethylation of TI samples compared

to TII samples (P < 0.001), and WM samples overall methylation fell in between TI and

TII fibres.

Dimension Reduction Analysis

PCA, multidimensional scaling (MDS) and t-distributed stochastic neighbor embedding

(t-SNE) were used to assess variation in the data. PCA finds the projection of the data

that explains the most variation in the data. PCA analysis showed that 10.5% of variation

in the data was explained by the first PC and that samples clustered according to TI and

TII fibres with WM dispersed through the middle (Figure 5.7A). MDS analysis aims to

maintain some of the original relationship between data points, and showed that seven

samples clustered together in the lower left quadrant of Figure 5.7B. Further investigation

of the samples showed that six of these seven samples were from the same participant

(s201) who had a unique ethnicity (Figure 5.7C). The final sample in this cluster was at-

tributed to a different participant (s200) and can also be seen in Figure 5.7C clustering

with participant s201. On further investigation Pearson’s correlation analysis between

s200-12wk and s201 and s200 revealed that s200-12wk had higher correlation values with

s201 than s200 (Figure B.1). As a result s200-12wk was removed from downstream analy-

sis and was deemed to be caused by a sample handling error. t-SNE dimension reduction

aims to maintain original distances between samples as much as possible. t-SNE analysis

shows a strong clustering by participant, as each participant provided multiple samples

in the data (Figure 5.7C). Dimension reduction analysis indicated the need to adjust re-

gression models by sex and participant and that ethnicity may be a source of variation

within the data.
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Figure 5.7: Dimension Reduction Plots on DNAm data

(A) PCA analysis shows samples separating according to fibre type along the first PC which
explains 10.5% of the variation in the data. (B) MDS plots reveal that seven samples cluster away
from the remaining samples. (C) tSNE indicates that samples from the same participant cluster
together. T1 = Type I muscle fibres, T2 = Type II muscle fibres and WM = whole muscle samples.
M = male and F = female.

81



5 Results 2: Fibre-Type-Specific and Whole Muscle DNA Methylation differences in

human skeletal muscle at baseline

Differential methylation of probes (DMPs) Type I vs Type II

To estimate differences in methylation of CpGs between TI and TII muscle fibres at base-

line, mixed effects linear models were performed using limma in the R statistical envi-

ronment on Dasen normalised M values.

A comparison of TI and TII samples at baseline (n = 12 vs 12) revealed 93,465

glspl{DMP} after Benjamani-Hochberg (BH) correction (FDR p < 0.005). After applying

a more stringent FDR threshold of < 0.001, 68,026 CpGs were identified as differentially

methylated between TI and TII fibres. DMA was conducted on the more statistically valid

M values, however linear models were also applied to beta values to produce more in-

terpretable beta value changes. Of the 67,587 DMPs passing FDR < 0.001, 11,468 showed

a beta-change of greater than 10% (> 0.1 or < -0.1). Among the DMPs with greater than

10% beta-change 8,633 were hypermethylated and 2,835 were hypomethylated in TI fi-

bres compared with TII fibres. Numbers of DMPs passing each BH-P-value are provided

in Table 5.8.

The DMPs <0.001 with 10% beta value changes were predominantly located in the

opensea CpG context with 78.4% located in CpG openseas, 11.8% in CpG shores, 7.4%

in CpG shelves and 2.4% in CpG islands (Figure 5.9). DMPs were distributed along all

autosomal chromosomes with the highest proportion of CpGs located on chromosome 1

(Figure 5.10). The list of all CpGs and statistics generated using limma can be provided on

request. The top 50 hypomethylated and the top 50 hypermethylated DMPs in TI fibres

compared with TII fibres are summarised in tables 5.9 and 5.10 respectively. In TI com-

pared with TII fibres the top hypomethylated CpGs were annotated to PDLIM1, KALRN,

and TNNI1 and the top hypermethylated CpGs were annotated to TNNT3, GREB1 and

TPM1 (Figure 5.8).

Table 5.8: DMPs in TI-pre compared to TII-pre fibres

TI-Pre Vs TII-Pre

BH P-value Threshold Hyper Hypo

BH P < 0.001 > 10 % BetaDiff 8633 2835

BH P < 0.001 48344 19682

BH P < 0.005 63059 30406

BH P < 0.05 99257 71772
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Figure 5.8: Volcano Plot T1vsT2

Volcano plot of the top 100,000 DMPs with hypomethylated (purple) and hypermethylated
(green) genes identified in TI vs TII fibres. Beta value change is on the x-axis and -log10 P-value
on the y-axis. The horizontal line represents the cutoff of the adjusted (P-value <0.001) and the
vertical lines represent the cutoff of the beta change 10 %.
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Figure 5.9: CpG Context

CpG context of DMPs with > 10% fold change. Dark purple represents Islands, light purble
represents OpenSea, dark green represents Shelf and light green represent Shore CpG contexts.
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Figure 5.10: Manhatten Plot of DMPs

A Manhattan plot showing all DMPs across autosomes; the orange line represents an adj-P-value
= 0.001.

Table 5.9: T1 vs T2 Top50 Hypo-DMPs
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg08799394_TC21 PDLIM1 -2.38 -0.48 -26.01 3.70E-39 3.10E-33 77.41 -0.38 -25.65 0.43 chr10 TssFlnkU Shore

cg01718380_BC21 KALRN -2.69 -0.68 -25.01 5.04E-38 2.11E-32 74.98 -0.41 -23.54 0.40 chr3 Quies Shelf

cg20562104_BC21 TNNI1 -2.33 0.78 -24.31 3.38E-37 9.46E-32 73.20 -0.35 -25.81 0.62 chr1 Quies OpenSea

cg15791478_TC21 -2.63 -0.60 -23.63 2.20E-36 4.62E-31 71.44 -0.41 -23.43 0.41 chr20 EnhA1 OpenSea

cg23159950_BC21 MYH7B -2.57 -0.75 -23.37 4.60E-36 6.11E-31 70.75 -0.39 -22.12 0.39 chr20 Quies Shelf

cg02304314_BC21 FLJ12825 -2.25 0.22 -23.29 5.76E-36 6.11E-31 70.54 -0.37 -23.38 0.53 chr12 ReprPC Shelf

cg25091827_BC21 MYH7B -1.92 1.17 -23.02 1.21E-35 9.29E-31 69.83 -0.27 -24.07 0.68 chr20 Quies Island

cg23708673_BC21 ATP2A2 -2.09 0.92 -22.78 2.43E-35 1.70E-30 69.18 -0.31 -24.01 0.64 chr12 Tx OpenSea

cg07648215_BC21 MYLK3 -1.91 0.92 -22.63 3.75E-35 2.42E-30 68.77 -0.29 -22.05 0.64 chr16 Quies OpenSea

cg13048191_BC21 TNNI1 -2.84 1.02 -22.59 4.16E-35 2.49E-30 68.67 -0.40 -24.15 0.65 chr1 Quies OpenSea

cg07209719_BC21 PDLIM1 -2.50 -0.49 -22.27 1.08E-34 5.01E-30 67.77 -0.40 -21.58 0.42 chr10 TssFlnk Shore

cg19755714_TC21 MAML3 -2.20 0.49 -22.20 1.31E-34 5.76E-30 67.59 -0.35 -22.69 0.58 chr4 EnhA1 OpenSea

cg18447962_TC21 ATP2A2 -2.79 0.29 -22.18 1.37E-34 5.76E-30 67.54 -0.44 -23.32 0.54 chr12 EnhWk Shore

cg06570416_BC21 ATP2A2 -2.72 0.77 -21.92 2.97E-34 1.08E-29 66.81 -0.40 -23.71 0.61 chr12 Quies Shore

cg03315837_BC21 MYLK3 -2.26 1.10 -21.84 3.80E-34 1.33E-29 66.58 -0.32 -23.37 0.67 chr16 Quies OpenSea

cg03406283_TC21 -2.48 0.76 -21.78 4.57E-34 1.53E-29 66.40 -0.37 -21.50 0.61 chr2 ReprPCWk OpenSea

cg00783213_BC21 TPST2 -1.80 0.55 -21.68 6.06E-34 1.95E-29 66.14 -0.29 -22.44 0.59 chr22 TxWk OpenSea

cg13435855_BC21 TNNI1 -2.28 0.45 -21.50 1.03E-33 3.08E-29 65.63 -0.36 -22.29 0.57 chr1 Quies OpenSea

cg15415313_BC21 PDLIM1 -2.19 1.13 -21.43 1.27E-33 3.66E-29 65.44 -0.31 -21.44 0.67 chr10 Quies OpenSea

cg17799456_BC21 EEPD1 -2.46 -0.90 -21.34 1.67E-33 4.39E-29 65.17 -0.37 -20.76 0.36 chr7 EnhA1 OpenSea

cg08901951_BC21 MYL2 -2.01 0.07 -21.26 2.14E-33 5.44E-29 64.94 -0.33 -21.72 0.51 chr12 Quies OpenSea

cg00313533_TC21 MYL3 -1.97 0.94 -21.18 2.69E-33 6.09E-29 64.72 -0.29 -21.76 0.65 chr3 Quies OpenSea

cg11418783_BC21 LAD1 -1.84 0.64 -21.11 3.33E-33 6.98E-29 64.52 -0.29 -21.90 0.60 chr1 ReprPC Shore

cg08240074_TC21 MYH7 -2.26 0.83 -21.07 3.82E-33 7.81E-29 64.39 -0.34 -22.99 0.63 chr14 Quies OpenSea

cg19926753_BC21 VSIG10 -2.16 0.59 -21.05 4.08E-33 8.16E-29 64.32 -0.34 -21.74 0.59 chr12 Quies Shelf

cg19509829_BC11 ATP2A2 -2.59 1.86 -20.94 5.59E-33 1.07E-28 64.02 -0.29 -20.37 0.76 chr12 Tx OpenSea

cg15155209_TC21 SLC6A6 -1.93 -1.28 -20.93 5.78E-33 1.07E-28 63.99 -0.27 -19.99 0.30 chr3 EnhA1 OpenSea

cg16514487_BC21 ATP2A2 -2.39 1.16 -20.93 5.86E-33 1.07E-28 63.98 -0.34 -21.39 0.67 chr12 Quies Shore

cg16289421_TC21 TPM3 -1.68 -0.20 -20.92 5.97E-33 1.07E-28 63.96 -0.28 -21.47 0.47 chr1 EnhA1 Shelf

cg03978573_BC21 -1.66 0.42 -20.77 9.54E-33 1.67E-28 63.52 -0.27 -21.70 0.57 chr12 EnhA1 OpenSea
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Table 5.9: T1 vs T2 Top50 Hypo-DMPs(continued)
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg14529469_BC21 MYL3 -2.53 0.64 -20.71 1.13E-32 1.93E-28 63.36 -0.39 -21.69 0.60 chr3 Quies OpenSea

cg00100361_TC21 ATP2A2 -2.13 0.95 -20.69 1.21E-32 2.01E-28 63.29 -0.32 -20.16 0.65 chr12 TxWk OpenSea

cg15957369_BC21 PDLIM1 -1.96 0.24 -20.69 1.22E-32 2.01E-28 63.28 -0.32 -21.03 0.54 chr10 Quies OpenSea

cg13131270_BC21 RPA1 -2.38 0.77 -20.65 1.37E-32 2.17E-28 63.17 -0.36 -22.10 0.62 chr17 Tx OpenSea

cg15412604_TC21 ATP2A2 -1.69 0.85 -20.64 1.41E-32 2.19E-28 63.15 -0.26 -20.99 0.64 chr12 Tx OpenSea

cg06455211_TC21 TBC1D1 -2.23 -0.18 -20.55 1.87E-32 2.80E-28 62.87 -0.36 -20.70 0.47 chr4 Quies OpenSea

cg18076458_BC21 -2.34 0.45 -20.50 2.16E-32 3.18E-28 62.74 -0.37 -21.27 0.57 chr12 EnhA1 OpenSea

cg23807570_TC21 ATP2A2 -1.93 0.93 -20.49 2.25E-32 3.26E-28 62.70 -0.29 -21.20 0.65 chr12 Tx OpenSea

cg14659008_TC21 -2.18 1.24 -20.32 3.85E-32 5.13E-28 62.18 -0.30 -19.50 0.69 chr8 Quies Shelf

cg06099173_TC21 MYH7 -1.77 0.57 -20.31 3.95E-32 5.17E-28 62.16 -0.28 -21.29 0.59 chr14 EnhA1 OpenSea

cg18600110_BC21 MYH7B -2.39 1.16 -20.29 4.27E-32 5.50E-28 62.09 -0.33 -19.71 0.67 chr20 Quies Shore

cg13081262_BC21 MYH7 -1.99 1.04 -20.26 4.55E-32 5.75E-28 62.02 -0.29 -21.44 0.66 chr14 Quies OpenSea

cg10239861_BC21 GARNL3 -2.28 -0.09 -20.18 5.88E-32 6.96E-28 61.78 -0.37 -20.88 0.48 chr9 Quies OpenSea

cg00533834_BC21 MYH7 -2.08 0.28 -20.18 5.89E-32 6.96E-28 61.78 -0.34 -20.88 0.54 chr14 Quies OpenSea

cg13314400_TC11 ATP2A2 -2.84 1.08 -20.10 7.60E-32 8.81E-28 61.54 -0.39 -21.46 0.66 chr12 TssFlnk Shelf

cg10557930_BC21 MYH7 -2.05 -0.08 -20.10 7.67E-32 8.81E-28 61.53 -0.34 -20.50 0.49 chr14 Quies OpenSea

cg15439078_BC21 MYL3 -2.11 0.78 -20.09 7.82E-32 8.87E-28 61.51 -0.32 -21.50 0.62 chr3 Quies OpenSea

cg22460923_BC21 ALPL -1.93 -1.35 -20.05 8.87E-32 9.79E-28 61.39 -0.27 -20.12 0.29 chr1 EnhWk OpenSea

cg26270038_BC21 MYH6 -1.74 0.75 -20.03 9.58E-32 1.03E-27 61.31 -0.27 -20.49 0.62 chr14 Quies OpenSea

cg10123201_TC21 MYL3 -1.90 0.44 -20.00 1.03E-31 1.10E-27 61.24 -0.31 -20.83 0.57 chr3 Quies OpenSea

Table 5.10: T1 vs T2 Top50 Hyper-DMPs
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg14600987_BC21 TNNT3 2.29 -0.69 23.30 5.51E-36 6.11E-31 70.58 0.35 23.55 0.39 chr11 Quies Shelf

cg22495058_BC21 GREB1 1.76 -0.59 23.28 5.83E-36 6.11E-31 70.53 0.28 23.76 0.40 chr2 Quies Shore

cg25691442_TC21 TPM1 2.40 -1.02 23.06 1.10E-35 9.29E-31 69.93 0.35 21.89 0.35 chr15 EnhA1 OpenSea

cg19642007_BC21 TNNT3 2.07 0.78 23.02 1.22E-35 9.29E-31 69.83 0.32 23.54 0.62 chr11 Quies Shelf

cg18378755_TC21 MICAL1;ZBTB24 2.13 0.62 22.55 4.75E-35 2.66E-30 68.55 0.34 23.57 0.60 chr6 Tx OpenSea

cg21221455_BC21 TPM1;TPM1-AS 2.01 0.73 22.39 7.52E-35 3.94E-30 68.11 0.32 22.59 0.61 chr15 TssFlnkU Shore

cg12038298_TC21 TNNT3 2.18 1.05 22.27 1.06E-34 5.01E-30 67.79 0.32 21.76 0.66 chr11 Quies Shore

cg18176835_BC21 TLN2 1.63 -0.02 22.04 2.10E-34 8.26E-30 67.14 0.27 22.93 0.50 chr15 TxWk OpenSea

cg20491601_BC21 TPM1 2.58 -0.95 22.03 2.17E-34 8.26E-30 67.11 0.37 22.01 0.36 chr15 EnhA1 Shelf

cg04578549_BC21 ENSG00000259727 1.93 0.52 21.60 7.72E-34 2.40E-29 65.91 0.31 21.62 0.58 chr15 Quies OpenSea

cg04344361_TC21 XXYLT1 2.28 0.45 21.40 1.39E-33 3.89E-29 65.35 0.36 22.08 0.57 chr3 Quies OpenSea

cg19387862_TC21 SPIB 1.80 0.01 21.36 1.60E-33 4.32E-29 65.22 0.30 21.68 0.50 chr19 ReprPC Shore

cg01671575_BC21 PGBD5 2.05 0.23 21.24 2.28E-33 5.62E-29 64.88 0.34 21.48 0.54 chr1 Quies OpenSea

cg06455375_BC21 TNNT3 2.40 0.48 21.23 2.37E-33 5.68E-29 64.84 0.38 21.74 0.57 chr11 Quies Island

cg21108554_BC21 REPIN1-AS1 2.32 0.20 21.20 2.54E-33 5.93E-29 64.77 0.38 21.67 0.53 chr7 Quies Shelf

cg20488341_TC21 2.13 0.15 21.17 2.80E-33 6.19E-29 64.68 0.35 21.90 0.52 chr1 Quies OpenSea
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Table 5.10: T1 vs T2 Top50 Hyper-DMPs(continued)
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg12542203_TC21 2.55 0.94 21.14 3.03E-33 6.52E-29 64.61 0.37 21.41 0.64 chr5 Quies OpenSea

cg05258834_BC21 TNNI2 2.33 0.82 20.98 4.99E-33 9.74E-29 64.13 0.35 21.64 0.62 chr11 TxWk OpenSea

cg20273012_BC21 BMF 1.89 -0.35 20.68 1.26E-32 2.04E-28 63.25 0.31 21.16 0.44 chr15 EnhA1 OpenSea

cg01712812_BC21 LYRM4 2.30 -1.11 20.60 1.60E-32 2.44E-28 63.02 0.32 21.81 0.33 chr6 EnhA1 Shore

cg01821149_TC21 TNNT3 1.66 0.31 20.47 2.41E-32 3.43E-28 62.63 0.27 21.09 0.55 chr11 Quies Island

cg13133304_BC11 TNNI2 3.04 1.05 20.46 2.48E-32 3.47E-28 62.60 0.41 23.45 0.64 chr11 TxWk OpenSea

cg02556649_BC11 TNNT3 3.07 0.89 20.40 2.99E-32 4.12E-28 62.43 0.44 21.01 0.62 chr11 TxWk Shore

cg01808320_BC21 CNIH3 2.33 0.86 20.38 3.15E-32 4.26E-28 62.38 0.35 21.52 0.63 chr1 Quies OpenSea

cg18877271_TC11 TNNT3 2.54 0.68 20.26 4.65E-32 5.75E-28 62.01 0.40 20.19 0.60 chr11 Quies Shore

cg09993645_BC21 NIBAN1 2.24 0.21 20.26 4.66E-32 5.75E-28 62.00 0.36 20.16 0.53 chr1 Quies OpenSea

cg27651665_BC21 XXYLT1 2.27 0.48 20.25 4.73E-32 5.76E-28 61.99 0.36 20.59 0.58 chr3 Quies OpenSea

cg02763146_BC21 EIF4G1;SNORD66 1.81 0.03 20.07 8.49E-32 9.49E-28 61.43 0.30 20.42 0.50 chr3 Tx Shelf

cg04052013_TC21 TNNT3 1.64 0.73 20.05 9.05E-32 9.86E-28 61.37 0.26 20.38 0.62 chr11 Quies Island

cg19501518_TC21 MICAL1;ZBTB24 1.43 0.30 19.88 1.53E-31 1.51E-27 60.87 0.24 20.77 0.55 chr6 Tx OpenSea

cg10628683_BC21 TNNC2 1.81 -0.33 19.83 1.79E-31 1.72E-27 60.72 0.30 20.06 0.45 chr20 EnhBiv Shore

cg21704222_BC21 ATXN1L 1.69 -0.02 19.71 2.60E-31 2.42E-27 60.36 0.28 20.34 0.50 chr16 EnhA2 OpenSea

cg03937290_TC21 ENSG00000237429 1.28 -0.11 19.70 2.72E-31 2.50E-27 60.32 0.22 20.82 0.48 chr1 TssFlnkU Shore

cg25406657_TC21 TPM1;TPM1-AS 2.01 -0.01 19.66 3.05E-31 2.78E-27 60.21 0.33 19.86 0.50 chr15 TssFlnkU Shore

cg06441714_BC21 CX3CR1 1.74 -0.01 19.65 3.19E-31 2.87E-27 60.17 0.29 20.00 0.50 chr3 Quies OpenSea

cg18258887_BC21 MIR583HG 2.16 -1.27 19.64 3.23E-31 2.88E-27 60.15 0.29 18.96 0.31 chr5 Quies OpenSea

cg20491284_BC21 TPM1 1.68 -0.31 19.61 3.56E-31 3.11E-27 60.06 0.28 19.66 0.45 chr15 TssBiv Shore

cg18877271_TC12 TNNT3 2.54 -0.71 19.60 3.71E-31 3.21E-27 60.02 0.39 19.99 0.39 chr11 Quies Shore

cg26371931_TC21 SLC16A5 2.00 0.89 19.52 4.81E-31 3.96E-27 59.77 0.30 19.08 0.64 chr17 TxWk OpenSea

cg27412039_TC11 TNNT3 3.44 1.83 19.49 5.24E-31 4.24E-27 59.69 0.36 21.93 0.73 chr11 Quies Island

cg09578829_TC21 TBC1D1 1.45 -0.18 19.49 5.26E-31 4.24E-27 59.68 0.24 20.19 0.47 chr4 Quies OpenSea

cg09419354_BC21 LYRM4 2.08 -1.38 19.38 7.45E-31 5.73E-27 59.35 0.27 20.03 0.29 chr6 EnhA1 Shore

cg00557924_TC21 DRAIC 2.01 1.04 19.38 7.63E-31 5.76E-27 59.33 0.30 18.14 0.66 chr15 Quies OpenSea

cg03418649_TC21 TNNT3 2.00 1.07 19.34 8.51E-31 6.32E-27 59.22 0.29 18.51 0.67 chr11 Quies Shore

cg01667636_TC21 WBP1L 1.80 0.16 19.31 9.56E-31 6.85E-27 59.11 0.30 19.63 0.53 chr10 Tx OpenSea

cg16205293_BC21 1.84 0.19 19.30 9.85E-31 6.94E-27 59.08 0.30 19.56 0.53 chr11 Quies OpenSea

cg10423149_BC21 PTPRG 2.12 0.34 19.29 1.02E-30 7.11E-27 59.05 0.34 19.62 0.55 chr3 Quies OpenSea

cg04563870_BC21 TNNT3 2.25 0.22 19.25 1.16E-30 8.05E-27 58.92 0.37 19.80 0.53 chr11 Quies OpenSea

cg25171685_BC21 TPM1 1.76 -2.11 19.24 1.18E-30 8.09E-27 58.91 0.18 17.59 0.20 chr15 TssBiv Island

cg17313218_BC21 LSP1 2.57 0.36 19.24 1.19E-30 8.09E-27 58.91 0.41 19.83 0.55 chr11 Quies OpenSea
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5.3 Results

Gene Ontology, Kegg and Reactome overrepresentation analysis

Gene ontology overrepresentation analysis (GO-ORA) was conducted to assess the re-

lationship between DMPs. Cluster profiler was used for GO-ORA using the 11,491 sig-

nificant DMPs with > 10% beta value changes. 274 enriched terms were identified with

a BH-P-value cutoff of < 0.005, with 175 of these terms passing a stringent < 0.001 BH-

P-value cutoff. There were significant overlaps between DMPs and muscle related bio-

logical process (BP) (121 enriched terms < 0.001), cellular component (CC) (34 enriched

terms <0.001) and molecular function (MF) (20 enriched terms <0.001) gene ontology

(GO) terms (Figures B.6 & B.7 & B.8). As expected between TI and TII fibres the main

enriched gene sets for BP, CC and MF are involved in actin filament organisation, actin

cytoskeleton and actin binding. Additionally GTPase regulator activity and GTPase me-

diated signal transduction were overrepresented in TI vs TII DMPs. This was further

confirmed by Reactome pathway overrepresentation analysis with the top five pathways

relating to muscle contraction, RHO GTPase cycle pathway and cardiac conduction (Fig-

ures B.9. A total of 19 Reactome pathways were identified with a P-value cutoff of <0.005

of which 14 pathways passed a P-value cutoff <0.001. A total of 25 Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathways with a P-value cutoff <0.005 were enriched, with

20 pathways passing a P-value cutoff <0.001 (Figure B.10). Focal adhesion, regulation of

actin cytoskeleton and motor proteins were some of the top enriched KEGG pathways.

A consideration with ORA analysis in methylation studies is the bias introduced

by multiple CpGs annotated to the same gene and CpGs annotated to multiple genes

[308]. I modified code from the missMethyl package for the new EPICv2 to conduct bias

corrected ORA on GO, KEGG and reactome terms [287]. I identified a reduced number

of GO terms after adjusting for bias, with five BP, six CC and one MF GO terms with

BH adj-P-vals < 0.001. These terms were more specific to muscle related processes and

GTPase activity was no longer present (Figure 5.11). Likewise, there were a reduction in

the number of reactome terms identified after bias adjustment, with muscle contraction

and striated muscle contraction reactome terms passing a BH-adj-P-value < 0.001 (Figure

5.12). No KEGG pathways were identified with a BH-adj-P-value < 0.005, with eight

pathways with a BH-adj-P-val < 0.05, with focal adhesion and c-type lectin signalling the

top two KEGG pathways (Figure 5.13).
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Figure 5.11: ORA of Gene Ontology Terms from TI vs TII DMPs

Gene ontology overrepresentation analysis of the differentially methylated DMPs between TI
and TII fibres as calculated by the missMetyl method. Figure 5.11 shows the top GO terms from
BP, CC and MF as indicated by the solid blue bar. The circle size represents gene numbers, and
the colour represents the adj-P-value.

Muscle Contraction

Striated Muscle Contraction

Figure 5.12: ORA of Reactome Terms from TI vs TII DMPs

Reactome term overrepresentation analysis of the differentially methylated DMPs between TI
and TII fibres as calculated by the missMetyl method. The circle size represents gene numbers,
and the colour represents the adj-P-value.
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Figure 5.13: ORA of KEGG Pathways from TI vs TII DMPs

Kegg Pathways overrepresentation analysis of the differentially methylated DMPs between TI
and TII fibres as calculated by the missMetyl method. The circle size represents gene numbers,
and the colour represents the adj-P-value.

Mitochondrial Genes DMPs

A major difference between muscle fibre types are mitochondrial content [309] and evi-

dence suggests that mitochondrial specialisation between fibre types also results in func-

tional differences within mitochondrial processes [309]. To determine differential methy-

lation in mitochondrial genes between TI and TII fibres, the crossover of DMPs with

MitoCarta 3.0 [310] mitochondrial genes was assessed. 242 DMPs out of 11,469 DMPs (<

0.001 and > 10% beta difference) were annotated to genes in the MitoCarta gene list (Fig-

ure 5.14) with 133 unique MitoCarta genes represented. The top 25 hypomethylated and

hypermethylated mitochondrial DMPs (mitoDMPs) are summarised in tables 5.11 and

5.12 respectively. The full set of mitoDMPs can be provided on request. ORA of Mito-

Carta pathways revealed no enriched terms from the mitoDMPs and GO-ORA of the 242

mitoDMPs revealed no enriched terms. Heatmap clustering showed a distinct pattern in

the top 25 hypomethylated and hypermethylated mitoDMPs (Figure 5.15). Multiple top

TI verses TII hypermethylated mitoDMPs were annotated to the LYRM4 and CDK5RAP1

genes (Figure 5.14, and table 5.12).
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Figure 5.14: Volcano plot of mitochondrial DMPs in TI vs TII fibres

Volcano plot of the mitoDMPs with hypomethylated (purple) and hypermethylated (green)
genes identified in TI vs TII fibres. Beta value change is on the x-axis and -log10 P-value on the
y-axis. The horizontal line represents the cutoff of the adjusted (P-value <0.001) and the vertical
lines represent the cutoff of the beta change 10 %.

Table 5.11: T1 vs T2 Top25 Hypo-mitoDMPs
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg18081586_BC21 PPTC7 -1.72 1.11 -17.88 1.06E-28 3.85E-25 54.58 -0.25 -18.75 0.67 chr12 EnhWk OpenSea

cg26371345_BC21 MRPL14 -1.69 0.05 -17.51 3.74E-28 1.22E-24 53.37 -0.28 -17.67 0.51 chr6 EnhWk Shelf

cg27071127_BC21 MIGA1 -1.61 0.70 -17.25 9.31E-28 2.71E-24 52.49 -0.26 -17.36 0.61 chr1 TxWk Shelf

cg17494034_TC21 VPS13D -1.19 -0.46 -15.37 7.92E-25 1.22E-21 45.95 -0.20 -15.80 0.42 chr1 EnhA1 OpenSea

cg05938007_TC21 MRPL33 -0.95 -0.47 -13.73 4.17E-22 3.58E-19 39.84 -0.16 -14.08 0.42 chr2 TssFlnkU Shore

cg06063407_TC21 BDH1 -1.19 1.49 -12.73 2.16E-20 1.32E-17 35.97 -0.16 -12.19 0.73 chr3 Quies OpenSea

cg13081156_TC21 PCBD2 -1.19 1.36 -12.39 8.78E-20 4.75E-17 34.60 -0.17 -12.21 0.71 chr5 Quies OpenSea

cg17471757_BC21 ECHDC2 -0.89 0.11 -12.11 2.68E-19 1.30E-16 33.51 -0.15 -12.50 0.52 chr1 Quies OpenSea

cg09177982_TC21 BDH1 -0.69 -0.48 -11.90 6.51E-19 2.93E-16 32.64 -0.12 -12.56 0.42 chr3 TxWk OpenSea

cg11961656_BC21 OXCT1 -1.22 -0.95 -11.72 1.36E-18 5.73E-16 31.91 -0.19 -11.66 0.35 chr5 Quies OpenSea

cg23388348_TC21 MRPL14 -0.99 2.23 -11.72 1.38E-18 5.80E-16 31.90 -0.10 -11.13 0.82 chr6 TxWk OpenSea

cg02428556_BC21 HSD17B4 -1.42 0.76 -11.36 6.14E-18 2.25E-15 30.44 -0.22 -11.02 0.62 chr5 TxWk OpenSea

cg10521049_BC21 COX19 -0.85 -1.26 -11.08 1.99E-17 6.49E-15 29.28 -0.12 -11.48 0.30 chr7 EnhA1 Shelf

cg24207616_TC21 OGDH -0.85 -0.18 -10.98 3.09E-17 9.65E-15 28.85 -0.14 -11.18 0.47 chr7 Tx OpenSea

cg16397905_TC21 MECR -0.80 0.61 -10.92 3.91E-17 1.19E-14 28.62 -0.13 -11.36 0.60 chr1 TxWk OpenSea

cg03098228_TC21 IMMT -1.07 -0.23 -10.72 9.00E-17 2.55E-14 27.80 -0.18 -10.82 0.46 chr2 TxWk OpenSea

cg12577755_BC21 MRPS30 -0.90 0.90 -10.69 1.03E-16 2.86E-14 27.67 -0.14 -10.62 0.65 chr5 Tx OpenSea

cg14557954_TC21 PTCD3 -0.74 -0.79 -10.22 7.96E-16 1.80E-13 25.66 -0.12 -10.32 0.37 chr2 Tx OpenSea

cg06411730_BC21 ELAC2 -0.75 -1.11 -10.04 1.67E-15 3.50E-13 24.93 -0.11 -10.23 0.32 chr17 Tx OpenSea

cg07717466_BC21 VWA8 -0.65 0.29 -9.86 3.72E-15 7.15E-13 24.14 -0.11 -10.28 0.55 chr13 Quies OpenSea

cg24122311_BC21 ACAT1 -0.90 -0.48 -9.82 4.38E-15 8.29E-13 23.98 -0.15 -9.73 0.42 chr11 EnhWk Shelf
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Table 5.11: T1 vs T2 Top25 Hypo-mitoDMPs(continued)
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg21817750_BC21 MRPS27 -1.14 0.67 -9.79 4.90E-15 9.18E-13 23.87 -0.18 -9.33 0.61 chr5 TxWk OpenSea

cg12719649_BC21 SND1 -0.89 0.36 -9.79 5.07E-15 9.45E-13 23.84 -0.15 -9.94 0.56 chr7 Quies OpenSea

cg09717402_TC21 LAP3 -1.15 1.86 -9.71 6.99E-15 1.26E-12 23.52 -0.14 -9.15 0.78 chr4 Tx OpenSea

cg21817750_BC23 MRPS27 -1.07 0.63 -9.71 7.15E-15 1.29E-12 23.50 -0.17 -9.36 0.60 chr5 TxWk OpenSea

Table 5.12: T1 vs T2 Top25 Hyper-mitoDMPs
GeneName logFC AveExp t p.value adj.p.val B logFC_beta t_beta AveExpr_beta Chromosome ChromStat CGI

cg01712812_BC21 LYRM4 2.30 -1.11 20.60 1.60E-32 2.44E-28 63.02 0.32 21.81 0.33 chr6 EnhA1 Shore

cg09419354_BC21 LYRM4 2.08 -1.38 19.38 7.45E-31 5.73E-27 59.35 0.27 20.03 0.29 chr6 EnhA1 Shore

cg00246695_BC21 VPS13D 1.75 0.25 18.20 3.69E-29 1.56E-25 55.60 0.29 18.55 0.54 chr1 EnhA1 OpenSea

cg25168947_BC21 CDK5RAP1 1.53 0.17 16.46 1.51E-26 3.33E-23 49.79 0.26 16.75 0.53 chr20 Tx OpenSea

cg03270777_BC21 HPDL 1.58 1.16 15.86 1.32E-25 2.41E-22 47.69 0.23 15.18 0.68 chr1 TxWk Shore

cg04360434_BC21 LYRM4 1.63 -1.77 15.79 1.70E-25 2.99E-22 47.44 0.19 15.64 0.24 chr6 EnhA1 Shore

cg16443197_BC21 MACROD1 1.27 -0.04 14.98 3.45E-24 4.59E-21 44.51 0.22 15.29 0.49 chr11 ReprPC Shelf

cg05599982_BC21 HADH 1.03 -0.01 14.87 5.05E-24 6.51E-21 44.14 0.18 15.51 0.50 chr4 TxWk OpenSea

cg25168946_BC21 CDK5RAP1 1.45 0.19 14.67 1.09E-23 1.31E-20 43.40 0.24 14.85 0.53 chr20 Tx OpenSea

cg25168944_TC21 CDK5RAP1 1.32 0.07 14.52 1.94E-23 2.21E-20 42.83 0.22 14.76 0.51 chr20 Tx OpenSea

cg17373573_TC21 QDPR 0.96 -0.85 14.32 4.14E-23 4.42E-20 42.09 0.15 14.49 0.36 chr4 TxWk OpenSea

cg05756685_TC21 VPS13D 1.02 -0.38 13.90 2.09E-22 1.92E-19 40.51 0.17 14.21 0.44 chr1 Quies OpenSea

cg13609939_BC21 OAT 1.48 0.27 13.68 5.03E-22 4.22E-19 39.65 0.25 13.56 0.54 chr10 TxWk Shore

cg00705568_BC21 ALDH1L1 0.72 -0.09 13.50 1.01E-21 8.00E-19 38.98 0.12 14.70 0.48 chr3 Quies OpenSea

cg15922821_TC21 NT5DC3 1.51 1.18 13.24 2.87E-21 2.09E-18 37.95 0.22 12.81 0.69 chr12 Quies OpenSea

cg05185262_BC21 CYB5R3 1.04 0.98 13.15 4.10E-21 2.91E-18 37.60 0.16 13.31 0.66 chr22 Quies Shelf

cg17823326_TC21 NUBPL 1.03 -0.20 13.09 5.12E-21 3.56E-18 37.38 0.17 13.45 0.47 chr14 Quies OpenSea

cg20341619_TC21 GATM 0.82 -0.58 13.07 5.56E-21 3.84E-18 37.30 0.13 13.47 0.40 chr15 ReprPCWk OpenSea

cg05049036_BC21 SLC25A26 1.08 0.54 13.04 6.24E-21 4.23E-18 37.19 0.18 13.19 0.59 chr3 Quies OpenSea

cg01282639_BC21 BCL2 1.17 1.02 13.01 7.15E-21 4.80E-18 37.06 0.18 13.44 0.66 chr18 TxWk OpenSea

cg02434880_TC21 C6orf136 1.00 0.07 12.94 9.28E-21 6.08E-18 36.80 0.17 13.27 0.51 chr6 Tx OpenSea

cg22183331_BC21 SCO1 1.03 0.83 12.74 2.09E-20 1.28E-17 36.01 0.16 12.90 0.64 chr17 TxWk OpenSea

cg04097641_BC21 NDUFA10 1.04 -0.08 12.67 2.77E-20 1.65E-17 35.73 0.18 12.89 0.49 chr2 ZNF/Rpts OpenSea

cg05196406_BC21 ALDH4A1 0.98 0.97 12.33 1.10E-19 5.84E-17 34.38 0.15 12.24 0.66 chr1 Quies OpenSea

cg02039987_BC21 GPD2 1.29 -0.55 12.17 2.17E-19 1.08E-16 33.71 0.21 12.47 0.41 chr2 Quies Shore
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Figure 5.15: Heatmap of top 50 mitoDMPs

Heat map hierarchical clustering analysis of the top 25 hypomethylated and top 25
hypermethylated mitoDMPs. The color-coded scale (purple = hypomethylation and yellow =
hypermethylation) are the min-max normalised beta-values. Hierarchical clustering of rows and
columns represents beta values of the CpG sites and samples. Type I (green), Type II (red) and
Whole Muscle (blue) samples are colour coded and indicated with appropriate bars.
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5.3 Results

Differential methylation of regions (DMRs) Type I verses Type II

To determine differences in methylation across proximal positions in the genome, I in-

vestigated DMRs in TI compared with TII muscle fibres using the DMRcate package in

R. A region was defined as a section of the genome containing a minimum of four prox-

imal CpGs. A total of 5778 DMRs with a Fisher’s multiple comparison statistic <0.001

were identified using the 67,587 DMPs as probe inputs. The 5778 DMRs were annotated

to 3996 unique overlapping genes, with 4203 DMRs showing a mean hypermethylation

and 1586 showing a mean hypomethylation in TI compared with TII fibres. The top 25

hypo-DMRs and top 25 hyper-DMRs are summarised in tables 5.13 and 5.14 respectively.

DMRs were present across all autosomal chromosomes with the most DMRs located on

chromosome 1 followed by chromosome 17 5.16.

Table 5.13: T1 vs T2 Top50 Hypo-DMRs
chromosome start end width strand no.cpgs minSmoothedFdr Stouffer HMFDR Fisher maxdiff meandiff Overlapping Genes

chr14 23431788 23436874 5087 * 14 0.00E+00 3.82E-281 7.54E-28 1.21E-279 -2.26 -1.53 MYH7

chr16 46747163 46749105 1943 * 12 0.00E+00 2.34E-162 2.90E-29 1.81E-176 -1.91 -0.98 MYLK3

chr1 201420503 201422973 2471 * 13 0.00E+00 2.18E-138 3.84E-28 9.25E-174 -2.64 -1.30 TNNI1

chr1 201398760 201400521 1762 * 13 0.00E+00 2.66E-139 9.07E-28 5.46E-149 -1.84 -0.87 "AC119427.1, LAD1"

chr3 46863152 46864894 1743 * 7 0.00E+00 2.74E-136 9.59E-28 1.39E-145 -2.53 -1.75 MYL3

chr20 34979500 34980083 584 * 6 0.00E+00 6.14E-144 5.57E-30 1.44E-140 -2.70 -2.06 MYH7B

chr1 154178123 154180320 2198 * 7 0.00E+00 1.87E-138 6.94E-28 3.19E-138 -1.96 -1.23 TPM3

chr1 154191577 154194960 3384 * 13 9.09E-274 1.95E-90 1.15E-25 1.53E-125 -1.89 -0.69 "TPM3, MIR190B"

chr13 20720919 20722837 1919 * 10 1.91E-174 8.95E-113 6.66E-22 5.07E-118 -1.94 -1.21 IL17D

chr10 95288894 95291855 2962 * 16 0.00E+00 4.02E-53 4.96E-32 1.30E-104 -2.50 -0.55 PDLIM1

chr1 118988308 118993440 5133 * 31 3.76E-138 1.30E-91 1.67E-09 7.47E-103 -0.60 -0.37 TBX15

chr12 110279415 110281235 1821 * 13 0.00E+00 1.37E-40 4.72E-29 8.55E-100 -2.79 -0.86 ATP2A2

chr2 181984881 181985972 1092 * 8 6.76E-279 8.29E-82 1.22E-24 9.07E-99 -1.95 -1.01 PPP1R1C

chr12 110919343 110921157 1815 * 14 1.79E-213 6.55E-50 7.61E-28 1.70E-94 -2.01 -0.51 MYL2

chr12 110934344 110937651 3308 * 11 4.26E-181 3.93E-71 4.05E-23 2.14E-93 -1.78 -0.80 LINC01405

chr12 71440057 71443394 3338 * 11 1.42E-188 5.71E-54 2.60E-25 4.93E-92 -1.92 -0.78 "LGR5, TSPAN8"

chr14 23407614 23410104 2491 * 9 4.31E-194 1.11E-70 9.27E-27 6.31E-87 -1.74 -0.65 MYH6

chr12 110353384 110354893 1510 * 5 7.34E-181 2.81E-87 1.49E-24 2.68E-86 -1.80 -1.36

chr16 66918237 66920369 2133 * 12 2.21E-209 4.66E-55 2.30E-21 7.86E-84 -1.19 -0.53 CDH16

chr3 46833406 46835071 1666 * 15 5.68E-212 1.00E-55 1.69E-19 2.13E-83 -1.92 -0.71 PRSS42P

chr12 110326382 110327493 1112 * 5 1.71E-272 1.55E-67 8.42E-30 8.86E-83 -2.09 -1.31 ATP2A2

chr6 31621815 31625086 3272 * 33 6.04E-256 1.11E-32 5.97E-20 2.62E-81 -1.64 -0.16 "PRRC2A, SNORA38"

chr1 170664731 170667427 2697 * 11 4.37E-140 2.66E-61 1.50E-17 1.32E-78 -1.77 -0.82 "PRRX1, Z97200.1"

chr4 110628723 110633228 4506 * 19 2.01E-60 4.06E-81 3.23E-10 1.41E-78 -0.78 -0.49 PITX2

chr2 222299739 222305245 5507 * 34 1.64E-60 3.03E-77 1.45E-07 6.37E-78 -0.73 -0.35 CCDC140

chr1 230824734 230825863 1130 * 5 1.04E-158 4.45E-63 1.95E-22 6.51E-77 -1.51 -1.14
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Table 5.13: T1 vs T2 Top50 Hypo-DMRs(continued)
chromosome start end width strand no.cpgs minSmoothedFdr Stouffer HMFDR Fisher maxdiff meandiff Overlapping Genes

chr12 106138433 106141645 3213 * 19 3.57E-147 5.45E-51 7.76E-17 6.75E-77 -1.44 -0.57 NUAK1

chr14 23414073 23415334 1262 * 4 5.82E-143 1.01E-77 2.78E-27 7.81E-77 -2.08 -1.39 MYH7

chr12 110246957 110248326 1370 * 7 1.28E-150 7.35E-64 2.22E-27 1.40E-76 -2.34 -1.12

chr12 12520090 12521432 1343 * 8 6.50E-202 2.47E-54 3.13E-25 9.95E-76 -1.86 -0.78 DUSP16

chr12 122871014 122873209 2196 * 7 5.31E-112 1.17E-62 2.87E-22 1.82E-74 -1.78 -0.92 "VPS37B, AC027290.2"

chr16 66921647 66922338 692 * 6 6.85E-174 1.69E-72 5.35E-23 2.55E-74 -1.55 -0.99 RRAD

chr12 110344837 110346373 1537 * 6 1.51E-190 2.11E-58 5.44E-23 1.05E-73 -1.43 -0.85 ATP2A2

chr3 147404527 147408975 4449 * 38 1.02E-67 2.21E-62 3.46E-06 1.56E-72 -0.51 -0.28 "ZIC1, ZIC4"

chr6 33276974 33280936 3963 * 69 4.87E-86 2.52E-48 8.34E-06 2.53E-71 0.59 0.00 "B3GALT4, WDR46"

chr12 110348924 110351381 2458 * 6 3.91E-150 2.25E-50 1.61E-27 6.98E-69 -2.40 -0.95 ATP2A2

chr20 57711334 57715281 3948 * 20 2.05E-191 5.12E-46 2.44E-24 7.63E-69 -1.72 -0.09 "NKILA, PMEPA1"

chr1 183304970 183306856 1887 * 8 1.13E-161 3.61E-49 2.26E-25 5.28E-67 -1.90 -0.78 NMNAT2

chr17 7435570 7440214 4645 * 25 2.38E-93 1.65E-56 3.54E-10 2.30E-65 -0.99 -0.39 AC113189.1-4, AC113189.12, TMEM102, FGF11

chr10 101235682 101239004 3323 * 24 1.63E-52 3.57E-71 1.83E-06 3.44E-65 -0.53 -0.35 LBX1-AS1

chr13 109281156 109281939 784 * 6 6.80E-147 3.83E-59 2.49E-19 3.89E-65 -2.02 -1.09

chr12 54052234 54054984 2751 * 28 2.60E-89 5.05E-57 4.15E-10 4.03E-64 -1.00 -0.31 HOXC4

chr15 60370288 60373176 2889 * 7 2.77E-118 3.02E-56 1.58E-21 2.79E-63 -1.59 -0.80 ANXA2

chr16 1531013 1534514 3502 * 20 2.05E-56 1.49E-59 6.94E-09 3.74E-62 -0.74 -0.37 "TMEM204, AL031719.1, IFT140"

chr3 45007277 45008115 839 * 4 1.39E-155 5.62E-49 1.41E-26 3.84E-60 -1.73 -1.26 "EXOSC7, CLEC3B"

chr3 147422336 147424627 2292 * 18 2.10E-82 6.72E-57 1.29E-06 8.69E-60 -0.57 -0.39 ZIC1

chr21 46219052 46220306 1255 * 7 8.93E-135 2.16E-34 2.09E-20 2.31E-58 -1.61 -0.66 "AP001469.1, LSS"

chr21 34122881 34123943 1063 * 5 4.78E-177 7.71E-34 1.22E-24 9.61E-57 -2.18 -1.13 "MRPS6, AP000317.2"

chr13 110507216 110508928 1713 * 6 1.65E-154 1.52E-38 2.24E-20 8.75E-56 -2.62 -1.07 "COL4A2, COL4A2-AS1"

chr6 100453494 100458506 5013 * 23 3.64E-60 1.03E-58 1.61E-05 2.39E-55 -0.53 -0.36 SIM1

Table 5.14: T1 vs T2 Top50 Hyper-DMRs
chromosome start end width strand no.cpgs minSmoothedFdr Stouffer HMFDR Fisher maxdiff meandiff Overlapping Genes

chr11 1837236 1841246 4011 * 20 0.00E+00 1.52E-288 1.51E-27 0.00E+00 3.04 1.49 "SYT8, TNNI2"

chr17 82229594 82240021 10428 * 52 2.66E-181 9.42E-279 1.27E-13 8.24E-296 1.40 0.66 "SLC16A3, MIR6787, CSNK1D"

chr11 1917703 1921783 4081 * 23 0.00E+00 1.31E-190 1.72E-25 2.55E-248 2.49 1.03 TNNT3

chr5 177088531 177098353 9823 * 48 9.43E-141 8.65E-226 3.56E-12 9.10E-234 1.02 0.50 FGFR4

chr11 1930583 1935061 4479 * 14 0.00E+00 3.40E-183 7.61E-30 2.42E-205 2.54 1.32 TNNT3

chr4 1207526 1212361 4836 * 34 0.00E+00 2.18E-193 2.22E-12 2.29E-203 1.54 0.72 "CTBP1-AS, SPON2, CTBP1"

chr15 63041276 63043102 1827 * 15 0.00E+00 6.00E-101 2.57E-26 1.68E-169 2.29 0.97 TPM1

chr22 46101822 46114659 12838 * 52 2.50E-85 1.45E-149 6.23E-12 9.20E-167 1.09 0.38 "MIRLET7BHG, MIRLET7A3, MIR4763, MIRLET7B"

chr11 1926370 1927899 1530 * 9 1.09E-240 3.14E-143 4.34E-28 1.40E-145 3.44 1.75 TNNT3

chr13 114108812 114113357 4546 * 16 5.50E-161 9.12E-142 5.71E-17 2.88E-140 1.72 0.87 "RASA3, RASA3-IT1"

chr1 109621924 109626771 4848 * 23 1.96E-144 4.15E-98 2.91E-13 2.12E-125 0.83 0.42 AMPD2

chr11 1936263 1938862 2600 * 6 4.34E-214 2.85E-119 5.91E-27 4.70E-117 1.64 1.39 TNNT3
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Table 5.14: T1 vs T2 Top50 Hyper-DMRs(continued)
chromosome start end width strand no.cpgs minSmoothedFdr Stouffer HMFDR Fisher maxdiff meandiff Overlapping Genes

chr6 109465874 109467424 1551 * 7 0.00E+00 2.78E-101 1.86E-29 1.16E-115 2.13 1.01 "MICAL1, ZBTB24"

chr15 63046948 63050132 3185 * 20 0.00E+00 5.03E-49 7.87E-29 4.62E-115 2.01 0.52 "TPM1, TPM1-AS"

chr11 1924333 1924737 405 * 5 0.00E+00 2.41E-113 1.93E-27 7.41E-111 3.07 2.22 TNNT3

chr12 6373650 6377946 4297 * 24 5.36E-229 1.02E-69 8.22E-24 7.58E-110 1.87 0.49 "LTBR, SCNN1A"

chr11 44603036 44605398 2363 * 12 1.39E-242 8.00E-84 5.73E-23 2.61E-105 1.27 0.63 "CD82, AC010768.1"

chr17 82106561 82109269 2709 * 12 2.10E-176 2.24E-70 5.70E-25 3.78E-104 1.67 0.72 CCDC57

chr2 231392269 231396526 4258 * 21 6.44E-137 1.44E-70 7.75E-21 7.10E-103 -1.43 0.10 "AC017104.1, B3GNT7"

chr20 45826733 45827844 1112 * 7 9.00E-224 1.32E-93 1.29E-22 2.58E-97 1.88 1.14 TNNC2

chr19 15263531 15266054 2524 * 15 2.93E-173 3.77E-78 3.03E-17 3.00E-94 1.01 0.48 BRD4

chr12 4443862 4446982 3121 * 15 2.60E-136 1.03E-94 8.43E-13 3.10E-94 1.06 0.66 FGF6

chr15 62843130 62845480 2351 * 10 3.85E-268 1.46E-65 8.25E-29 1.12E-93 1.63 0.71 "TLN2, AC103740.1"

chr17 40349347 40355614 6268 * 22 1.56E-135 5.33E-55 1.00E-14 2.71E-91 1.00 0.37 "RARA, AC080112.3"

chr17 17561538 17562367 830 * 9 1.58E-169 1.87E-91 2.37E-16 8.53E-89 0.74 0.61 PEMT

chr4 8391190 8395086 3897 * 16 1.38E-135 2.24E-73 3.46E-21 3.03E-88 -1.48 0.09 "RNA5SP152, ACOX3"

chr20 45823027 45824567 1541 * 7 9.84E-202 7.06E-74 1.21E-26 2.97E-87 1.96 1.11 TNNC2

chr13 114037071 114040243 3173 * 16 1.50E-81 3.83E-83 5.11E-13 3.00E-87 1.10 0.57 RASA3

chr6 5132652 5133925 1274 * 8 8.73E-282 5.61E-61 1.87E-27 4.23E-87 2.30 0.91 LYRM4

chr15 93070223 93074906 4684 * 28 3.59E-104 3.36E-69 2.32E-15 1.56E-85 1.08 0.40 RGMA

chr6 33162918 33167675 4758 * 47 1.49E-75 4.20E-67 1.81E-08 4.50E-84 0.52 0.24 COL11A2

chr16 28900323 28900847 525 * 5 6.12E-200 1.08E-85 2.61E-23 1.06E-83 1.71 1.28 "AC009093.11, ATP2A1"

chr9 134052597 134054548 1952 * 11 1.06E-170 5.47E-79 1.09E-15 1.10E-83 0.86 0.56 "AL445931.1, BRD3"

chr10 86967301 86971537 4237 * 25 8.98E-88 4.03E-63 1.41E-11 3.11E-83 1.05 0.39 "ADIRF, AGAP11, MMRN2

chr14 51394715 51397712 2998 * 10 4.28E-175 3.33E-60 3.26E-23 7.00E-82 1.84 0.84 LINC02310

chr17 81385205 81388556 3352 * 20 6.36E-132 3.94E-69 8.82E-12 3.64E-81 0.79 0.39 AC110285.1, AC110285.2

chr1 223142909 223144507 1599 * 16 5.81E-216 1.46E-43 5.39E-20 8.37E-80 1.42 0.51 "AL359979.2, TLR5"

chr12 6539603 6540827 1225 * 8 1.77E-143 5.78E-77 6.92E-19 5.82E-79 1.48 0.85 IFFO1

chr2 45256003 45257840 1838 * 8 7.65E-156 9.13E-67 1.13E-20 7.89E-79 1.58 0.87 LINC01121

chr4 37908629 37908651 23 * 4 1.80E-184 4.72E-80 1.70E-26 1.82E-78 2.05 1.81 TBC1D1

chr7 47581191 47583870 2680 * 17 2.32E-155 4.23E-50 2.20E-15 2.85E-77 0.93 0.31 TNS3

chr7 1708444 1710037 1594 * 13 4.86E-139 3.95E-65 1.07E-11 7.88E-77 0.82 0.49 ELFN1

chr8 143518474 143520314 1841 * 10 4.40E-135 1.20E-71 5.90E-13 4.62E-76 1.52 0.78 ZC3H3

chr16 28888827 28889726 900 * 4 2.92E-205 8.81E-77 5.80E-24 8.85E-76 1.79 1.45 "AC009093.11, ATP2A1"

chr7 4711979 4713370 1392 * 11 2.34E-175 6.91E-55 4.14E-18 2.58E-75 1.63 0.74 FOXK1

chr17 17816498 17821372 4875 * 18 1.25E-136 7.32E-55 1.64E-17 8.12E-74 1.24 0.44 SREBF1

chr16 70683998 70689697 5700 * 22 9.05E-80 4.63E-52 8.96E-10 9.42E-74 0.70 0.28 "MTSS2, VAC14"

chr17 80961374 80964543 3170 * 18 8.27E-86 4.23E-59 3.89E-11 1.88E-73 0.95 0.39 "RPTOR, AC127496.4"

chr6 30682959 30690898 7940 * 83 6.09E-98 3.12E-41 1.42E-11 2.27E-73 0.75 0.10 "PPP1R18, NRM"

chr9 136052057 136055265 3209 * 28 1.24E-203 2.68E-35 1.34E-20 2.94E-73 1.08 0.21 NACC2
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Figure 5.16: Chromosomal distribution of DMRs

Chromosomal distribution of DMRs identified with DMRcate. All autosomal chromosomes are
displayed along the x axis with DMR count on the y axis

Gene Ontology and Reactome pathway overrepresentation analysis of

DMRs

GO-ORA was conducted to assess the relationship between DMRs identified in TI vs TII

fibres. Cluster profiler was used for GO-ORA using the 5,778 significant DMRs. 311

enriched terms were identified with a BH P-value cutoff of < 0.005, with 189 of these

terms passing a stringent < 0.001 BH P-value cutoff. There were significant overlaps

between DMRs and muscle related biological processes (147 enriched terms < 0.001), cel-

lular component (32 enriched terms <0.001) and molecular function (10 enriched terms

<0.001) GO terms (Figures B.11 B.12 B.13). As expected the main enriched gene sets for

BP, CC and MF were similar to those identified using DMPs such as actin filament or-

ganisation, muscle contraction and GTPase regulator activity. A total of 10 Reactome

pathways were identified with a P-value cutoff of <0.005 of which 1 pathway passed a P-

value cutoff <0.001. Muscle contraction was the identified reactome pathway with equal

numbers of genes hypermethylated or hypomethylated between TI and TII muscle fibres

in key contractile proteins. A total of 36 KEGG pathways with a P-value cutoff <0.005

were enriched, with 23 pathways passing a P-value cutoff <0.001 (Figure B.14). There

was overlap between kegg pathways identified using DMPs and DMRs (Figures B.14 &

B.10) with focal adhesion and axon guidance identified in both. Notably both RAP1 sig-

nalling and adrenergic signalling in cardiomyocytes were in the top five enriched KEGG

pathways (Figure B.14). Once again adjusting for bias using a modified missMethyl code
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resulted in a reduction of the number of GO, KEGG and reactome terms identified at a

BH P-value <0.001. A total of 37 GO terms were identified with the top of each GO on-

tology related to muscle processes (Figure 5.17). A similar set of KEGG pathways were

identified using the bias adjusted method, however none of which had BH-P-values <

0.005 (Figure 5.18). Muscle contraction (BH-P-value < 0.001) and striated muscle contrac-

tion (BH-P-value < 0.005) were the only reactome terms identified between TI and TII

muscle fibres (Figure 5.19).

Actin Filament Binding

Actin Binding

Muscle System Process

Ameboidal-type Cell Migration

Glucose Metabolic Process

Monosaccharide Metabolic Process

Pyruvate Metabolic Process

Myofibril

Stress Fiber

Focal Adhesion

Ruffle

Myosin II Complex

Figure 5.17: Gene ontology ORA of DMRs between TI and TII fibres

Gene ontology overrepresentation analysis of the differentially methylated DMRs between TI
and TII fibres as calculated by the missMetyl method. The circle size represents gene numbers,
and the colour represents the adj-P-value.
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Signaling pathways regulating pluripotency 
of stem cells

Regulation of Actin Cytoskeleton
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Figure 5.18: KEGG ORA of DMRs between TI and TII fibres

Gene ontology overrepresentation analysis of the differentially methylated DMRs between TI
and TII fibres as calculated by the missMetyl method. The circle size represents gene numbers,
and the colour represents the adj-P-value.
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Muscle Contraction

Striated Muscle Contraction

Figure 5.19: Reactome ORA of DMRs between TI and TII fibres

Gene ontology overrepresentation analysis of the differentially methylated DMRs between TI
and TII fibres as calculated by the missMetyl method. The circle size represents gene numbers,
and the colour represents the adj-P-value.

Whole muscle comparisons with Type I and Type II muscle fibres

To understand the differences between the two fibre types and whole muscle, I compared

the pre Type I fibres with the pre whole muscle samples followed by the pre Type II fibres

with the pre whole muscle samples. TI pre verses WM pre comparisons revealed 12,809

CpGs with BH-P-value < 0.001 of which 1,584 had > 10% beta change (hypermethylated

= 1001 and hypomethylated = 583). TII pre verses WM pre comparisons revealed 4897

CpGs with < 0.001 and only 1040 with > 10% beta change (hyper 454 and hypo 586). The

top three hypomethylated DMPs were KALRN , MYH7B and PDLIM1 and the top three

hypermethylated DMPs were TNNT3, TNNI2 and TNNT3 from the TI verses WM com-

parison. The top three hypomethylated DMPs were GREB1, LYRM4 and TNNT3 and

the top three hypermethylated DMPs were MYH7B, TNNI1 and ATP2A2 from the TII

verses WM comparison. TI verses TII hypermethylated CpGs overlapped with hyper-

methylated TI verses WM CpGs and TI vs TII hypomethylated CpGs overlapped with

the TI verses WM hypomethylated CpGs (Figure 5.20). In contrast TI verses TII hyper-

methylated CpGs overlapped with T2vsWM hypomethylated CpGs and TI verses TII

hypomethylated CpGs overlapped with the TII verses WM hypomethylated CpGs (Fig-

ure 5.21).

To visualise differences between TI, TII and WM samples, I performed hierarchical

heatmap clustering of the top 50 hypomethylated and top 50 hypermethylated CpGs

between TI and TII fibres. The TI, TII and WM samples at baseline separate into three

clusters (Figure 5.22). There is a distinct difference between TI and TII fibres as expected
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Figure 5.20: Overlaps of TI-WM DMPs with TI-TII DMPs

The overlaps between DMPs identified in TI verses TII and DMPs identified in TI verses WM.
DMPs counts displayed as numbers with overall percentages of DMPs present in each overlap.

Hyper−T1vT2

Hyper−T2vWM Hypo−T2vWM

Hypo−T1vT2

8053
(70.2%)

0
(0%)

6
(0.1%)

2381
(20.8%)

0
(0%)

580
(5.1%)

0
(0%)

0
(0%)

454
(4%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

0
(0%)

Figure 5.21: Overlaps of TII-WM DMPs with TI-T2 DMPs

The overlaps between DMPs identified in TI verses TII and DMPs identified in TII verses WM.
DMPs counts displayed as numbers with overall percentages of DMPs present in each overlap.
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with WM samples showing a mixed pattern. Plots of beta values from the top DMPs

annotated to MYH7, MYH2, TNNT3, and TNNI1 (Figure 5.23) show a clear methylation

difference between TI and TII fibres with WM having beta-values in the middle. Beta

values of the top DMP in MYH1 show the same pattern with lower methylation values

in TII fibres compared with TI fibres (Figure 5.23E ). This confirms that the TII fibres are

likely a population of TIIa and TIIx muscle fibres.

The results of WM vs fibre type comparisons suggest that a comparison of TI or TII

verses WM is largely driven by muscle fibre type.
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Figure 5.22: Heatmap of top 100 DMPs

Heatmap hierarchical clustering analysis of the top 50 hypomethylated and top 50
hypermethylated DMPs. The colour-coded scale (purple = hypomethylation and yellow =
hypermethylation) are the min-max normalised beta-values. Hierarchical clustering of rows and
columns represents beta values of the CpG sites and samples. Type I (green), Type II (red) and
Whole Muscle (blue) samples are colour coded and indicated with appropriate bars.
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Figure 5.23: CpG Plots of top genes between TI and TII fibres

Boxplots of methylation beta level at single CpG sites in TI, TII and WM samples at baseline. (A)
MYH7, (B) MYH2, (C) TNNT3, (D) TNNI1, (E) MYH1 & (F) MYH4. The y axis shows beta values
with sample group separated on the x axis.
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5.4 DISCUSSION

Here, we successfully measured DNAm, using a method I developed (Chapter 3), in

pooled Type I and pooled Type II skeletal muscle fibres from 12 human participants. I

have extended DNAm analysis of Type I and Type II fibres from a previous study [3] with

a sample size n=2 (males) to a sample size of n=24 and included both male and female

samples. There were significant DNAm differences between Type I and Type II human

skeletal muscle fibres as assessed using the latest Infinium EPICv2 beadchip. We identi-

fied 11,469 differentially methylated positions at a stringent BH adjusted P-value < 0.001

with > 10% beta fold change (Figure 5.8) and 5,778 differentially methlyated regions at

a stringent BH adjusted P-value < 0.001 (Tables 5.13 & 5.14) annotated to 3,996 unique

genes between Type I fibres compared to Type II fibres. Overall more of these DMPs and

DMRs were hypermethylated in Type I fibres compared with Type II fibres. Differen-

tially methylated positions and regions were identified in key muscle genes involved in

actin regulation, muscle contraction and RAP1 signalling (Figures B.11, B.9 & B.14). We

also identified differential methylation between Type I and Type II fibre in mitochondrial

related genes (Figure 5.14). Further, this is the first reported study utilising the newest

EPIC beadchip in skeletal muscle tissue and skeletal muscle fibre types. We assessed

seven different DNAm normalisation methods to ensure biological variation was not re-

moved and technical variation was minimised. We showed that the Dasen normalisation

method from the wateRmelon R package was an appropriate normalisation strategy.

I found an overall hypermethylation of Type I fibres compared to TII fibres with

78.4% of all DMPs located within gene bodies (Figure 5.9), this is in agreement with

results reported previously from two muscle fibre samples assessed using a different

method RRBS [3]. I also identified significant DMPs in key myosin genes (Table 5.9 slow;

MYH7B, MYH7, MYL2 & Table 5.10 fast; MYH2, MYH8, MYH3) and I report the same

hypermethylation in PFKM and SERCA1 (ATP2A1) in Type I fibres compared with Type

II fibres as previously reported by Begue and others [3]. I also confirmed these results

using differential methylation analysis of regions defined as sections of the genome with

≥ 4 CpG sites. I assessed the functional role of identified DMPs and DMRs by conducting

ORA of GO, KEGG and REACTOME terms. Enriched terms were associated with actin

cytoskeleton and skeletal muscle contraction.
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5.4 Discussion

Not only are there mitochondrial content and volume differences between Type I

and Type II muscle fibres, there is also strong evidence that fibre types differ in mito-

chondrial specialisation [309]. I compared the list of DMPs (BH-P-values < 0.001 and >

10% beta differences) with the genes in the MitoCarta gene list to determine if there are

methylation differences in key mitochondrial genes between Type I and Type II muscle

fibres. I identified 133 MitoCarta genes with at least one DMP. Multiple mitoDMPs were

annotated to LYRM4 a member of the leucine/tyrosin/arginine motif family of proteins.

These LYRM4 mitoDMPs formed a hypomethylated cluster in Type II fibres in compari-

son to Type I fibres.

In this chapter I assessed DNAm in Type I and Type II human skeletal muscle fibres

from multiple individuals. Previous work pioneered DNAm assessment in muscle fibre

types, however only included male samples [3]. I extended this work to include females

and provide a comprehensive DNAm assessment of Type I vs Type II muscle fibres. I

expect the DMPs and DMRs reported here to be a useful resource for researchers inves-

tigating skeletal muscle fibre types, and skeletal muscle biology. I have also provided

evidence that DNAm can be assessed from multiple samples using the Infinium Methy-

lationEPIC Beadchip. Future research could utilise this platform to further study DNAm

in human skeletal muscle fibres in disease and during ageing. In the following chapters I

highlight the use of this method to study the link between DNAm and protein expression

and fibre-type DNAm changes as a result of 12 weeks HIIT.
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6 RESULTS 3: PROTEOMIC DIFFERENCES

BETWEEN TYPE I AND TYPE II FIBRES

AND COMPARISON WITH DNAM

6.1 INTRODUCTION

Genes are considered regions of the genome that encode useful information such as pro-

teins (protein-coding-regions) and non-coding RNAs (non-coding-regions). DNAm has

been reported in both regions of DNA and can influence the expression of both coding

and non-coding regions [311]. For example, there is evidence that heavy methylation in

CpG rich regions of genes inhibits transcription [311]. The overall flow of information

from DNA through RNA to protein and the study of the interaction of these multiple

omics layers is a major interest of the life sciences [312].

Recent work from our laboratory and others have attempted to integrate these di-

verse omics layers in whole skeletal muscle [159, 313, 263, 167, 181]. Further, the study of

the proteome and transcriptome in single muscle fibres have revealed interesting insights

in to muscle fibre heterogeneity [211]. DNA and RNA are routinely separated from the

same piece of skeletal muscle, however the extraction of DNA and protein are mostly

obtained from different pieces of muscle. Using the method I developed in chapter 4, I

obtained DNA and protein extracted from the same pool of fibres. I was able to confirm

at the protein level the success of pooling MYH7 and MYH2 muscle fibres, I further char-

acterised protein differences between pooled Type I and pooled Type II muscle fibres

and I compared the fibre-type-specific proteome data to the fibre-type-specific methy-

lome data. Most DNAm studies have reported DNAm differences and attempted to link

this to either RNA or protein changes by curating external data sources. This makes it

difficult to control for the variable fibre type proportions of samples studied. The data

presented here provide a unique dataset of methylation and protein differences of Type I

and Type II muscle fibres.
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6.2 Methods

This chapter addresses the following aims

1. To quantify the distribution of myosin heavy chain isoforms in each sample to as-

sess fibre-type purity and to extend this to myosin light chain isoforms.

2. To assess protein expression differences of pooled Type I and pooled Type II fibres

from both male and female samples using MS-based proteomics.

3. To compare DNAm data with protein expression data generated from the pooled

Type I and Type II muscle fibre samples.

6.2 METHODS

6.2.1 Sample Preparations

Proteomic sample preparation and data were generated from 100 µL of protein lysate

from 12 baseline Type I, 12 baseline Type II and two baseline Type IIx pooled fibre sam-

ples. Proteins were measured by liquid chromatography with tandem mass spectrome-

try at Monash Proteomics and Metabolomics Platform at Monash University, Melbourne,

Australia. ~1 µg of peptide was injected for LC-MS/MS. Raw LC-MS/MS data files were

analysed using Fragpipe (V 19.1) and the MSfragger (V 3.5) search engine [289] to obtain

protein identifications. The picky library was used for protein search and identifications

[290]. For detailed methods please see the materials and methods.

6.2.2 Sample QC

Quality control and statistical analysis was performed using the R software. First con-

taminant proteins were removed for all non human species. All proteins identified in at

least four Type I four Type II and both Type IIx fibres were kept so that proteins with

inconsistent identification were removed. The MaxLFQ values were log2 transformed,

grouped by condition and missing values were imputed assuming they were Missing not

at random. The total number of proteins identified after protein filtering was on average

1226 per sample (Figure 6.1). The number of proteins was consistent across samples and

conditions except for one TII pre sample, which had a reduced number of identified pro-

teins. To visualise the quantitative patterns in the proteomics data I generated heatmap
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6 Results 3: Proteomic differences between Type I and Type II fibres and comparison

with DNAm

clustering on missing values and Pearson correlations. Sample s197-pre-T2 clusters sep-

arately to the other fibres on the missing value heatmap due to the lower number of

identified proteins (Figure C.1). Aside from this value the samples cluster according to

fibre type in the missing value heatmap (Figure C.1). Due to the amount of missing val-

ues in s197-pre-T2 this sample was excluded from the differential protein assessment,

however I proceeded to quantify myosin isoform content of this sample. Pearson’s cor-

relation coefficients were computed and a heatmap of results generated. Samples cluster

and show distinct patterning overall in a Type I or Type II group. Interestingly, samples

appear to have a degree of separation according to sex (Figure 6.2). Coefficient of vari-

ation (CV) are often used as a measure of data reliability with results > 30% considered

signs of problematic data [314]. CVs for each sample group were in the range of 20%

(Figure C.2), I note that overall data quality should not be judged solely on CV values

and should be balanced with other QC measures [315]. Considering the QCs measures,

the sample preparation and number of identified proteins were of good quality.
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Figure 6.1: Protein Counts of TI, TII and TIIx Samples

Figure 6.1 shows the number of proteins identified in each sample. Approximately 1000 proteins
were measured in each sample using MS-based proteomics.
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6.2 Methods

Pearsons Correlation Heatmap
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Figure 6.2: Sample Correlation Matrix of TI, TII and TIIx fibres

Sample correlation matrix of TI, TII and TIIx samples. The colour scale indicates the spearman
correlation between samples based on protein values. Type I (dark green), Type II (lightgreen)
and TIIx (aqua) samples are colour coded and indicated with appropriate bars.

107



6 Results 3: Proteomic differences between Type I and Type II fibres and comparison

with DNAm

6.3 RESULTS

6.3.1 Proteomic Analysis

Dimension Reduction Analysis

PCA, MDS and t-SNE were used to assess variation in the data. PCA analysis showed

that of variation in the data was explained by the first principal component and that

samples clustered according to TI and TII fibres with TIIx fibres similar to TII fibres (Fig-

ure 6.3). The top proteins driving the separation along PC1 are myosin and troponin

proteins (Figure C.3A). MDS analysis showed the same clustering pattern as the PCA

(Figure C.3B). t-SNE analysis also confirmed samples clustering according to fibre type

(Figure C.3C). PCA, MDS and t-SNE analysis also confirmed that sex is a major source of

variation in the data, with the second component in each plot showing strong clustering

based on sex, however not all of component two could be explained by sex alone. In each

plot there appeared to be a small influence of the paired design of the experiment. As a

result, I decided to include both sex and a blocking factor on participant ID into the linear

model in a similar manner to the methylation analysis.

108



6.3 Results

PCA Plot
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Figure 6.3: PCA Plot

Figure 6.3 is a PCA plot showing that the first principal component explains 29.1% of the
variation and is clustered according to fibre type. TI = Type I muscle fibres, TII = Type II muscle
fibres and TIIx = Type IIx muscle fibres. Triangles indicate females and circles indicate males.
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6 Results 3: Proteomic differences between Type I and Type II fibres and comparison

with DNAm

Myosin Isoform Content of pooled samples

Myosin proteins were assessed to characterise the pooled samples. I identified a total of

11 myosin class two proteins in the samples of which MYH7, MYH2, MYH1 and MYH4

were found to be highly abundant (Figure C.4). I also identified 10 myosin light chain

(MLC) proteins of which MLC1, MLC2, MLC3 and MLCPF were identified as some of

the most abundant proteins (Figure C.4).

In human skeletal muscle MYH7, MYH2, MYH1 and MYH4 are normally used to

type skeletal muscle fibres [59]. Previously, proteomic studies of pooled muscle fibres

or single muscle fibres have quantified the percentages of MYH7, MYH2, MYH4 and

MYH1 in Type I, Type II and Type IIx muscle fibres [210, 209, 203]. We performed the

same assessment in 12 pooled Type I and 12 Type II fibres and on two Type IIx fibres

(as we hypothesised were Type IIx fibres due to being MYH7 and MYH2 negative but

ponceau positive fibres) at baseline. We show in agreement with previous studies that

MYH7 positive Type I fibres express mostly MYH7 (on average 98% MYH7 expression),

and MYH2 positive fibres express mostly MYH2 (on average 75 % MYH2) (Figure 6.4A).

We reported difficulties in Typing Type IIx fibres using the reported antibodies, and inter-

estingly the Type II fibres show a high proportion of MYH1 and MYH4 with on average

9% and 8% expression respectively. What we speculated as Type IIx fibres showed a

mixed percentage of MYH7, MYH2, MYH4 and MYH1 (Figure 6.4A). These calculations

of myosin percentages only considered the four reported MYHs (MYH7, MYH2, MYH1,

and MYH4). To further characterise the samples I quantified all 11 identified myosin

heavy chain isoforms in the pooled fibre samples. The MYH isoform percentages re-

mained the same indicating that MYH7, MYH2, MYH4 and MYH1 are the predominant

MYH in these fibre types, interestingly Type II fibres also contained small amounts of

MYH13 (Figure 6.4B).

The myosin molecule in skeletal muscle is composed of both heavy chain and light

chains the combinations of which may determine the speed of muscle shortening [316].

The pattern of MYL’s in skeletal muscle is less frequently reported in proteomic studies

of skeletal muscle fibre types. We quantified the same percentage breakdown of MLCs

as we did for MYHs, in Type I fibres MYL2 and MYL3 constitute 39% and 48% of the

MYL isoforms with a small 10% contribution of MYL1, in comparison Type II fibres were

composed of 58% MYL1 and 36% of MYLPF (Figure 6.4C).
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6.3 Results

The former analysis was conducted within the MYH and MLC proteins, to deter-

mine the overall percentage of proteins attributed to MYH and MLC we calculated the

percentages of each protein out of all proteins identified in the sample. In Type I fibres on

average 30% of total signal was attributed to MYH and MLC with 20% and 10% to MYH7

and MYL2/MYL3 respectively (Figure 6.4D). In Type II fibres on average only 20% of the

signal was attributed to MYH and MLC with 12% to MYH2 and 8% to MYL1/MYLPF

(Figure 6.4D).

The results of the myosin assessment in the samples are in agreement with the

pooled dot blot results presented in Figure 5.2. It is important to note that by not using

a dedicated antibody for MYH1 and Type IIx fibres, the Type II pooled fibres are most

likely fast Type IIa/IIx fibres. We confirm here by LC-MS/MS proteomics that we have

been able to successfully separate and isolate proteins from pooled Type I and Type II

muscle fibres and that these samples are a relatively pure representation of each fibre

type as determined by MYH and MYL patterns.
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6 Results 3: Proteomic differences between Type I and Type II fibres and comparison

with DNAm
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(C) Myosin Light Chain Isoforms
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(D) Overall Myosin Isoforms

Figure 6.4: Overview of Myosin Isoforms

Figure 6.4 shows the myosin isoform content of Pre Type I and Type II muscle fibres. (A) Is the
quantity of MYH7, MYH2, MYH1 and MYH4 as a percentage, (B) is the quantity of all MYHs
identified, (C) is the quantity of all MYL, and (D) is the quantity of all MYH and MYL as a
percentage of all proteins in the sample.
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Differential expression of proteins in Type I vs Type II Fibres

To estimate differences in protein expression between TI and TII muscle fibres at baseline,

mixed effects linear models were performed using limma in the R statistical environment

on normalised, imputed and log2 transformed MaxLFQ values. Sample s197-pre-T2 was

removed from the analysis due to the reduced number of proteins identified.

A comparison of TI and TII samples at baseline (n = 12 vs 11) revealed 428 DEPs

after Benjamani-Hochberg correction at FDR p < 0.005. After applying a FDR threshold

of < 0.001, 339 proteins were identified as differentially expressed between TI and TII

fibres. Of the proteins passing FDR < 0.001, 154 showed a log-fold-change of > 1 or < -1.

Among these proteins 109 were up-regulated and 34 were down-regulated in TI fibres

compared with TII fibres. The list of all proteins and statistics generated using limma

will be provided on request. The differentially expressed proteins in TI fibres compared

with TII fibres are summarised in tables 6.2. In TI compared with TII fibres the top down-

regulated proteins were MYH2, TNNC2, TNNI2, TNNT3, MYL4 and MYLPF, and the top

up-regulated proteins were ATP2A2, MYH7, TPM3, TNNT1, MYL3 and TNNC1 (Figure

6.5). This result aligns with the myosin isoform comparisons and the most differentially

expressed proteins tend to come from the most abundant proteins in the samples. We

also observed that PDLIM1 was up-regulated in TI fibres compared with TII fibres as

previously reported [210]. We observed higher expression of PDLIM7 in TII fibres com-

pared with TI fibres, a previous single fibre proteomic study reported PDLIM7 to be a

TIIx specific protein [209], suggesting that the TII fibre population is likely a combination

of TIIa and TIIx fibres.

Table 6.1: Differentially expressed Proteins in TI-pre compared to TII-pre fibres

TI-Pre Vs TII-Pre

BH P-value Threshold Up Non-DEP Down

BH P < 0.001 283 888 55

BH P < 0.005 363 801 62

BH P < 0.05 522 622 82
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Table 6.2: T1 vs T2 Top50 DEPs

logFC AveExpr t P.Value adj.P.Val B

ATP2A2 5.74 3.18 22.84 1.76E-26 2.22E-23 50.17

MYH7 5.44 8.94 22.52 3.17E-26 2.22E-23 49.59

TNNT1 6.35 5.18 20.70 1.02E-24 4.78E-22 46.17

TPM3 5.97 6.67 20.47 1.63E-24 5.26E-22 45.71

CYB5R1 2.02 2.39 20.40 1.88E-24 5.26E-22 45.57

TNNC1 5.94 5.22 19.90 5.12E-24 1.19E-21 44.58

MYL3 6.05 6.79 19.80 6.40E-24 1.28E-21 44.36

TNNI1 6.41 4.17 18.56 8.68E-23 1.52E-20 41.77

MYL6B 5.41 2.25 17.70 5.71E-22 8.61E-20 39.90

MYL2 5.21 6.81 17.67 6.15E-22 8.61E-20 39.83

PDLIM1 5.20 -0.37 17.18 1.88E-21 2.39E-19 38.72

MYH2 -5.15 7.08 -16.45 1.03E-20 1.20E-18 37.02

TNNC2 -4.63 4.71 -16.25 1.65E-20 1.78E-18 36.55

TNNT3 -4.45 8.14 -15.79 5.00E-20 5.00E-18 35.45

MYLPF -4.40 5.96 -15.33 1.53E-19 1.43E-17 34.33

MYOZ2 5.64 0.38 15.06 3.07E-19 2.68E-17 33.63

TNNI2 -4.59 5.73 -14.37 1.76E-18 1.45E-16 31.89

MYL4 -4.72 -1.24 -13.68 1.09E-17 8.45E-16 30.07

DPYSL3 3.68 -1.17 13.31 2.99E-17 2.21E-15 29.05

MYBPC2 -4.83 1.95 -12.74 1.44E-16 1.01E-14 27.48

CASQ2 2.30 3.01 12.44 3.28E-16 2.14E-14 26.66

MYL1 -1.57 8.09 -12.44 3.36E-16 2.14E-14 26.63

TFAM 2.98 -2.14 12.35 4.23E-16 2.58E-14 26.40

ATP2A1 -1.07 5.35 -11.20 1.23E-14 7.15E-13 23.03

CPT1B 1.21 1.18 11.04 1.96E-14 1.10E-12 22.55

ECI2 1.25 1.25 10.54 9.09E-14 4.89E-12 21.02
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Table 6.2: T1 vs T2 Top50 DEPs (continued)

logFC AveExpr t P.Value adj.P.Val B

HSD17B12 2.06 -2.37 10.26 2.14E-13 1.11E-11 20.16

LDHB 2.20 1.20 10.06 4.03E-13 2.02E-11 19.52

BTF3 2.60 -2.13 9.82 8.49E-13 4.10E-11 18.78

PDLIM7 -1.26 1.25 -9.49 2.46E-12 1.15E-10 17.71

PHKG1 -0.99 1.07 -9.48 2.57E-12 1.16E-10 17.67

IDI1 2.12 -2.39 9.44 2.87E-12 1.26E-10 17.55

MYOT 0.96 4.65 9.29 4.68E-12 1.99E-10 17.07

LMOD2 1.34 -1.02 9.15 7.31E-12 3.01E-10 16.62

ALDH7A1 2.47 -1.85 8.90 1.66E-11 6.62E-10 15.80

PHKA1 -0.99 1.17 -8.73 2.90E-11 1.13E-09 15.24

PHKB -1.08 0.43 -8.71 3.11E-11 1.18E-09 15.17

COQ8A 1.10 2.64 8.65 3.83E-11 1.41E-09 14.96

TPM4 2.37 -2.12 8.55 5.30E-11 1.90E-09 14.64

MAOB 1.02 1.77 8.49 6.47E-11 2.26E-09 14.44

GPD2 -1.25 -0.70 -8.46 7.19E-11 2.45E-09 14.33

VDAC1 0.82 5.21 8.39 8.87E-11 2.96E-09 14.12

MGST3 0.83 3.44 8.31 1.17E-10 3.82E-09 13.84

ACAA2 1.09 1.76 8.25 1.41E-10 4.50E-09 13.65

SMYD1 0.78 3.11 8.22 1.56E-10 4.86E-09 13.55

MYL12B 0.84 -0.01 8.22 1.60E-10 4.86E-09 13.53

MYOM3 1.47 3.16 8.13 2.15E-10 6.42E-09 13.23

ME2 2.96 -1.91 8.08 2.57E-10 7.50E-09 13.05

NIBAN1 -2.46 -1.93 -7.98 3.58E-10 1.02E-08 12.72
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Figure 6.5: Volcano Plot T1vsT2

Volcano plot of the differentially expressed proteins between TI-pre and TII-pre samples, with
log2 FC on the x-axis and -log10 P-value on the y-axis. Purple indicates down-regulated proteins
and green up-regulated proteins in TI compared with TII fibres. The horizontal line represents
the cutoff of the corresponding adjP-value <0.001 and the vertical lines represent the cutoff of the
log2FC 1 and -1.
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Gene Ontology, KEGG and Reactome Pathway Analysis

To determine pathways and processes that are over-represented in the DEPs we con-

ducted ORA and FCS. Cluster profiler was used for ORA and fGSEA was used for FCS.

GENE ONTOLOGY

Using the 283 up-regulated DEPs with > 0 logFC, we identified 84 enriched GO

terms with a BH-P-value cutoff of < 0.005, with 70 of these terms passing a < 0.001 BH-

P-value cutoff. There were overlaps between DEPs and muscle related BPs (38 enriched

terms < 0.001), CCs (18 enriched terms <0.001) and MFs (14 enriched terms <0.001) GO

terms (Figures 6.6 & C.5 & C.6). Between TI and TII fibres the main up-regulated enriched

gene sets for BP, CC and MF were related to aerobic respiration, oxidative phosphoryla-

tion, mitochondria and the electron transport chain (Figures 6.6A, C.5A & C.6A). Using

the 56 down-regulated DEPs with < 0 logFC, we identified 46 enriched terms with a BH-

P-value cutoff of < 0.005, with 27 of these terms passing a < 0.001 BH-P-value cutoff.

There were overlaps between DEPs and muscle related biological processes (15 enriched

terms < 0.001), cellular component (7 enriched terms <0.001) and molecular function (5

enriched terms <0.001) GO terms (Figures 6.6 & C.5 & C.6). Between TI and TII fibres

the main down-regulated enriched gene sets for BP, CC and MF were related to mus-

cle contraction, carbohydrate metabolism, the myosin complex and the calcium complex

(Figures 6.6B, C.5B & C.6B).

We also conducted FCS analysis using all DEPs ranked with the following equation

((-log10 * pvalue) * sign(logFC)). We identified 86 enriched GO pathways with a BH-P-

value cutoff of < 0.05. 70 GO terms were up-regulated in TI fibres compared to Type II

fibres. 16 GO terms were down-regulated in TI fibres compared to Type II fibres. There

were overlaps between DEPs and muscle related biological processes (6 enriched terms <

0.001), cellular component (10 enriched terms <0.001) and molecular function (3 enriched

terms <0.001) GO terms (Figures 6.6C & C.5C & C.6C). Between TI and TII fibres the main

up-regulated enriched gene sets for BP, CC and MF were related to aerobic respiration,

oxidative phosphorylation, the electron transport chain, mitochondria and oxidoreduc-

tase activity. 16 GO terms were down-regulated in TI fibres compared to TII fibres with.

There were overlaps between DEPs and muscle related biological processes (1 enriched

term < 0.001). There were no enriched cellular component and molecular function GO
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terms at adj-P-value < 0.001 or 0.005, we did identify 3 cellular component and 2 molec-

ular function pathways at adj-P-value < 0.05 (Figures 6.6D & C.5D & C.6D). Between

TI and TII fibres the main down-regulated enriched gene sets for BP, CC and MF were

related to glycolytic and carbohydrate processes and voltage gated calcium complexes.

We determined the overlap of enriched pathways up-regulated and down-regulated

from both ORA and FCS in TI compared with TII fibres (Figure C.7). A total of 46 up-

regulated GO terms were identified using both methods, the up-regulated terms in TI fi-

bres compared to TII fibres were involved in aerobic respiration and mitochondrial func-

tion. Seven GO terms were down-regulated and were related to carbohydrate metabolism

and glycolytic processes.

(A) ORA of up-regulated GO-BP terms (B) ORA of down-regulated GO-BP terms

(C) FCS of up-regulated GO-BP terms (D) FCS of down-regulated GO-BP terms

Figure 6.6: BP enrichment analysis of DEPs

Gene ontology gene set enrichment analysis of the DEPs between TI and TII fibres. (A) & (B) are
the up regulated and down-regulated biological process GO terms identified using ORA. (C) &
(D) are the up-regulated and down-regulated biological processes GO terms identified using
FCS. The circle size represents gene numbers, and the color represents the adj-P-value and the
enrichment scores are on the x axis.

REACTOME pathways
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Using the 283 up-regulated DEPs with > 0 logFC, we identified 14 enriched reac-

tome terms with a relaxed BH-P-value cutoff of < 0.05, with 7 and 6 of these terms passing

a < 0.005 and < 0.001 BH-P-value cutoff respectively. Using the 56 down-regulated DEPs

with < 0 logFC, we identified 6 enriched reactome terms with a BH-P-value cutoff of <

0.05, with 3 of these terms passing a < 0.001 BH-P-value cutoff. There were overlaps

between up-regulated DEPs and TCA cycle, respiratory electron transport, mitochon-

drial protein degradation, mitochondrial metabolism and metabolism reactome path-

ways (Figure 6.7A). Down-regulated DEPs were enriched for muscle contraction, glucose

metabolism, glycogen metabolism and glycolysis reactome pathways (Figure 6.7B). We

again conducted FCS analysis using all DEPs. We identified 5 down-regulated reactome

pathways with a BH-P-value cutoff of < 0.05 and 3 down-regulated reactome pathways

enriched in TI fibres compared to TII fibres. The up-regulated reactome pathways were

involved complex I biogenesis, mitochondrial protein degradation and the respiratory

electron transport (Figure 6.7C), whilst the down-regulated pathways were glycogenol-

ysis, glycolysis and metabolism of carbohydrates (Figure 6.7D). Once again we identi-

fied those reactome pathways that were identified using both ORA and FCS. The top

up-regulated overlapping reactome terms were the citric acid cycle, respiratory electron

transport, and the down-regulated overlapping terms were metabolism of carbohydrates

and glycolysis (Figure C.8).
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(A) ORA of upregulated REACTOME terms (B) ORA of downregulated REACTOME terms

(C) FCS of REACTOME terms (D) FCS of REACTOME terms

Figure 6.7: Reactome enrichment analysis of DEPs

Reactome gene set enrichment analysis of the DEPs between TI and TII fibres. (A) & (B) are the
up regulated and down-regulated reactome terms identified using ORA. (C) & (D) are the
up-regulated and down-regulated reactome terms identified using FCS. The circle size
represents gene numbers, and the color represents the adj-P-value and the enrichment scores are
on the x axis.
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6.3.2 Comparisons of Proteome Methylome

Overlap of Methylome and Proteome

The second major purpose for simultaneously measuring protein and methylation in the

samples was to compare and contrast the differential methylation results with the differ-

ential protein expression results. Firstly we took the 1,226 proteins identified and checked

how many CpG probes on the new EPICv2 were annotated to the gene of each protein.

Of the 1,226 proteins 1,143 had at least one CpG annotated to them (Figure 6.8A). Of

the 339 DEPs with < 0.001 BH-P-value, 215 overlapped with at least one DMP (BH-P-

value < 0.001 & logFC > 0.1 or < -0.1) (Figure 6.8B). To identify the relationship between

differential methylation and differential expression of proteins, I took the overlap of up-

regulated DMPs and DEPs and down-regulated DMPs and DEPs and found the over-

lapping genes/proteins. There were no clear relationship between DMP methylation

direction and protein regulation considering just overlaps (Figure 6.9A). Comparing the

overlaps of DMRs to DEPs resulted in a similar overlap of up regulated DEPs with either

hypermethylated or hypomethylated DMRs (Figure 6.9B).

(A) Overlap of CpGs and Identified Proteins (B) Overlap of DMPs to DEPs

Figure 6.8: Venn Diagrams of Overlaps

(A) Overlaps of CpG Genes with proteins identified using LC-MS/MS. and (B) Overlaps of
DMPs and DEPs.
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(A) Overlap of DMPs to DEPs (B) Overlap of DMRs to DEPs

Figure 6.9: Venn Diagrams of Overlaps

(A) Overlaps of Up and Down Regulated DEPs with Hypermethylated or Hypomethylated
DMPs and (B) Overlaps of Up and Down Regulated DEPs with Hypermethylated or
Hypomethylated DMRs.

Enrichment analysis of overlaps

I conducted ORA on Reactome pathways and GO-terms to identify the classes of genes

over-represented in each of the overlapping categories; DMP-UP/DEP-UP, DMP-UP/DEP-

DN, DMP-DN/DEP-UP and DMP-DN/DEP-DN. I identified no over-represented re-

actome terms using either the 63 genes/proteins from the DMP-UP/DEP-UP or the 3

genes/proteins from the DMP-DN/DEP-DN overlaps with a BH-adj-P-value < 0.005.

After ORA analysis using the 32 DMP-DN/DEP-UP overlapping genes/proteins, I iden-

tified that glycogen metabolism, carbohydrate metabolism and muscle contraction reac-

tome terms were overrepresented, and using the 51 DMP-DN/DEP-UP genes/proteins

I identified only muscle contraction and skeletal muscle contraction reactome terms over-

represented. I provide evidence that key genes/proteins involved in substrate metabolism

have higher levels of DNA methylation and lower levels of protein expression in TI com-

pared with TII skeletal muscle fibres.

Correlations between Methylome and Proteome

To measure the link between DNA methylation status and protein expression in TI and

TII muscle fibres, I assessed the relationship between DMPs, DMRs and protein expres-
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(A) ORA Reactome Terms Overlaps (B) ORA Reactome Terms Overlaps

Figure 6.10: ORA of overlapping DMPs and DEPs

Reactome gene set enrichment analysis of the overlaps of DMPs and DEPs between TI and TII
fibres. (A) are the reactome terms identified with ORA from the overlapping hypomethylated
DMPs and the up-regulated DEPs & (B) are the reactome terms identified with ORA from the
overlapping hypermethylated DMPs and the down-regulated DEPs .The circle size represents
gene numbers, and the color represents the adj-P-value and the enrichment scores are on the x
axis.

sion by computing Pearson’s correlation coefficients. I matched the 1,143 identified pro-

teins from my proteome data to the top CpG annotated to the gene of these proteins

from my TI vs TII comparison. I then plotted the most differentially methylated position

(highest beta logFC DMP) for each corresponding protein against the logFC of protein

expression from my TI vs TII comparison (Figure 6.11A). As seen in Figure 6.11A the

top hypermethylated DMPs between TI and TII fibres were annotated to key contractile

genes such as MYH2, TNNI2, TNNT3 and these had a lower level of protein expression.

Conversely the top hypomethylated DMPs in TI to TII fibres were annotated to key con-

tractile genes such as MYH7, MYL2, TNNI1 and MYL3 and had a higher level of protein

expression. There was a moderate negative Pearson’s correlation between the beta logFC

of the top DMPs of each gene and protein expression, r(1141) = -0.40, p = <0.001. On the

EPICv2 array each multiple probes can be annotated to the same gene. We calculated the

mean beta logFC across all CpGs annotated in each of the 1,143 identified proteins. We

plotted the mean beta logFC across each gene to the logFC of protein expression of the

matched gene in TI compared with TII fibres (Figure 6.11B). The overall level of methy-

lation as measured by beta value logFC decreased across the gene compared to the top

probes as expected but the logFC of beta values tended to zero across the entire gene.

The same relationship was observed between the top mean hyper and hypomethylated

genes and the top under and over-expressed proteins in TI compared with TII fibres, with
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TNNI2, TNNT3 MYH1 and MYH2 hypermethylated genes having less logfc protein ex-

pression and the opposite for hypomethylated genes MYH7, TNNI1 MY7B and MYL2.

The reduction in noise of methylation differences across the entire gene resulted in a

stronger Pearson’s correlation between differential methylation and protein expression,

r(1141) = -0.57, p = < 0.001.

The previous comparison was made using all probes annotated to each gene, we

were curios if there was a relationship between differentially methylated regions and

protein expression in these genes. We calculated DMRs between TI and TII fibres us-

ing at least 4 consecutive CpGs that were differentially methylated. We assessed the

relationship between the top DMR based on mean difference in methylation and logFC

protein expression for 209 overlapping DMR/DEPs. We observed the same pattern and

genes for the probe/protein analysis with the top hypermethylated DMRs having less

protein expression and the top hypomethylated DMRs having more protein expression

(Figure 6.12A). The same pattern emerged when we took the average mean methylation

differences across all DMRs identified in each of the 209 gene/protein overlaps (Figure

6.12B). As the methylation values were taken across multiple CpGs there was an increase

in the Pearson correlation for the topDMR methylation vs logFC protein expression and

meanDMR methylation vs logFC protein expression, with a modest negative Pearson

correlation of r(207) = -0.62, p = < 0.001 and r(207) = -0.63, p = < 0.001 respectively. There

appears to be a relationship between methylation differences and protein expression dif-

ferences in TI and TII muscle fibres, particularly in key genes/proteins involved in skele-

tal muscle fibre type specification.
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(A) DMPs Top Beta-diff vs LogFC DEPs (B) Mean DMPs Beta-diff vs LogFC DEPs

Figure 6.11: DMPs Betdiff vs DEP LogFC

Figure 6.11 shows the relationship between beta differences and protein logFC for all identified
proteins. The y axis is the beta difference between TI and TII fibres and the x axis is the logFC
difference of proteins between TI and TII fibres. (A) shows the relationship between the top CpG
in each identified protein and protein logFC. (B) shows the average beta difference of all CpGs
across the identified protein and protein logFC. Purple dots indicate DMPs, aqua dots indicate
DEPs, orange indicate that the protein was both a DMP and DEP and grey dots indicate that the
protein was neither a DMP or DEP.
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(A) DMRs Top Meandiff vs LogFC DEPs (B) Average DMRs Meandiff vs LogFC DEPs

Figure 6.12: DMRs Meandiff vs DEP LogFC

Figure 6.11 shows the relationship between beta differences and protein logFC for all identified
proteins. The y axis is the beta difference between TI and TII fibres and the x axis is the logFC
difference of proteins between TI and TII fibres. (A) shows the relationship between the top
DMR in each identified protein and protein logFC. (B) shows the average beta difference of all
DMRs across the identified protein and protein logFC. Purple dots indicate DMPs, aqua dots
indicate DEPs, orange indicate that the protein was both a DMR and DEP and grey dots indicate
that the protein was neither a DMR or DEP.
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Visualisations of methylome across DEP genes

From the data presented in the previous section it is clear that methylation levels between

TI and TII skeletal muscle fibres are related to protein expression differences between the

two fibre types. However, the methylation levels at single CpGs can be considerably

more than taking an average across the gene. There is a trend that methylation differ-

ences across the gene have a relationship with protein expression of these genes. From

Figures 6.11 & 6.12 we see that hypermethylation is correlated with decreased protein

expression and hypomethylation with increased protein expression, however this is not

always the case. The relationship between methylation and protein expression between

TI and TII fibres varies with some regions and genes having hypermethylation differ-

ences yet higher protein expression in TI compared with TII muscle fibres. To visualise

the underlying pattern of CpG methylation in genes from two DEPs, I generated human

genome tracks of MYH7 and MYH2.

Figure 6.13 shows the Myosin 7 gene which was determined to be hypomethylated

with increased protein expression in TI compared with TII fibres. We took every EPICv2

CpG probe annotated to the MYH7 gene and plotted their location and the methylation

beta values across the gene. Comparing the DNAm pattern across MYH7 and MYH2

there is a distinct region at the start of each gene where there is hypomethylation (Fig-

ures 6.13 &C.9). Across the gene body there was a hypomethylation of MYH7 in TI com-

pared with TII fibres as shown by plotting beta values for each sample along all CpGs

annotated to MYH7 (Figure 6.13). In MYH2 the pattern of methylation across the gene

was the reverse of the MYH7 gene with a distinct hypermethylation across the gene in TI

compared with TII fibres.
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Figure 6.13: MYH7 Genomic Visualisation

Figure 6.13 is a visualisation of methylation values as measured with the EPICv2 across the
myosin 7 gene. The genome visualisation shows all the CpGs (blue bars) across the MYH7 gene
on chromosome 14. Enhancers are indicated by green blocks, the gene model is indicated by
darkblue genetracks. The orange line represents the beta value of TII fibres from each of the 12
samples and the purple line represents the beta value of TI fibres from each of the 12 samples.
The pink line represents the beta difference between TI and TII fibres at all CpGs across the
genomic region.
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6.4 DISCUSSION

In this chapter I measured protein expression differences between TI and TII pooled

skeletal muscle fibres from both males and females. I was able to compare my previ-

ous DNA methylation data with the proteomic data to assess the correlation of DNA

methylation and protein expression in the same sample.

I was able to assess the quality of fibre pooling by measuring the percentage of

MYH7, MYH2, MYH1 and MYH4 in the samples. A 80% cut off for MYH7 and MYH2

in a sample is commonly used to define a relatively pure fibre sample [209]. The pooled

Type I samples showed on average > 95% MYH7 isoform and the pooled Type II sam-

ples showed on average >90% MYH2/MYH4/MYH1 isoforms (Figure 6.4), these results

confirm that we were able to isolate and pool relatively pure Type I and Type II fibre

populations. It also confirms that the Type II sample is representative of a Type IIa/IIx

population. These results also are in agreement with previously reported proteomic stud-

ies of pooled skeletal muscle fibres [210]. I also extended the study of myosin isoforms

in muscle fibre types to show that myosin light chains are an important protein family

in skeletal muscle fibre types and that overall the myosin heavy chain and light chain

proteins comprise between 20-40% of the proteome signal as measured by mass spec-

trometry.

I identified 339 differentially expressed proteins at a BH-adj-P-value < 0.001 in

Type I compared with Type II fibres. 154 of these proteins showed over-expression with

a logFC of > 1 and 34 showed under-expression with a logFC < -1 in Type I fibres.

The over-expressed proteins in Type I fibres were over represented in aerobic energy

metabolism GO terms and Reactome pathways such as cellular and aerobic respiration,

respiratory electron transport and mitochondrial function whereas the down-regulated

proteins were involved in glycogen and carbohydrate metabolism (Figures 6.6, C.5, C.6 &

6.7). I then compared DNAm differences to protein expression differences between Type

I and Type II muscle fibres. There was a modest negative correlation between methyla-

tion differences and protein expression differences in Type I and Type II fibres suggesting

DNAm plays a role in downstream protein expression differences in skeletal muscle fi-

bres (Figures 6.11 & 6.12).
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Here we provide further evidence that the main proteins differentially expressed

between Type I and Type II muscle fibres are major contractile proteins MYH7, TNN1,

TNNI, MYL3, MYL2 (TI fibres), MYH2, TNNC2, TNNT3, MYL4 and MYLPF (TII fibres)

(Figure 6.5) as previously reported in both single fibre [209] and pooled fibre-type pro-

teomics analyses [210]. We also confirm the findings that PDLIM1 has higher expression

in Type I fibres [210], and interestingly we show PDLIM7 has higher expression in Type

II fibres, but this may confirm that these Type II fibres are indeed a mixture of Type IIa

and Type IIx muscle fibres as it was previously reported that PDLIM7 has higher protein

expression levels only in Type I vs Type IIx comparisons [209, 210]. We also show that

DEPs between Type I and Type II fibres are enriched in substrate metabolism and skeletal

muscle contractile GO terms and reactome pathways as reported by Deshmukh and oth-

ers [210]. We provide further evidence that Type I muscle fibres are enriched for proteins

involved in aerobic and fatty-acid based metabolism and that Type II fibres are enriched

for proteins involved in glycolysis, glucose metabolism and carbohydrate metabolism

(Figure 6.6, C.5, C.6 & 6.7).

I have compared methylation differences to protein differences in the same pooled

Type I and Type II skeletal muscle fibre samples. I show evidence of overlaps between

hypermethylated DMPs/DMRs and down-regulated DEPs and overlaps between hy-

pomethylated DMPs and up-regulated DEPs identified between Type I and Type II skele-

tal muscle fibres (Figures 6.9). The overlapping hypermethylated genes/down-regulated

proteins in Type I fibres were enriched for glycogen and carbohydrate metabolism reac-

tome pathways and the overlapping hypomethylated genes/up-regulated proteins were

enriched for muscle contraction based reactome pathways (Figures 6.10). These findings

are in line with the long held classification scheme that Type I fibres are oxidative and

Type II fibres populations are glycolytic in nature [59]. This analysis provides evidence

that Type I and Type II fibres are differentially methylated in key genes important for

either aerobic/anaerobic metabolic systems and that these methylation differences are

reflected in protein expression differences. We also show that the direction of methyla-

tion differences between Type I and Type II fibres is not always reflective of the direction

of protein expression (Figures 6.11 & 6.12).

The combined study of protein and DNAm differences in the same skeletal muscle

fibre-type samples provide a unique look at the connection between DNAm and protein
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expression using a systems-biology approach. This data provides a resource of methyla-

tion and protein values in Type I and Type II muscle fibres that we hope can serve as a

reference for researchers studying skeletal muscle biology. In the next chapter we extend

this approach to assess the DNA methylation and protein changes between Type I and

Type II muscle fibres after 12 weeks HIIT.
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7 RESULTS 4: FIBRE-TYPE-SPECIFIC

METHYLOME AND PROTEOME

CHANGES IN RESPONSE TO 12 WEEKS

OF HIGH INTENSITY INTERVAL

TRAINING

7.1 INTRODUCTION

Skeletal muscle has a unique ability to respond to physical activity and exercise leads to

a number of adaptations within skeletal muscle at both physiological and cellular lev-

els [93, 317]. Evidence suggests that Type I slow and Type II fast muscle fibres undergo

specific fibre-type changes in response to different types of exercise [258]. For example,

resistance exercise promotes fibre-specific size increases [257], and aerobic exercise may

result in shifts in fibre-type proportions [258]. The response of muscle to different aerobic

training interventions has been extensively assessed [318]. High intensity interval train-

ing (HIIT), exercise that alternates between intense bouts and recovery periods, has been

associated with improved mitochondrial function, insulin sensitivity and fitness [319].

The intensity of aerobic exercise can influence the recruitment patterns of skeletal muscle

fibre types [320], and HIIT has been shown to decrease the quantity of Type IIx fibres

[219] and cause enzymatic changes in Type IIa fibres [259]. Considering that intensity of

aerobic training causes fibre-type-specific responses, it is important to study the response

of skeletal muscle to HIIT at the fibre-type level.

To date studies have investigated DNAm changes due to both resistance and aer-

obic exercise interventions in whole skeletal muscle [321, 322, 181, 263, 177]. Our group

has previously studied the effect of 4 weeks or 12 weeks HIIT on DNAm in whole hu-

man skeletal muscle samples in either a cohort of males [263], or a cohort of males and

females [181]. To understand the relationship between methylation and protein regula-
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tion after HIIT our group studied both the proteome and methylome in whole human

skeletal muscle samples [181, 263]. Recent work has shown that the proteome responds

differently to aerobic exercise (including interval type training) in Type I and Type II mus-

cle fibres [210, 323]. However, DNAm pre and post exercise has not yet been investigated

on a fibre-type level. No studies to date have investigated the effect of HIIT on both the

methylome and proteome in a fibre-type specific manner. My method enabled the com-

parison of the differential shifts in methylation and protein regulation in the same pooled

human skeletal muscle fibre samples before and after HIIT.

This chapter addresses the following aims

1. To identify differential shifts in DNAm in Type I and Type II muscle fibres before

and after 12 weeks of HIIT in male and females.

2. To identify changes in the proteome in Type I and Type II muscle fibres before and

after 12 weeks of HIIT in male and females.

7.2 METHODS

Participants were recruited to train three times a week for 12 weeks on a Velotron, to

study the effect of 12 weeks HIIT on DNAm and protein regulation in TI and TII mus-

cle fibres. Training was comprised of 6-14 two-minute intervals interspersed with one

minute active recovery. Intervals were performed above lactate threshold (LT) with ac-

tive recovery periods performed at 25-60 W depending on participants pre-testing re-

sults. Graded exercise tests (GXT) were performed to measure peak VO2peak, peak aero-

bic power (Wpeak) and LT before, at four-weeks, at eight-weeks and after the intervention.

Training intensities were reset every four weeks based upon results from the four-week

and eight-week GXTs. Participants were provided with a 48-hour controlled diet before

each biopsy. A schematic of the intervention is provided in Figure 7.1. For full interven-

tion details please see the Participant, Methods and Ethics section.

Overall 15 (8 = male & 7 = female) participants were recruited to this study. Of

the 15 participants one participant dropped out after 3 weeks of HIIT. The 14 remaining

participants completed all training sessions. Due to unexpected circumstances between
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Weeks of High Intensity Interval Training

the final biopsy and follow up testing, two participants (acute injury & COVID infection)

were unable to attend post testing sessions. We were able to successfully isolate pooled

fibre samples from 12 participants (7 = male & 5 = female) that have been used for the

assessment of methylome and proteome differences between TI and TII fibres after 12

weeks HIIT. Physiological adaptations to exercise have been calculated using all available

data from participants enlisted in the overall study.

Figure 7.1: Method Schematic

An overview of the 12 week HIIT study design.

7.2.1 Participant Characteristics

As a reminder, 15 participants (8 = male & 7 = female) muscle samples were used for

whole muscle DNA extraction and a total of 12 participants (7 = male & 5 = female)

muscle samples were used to isolate fibre-type specific DNA. At the time of recruitment

participants median age was 34 (range = 25-42). The breakdown of participant sex and

age are provided again in Table 7.1.

Table 7.1: Participant Characteristics

Participants n=15

Sex Male 8

Female 7

Age Median 34

Min-Max 25-42
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7.3 RESULTS

7.3.1 Physiological Adaptations

Table 7.2 shows the mean and standard deviation of Pre and Post VO2peak, LT and WPeak.

Table 7.2: Intervention Results

Timepoint Pre Post P-Val

Mean (SD) Mean (SD)

VO2peak 38.0 ml.min.kg−1(7.4) 44.4 ml.min.kg−1(8.3) P=0.005

Lactate Threshold 155.0 W (45.9) 168.4 W (53.6) P=0.009

WPeak 217.3 W (60.3) 242.0 W (61.8) P<0.001

Figure 7.2A shows the difference in WPeak due to 12 weeks HIIT. Participants im-

proved WPeak on average by 25 Watts after 12 weeks HIIT with a 95% confidence interval

of 15 to 35 Watts. This increase represents an average improvement of 12% on pre HIIT

WPeak. The p-value for a paired two sided t-test of the null hypothesis that the true aver-

age was zero Watts was P<0.001.

Figure 7.2B shows the difference in power at LT due to 12 weeks HIIT. Participants

improved power at LT on average by 12 Watts after 12 weeks HIIT with a 95% confidence

interval of 4 to 21 Watts. This represents an average improvement of 7% on pre HIIT

power at LT. The p-value for a paired two sided t-test of the null hypothesis that the true

average was zero Watts was P=0.009.

Figure 7.2C shows the difference in VO2peak due to 12 weeks HIIT. Participants

improved VO2peak on average by 6.3 ml/min/kg after 12 weeks HIIT, with a 95% con-

fidence interval of 2.4 to 10.3 ml/min/kg. This represents an improvement of 15.7% on

pre VO2peak. The p-value for a paired two sided t-test of the null hypothesis that the true

average was zero ml/min/kg oxygen uptake was P = 0.005.
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Figure 7.2: Physiological Adaptations Pre vs Post

Peak aerobic power (n = 12), power at lactate threshold (n = 12) and peak rate of oxygen
consumption (n = 10) before and after 12 weeks HIIT. Green indicates pre sampes and purple
indicates post samples.

7.3.2 Fibre-type proportions before and after exercise

To assess if HIIT can cause a shift in fibre type, I compared the proportions of TI and TII

fibres before and after the intervention. We calculated the proportions of TI and TII fibres

in the samples with the following equation TI-proportion = number of TI fibres / ((num-

ber of TI fibres) + (number of TII fibres)). TIIx fibres were excluded as we determined that

our ponceau +ve MYH7/MYH2 -ve fibres are likely due to insufficient antibody binding
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and not a true TIIx population. Likewise hybrid fibres were not included as we cannot

be certain that they do not represent contaminated fibres.

Table 7.3 summarises the average proportion of fibres before and after the interven-

tion. We observed no change in fibre type proportion after HIIT. There is no statistical

support in a true shift in the mean for TI (p = 0.37) or TII (p = 0.37) fibre proportions after

HIIT using a Wilcoxon non-parametric rank test. Figure 7.3 shows individual fibre-type

proportions before and after exercise confirming that there is variation in fibre-types after

12 weeks HIIT.

Table 7.3: Fibre Numbers

Proportions Pre Post P-Val

Type I Fibres 48.4 51.6 P=0.37

Type II Fibres 51.6 48.4 P=0.37
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Figure 7.3: Fibre Type Proportions

The percentage of Type I and Type II fibres of each participant before and after HIIT.
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7.3.3 Myosin isoform Content of pooled samples

We confirmed the purity of sample pooling by assessing myosin heavy chain content in

the 12 weeks pooled Type I and Type II fibres. We show in agreement with our previous

chapter that MYH7 positive Type I fibres express mostly MYH7 (on average 98% MYH7

expression), and MYH2 positive fibres express mostly MYH2 (on average 76% MYH2)

Our Type II fibres show a high proportion of MYH1 and MYH4 with on average 8% and

6% expression respectively (Figure 7.4). The two Type IIx pooled post samples also show

the same pattern as the pre samples, indicating a mixed fibre group. Sample F31-12wk-T2

had a higher than expected MYH7 content and was deemed contaminated and removed

from the subsequent analyses. Sample F31-12wk-T1 also had a higher than expected

quantity of MYH2, we noted an error with fibre labelling during fibre type pooling of

this sample. This sample had >90% MYH7 and was included as a Type I fibre in the

analyses.

Figure 7.4: Myosin Isoform Content Post Samples

The proportions of MYH7, MYH2, MYH1 and MYH4 identified in post HIIT samples.
Percentages were calculated as a myosin isoform intensity divided by the quantity of MYH7,
MYH2, MYH1 and MYH4.
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7.3.4 DNAm analysis

I used linear-mixed-effect-models in limma, to estimate differences in methylation of

CpGs between TI and TII muscle fibres and between whole muscle samples before and

after HIIT.

A comparison within TI fibres pre and post HIIT (n=12vs11) revealed no DMPs at

a BH-P-value of < 0.005 and two CpGs that had a BH-P-value <0.05 (Table 7.4). NPDC1

(P = 0.009) and SENP1 (P = 0.02) were both identified as hypermethylated in TI fibres

after HIIT at a relaxed BH-P-value <0.05. The comparisons of TII-post vs TII-pre fi-

bres (n=12vs10) (Table 7.5) or WM-post vs WM-pre (Table 7.6) revealed no differentially

methylated CpGs at a BH-P-value < 0.05.

In chapter 4, I presented data showing numerous CpGs with beta value differences

between 10-40% between TI and TII fibres (Figure 5.8). In comparison, beta values dif-

ferences within TI and whitn TII samples after HIIT were between 0-5% (Figures 7.5). In

TII-pre vs TII-post fibres 1158 CpGs showed a larger than 5% beta change whereas TI-pre

vs TI-post and WM-pre vs WM-post had 596 and 442 CpGs with greater than or less than

5% beta change (Figures 7.5).

Table 7.4: Differentially expressed CpGs in TI-pre compared to TI-post fibres

TI-Pre Vs TI-Post

BH P-value Threshold Up Non-
DMP

Down

BH P < 0.001 0 838705 0

BH P < 0.005 0 838705 0

BH P < 0.05 2 838703 0

Table 7.5: Differentially expressed CpGs in TII-pre compared to TII-post fibres

TII-Pre Vs TII-Post

BH P-value Threshold Up Non-
DMP

Down

BH P < 0.001 0 838705 0

BH P < 0.005 0 838705 0

BH P < 0.05 0 838703 0
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Figure 7.5: TIpre vs TI-post

Volcano plot of the top 50000 CpGs with beta change on the x-axis and -log10 P-value on the
y-axis. The horizontal line represents the cutoff of the corresponding adj-P-value <0.05 and the
vertical lines represent the cutoff of the Beta Change 0.05 and -0.05.
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Table 7.6: Differentially expressed CpGs in WM-pre compared to WM-post fibres

WM-Pre Vs WM-
Post

Significance Threshold Up Non-
DMP

Down

BH P < 0.001 0 838705 0

BH P < 0.005 0 838705 0

BH P < 0.05 0 838703 0

7.3.5 Proteomic Analysis

Differentially Expressed Proteins

To estimate differences in protein expression between TI and TII muscle fibres before

and after 12 weeks HIIT, mixed effects linear models were performed using limma in

the R statistical environment on normalised, imputed and log2 transformed MaxLFQ

values. Sample s197-pre-T2 was removed from the analysis due to the reduced number

of proteins identified.

A comparison of TI-pre fibres and TI-post fibres (n=12vs11) revealed no DEPs at a

BH-P-value of < 0.05 (Table 7.7). The comparison of TII-post vs TII-pre fibres (Table 7.8)

revealed 123 DEPs at a BH-P-value < 0.05. 120 of these DEPs were up-regulated after the

intervention with four DEPs having a BH-P-value < 0.005. Only three DEPs were down-

regulated post 12 weeks HIIT in TII fibres, none of which had BH-P-Value < 0.005. The top

up-regulated proteins in TII fibres after HIIT were BCS1L, LDHD and CKMT2. The three

down-regulated proteins were PGM5, PDLIM3 and HNRNPU (Figure 7.6). All statistics

generated with limma for the pre-post protein analysis can be provided on request.

Table 7.7: Differentially expressed DEPs in TI-pre compared to TI-post fibres

TI-Post Vs TI-Pre

Significance Threshold Up Non-Sig Down

BH P < 0.001 0 1226 0

BH P < 0.005 0 1226 0

BH P < 0.05 0 1226 0
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Figure 7.6: Volcano Plot T1vsT2

Volcano plot of the differentially expressed proteins with log2 FC on the x-axis and -log10
P-value on the y-axis. The horizontal line represents the cutoff of the corresponding adj-P-value
<0.05 and the vertical lines represent the cutoff of the log2 FC 0.5 and -0.5.
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Table 7.8: Differentially expressed DEPs in TII-pre compared to TII-post fibres

TII-Post Vs TII-Pre

Significance Threshold Up Non-Sig Down

BH P < 0.001 0 1226 0

BH P < 0.005 4 1222 0

BH P < 0.05 120 1103 3

Up-regulated proteins are overrepresented in key metabolic functions

The 120 up-regulated DEPs are mitochondria related proteins, such as proteins involved

in mitochondrial complexes, carriers and chaperones (Table 7.9). All 120 up-regulated

DEPs in TII-post compared with TII-pre fibres were over represented in key metabolic

reactome pathways as measured by ORA (Figure 7.7). I identified 19 reactome pathways

passing a < 0.05 BH-P-Value cutoff, with 16 and 12 passing <0.005 and <0.001 BH-P-value

respectively. The top three reactome pathways were related to the TCA cycle and electron

transport chain. To confirm ORA results, I conducted FCS using all proteins and statistics

to identify reactome pathways. The same pathways were over-represented among pro-

teins as those identified using ORA (appendix Figure D.1). All reactome pathways and

statistics can be provided on request.

Table 7.9: T2post vs T2pre DEPs

logFC AveExpr t P.Value adj.P.Val B

BCS1L 1.16 -1.86 5.71 1.01E-06 0.001 5.49

LDHD 1.38 -1.46 5.15 6.49E-06 0.004 3.78

CKMT2 0.77 6.19 4.99 1.11E-05 0.005 3.29

MT-CO2 0.65 4.79 4.87 1.60E-05 0.005 2.95

COX5A 0.65 3.73 4.65 3.25E-05 0.008 2.30

EPHX1 0.70 1.53 4.53 4.73E-05 0.010 1.96

TTR 1.76 -1.08 4.18 1.46E-04 0.017 0.93

MTCH2 0.40 0.25 4.16 1.51E-04 0.017 0.90

NDUFA6 0.55 1.91 4.16 1.54E-04 0.017 0.88

UQCRFS1 0.52 3.35 4.14 1.63E-04 0.017 0.82
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Table 7.9: T2post vs T2pre DEPs(continued)

logFC AveExpr t P.Value adj.P.Val B

HSPD1 0.54 2.16 4.14 1.64E-04 0.017 0.82

MT-ND4 0.55 1.00 4.11 1.78E-04 0.017 0.75

TUFM 0.44 3.04 4.11 1.79E-04 0.017 0.74

NDUFS2 0.46 2.50 4.09 1.91E-04 0.017 0.68

NDUFV1 0.47 2.89 4.04 2.22E-04 0.017 0.54

IDH3A 0.52 1.61 4.04 2.23E-04 0.017 0.54

PTGES2 0.48 1.09 3.99 2.58E-04 0.017 0.41

NDUFS8 0.53 2.25 3.99 2.62E-04 0.017 0.39

TIMM44 0.72 -1.10 3.96 2.80E-04 0.017 0.33

NDUFA8 0.50 2.83 3.96 2.81E-04 0.017 0.33

FBP2 0.62 2.75 3.93 3.12E-04 0.018 0.23

NDUFS3 0.50 2.49 3.91 3.29E-04 0.018 0.19

NDUFB11 2.02 1.58 3.91 3.29E-04 0.018 0.18

UQCRC1 0.45 4.90 3.86 3.77E-04 0.018 0.06

XPO1 0.67 -3.34 3.86 3.84E-04 0.018 0.04
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Figure 7.7: ORA Reactome

Top 10 reactome terms as measured by over representation analysis of the 120 up-regulated
DEPs. The circle size represents gene numbers, and the coluor represents the adj-P-value.

TII fibres shift toward TI fibres in key mitochondrial proteins

Using the 120 up-regulated proteins, I generated a heatmap of the log2 imputed data

values. The TII-post samples clustered with higher similarity to the TI-pre and TI-post

samples (Figure 7.8) suggesting that the expression pattern of the 120 DEPs was more

similar to TI fibres after 12 weeks of HIIT. To further assess the up-regulated DEPs in TII-

post fibres, I visualised the distribution or log2 intensities in TI and TII samples before

and after HIIT. Log2 intensities of BCS1L and LDHD in TII-post fibres had similar values

as TI-pre and TII-post samples compared with TII-pre samples (Figure 7.9).

There was a larger variation in log2 intensities only within the TII-pre samples (Fig-

ure 7.9). To find an explanation for the observed results I calculated Pearson’s correlation

statistics for TII-pre log2-intensities of both BCS1L and LDHD and LT, Wpeak, VO2peak,

TI and TII fibre-type proportions and overall sample protein count. There was only evi-

dence for a correlation between LDHD log2 intensity and protein count of samples ( r(10)

= 0.59, p = 0.04).

Next I checked the number of imputed values for both LDHD and BCS1L amongst

the four sample groups. Interestingly in both proteins only TII-pre samples had missing

values that were imputed with seven and samples missing for BCS1L (Figure D.2). The

imputed samples were amongst the lowest log2 intensity values (Figure D.2), as I opted
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for a MNAR approach to imputation which drew random samples from a down shifted

Gaussian distribution. To confirm if imputation effected correlations, I calculated Pear-

son’s correlations using only the non-missing TII-pre samples. I did not find evidence for

any correlations when using non-imputed values.

On the consideration of the evidence, the choice to impute protein values using a

MNAR strategy was warranted, and the missing values likely represent low abundance

of BCS1L in these samples.
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Figure 7.8: Heatmap of 120 DEPs in TII-post vs TII pre Fibres

Heatmap hierarchical clustering analysis of the top 120 up-regulated DEPs in TII-pre vs TII-post
samples. The colour-coded scale (purple = up-regulated and yellow = down-regulated) are the
min-max normalised log2 maxLFQ intensities. Type I post (green), Type I pre (red), TII post
(blue) and T2 pre (purple) samples are colour coded and indicated with appropriate bars.
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Figure 7.9: Log2 intensities of BCS1L and LDHD

Log2 intensities of BCS1L and LDHD in Type I and Type II fibres before and after 12 weeks HIIT.

7.4 DISCUSSION

In this chapter I measured both DNAm and protein differences in TI and TII fibres before

and after 12 weeks HIIT in both males and females. To my knowledge this is the first

assessment of DNAm before and after an exercise intervention in Type I and integrate

the Type II muscle fibres. 12 weeks HIIT resulted in changes in LT, Wpeak and VO2peak at

the group level (Figure 7.2). There were no changes in fibre-type proportions as a result of

12 weeks HIIT. The purity of pooled TI and TII-post samples was high, with an exception

of one sample labelled as contaminated which was removed form the analysis (Figure

7.3). I found two hypermethylated CpGs in TI-post compared with TI-pre samples at a

relaxed BH-P-value <0.05 and comparisons of TII and WM post vs pre samples revealed

no DMPs. There were no DEPs with a BH-P-Value < 0.05 when comparing TI-post and

TI-pre fibres. In this chapter, I report 123 differentially regulated proteins in TII-post

compared with TII-pre fibres at a BH-P-value < 0.05 (Table 6.2). 120 of these proteins

were up-regulated after 12 weeks of HIIT in the TII fibre population. These 120 proteins

were over-represented in key metabolic pathways and mitochondrial proteins (Figure

7.7).

The results presented here show 12 weeks HIIT leads to improvements in VO2peak,

Wpeak and LT, in agreement with previous studies conducted in our laboratory [324].
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We utilised a within participant design with no separate control group, however other

studies that have included a control group have also shown improvements in VO2peak

after 12 weeks HIIT cycling [325]. The fibre-type proportion changes with 12 weeks HIIT

show higher individual variation (Figure 7.3). Fibre type proportions were calculated

using the data from dot blot fibre typing of 288 single muscle fibres before and after HIIT.

It has been demonstrated that fibre type transformations occur in Type II populations

of fibres and not in TI fibres [326]. Our laboratory previously reported no changes with

fibre type proportions with 12 weeks HIIT [324]. The results reported here are likely

variation from different muscle bundles used for fibre isolations. Future experiments

will be performed to compare the fibre-typing results presented here with traditional

fibre typing using immunohistochemistry.

I identified NPDC1 and SENP1 as the only differentially methylated CpGs after

HIIT specifically in TI-post compared with TI-pre fibres. NPDC1 is a neural factor in-

volved in proliferation and differentiation of neuronal cells [327]. Conflicting results have

been reported on the presence of NPDC1 in skeletal muscle [328, 329], but NPDC1 mRNA

expression has been reported in both endothelial cells and adipocytes [330]. It is inter-

esting to speculate that the difference in methylation of NPDC1 between Type I fibres

before and after exercise might indicate the presence of endothelial cells which are more

numerous along Type I fibres after exercise. It is also possible that the NPDC1 is a poten-

tial false positive as I only identified one CpG differentially methylated at a relaxed BH

adjusted-P-value. I did not identify NPDC1 in the proteomic experiment and follow up

experiments could be conducted to confirm NPDC1 protein levels. SENP1 on the other

hand has been reported to lead to deSUMOylation of KLF5 influencing lipid metabolism

in skeletal muscle cells [331]. Recent evidence suggests that accumulated lactate inhibits

SENP1, influencing the cell cycle and proliferation [332]. I identified only one CpG within

SENP1 that was hypermethylated in TI-post compared with TI-pre fibres (p = 0.03 , be-

tadiff = 0.39). Although it would be interesting to speculate on changes in SENP1 with

exercise, these results provide little support of methylation differences at this gene. I did

not find support that 12 weeks of HIIT alters the methylome within TI or within TII mus-

cle fibres. These findings align with results presented from our laboratory that compared

whole muscle before and after 12 weeks HIIT [263].
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7 Results 4: Fibre-Type-Specific Methylome and Proteome Changes in Response to 12

Weeks of High Intensity Interval Training

At the protein level, I identified differential regulation of proteins after 12 weeks

of HIIT. Interestingly, there were no DEPs after HIIT within TI fibres, rather there were

120 up-regulated and 3 down regulated proteins within TII fibres after 12 weeks HIIT. A

recent MS-based analysis of TI and TII fibres after 12 weeks of aerobic training showed

both up-regulation and down-regulation of proteins in both TI-post vs TI-pre and TII-

post and TII-pre comparisons [210]. Deshmukh and others report that a greater number

of proteins are differentially regulated in Type I fibres compared with TII fibres [210]

which is in stark contrast to the results presented in this chapter. However, in agreement

with their conclusion, these findings suggest that TI and TII fibres respond differently to

12 weeks aerobic training. Exercise performed above 80% of maximal effort is likely to ac-

tivate more Type II fibres than Type I fibres [320]. The HIIT in this study is a combination

of maximal efforts closer to V02max than the aerobic exercise performed in the Desh-

mukh et. al. cohort. This is a possible explanation of the differences observed between

Deshmukh et. al. [333] and the findings presented here.

In this chapter I present the first fibre-type-specific DNAm data combined with

fibre-type-specific proteome data of TI and TII fibres before and after 12 weeks HIIT. This

data provides novel insights into fibre-type response to 12 weeks of HIIT and extends

DNAm studies in skeletal muscle to Type I and Type II muscle fibres, overcoming often

cited limitations in studying whole skeletal muscle samples. The results suggest that 12

weeks HIIT leads to changes in key metabolic proteins in TII muscle fibres and that these

changes are not reflected in changes in DNAm.

150



8 GENERAL DISCUSSION

8.1 OVERVIEW

In this thesis, I have developed and implemented a method to study DNAm and protein

regulation simultaneously from pooled Type I and Type II human skeletal muscle fibre

samples (Chapter 3). This method enabled the genome-wide assessment of DNAm using

the widely adopted new version of the Infinium MethylationEPIC Beadchip, which cap-

tures up to 950,000 CpGs across the genome, and the subsequent comparison of DNAm

values to protein regulation using mass spectrometry proteomics. It was previously

shown using one Type I and one Type II pooled fibre sample that there are DNAm dif-

ferences between Type I and Type II fibres [3]. In this work, I extended the assessment

of DNAm to a total of 12 participants (including both males and females). I report exten-

sive baseline methylation differences between Type I and Type II fibres with 11,468 CpGs

having greater than 10% beta methylation differences at a stringent adjusted P-value (<

0.001) (Chapter 4) in agreement with the previous work [3].

Recent work has studied protein regulation in pooled Type I and Type II muscle

fibres using MS-based proteomics [210, 323]. Using the method developed in this thesis,

I found the following relationships in key contractile and metabolic genes: DNA hyper-

methylation was correlated with down-regulation of proteins; and DNA hypomethyla-

tion was correlated with up-regulation of proteins (Chapter 5). The capacity of muscle

to respond beneficially to exercise is of interest to many in the field of muscle biology.

To the best of my knowledge no study to date has examined fibre-type-specific DNAm

changes as a result of an exercise intervention in human skeletal muscle. Therefore us-

ing my method, I studied the fibre-type changes in DNAm and protein regulation as a

result of 12 weeks HIIT. I report no DNAm differences between Type I and Type II fibres

at a stringent or relaxed adjusted P-value, however there were 120 up-regulated and 3

down-regulated proteins solely in Type II muscle fibres after 12 weeks of HIIT at the re-

laxed adjusted P-value threshold < 0.05 (Chapter 6). These proteins are involved in key

metabolic structures and functions and there is a potential remodelling of mitochondrial

networks in Type II fibres as a result of our HIIT intervention.
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8.2 DNA AND PROTEIN CAN BE SIMULTANEOUSLY PREPARED IN

ONE TUBE FROM HUMAN SINGLE MUSCLE FRAGMENTS

DNAm values measured in complex whole tissues are significantly influenced by the cell

composition of the sample [334]. In skeletal muscle the variable percentages of muscle

fibre types between samples are often cited as a major limitation to interpretation of re-

sults and fibre type DNAm signatures are needed for future research [214]. To enable the

investigation of fibre-type DNAm differences in skeletal muscle, I developed a one tube

digestion protocol for the preparation of both DNA and proteins from the same skeletal

muscle fibre fragments that yields enough DNA and protein for use with the Infinium

MethylationEPIC Beadchip and MS proteomics.

The protocol was developed by combining and modifying methods developed for

studying either DNAm or proteins [3, 210] in pooled skeletal muscle fibres. I chose a

buffer with both DNA and protein stabilising properties that could be used for DNA ex-

traction and MS-based proteomics. I then adapted a recent dot-blot protocol [268], for

use with a dot-blot-apparatus to standardise the single fibre-digestion and typing proto-

col to improve typing accuracy on a larger scale. I was able to extract ~ 200 ng of DNA

per sample by pooling three fifths of 50 single fibre fragments (Table 4.2) in agreement

with previous methods [3]. By pooling one fifth of 15 fibres, I was able to measure ~ 1000

proteins using MS-proteomics and confirm that the Type I and Type II fibre pools were of

high purity (Figure 4.9). The method described in this thesis used a PCI phase separation

instead of silicon column separation of DNA as previously developed by Begue and oth-

ers [3]. Using the PCI approach enabled a higher volume of liquid to be processed and

achieved a higher yield of DNA compared with silicon columns. This was also achieved

using a simple SDS-DTT based buffer that has been successfully used in proteomic stud-

ies of pooled fibre-types [210]. Overall this method enables typing of fibres followed by

preparation of both DNA and proteins from Type I and Type II muscle fibres from a single

tube digestion.

Limitations & Strengths

Initially this thesis aimed to assess DNAm from Type I, Type IIa and Type IIx mus-

cle fibres. A major hurdle in the assessment of Type IIx fibres was the inability to re-
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8.2 Dna and protein can be simultaneously prepared in one tube from human single

muscle fragments

produce accurate and clear typing of MYH1 positive Type IIx fibres using the dot blot

method. I adapted a newer dot plot protocol for fibre typing [268], in contrast, Begue and

others [3] used protein separation on polyacrylamide gels followed by silver-staining

and myosin migration distance for fibre typing [335]. This enabled them to group fibres

as Type I and Type IIa samples. In the dot blot method it is difficult to determine mixed

fibres from contaminated fibres, and to determine Type IIx from Type IIa fibres. The dot

blot method does however enable higher throughput and cheaper typing of many fibres.

An additional method to type single muscle fibres has recently been developed using

immunofluorescence and microscopy, called Thrifty [336]. This method is reported to be

more efficient than dot blotting and enables typing of contaminated and mixed fibres.

This method is a useful approach to typing fibres and overcomes limitations with the

dot blot method, however it still requires the cutting of fibres. The key advantage in the

approach presented in this thesis is that there is no need to cut fibres. Additionally once

fibres are digested and a small sample taken for typing the remaining sample is already

in a stabilising buffer.

Another drawback of the presented method is the use of PCI during extraction. PCI

requires a higher level of expertise in order to remove DNA and uses more hazardous

reagents. However, PCI is cheaper and in this protocol enabled the one tube digestion

of fibres without the need to cut and move fibres from tube to tube. This resulted in

an increased ability to process a large number of fibres for the assessment of DNAm

with the EPIC array. It has been reported in a variety of contexts that phenol chloroform

extraction yields more DNA than silica based membranes [337, 338]. I observed that

DNA yield from PCI extractions were higher than silica membranes for skeletal muscle

fibres. Furthermore the volume of liquid sample that can be processed is higher from

PCI than for column based separation. This enables the efficient isolation of DNA from

hundreds of pooled single muscle fibre fragments. The use of the PCI method in this

thesis enabled the extraction of enough high quality DNA to measure DNAm on the epic

array and minimised sample preparation costs.

Application and potential

Overall the strengths of this method are the minimisation of sample handling errors

and reduction in sample preparation time as there is no need to cut fibres. As a result,
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this approach enables the isolation and preparation of a larger number of fibres. The

novelty of this method is the simultaneous preparation of both DNA and protein from

the same pooled fibre sample without the need to cut fibres. There is potential to adapt

the method for RNA extractions and to automate the entire extraction process in one

plate. This protocol was efficient at preparing DNA and protein from multiple samples

and provided a method to assess DNAm in human skeletal muscle fibre types in a variety

of contexts.

8.3 TYPE I AND TYPE II MUSCLE FIBRES ARE DIFFERENTIALLY

METHYLATED IN KEY CONTRACTILE AND METABOLIC GENES

The fibre-type composition of muscle samples is often listed as a limitation or disregarded

in DNAm studies. As cell-type is a major factor when studying DNAm [339] and under-

standing cell-type populations and their proportions in samples is crucial when design-

ing DNAm studies [21]. I investigated DNAm in Type I and Type II skeletal muscle fibres.

I report considerable baseline DNAm differences between Type I and Type II fibres and

show evidence that DNAm patterns in WM are driven largely by Type I and Type II

fibres. These data indicate that fibre-type should be a consideration in DNAm studies

using whole muscle samples.

Using the modified DNA and protein extraction protocol, I obtained high quality

DNA from Type I and Type II human samples. I measured DNAm using the new In-

finium MethylationEPIC Beadchip, which covers close to one million CpGs sites, and

assessed the differences between Type I and Type II fibres. The comparison of Type

I and Type II pre fibres revealed that the majority of DMPs were in OpenSea regions

and more CpGs were hypermethylated in Type I fibres in agreement with previous data

[3]. I confirmed that MYH7, MYH2, TPM1, TNNI1, ATP2A2, ATP2A1 and PFKM are

differentially methylated between the fibres types as previously reported [3]. A recent

study comparing DNAm in mouse slow and fast muscle fibres reports similar findings to

those presented here [213]. Commonly one DMP is of less interest to researchers than

finding DMRs [281]. I extended on the previous work by generating a list of DMRs

with at least 4 CpG sites that were differentially methylated between Type I and Type

II muscle fibres (Tables 5.13 & 5.14). DMRs were also found in the key contractile genes
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metabolic genes

known to be differentially regulated in muscle fibres. ORA of both the list of DMPs and

DMRs showed that methylation differences were over represented in key contractile and

metabolic genes providing robust evidence in support of previous work. These findings

are in agreement with similar experiments assessing protein differences in Type I and

Type II skeletal muscle fibres [210, 209]. In the next section of the discussion the relation-

ship between DNAm and protein will be expanded.

Due to well known differences in metabolic properties of muscle fibre types [183],

I investigated which Type I vs Type II DMPs were present in the MitoCarta gene list

[310]. MitoCarta is a curated list of 1136 human genes known to be localised to or rel-

evant to mitochondria. I identified 133 MitoCarta genes with at least one DMP (Figure

5.14). LYRM4 was annotated to multiple DMPs and was also identified as a DMR with

a hypermethylation in Type I compared with Type II fibres. Multiple LYRM4 CpG sites

showed a strong cluster that distinguishes Type I and Type II fibres. LYRM4 is a member

of the leucine/tyrosin/arginine motif family (LYRM) which are found in the mitochon-

dria [340]. LYRM4 encodes the ISD11 protein and is important in stabilising NFS1 and

plays an important role in iron sulfide (Fe-S) cluster biogenesis [341, 342]. LYRMs and

Fe-S clusters have been suggested to coordinate cellular energy status [341, 343]. The role

of LYRMs have not been extensively studied in skeletal muscle, however LYRM1 in mus-

cle may have a role in glucose homeostasis [344], and mutations in LYRM7 have been

reported to cause exercise intolerance [345]. Recently our group reported LYRM7 as a

protein with large inter-individual variation as a result of 12 weeks HIIT [263], however

it would be interesting to understand the role of fibre-type proportions in such analy-

ses of whole muscle. Future experiments could investigate differences in LYRM proteins

between muscle fibre types and assess the potential role of these proteins in the coordi-

nation of energy utilisation in human muscle.

Limitations & Strengths

One of the major differences between array platforms and WGBS is the number

of CpG sites assessed across the genome. Begue and others [3] used RRBS to measure

DNAm and reported a total 5x coverage across ~17,000,000 CpGs. I used the methylation

EPICv2 array to asses DNAm across ~900,000 CpGs. The number I assessed is a small

fraction of the ~28.3 million CpG sites in the human genome [346] and those measured
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in muscle fibre types previously. There are likely interesting overall methylation differ-

ences across many more sites than assessed in this work. RRBS and WGBS are routinely

measured at less than 100x coverage, and to achieve the same level of precision as an

array when conducting RRBS or WGBS a sequencing coverage of 100x is needed [347].

Although this work measured fewer DNAm sites across the genome, the use of the EPIC

array increased the precision of measurements on previous work.

An additional strength of this work is the substantial increase in sample size from

n=2 to n=24. Both previous RRBS studies of skeletal muscle fibre types utilised a final

sample of one Type I and one Type II fibre pooled from either multiple human [3] or

mouse donors [213]. There is potential for DNAm analyses using fishers exact tests con-

ducted on n=2 samples to over-inflate DNAm differences as well as not accounting for

biological variation [348]. Begue and others reported 60-70% methylation differences in

key myosin and tropomyosin genes in Type I verses Type II fibres, in contrast I report

differences of only 30-40% in these genes in Type I verses Type II fibres. I used empirical

bayes adjusted statistics that have been suggested as strong methods to control for false

discoveries [348]. The work in piloting DNAm studies in human skeletal muscle by Be-

gue and others [3] has been instrumental in the generation of this work. Building upon

this work, I have been able to generate a more comprehensive DNAm dataset in human

skeletal muscle fibre types that overcome earlier limitations in sample sizes, precision

and choice of statistics.

Epigenetics and DNAm has been associated with more than just cell type. Ageing is

associated with epigenetic changes [349]; epigenetic alterations has been listed as a hall-

mark of ageing [350, 351]; DNAm robustly predicts age of samples [352]. Furthermore,

maintaining strength and muscle health is important for healthy ageing [353], with re-

duced muscle mass during ageing largely driven by a reduction in size of Type II muscle

fibres [354]. Due to the ageing population across much of the world, determining the con-

tribution of methylation to the ageing phenotype is underway [355]. Our laboratory has

recently conducted a large meta-analysis of DNAm changes with age in skeletal muscle,

and reported extensive changes in genes involved in muscle structure and development

[159]. In this study samples were collected from apparently healthy adults between the

ages of 18 and 45, and the methods developed provide a foundation for future research

in fibre-type specific DNAm in ageing.
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8.4 There are relationships between methylation direction and protein regulation in

Type I and Type II muscle fibres

Application and potential

Skeletal muscle displays a number of sex differences: differences in mitochondria,

variation in responses to anabolic/catabolic stimuli, and variability in fibre type propor-

tions [356]. However, females remain an understudied population in the field of muscle

biology. Our laboratory recently investigated sex differences in DNAm in human skele-

tal muscle [167], and found numerous genes to be differentially methylated between the

sexes. Furthermore, they reported a relationship between DNAm differences and fibre-

type proportion differences, suggesting that fibre-type proportion differences drive the

DNAm sex differences [167]. In this thesis, I studied DNAm differences between Type I

and Type II fibres in both males and females. Although a sex comparison between the

fibre types is not included in this thesis, we intend to conduct sex difference analyses

using this data set. Overall a major potential of the work presented here is the inclusion

of both sexes which can be leveraged in future investigations. This work also included

both male and female, and did not exclude ethinicities as it was hypothesised that mus-

cle fibre types are more similar at the level of DNAm and we wanted to generate DNAm

data more representative of the healthy adult population. In Chapter 4, I reported con-

siderable DNAm differences between Type I and Type II fibres. A comparison with WM

samples showed that a major source of signal in WM is attributed to fibre types, provid-

ing further evidence that fibre-type should be a consideration in DNAm studies using

whole muscle samples.

8.4 THERE ARE RELATIONSHIPS BETWEEN METHYLATION

DIRECTION AND PROTEIN REGULATION IN TYPE I AND TYPE

II MUSCLE FIBRES

A major role of DNAm is in the control of gene expression and DNAm in different ge-

nomic contexts, can either induce or repress gene expression [357]. There is a grow-

ing interest in using a system biology approach to study the link between DNAm and

gene/protein regulation [312]. Normally the study of the methylome, transcriptome and

proteome are conducted using different datasets generated from different studies or they

utilise different samples from the same individual. I applied my method to study protein
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differences between Type I and Type II fibres extracted simultaneously from the exact

same samples as presented in Chapter 5.

I measured protein abundance using LC-MS/MS and assessed the differences be-

tween Type I and Type II fibres. I identified 339 DEPs with a BH-P-Value < 0.001 between

Type I and Type II pre fibres. I confirmed that MYH7, MYH2, TNNI1, TNNT1, TNNT3m

ATP2A2 and ATP2A1 were all differentially regulated between the fibres types (Table

6.2). These DEPs are the same as those listed in the previous methylation section and the

direction of protein abundance was in the opposite direction to methylation. These re-

sults link those presented in previous methylome and proteome studies of human skele-

tal muscle fibre types [3, 210, 323], and provide evidence of the relationship between

methylation levels and protein abundance. A comparison of the beta differences of iden-

tified DMPs to the protein abundance logFC of identified DEPs showed that there was

a moderate correlation (R=-0.4 to -0.57) between hypermethylation and down regulation

of key muscle proteins (and vice versa) (Figure 6.11). When I compared the identified

DMRs from Chapter 4 with the DEPs, there was an increase in the strength of the rela-

tionship between hypermethylation of a DMR and protein down regulation (R=-0.62 to

-0.63) (Figure 6.12). Key metabolism reactome pathways such as glycolysis, metabolism

of carbohydrates, glycogen metabolism and glycogen breakdown were identified using

ORA of the overlapping hypermethylated DMP and down regulated DEP from Type I

compared with Type II fibres (Figure 6.10). It is well reported that Type II muscle fibres

rely more on glycolytic energy pathways than Type I fibres (reviewed here) [59, 317, 358].

I provide evidence of relationships between DNAm and proteins and suggest there is a

distinct role of DNAm in energy metabolism in muscle fibre types. The role being that

there is a preparedness of hypomethylation in glycolytic pathway genes in Type II muscle

fibres compared to Type I fibres.

Assessing the myosin isoform content (myosin purity) of pooled muscle fibre type

samples was an additional goal of measuring protein abundance. Previous pooled fibre

and single fibre proteomics reported a purity of MYH7 Type I fibres of ~90% and purity

of MYH2 Type II fibres of ~80% [203, 210]. Whereas, a more recent proteomic study on

pooled Type I and Type II fibres showed a large variability in myosin isoform content

of samples, in particular, within MYH7 Type I fibres there was only up to 70% MYH7

content [323]. I present results showing that Type I fibres had >95% MYH7 content, and
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Type I and Type II muscle fibres

Type II fibres had >80% MYH2/MYH1 content (Figure 6.4A). This is in agreement with

the previous work [298, 210]. A recent paper (biorxiv) looking at both the proteome and

transcriptome of single muscle fibres confirm the presence of highly pure Type I fibres

based on MYH7 content and they showed that the majority of fibres (both TI and TII)

express some MYH7. The also show evidence that 100% pure MYH2 fibres were not

present [211]. Finally, they also report that at the protein level, a pure Type IIx fibre was

not identifiable and that most Type IIx fibres were instead Type IIa/IIx hybrids. This may

be why I was unable to successfully type Type IIx fibres. A comparison of the dot blot

method and proteomics revealed a high agreement between the two typing strategies

for typing single fibres [211]. The results of the myosin proteomic analysis of pooled

Type I and Type II fibres in this work are in agreement and show that the modified dot

blot method is effective at preparing pure Type I and Type II muscle fibre populations.

This provides a level of confidence that the DNAm data generated in this thesis are truly

representative of the two major muscle fibre types.

I identified MYH7, MYH2, MYH1 and MYH4 using proteomics in agreement with

previous studies assessing human skeletal muscle fibres at both the single fibre and

pooled fibre level [203, 210]. MYH4 has been reported to have little to no expression in

human skeletal muscle [59], however in Type II fibres I identified between 0-20% MYH4

content. These values are the same as have been reported in single fibre proteomics in

human quadriceps muscle [203]. Additionally, these results are also supported by west-

ern blot analysis of whole skeletal muscle that shows an increase in MYH4 content with

increasing levels of Type II fibre content [359]. The finding of MYH4 in Type II fibres is

difficult to interpret due to the high sequence similarity between MYH4 and MYH1 with

only one amino acid difference between the two isoforms, additionally, MYH1, MYH4

and MYH2 are part of the fast myosin complex on chromosome 17 in humans [360] and

in mouse muscle this locus is under the influence of a super enhancer [361]. Further com-

plicating proteomic studies of human skeletal muscle fibres, a recent protocol has shown

that in skeletal muscle fibres protein quantification technique can drastically change the

reported values of MYH4 [362]. However further studies are warranted in human skele-

tal muscle and I suggest the application of methods studying all three biological layers

from the same sample may help unravel the biology of fast, slow and mixed fibre popu-

lations.
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Limitations & Strengths

It is well known that measuring proteins in muscle samples is difficult due to con-

tractile proteins making up the bulk of the sample [333]. Due to this it can be difficult

to assess less abundant proteins. In Chapter 4, I identified LYRM4 as a potential gene

of interest due to DNAm differences between Type I and Type II fibres. ISD11 the pro-

tein encoded by LYRM4 has been identified in human skeletal muscle [342], however

was absent in the proteome data. The most obvious deficiency in this data is the lack

of transcriptomic data. There is evidence that relationships exist between methylation

and protein regulation, however I identified a number of protein abundance differences

between Type I and Type II fibres that did not have differential methylation. It would be

of interest to study transcriptomic differences across the genes to assess the coordination

of DNAm, RNA transcription and protein abundance. Although RNA was not extracted,

the modified method described in this thesis could be readily adapted to extract DNA,

RNA and protein.

Skeletal muscle is not only made up of muscle fibres but rather it is estimated that

only between 50-70% of nuclei come from myonuclei [109, 363]. It can not be excluded

that all other cell types are removed from the fibres upon isolation. Single fibre imag-

ing has shown that satellite cells and and endothelial cells have the potential to line

single skeletal muscle fibres [364]. As a result, there is potential for DNA extractions

from pooled muscle fibre types to include nuclei other than myonuclei. Some genes had

methylation values with a different direction to protein levels (Figures 6.11 & 6.12) which

could be explained by contamination of muscle fibres with nuclei from other cells types.

If the number of nuclei attributed to myonuclei is closer to 50%, there is a significant

amount of DNA from other cell types that could influence DNAm values. This com-

bined with the larger proportion of proteins coming from the contractile fibres might

influence the reported correlations between DMP/DMR values and protein values. Fu-

ture work should extend on the results presented here by considering the additional cell

types resident in skeletal muscle or investigating the potential of adapting the method

here to prepare single myonuclei from pooled muscle fibre types. A major limitation of

studying pooled fibres is the inability to assess fibre type heterogeneity within a fibre

population. Investigations on single muscle fibres suggest considerable heterogeneity in

fibres within a particular fibre type [209, 211]. Recent work assessed the proteome and
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transcriptome of single human skeletal muscle fibres and they reported that the major

source of variation was not attributed to MYH but rather ribosomal differences [211]. In

contrast our pooled fibre samples clearly separated along the first principal component in

both the methylome (after removing sex chromosomes) and proteome based upon typing

for MYH7 and MYH2. Missing data is one of the major challenges of single cell studies

[365]. An advantage of choosing a pooled fibre approach is that it increases biological

yield of DNA and protein and has the benefit of generally increasing measurement pre-

cision [366].

Application and potential

A strength of the DNAm dataset is that unlike proteins, DNA is extracted from the

many myonuclei within the muscle fibre and there is the potential to observe differences

in important genes that would be difficult to identify in MS-based proteomics. Further

I have generated a proteome data set that was successfully used to assess fibre-type pu-

rity and can be used to assess the relationship between DNAm and protein in some of

the most abundant skeletal muscle proteins. We hope that these resources are useful to

investigate fibre-type specific muscle biology.
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8.5 TYPE II MUSCLE FIBRES SHIFT TOWARDS TYPE I FIBRES IN KEY

METABOLIC PROTEINS AFTER 12 WEEKS HIIT

There has been considerable interest in identifying changes in DNAm due to environ-

mental stimuli [367]. A number of studies have reported changes in DNAm as a result

of exercise (reviewed in [368]). Further, it has been speculated that DNAm may encode

a memory of previous exercise within skeletal muscle [369]. However DNAm studies

investigating changes with exercise have been limited to using whole skeletal muscle

samples. Due to the influence of fibre-type on DNAm in WM samples, I assessed within

fibre DNAm changes before and after 12 weeks HIIT.

12 weeks of HIIT led to improvements in VO2peak, LT and Wpeak at the group level

as previously reported in 12 weeks HIIT interventions [370, 324, 371, 325]. I conducted

within fibre comparisons of either Type I pre to Type I post, Type II pre to Type II post

fibres or WM pre to WM post samples. I identified two DMPs in Type II fibres after

12 weeks HIIT, which were annotated to NPDC1 and SENP1 both which had BH-P-

vals of 0.009 and 0.02 respectively. Both the Type II pre to post and WM pre to post

comparisons revealed no DMPs with a BH-P-val < 0.05. These results are in agreement

with those previously reported from our laboratory, where both 4 weeks and 12 weeks

HIIT resulted in minimal DNAm changes [263, 181]. In contrast, 12 weeks of resistance

training interventions have been reported to induce DNAm changes in whole skeletal

muscle [177, 178, 175] and, interestingly, after a period of detraining, participants had

greater changes in DNAm after a retraining period [177, 178]. The discrepancies in HIIT

verses resistance training could be that resistance training promotes greater DNAm mus-

cle changes than aerobic exercise, however to date there has been no direct comparison

of DNAm induced changes as a result of resistance or aerobic interventions. The length

of intervention is a possible explanation of reporting no DNAm changes after 12 weeks

of HIIT. Previous studies have reported DNAm changes as a result of longer aerobic in-

terventions: 6 months aerobic training altered DNAm in a diabetes context [170] and 5

months of aerobic training altered DNAm in the context of cancer [322]. Our laboratory

provide evidence that DNAm changes in skeletal muscle are associated with VO2max

[181, 372] and there is growing evidence that long-term physical activity is associated
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with altered DNAm [373, 374, 372, 156] indicating that potential DNAm changes with

exercise manifest after years of training.

Interestingly, I did identify 120 proteins up-regulated after 12 weeks HIIT only

within Type II fibres (Figure 7.6). The proteins were predominantly mitochondrial related

and ORA revealed that they were involved in the citric acid cycle, metabolism and com-

plex one biogenesis. Heatmap hierarchical clustering of the 120 up-regulated proteins

suggest that within these proteins Type II post fibres appear more similar to both Type

I pre and post fibres (Figure 7.8). These data suggest a potential mitochondrial remod-

elling of Type II fibres in response to 12 weeks HIIT, and follow up studies are planned

to assess differences in mitochondrial networks in Type I and Type II single muscle fibres

before and after 12 weeks HIIT.

A recent proteomics assessment of Type I and Type II fibres after moderate en-

durance exercise also revealed fibre-type proteomic changes [210]. The moderate exer-

cise intervention resulted in changes in both Type I and Type II fibres in contrast to my

results which showed a preferential adaptation only in Type II fibres with HIIT. The in-

tervention performed in their study was reported as 12 weeks aerobic training consisting

of four one hour sessions per week [375, 210], and the present work assessed 12 weeks of

HIIT. A recent preprint paper also assessed protein differences before and after exercise

training [323]. They assessed both moderate training and sprint interval training and re-

ported no fibre-type specific changes in the proteome before and after either intervention

[323]. Reisman and others [323] suggest that the discrepancy could be due to the statis-

tical method used, as they reported using empirical Bayes. Interestingly, I also utilised

empirical Bayes statistics and provide evidence of up-regulation of proteins after HIIT.

A comparison of the pooled fibre samples from each of the studies and those presented

in the thesis indicate that the discrepancies could be due to pooled fibre sample purity.

Pooled fibre samples in the pre-print paper show highly variable myosin isoform content

of Type I and Type II fibres [323], in contrast both my results and those of Deshmukh and

others [210] show high purity of pooled fibre samples. This highlights the importance in

fibre-typing accuracy and shows that a method that reduces user error such as the one

presented in this thesis is highly valuable in the study of fibre type changes with exer-

cise. The results here provide evidence that our 12 week intervention has potential to
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shift Type II fibre metabolism towards Type I fibres in the proteome, however it does not

appear that this is driven by changes in the methylome.

Limitations & Strengths

The DNAm results described here for the WM pre and post comparison are unsur-

prising as previous samples sizes were larger in those studies. Prior to this project, power

calculations indicated a total of 20 participants were required to detect DNAm differences

of 10% in both the fibre-type specific and pre and post analyses. I observed no DNAm

differences >10% in any group observation after 12 weeks HIIT. There is potential for

DNAm changes between 0-5% after exercise to be large enough to effect protein regula-

tion. With a larger sample size or a sample size approaching 20 participants we might

achieve enough power to identify such DNAm changes with exercise.

Another limitation is that proteomic studies of muscle are dominated by a small

number of highly abundant proteins. The identification of lowly abundant proteins is

more difficult and I showed that Type II pre fibres had a number of up-regulated pro-

teins that had a number of missing values. The assumption is that these values are below

the detection threshold but still present in the sample. However, I will conduct valida-

tion experiments on our key up-regulated proteins to confirm if the claim that exercise

increases mitochondrial proteins in muscle fibre types holds true or if it is a potential

consequence of missing data.

This study was significantly impacted by COVID19. A number of participants were

infected with COVID19 shortly before, during or shortly after the training intervention.

In consultation with our qualified physician, we decided to continue training participants

if they were able to return to training after a mandatory seven day home isolation. Of

the fifteen recruited participants, only one participant was unable to continue training

due an interruption of > 10 days, and two participants developed COVID19 during the

intervention phase and successfully returned to training within 10 days. Although a

limitation, these disruptions also provide strength to this study, as they represent a more

realistic situation where people’s training can be interrupted for various reasons. Despite

these disruptions, I report changes in Type II muscle fibres and report that the 12 week

intervention elicited changes to physical performance.
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The exercise study protocol implemented in this thesis was part of the larger Gene

SMART study [260]. Baseline testing and familiarisation sessions were conducted prior

to the baseline biopsies and a 48 hour washout period was implemented between the fi-

nal GXT and muscle sampling. There is evidence that gene transcription is altered 48-96

hours after an acute aerobic exercise session [376, 377] and although there is a paucity

of research into the effect of acute exercise on the proteome and methylome 48 hours or

longer after exercise it could be expected that the proteome is perturbed even 48 hours

after an acute exercise session. This may result in difficulties in identifying DEPs in this

study as baseline testing was performed prior to biopsies. Despite this I report changes in

protein levels in Type II fibres after HIIT training and the changes could be considered as

a result of the HIIT program and not purely as a result of an acute exercise session/GXT

considering both pre and post biopsies were performed at least 48 hours after the last

exercise. Nonetheless the timing of biopsies after GXT sessions should be carefully con-

sidered when interpreting the findings in this chapter as they may counfound the results.

Application and potential

I hypothesised that 12 weeks HIIT training would shift Type II fibres due to the

preferential recruitment of the Type II fibre population with the increased load. The in-

tervention employed in this study was 12 weeks HIIT above LT with sessions lasting

20-45 minutes, this fits the results presented as it could be assumed that the higher load

recruits Type II fibres and the sessions lasting > 30 minutes would induce a metabolic shift

towards a Type I fibre. These results support the hypothesis that investigations in whole

skeletal muscle may mask interesting underlying fibre-type specific biological changes

in muscle. Further, chapter 7 shows the importance of developing accurate methods for

preparing skeletal muscle fibres when studying fibre-type changes using pooled muscle

fibre types. Although I present here a brief investigation of fibre-type specific changes in

skeletal muscle after exercise, the study of fibre-type specific changes should be consid-

ered when studying other factors, such as ageing, sex or disease.
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8.6 FUTURE WORK

Future work is planned for a more comprehensive investigation of sex differences in Type

I and Type II skeletal muscle fibres using this data, as well as further investigations in

fibre type methylation and protein responses to exercise. A number of validation experi-

ments are required to assess the presented findings, plans are made to confirm reported

differences between Type I and Type II fibres using single fibre imaging and single fibre

western blot.

There are a number of potential adaptations of the method presented: it could be

used for preparation of RNA; once fibres are isolated the workflow could be automated;

the digested fibres could easily be used for single-fibre DNAm analysis; and there is

potential for the one tube digestion approach to be used for single-nuclei isolations from

pooled muscle fibre types. Overall fibre-type has a large effect on DNAm in human skele-

tal muscle and should not be disregarded. Therefore, this work provides the foundation

for the following. This study was limited to healthy young adults and future work should

study fibre-type DNAm differences in the context of ageing. There is potential to use this

work to generate DNAm profiles of Type I and Type II skeletal muscle fibres which can

be used to develop fibre-type correction algorithms for whole muscle DNAm studies.

Finally, due to the up-scaling potential of the method developed in this thesis, this ap-

proach could be applied to studies with larger samples sizes or longer interventions to

study DNAm adaptations of skeletal muscle in a variety of contexts.
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8.7 CONCLUSION

At the outset of this thesis the overarching aim was to to establish a method in which

we can extract DNA and proteins from the same pooled fibre samples with high purity

and yield. I then aimed to extend the assessment of fibre-type-specific DNAm to: include

multiple samples; include both males and females; and to use the EPIC array. To achieve

this I aimed to adapt methods to increase the yield of DNA and increase the throughput

of fibres. Once equipped with an appropriate method I also aimed to study fibre-type-

specific DNAm after 12 weeks of HIIT. During the participant recruitment and training

phase of this thesis conflicting evidence emerged of the purity of pooled Type I and Type

II muscle fibres, as a result I aimed to simultaneously isolate enough protein to check

sample purity to ensure robustness of fibre-type specific DNAm results. This also had

the additional benefit of providing a link between DNAm and fibre phenotype.

To this end, here I present a modified method for the isolation of DNA and protein

from pooled Type I and Type II muscle fibres. A major outcome of this work is the com-

prehensive assessment of DNAm differences between Type I and Type II muscle fibres

and the simultaneous study of proteins. This approach has enabled for the first time an

in-depth study of the methylome of Type I and Type II fibres whilst providing confir-

mation of the purity of pooled samples. I intend to make both the methylation values

and protein values available as a resource for others to use freely. I have taken care in

this thesis to present results without referring to statistical significance and to outline the

number of DMPs and DEPs identified at varying levels of adjusted P value cutoffs. All

test statistics can be provided on request and depending on the specific research ques-

tion an assessment of appropriate cutoffs can be made. I decided to focus on the most

stringent adjusted P-value cutoff and those values with greater than 10% beta differences

for the methylation assessment between Type I and Type II fibres in order to reduce the

size of the results presented. This has resulted in a high level of confidence in the results

presented. Overall the datasets generated here provide robust DNAm profiles of Type

I and Type II muscle fibres. I expect the data provided in this work to be useful to the

muscle biology field.
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A RESULTS 1

(A) MYH7: Manual Dot Blot (B) MYH2: Manual Dot Blot

Figure A.1: Manual Dot Blot

One tenth of a muscle fibre fragment was manually spotted onto a PVDF membrane. (A) shows
antibody staining for MYH7 that represents Type I fibres. (B) shows antibody staining for MYH2
that represents Type II fibres.

Figure A.2: DNA-extraction

DNA seperated on a 1.5% agarose gel. Lane 1 and 3 are following the protocol from Qiagen and
lanes 2 and 4 are following the modified protocol reported in Begue et. al.
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Figure A.3: Missing Value Heatmap

Missing value heatmap of proteins. Yellow bars indicate missing values and purple bars indicate
valid values. Samples cluster according to fibre type.
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Figure A.4: Pearson’s Correlation Heatmap

Sample correlation matrix of Type I muscle fibres (TI), Type II muscle fibres (TII) and mixed
muscle fibres (M). The colour scale indicates the spearman correlation between samples based
on protein values.
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Figure A.5: Coefficient of Variation

Coefficient of variation plots for all samples combined, mixed fibres (M), Type I fibres (T1) and
TII fibres (T2).
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Figure B.1: Sample Sex Prediction

The sex of samples were predicted using the mean difference in X verses Y probes. No sex
mismatches were identified. Squares and triangles represent predicted female and male samples
respectively. Grey, orange and blue colours represent reported female, male or mixed samples.
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Figure B.2: Batch Effects PCA

Pricinpal component analysis was performed on filtered M values. PCA plots coloured by slide
(A) and position (B).
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Figure B.3: DensityPlots

Density plots for each of the seven normalisation methods were produced to assess the
distribution of beta values after normalisation. (A) preprocessRaw produced a density plot that
had higher variation across all beta values. (B)-(G) show improved density plots compared to
(A). All plots show the typical bimodal distribution of beta values. T1 = TI fibres , T2 = T2 fibres,
T2X = Type IIx fibres, WM = whole muscle.
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Figure B.4: PCR Regression Plots

PC regression on filtered M-values. Regression analysis shows the associated P values between
the top 20 PCs and covariates of interest. The darkest colour is the smallest P value (p < 10E-10).
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Figure B.5: PCA non filtered

Pricinpal component analysis was performed on non filtered M values. When sex chromosomes
are not removed sex is the major source of variation on the first PC.
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Figure B.6: Gene ontology ORA of Biological Processes

Gene ontology overrepresentation analysis of the differentially methylated DMPs between TI
and TII fibres. The circle size represents gene numbers, and the color represents the P-adjusted
value.
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Figure B.7: Gene ontology ORA of Cellular Component

Gene ontology overrepresentation analysis of the differentially methylated DMPs between TI
and TII fibres. The circle size represents gene numbers, and the color represents the P-adjusted
value.
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Figure B.8: Gene ontology ORA of Molecular Function

Molecular function Gene ontology overrepresentation analysis of the differentially methylated
DMPs between TI and TII fibres. The circle size represents gene numbers, and the color
represents the P-adjusted value.
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Figure B.9: Reactome Dotplot of DMPs in TI vs TII fibres

Reactome overrepresentation analysis of the differentially methylated DMPs between TI and TII
fibres. The circle size represents gene numbers, and the color represents the P-adjusted value.
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Figure B.10: Kegg Dotplot of DMPs in TI vs TII fibres

KEGG overrepresentation analysis of the differentially methylated DMPs between TI and TII
fibres. The circle size represents gene numbers, and the color represents the P-adjusted value.
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Figure B.11: Gene ontology ORA of Biological Processes

Biological process gene ontology overrepresentation analysis of the differentially methylated
DMRs between TI and TII fibres. The circle size represents gene numbers, and the color
represents the P-adjusted value.

contractile actin filament bundle
stress fiber
actomyosin

actin filament bundle
ruffle membrane

actin filament
Z disc
I band
ruffle

lamellipodium
sarcomere

basal plasma membrane
myofibril

contractile fiber
cell cortex

cell−cell junction
focal adhesion

cell leading edge
cell−substrate junction

actin cytoskeleton

0.01 0.02 0.03 0.04 0.05 0.06
GeneRatio

Count

40

80

120

160

1e−05

2e−05

3e−05

p.adjust

Figure B.12: Gene ontology ORA of Cellular Component

Cellular component gene ontology overrepresentation analysis of the differentially methylated
DMRs between TI and TII fibres. The circle size represents gene numbers, and the color
represents the P-adjusted value.
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Figure B.13: Gene ontology ORA of Molecular Function

Molecular function gene ontology overrepresentation analysis of the differentially methylated
DMRs between TI and TII fibres. The circle size represents gene numbers, and the color
represents the P-adjusted value.
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Figure B.14: Reactome of DMRs in TI vs TII fibres

KEGG overrepresentation analysis of the differentially methylated DMRs between TI and TII
fibres. The circle size represents gene numbers, and the color represents the P-adjusted value.
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Table B.1: Correlations between s200 and s201

s200_12wk s200_4w s200_pre s201_12wk s201_4w s201_pre

s200_12wk 1.000 0.990 0.988 0.993 0.993 0.994

s200_4w 0.990 1.000 0.993 0.989 0.990 0.991

s200_pre 0.988 0.993 1.000 0.986 0.988 0.990

s201_12wk 0.993 0.989 0.986 1.000 0.992 0.992

s201_4w 0.993 0.990 0.988 0.992 1.000 0.993

s201_pre 0.994 0.991 0.990 0.992 0.993 1.000
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Figure C.1: Missing Value Heatmap Fibre-type Proteomics

Missing value heatmap of fibre-type proteomic values. Yellow bars indicate missing values and
purple bars indicate valid values. Samples cluster according to fibre type.
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Figure C.2: Coefficient of Variation

Coefficient of variation of fibre-type specific proteomics samples. (A) Type I pre samples, (B)
Type I post samples, (C) Type II pre samples, (D) Type II post samples, (E) Type IIx pre samples,
(F) Type IIx post samples and (G) all samples combined.

228
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Figure C.3: Dimension Reduction Analysis

Figure D.3 is a dimension reduction analysis of the major sources of variation within the dataset.
(A) is a PCA rotation plot showing the proteins driving the first PC. (B) is an MDS plot showing
clustering along the first component according to fibre type. (C) shows a tSNE plot showing a
similar clustering of fibre type samples across tSNE1.
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Figure C.4: Ranked Intensities of Proteins

Shows the ranked intensities of myosin proteins identified in all samples. The most abundant
proteins in the samples belong to the major contractile proteins such as MYH7 and MYH2.
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(A) ORA of up-regulated GO-CC terms (B) ORA of down-regulated GO-CC terms

(C) FCS of up-regulated GO-CC terms (D) FCS of down-regulated GO-CC terms

Figure C.5: CC enrichment analysis

Cellular component gene ontology gene set enrichment analysis of the DEPs between TI and TII
fibres. (A) & (B) are the up regulated and down-regulated biological process GO terms identified
using ORA. (C) & (D) are the up-regulated and down-regulated biological processes GO terms
identified using FCS. The circle size represents gene numbers, and the color represents the
adj-P-value and the enrichment scores are on the x axis.
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(A) ORA of upregulated GO-MF terms (B) ORA of downregulated GO-MF terms

(C) FCS of up-regulated GO-MF terms (D) FCS of down-regulated GO-MF terms

Figure C.6: MF enrichment analysis

Molecular Function gene ontology gene set enrichment analysis of the DEPs between TI and TII
fibres. (A) & (B) are the up regulated and down-regulated biological process GO terms identified
using ORA. (C) & (D) are the up-regulated and down-regulated biological processes GO terms
identified using FCS. The circle size represents gene numbers, and the color represents the
adj-P-value and the enrichment scores are on the x axis.
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Figure C.7: Overlap of ORA and FCS GO Terms

Overlaps of ORA and FCS GO terms.
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Figure C.8: Overlap of ORA and FCS Reactome Terms

Overlaps of ORA and FCS GO terms.
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Figure C.9: MYH2-Genomic-Viz

Figure D.9 is a visualisation of methylation values as measured with the EPICv2 across the
myosin 2 gene. The genome visualisation shows all the CpGs (blue bars) across the MYH7 gene
on chromosome 14. Enhancers are indicated by green blocks, the gene model is indicated by
darkblue genetracks. The orange line represents the beta value of TII fibres from each of the 12
samples and the purple line represents the beta value of TI fibres from each of the 12 samples.
The pink line represents the beta difference between TI and TII fibres at all CpGs across the
genomic region.
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Figure D.1: FCS Reactome Terms of Upregulated DEPs

FCS Reactome gene set enrichment analysis of the up-regulated DEPs between TI and TII fibres.
The circle size represents gene numbers, and the colour represents the adj-P-value and the
enrichment scores are on the x axis.
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Figure D.2: BCS1L values before and after imputation

Figure E.3 shows Log2 protein intensities of BCS1L in TI-pre, TI-post, TII-pre and TII-post
samples. (A) shows the non-imputed non-normalised log2 intensities, (B) shows the
non-imputed normalised log2 intensities and (C) shows all the log2 intensities including those
that were imputed.
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