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Abstract 

 

Xenobiotics are naturally occurring or anthropomorphically derived chemicals which are 

not generally expected to be present within the body. Through the course of evolution, 

organisms have developed elaborate ways to cope with xenobiotic exposures. However, 

the underlying molecular basis by which the protective mechanisms are triggered, and 

specifically targeted, is not yet fully defined. In particular, the importance of epigenetics 

(widely considered the mediator of environmental challenges to cells) in the regulation of 

xenobiotic detoxification responses have received little attention to date.  

 

The current work embodies both a „lead-target‟ and genome-wide discovery based 

assessment of transcriptomic and epigenomic changes induced by mycotoxin challenge in 

biologically relevant models systems. Managed exposure trials in the ruminant sheep are 

used to replicate natural exposure in an in vivo context, while human cell line studies 

allow specifically for empirical testing and validation of functionally relevant pathways 

inferred from the field testing. Notably, the current work represents the first time that a 

comprehensive alignment of phenotype, gene expression and multiple forms of epigenetic 

signature (including miRNA and traditional and novel DNA methylation) has been 

carried out in a ruminant, a significant technological advance given the relative paucity of 

genomic information currently available ruminant animal models. The extension of this 

knowledge into an established human cell culture system, has further underpinned the 

exploration of additional implied regulatory mechanisms, notably those involving of 

miRNAs.  
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Seminal observations arising from these studies illustrate: (1) the pivotal involvement of 

the PI3Kinase and Wnt signalling pathways in the initial response to mycotoxin exposure, 

(2) the importance of miRNA in further propagation and persistence of this signalling 

through a hitherto under-appreciated mechanism involving the „suppression of the 

suppressors‟ of Wnt signalling, (3) the far broader spectrum and complexity of the 

expected and novel DNA methylation changes (including hydroxymethylation) across 

target genes influenced by mycotoxin exposure, and (4) the apparent selectivity of 

terminal gene effector activity in response to specific mycotoxin triggers, notably the 

CYP2C family of detoxification genes in this instance.  

 

Collectively, these data indicate that the degree of „susceptibility‟ to mycotoxin challenge 

can be defined by the endogenous activity of, and/or inducibility, of terminal 

detoxification pathways. Further, this susceptibility is embodied in an apparently cryptic 

epigenetic signature which is only expressed upon challenge, and which determines the 

stratification of pathological consequence following exposure. 
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Chapter 1. General Introduction 

1.1 Overview 

Xenobiotics are naturally occurring or man-made chemicals which are not normally expected to 

be present within the body. As a defence against the toxicity which often follows from 

xenobiotic exposure, animal cells have developed a robust and evolutionarily highly conserved 

network which involves antioxidant enzymes, a three-phase detoxification system, and related 

biochemical signalling pathways, to metabolize xenobiotics into less harmful substances and 

facilitating their excretion. The cell‟s survival and the animal‟s physiological wellbeing depend 

critically on the ability to mount an appropriate response. As an example of an environmental 

stimulus, the co-ordinated response to xenobiotic exposure is likely to involve epigenetic 

mechanisms, such as DNA methylation, histone modification and non-coding RNAs. Here, the 

the types of xenobiotics which are frequently encountered in the environment and the nature of 

biological responses induced by exposure, such as oxidative stress, mechansims of antioxidant 

defence and pathways for xenobiotics and detoxification metabolism are first reviewed. Then 

follows a detail discussion of the archetypal cell transporter protein ABCG2, which plays an 

important role in detoxification processes and in the long term cell adaptation to cellular stress. 

Finally, epigenetic mechanisms are introduced and their putative roles in regulating cellular 

xenobiotic responses are reviewed. 

 

1.2. Xenobiotics and detoxification 

1.2.1. Definition of xenobiotics 

A xenobiotic (Greek; xenos and biot, for “stranger to life”) is a compound that is not usually 

found at significant concentrations, or is expected to reside for long periods within an organism, 

and include man-made chemicals as well as natural environmental toxins. Organisms are 

continually challenged by different compounds that are without nutritive value which they ingest, 

inhale or absorb. A characteristic of xenobiotic toxic stress is that the exact compounds an 

organism is exposed to is largely unpredictable and may differ over time [1]. 
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1.2.2. Xenobiotics and Permeability barriers 

At a cellular level, an organsim‟s first point of interaction with the external environment is the 

cell membrane, the permeability of which can limit to some degree access to the internal cellular 

environment. While the uptake of useful molecules from the extracellular mileliu environment is 

selectively facilitated by specific „active‟ transport mechanisms, the passive uptake of most 

hydrophilic molecules doesn‟t generally occur as „polar‟ compounds cannot easily diffuse across 

the cell membrane [2]. However, the passive diffusion of hydrophobic compounds across cell 

membranes cannot be well controlled, so that organisms are not readily able to physically 

exclude lipid-soluble xenobiotics using membrane barriers. To solve this problem, organisms 

have evolved detoxification systems that excrete the membrane-permeable xenobiotics by 

metabolizing almost any non-polar compound. Useful metabolites are mostly excluded from this 

process since they are usually polar and in general contain one or more charged groups.  Further, 

the detoxification of reactive by-products of normal metabolism are generally few in number, 

and specific enzymes have evolved to sepcficially recognize and remove them. Examples of the 

latter are the glyoxalase system, which removes reactive aldehyde methylglyoxal [3], and the 

various antioxidant systems that eliminate reactive oxygen species [4]. 

 

1.2.3. Mycotoxins 

 Mycotoxins and their toxic secondary metabolites are produced by fungi, especially those which 

readily colonize food crops [5]. A given species of fungus can produce either one or several 

different kinds of mycotoxin, while a given mycotoxin may also be produced by multiple fungal 

species. Mycotoxins are ubiquitous in the environment, partly due to the minute size of fungal 

spores, and especially prevalent when humidity and temperature rise. Mycotoxins have a 

considerable impact on human health and the economy as a result of the fungal infection of food 

crops. These effects may be manifest either through direct ingestion by humans, or indirectly 

through the food chain as a result of uptake from forage by animals in the food chain [6], and are 

exacerbated by the geographical warming trends driven by climate change. Despite all being 

derived from fungal spores, the structures and biological effects of mycotoxins are surprisingly 

diverse. Three well-characterized classes are briefly reviewed below. 

1.2.3.1. Polyketide mycotoxins aflatoxin 

A large and diverse class of compounds, mycotoxins share a polyketide moeity in their structure. 

The most intensively studied polyketide mycotoxin is aflatoxin, which is produced by 
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Aspergillus parasiticus and A. flavus, and comprises about 20 related fungal metabolites; major 

ones are aflatoxins B1, B2, G1 and G2. Aflatoxin B1 is the most potent and probably most 

studied mycotoxin due to its effect on human and animal health (Figure 1.1). The contamination 

of aflatoxins may occur at any point along the food chain from the field, harvest, handling, 

shipment, and storage of imperative foods including spices, cereals, figs, nuts, and dried fruit 

especially under conditions of high humidity and temperature [7]. Several outbreaks of 

aflatoxicosis have occurred in both producing and importing countries [8].  

 

The main target organ for toxicity of aflatoxin is the liver. It firstly causes an acute hepatic 

necrosis, and then leads to later cirrhosis, or carcinoma of the liver [9]. The toxicity may arise 

through the generation of intracellular ROS(reactive oxygen species) such as superoxide anion, 

hydroxyl radical, and hydrogen peroxide (H2O2) during the metabolic processing of AFB1 by 

certain members of cytochrome P450 enzymes (CYP) in the liver [10]. Also, it is reported that 

the toxicity of aflatoxin involves formation of an active metabolite AFB1 8, 9-epoxide. Its 

subsequent covalent binding to DNA, RNA or even proteins can block transcription and leads to 

both acute and chronic toxicity [11] [12]. 

 

Figure 1.1. Structure of aflatoxin B1 
 

1.2.3.2. Sesquiterpenoids toxins trichothecenes 

Represented by trichothecenes, this class contains a sesquiterpenoids (12,13-epoxytrichothene 

skeleton and an olefinic bond) backbone structure, with various side chain substitutions. 

Removal of these groups results in a complete loss of toxicity. Trichothecenes are produced 

mostly by members of the fusarium genus, although other genera such as trichoderma, 

trichothecium, myrothecium and stachybotrys are also known to produce these compounds. Over 

200 structurally related sesquiterpenoids have been isolated with a few having been found in 

human food crops and animal feed, the most common being deoxynivalenol (Figure 1.2), 
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diacetoxyscirpenol, and rarer T-2 toxin [13]. These trichothecenes derivatives occur notably in 

the cereals wheat, barley, oats and maize. 

 

The toxicity of trichothecenes results from their interference with the initiation, elongation, or 

termination stages of protein synthesis, due to reacting with components of the ribosomes: the 

structure within the cell where proteins are made. Unlike most other mycotoxins, trichothecenes 

do not appear to require metabolic activation to exert their biological activity, and can even act 

directly through the skin [14]. Following direct dermal application or oral ingestion, the 

trichothecene mycotoxins can cause rapid irritation to the skin or intestinal mucosa, often 

associated with a human disease called alimentary toxic aleukia[9]. 

 

Figure 1.2. Structure of deoxynivalenol 
 

1.2.3.3. Epipolythiodioxopiperazines toxins sporidesmin 

The epipolythiodioxopiperazines (ETPs) class of mycotoxins is characterized by the presence of 

a diketopiperazine ring, which is derived from a cyclic dipeptide and contains an internal 

disulphide bridge (Figure 1.3). The notable structural diversity of different type of ETPs is due to 

a range of modifications on the amino acids which comprise the core ETP moiety. The toxicity 

of ETPs results from the reactivity of the sulphur bridge, which can react with thiol groups to 

inactivate proteins and to generate ROS by redox cycling. There are currently more than 14 

known ETP mycotoxins [15], including gliotoxin (Figure 1.4) and sporidesmin A (Figure 1.5).  

 

Gliotoxin was the first described and is the best characterized ETP. It is produced by several 

species of fungi, including Aspergillus fumigatus, Eurotium chevalieri, Gliocladium fimbriatum 

and also some Trichoderma and Penicillium species. In particular, it is involved in the aetiology 
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of Aspergillosis infections in humans, where after attaching to the lung epithelium in 

immunocompromised patients, conidia transform into hyphen and invade the lung [16]. 

 

Sporidesmin A is produced by the fungus Pithomyces chartarum which rapidly disseminate in 

pastures as seasonal changes create favorable growth conditions. It causes the disease „facial 

eczema‟ after intake by ruminants, particularly sheep and cattle. Initially, the spores of the 

fungus release sporidesmin in the gastrointestinal tract and causes injury of the liver and the bile 

ducts. Consequently, the secondary metabolites of sporidesmin and other pasture derived 

compounds, notably chlorophyll derivatives, are released into the bloodstream and may lead to 

UV generated photo-sensitivity and irritation of exposed skin areas. Facial eczema (FE) causes 

major losses in animal production and serious animal welfare problems, particulalry in New 

Zealand [17] [18]. 

 

Figure 1.3. Generic structure of an epidithiodioxopiperazine ETP 
The sulphur bridge may also contain one, three or four sulphur atoms; these variant compounds 
are usually co-produced with those containing the typical disulphide structure. 
  
 

 

Figure 1.4. Structure of sporidesmin 
 



6 

 

.  

Figure 1.5. Structure of gliotoxin. 
 

1.2.4. Phases of detoxification  

The metabolism of xenobiotics is often divided into three phases: modification, conjugation, and 

excretion. These reactions act in concert to detoxify xenobiotics and remove them from cells. 

These three phases are regulated co-ordinately by a set of xenobiotic-metabolizing enzymes 

(XMEs). Phase I enzymes often catalyze oxidation, reduction, and hydrolysis reactions that 

introduce polar functional groups into nonpolar molecules. Conjugating enzymes catalyze the 

addition of more polar functional groups to the metabolites. The metabolites generated by phase 

I and II reactions may be further processed, before being recognised by efflux transporters and 

then excreted from the body with the aid of membrane efflux pumps, such as the multidrug 

resistance-associated proteins from phase III reaction (Figure 1.6).  
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Figure 1.6. The phases of detoxification metabolism. 
The metabolism of xenobiotics is divided into three phases: modification, conjugation, and 
excretion which are regulated by a set of xenobiotic-metabolizing enzymes. The ROS that 
produced during the detoxification process raise oxidative stress which link to antioxidant 
system [19]. 
 

1.2.4.1 Phase I detoxification metabolism 

In phase I-modification, a variety of enzymes acts to introduce reactive or polar groups onto the 

primary xenobiotic structure. The main modifications in this phase is hydroxylation, catalysed by 

the multiple enzymes of the CYP dependent system. The CYP superfamily (abbreviated as CYP) 

contains a large and diverse group of enzymes, including CYP1A2, CYP2C9, CYP2C19, and 

CYP3A4, that functionally primarily to catalyze the oxidation of nonactivated organic substrate 

(RH) hydrocarbons, generating water as a by-product. This reaction results in the reduction of 

cytochrome-bound oxygen and the introduction of a highly-reactive oxyferryl species, such as 

hydroxyl groups or N-, O- and S-dealkylation [20] [21], and depicted as: 

NADPH+H++RH→NADP++H2O+ROH [22]. The common substrates of CYP enzymes include 

metabolic intermediates (such as lipids and steroidal hormones), as well as the  xenobiotics, and 
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CYPs are the major enzymes involved in drug metabolism and bioactivation.  Collectively, 

CYPs account for ~75% of the total metabolic reactions occurring in the body [23] [24] [25]. 

 

1.2.4.2 Phase II detoxification metabolism 

In subsequent phase II conjugation reactions, the products of phase I are conjugated with 

subgroups from glutathione (GSH), sulfate, glycine, or glucuronic acid. These reactions are 

catalysed by a large group of transferases displaying broad-specificity, including the UDP-

glucuronosyltransferases (UGTs), sulfotransferases (SULTs), and glutathione S-transferases 

(GSTs), which in combination can metabolise almost any hydrophobic compound that contains 

nucleophilic or electrophilic groups. NAD(P)H dehydrogenase 1(NQO1), methyltransferase and 

acetyltransferase are also classified as phase II enzymes [26]. 

 

UGTs are the major class of enzymes that catalyze phase II reactions and result in the transfer of 

the glucuronic acid moeity (GlcUA) of UDP-glucuronic acid (UDP-GlcUA) to a functional 

group (-OH, -SH, -NH2, C-C, or -COOH) of a xenobiotic or endobiotic [27]. UGTs are 

membrane-bound enzymes that are concentrated in the ER, especially on the luminal side, and 

the nuclear envelope of hepatocytes. The mammalian UGT gene superfamily is divided into four 

families: UGT1, UGT2, UGT3, and UGT8 [28]. Since the glucuronidation reaction involves the 

transfer of the glucuronosyl group from uridine 5'-diphospho-glucuronic acid (UDPGA) to a 

substrate that contains oxygen, nitrogen, sulfur or carboxyl functional groups [29], the resulting 

glucuronide is more polar and more easily excreted than the original substrate molecule. The 

solubility of the derivatized substrate in blood is also increased, facilitating its renal excretion. 

 

Another important phase II enzyme group is the glutathione S-transferases (GSTs) [1]. The 

mammalian GST super-family consists of cytosolic dimeric isoenzymes of 45–55 kDa size that 

have been assigned to at least six classes: Alpha, Mu, Pi, Theta, Zeta and Omega [30] [31]. GSTs 

catalyse the conjugation of anionic groups, such as reduced GSH via a sulfhydryl group linkage 

to electrophilic centres on a wide variety of substrates including the breakdown products of 

xenobiotics [32]. This process produces more polar metabolites that are dissoluble in the aqueous 

cellular and extracellular media. GSTs may also bind toxins directly and function as transport 

proteins, giving rise to the early naming of GSTs as “ligandin” [33]. 



9 

 

1.2.4.3 Phase III detoxification metabolism 

In phase III, the conjugated products arising from the earlier phase I and II reactions are further 

metabolised and then excreted from cells via specialized membrane transporters, including the 

the well described multidrug resistance associated protein (MRP) family, such as P-glycoprotein 

(P-gp) [34] [35] and organic anion transporting polypeptide 2 (OATP2) [36]. These are widely 

expressed in many tissues including the liver, intestine, kidney, and brain, where they provide 

formidable protection against drug accumulation by facilitating absorption, re-distribution, and 

excretion [37]. P-gp is a well-characterized ATP binding cassette (ABC) transporter of the 

MDR/TAP subfamily that was first reported to be associated with multidrug resistance (MDR) 

during cancer chemotherapy. ABC-transporters utilize the energy from the hydrolysis of ATP to 

transport substrates across eukaryotic cell membranes [38] and are classified into several 

structural groups (i.e., ABCA1-ABCA12, ABCB1-ABCB11, ABCC1-ABCC13, ABCD1-

ABCD4, ABCE1, ABCF1-ABCF3, and ABCG1-ABCG5), with forty-nine ABC transporters 

having been identified in humans [39]. The ABC transporters represent one of the largest 

superfamilies of proteins, and either import or export a broad range of substrates that includes 

amino acids, ions, sugars, lipids, xenobiotics, and many therapeutic drugs [40] [35].  

 

An organic anion-transporting polypeptide (OATP) is defined as a membrane transport protein 

that mediates the sodium- and ATP-independent transport of a variety of structurally unrelated 

endogenous and exogenous compounds across the cell membrane. Organic anion-transporting 

proteins belong to the solute carrier family [41]. OATP2 is localized in the hepatic sinusoidal 

membrane, with selective expression in the midzonal to perivenous hepatocytes of the liver. 

1.2.5. Genetic regulation of XMEs 

The expression of many phase I, II and III XMEs is transcriptionally induced by AHR/Arnt 

complexes binding to xenobiotic response elements (XREs, also termed dioxin response 

elements, DREs), which are clustered in the upstream regulatory regions of the target genes and 

comprise the so-called AHR battery. It has to be noted that a number of XRE-controlled genes 

are not involved in xenobiotic metabolism, but rather function in cell proliferation and 

differentiation [42]. The AHR gene battery is arguably one of the best-characterized examples of 

coordinately regulated gene expression in eukaryotes. Interestingly, the XRE consensus 

sequence 50-T/GnGCGTG-30 is not symmetrical, suggesting that binding of both the AHR and 

Arnt components of the complex is required for XME induction, as they bind to different parts of 

the consensus region. 
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It has been recognized more recently that gene promoters containing the AHR gene battery often 

also contain a second regulatory region, termed the Nrf2 gene battery, which is implicated in 

cellular protection against oxidative stress [43] [44]. The nuclear factor E2 related factor (Nrf2) 

binds to antioxidant response elements (AREs) in the regulatory regions of a large and distinct 

set of target genes. As a cis-acting element responsible for regulating expression, AREs are 

widely found in the promoter regions of diverse set of detoxifying genes and antioxidant enzyme 

coding genes including some of the well characterized Phase II and Phase III genes. Thus, 

signals activated by oxidative stress are able to stimulate the transduction of Nrf2 protein, 

leading to the subsequent transcriptional activation of ARE regulated XMEs [45]. This suggests 

a molecular crosstalk between detoxification and antioxidant regulatory processes is likely to 

occur with many xenobiotic challenges.  

1.3. Oxidative stress and antioxidant defence 

Under normal physiological conditions, there is a balance maintained between oxidants and 

antioxidants. When a stress induced imbalance occurs in favour of the oxidants it leads to the 

excessive production of ROS. Normal levels of ROS production are necessary for multiple 

physiological systems. However, an imbalance between ROS production and their removal can 

result in damage to all cellular components (protein, lipid and nuclear acid) and contributes to 

many kinds of disease [46] [47] . 

1.3.1. Sources of ROS 

There are both endogenous and exogenous sources of ROS generation. Notable endogenous 

sources include the normal metabolic processes driven by the CYP family of genes, 

mitochondrial oxidative phosphorylation and the activation of inflammatory cells. Activation of 

ROS by P450 metabolism involves: (1) redox cycling, (2) peroxidase-catalyzed drug oxidations 

and (3) the „„futile cycling” of CYP. In particular, induction of P4502E1 and 2B has been linked 

to ROS formation through metabolism of ethanol and phenobarbital, respectively. In addition, it 

has been postulated that approximately 1% of the oxygen consumed by mitochondria is 

converted to ROS forming superoxide during the process of oxidative phosphorylation, 

involving at least two points in the respiratory chain, namely the NADH dehydrogenase 

(complex I) and by ubiquinone-cytochrome b and c1 (complex III) [48]. A series of sequential 

one-, two- and three-electron reductions which occur during oxidative phosphorylation give rise 

to the consecutive generation of hydrogen peroxide (H2O2), superoxide (O2−·)  and hydroxyl 
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radicals (OH·) [49].  Furthermore, inflammatory cells such as macrophages and neutrophils are 

another important source of endogenous ROS production [50].  

 

A wide range of exogenous sources of ROS includes xenobiotics that the organism might ingest 

or inhale, particualry environmental chemicals, polluted air, industrial toxins and man-made 

drugs, and non-chemical factors that the organism might be exposed to, including the well 

documented examples of oxygen deprivation, ultra-violet (UV)-light radiation and ionizing 

radiation [51] [52]. 

1.3.2. Damage of oxidative stress 

Oxidative damage to cellular components has been demonstrated both in vitro and in vivo [50] 

[46]. The most highly reactive oxidants (including many of the forms of ROS) have broad effects 

because they react with all types of biological molecules, including nucleic acid, cholesterol, 

lipids, carbohydrates, and proteins. The less reactive species, such as peroxides (e.g. H2O2, lipid- 

or protein-peroxides), have much more limited effects as the damage they cause is the result of 

quite specific chemical modifications, at particular sites and in specific molecules [53].  

 

Oxidation of DNA causes strand breaks, disruption to DNA-protein crosslinks and DNA base 

modifications that can result in altered transcription and protein translation [54]. Oxidative 

damage can occur on both nuclear (nDNA) and mitochondria DNA (mtDNA), the latter being 

essential for electron transport and ATP generation by oxidative phosphorylation [55] [56]. 

mtDNA is considered to be more easily oxidized than nDNA because of its relative proximity to 

ROS, the lack shielding by protective histone protein, and a limited capacity for repair [57]. 

Oxidative damage to DNA can result in modification of both the purine and pyrimidine bases, as 

well as the deoxyribose backbone. Guanine is however, the most prone to oxidation among all 

the purine and pyridine bases. During DNA oxidation, a hydroxyl group is added to the 8position 

of the guanine molecule, the resulting 8-hydroxydeoxyguanosine species being one of the 

predominant forms of free radical-induced lesions of DNA and also an indicator of the extent of 

DNA oxidative damage [58].  

 

In contrast to DNA, RNA is nearly always single-stranded and thus, not well protected by 

hydrogen bonding between its bases. In addition, RNA has fewer modifications and specifically 

associated proteins than DNA to protect it from chemical attack [59]. Not surprisingly, RNA 

appears to be more susceptible to oxidative stress than DNA. As in the case of DNA, the 
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presence of RNA oxidative damage is quantified by measuring levels of the analogous hydroxyl 

derivative, 8-hydroxyguanosine [60].  

 

Oxidative degradation of lipids is termed „lipid peroxidation‟. Briefly, this process involes the 

stripping of electrons from lipids in cell membranes and creates a chain reaction which 

exacerbates the region of damage. Most often, peroxidation occurs on polyunsaturated fatty acids 

residues in phospholipids.  These are particular susceptible to attack as they contain multiple 

double bonds, within which lie methylene -CH2- groups with especially reactive hydrogen [61]. 

One of the most aggressive inducers of lipid peroxidation is the hydroxyl radical generated by 

the Fenton reaction, involving the redox conversion of Fe2+. Maximal rates of lipid peroxidation 

are observed when the ratio of Fe2+ to Fe3+ ions is 1:1 [62] [55]. 

 

A relatively high abundance of protein and elevated rates of protein interaction (measured as 

high association and dissociation constants), make eukaryotic cells susceptible to a wide range of 

protein oxidative damage, including the oxidation of sulfhydryl groups, the formation of 

oxidative adducts on amino acid residues which are close to metal-binding sites, reactivity with 

aldehydes, disruption of protein-protein cross-linking, and by protein fragmentation [63]. 

Oxidation is not limited to the backbone structure of the protein backbone and frequently also 

targets amino acid side-chains. However, most non-radical oxidants react with protein backbone 

sites at a relatively slow rate and cause little notable damage. The rate of reaction by radicals 

which cause hydrogen atom abstraction at the α-carbon site in the backbone is in contrast, very 

rapid [64] [65]. The direct oxidation of amino acids structures, in particular lysine, arginine, 

proline, and threonine residues, promotes the formation of protein carbonyls [66], which leads to 

dramatic tertiary structure alteration and partial or complete unfolding. The cumulative effects of 

protein unfolding results in hydrophobicity, that in turn leads to a loss of normal function, such 

as enzymatic activities and the formation of channels [55].  

1.3.3. Intermediate metabolites in antioxidants defence 

Primary antioxidants, such as phenolic compounds and ascorbic acid, are oxygen scavengers. 

They serve to terminate free radical chain reactions by removing oxygen. Secondary antioxidants 

decompose lipid peroxides into stable products and include chelating agents which chelate 

metallic ions (e.g. citric acid), and antioxidant enzymes which remove highly oxidative species, 

such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSHPx), and 

glutathione reductase (GSSR) which work together with glutathion and other plasma proteins 
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[67]. Some antioxidant nutrients such as selenium, manganese and zinc have no antioxidant 

action themselves but are required for the activity of some antioxidant enzymes [68]. 

 

Metabolite antioxidants are molecules capable of slowing or preventing the oxidation of other 

molecules. They are classified into two broad groups, depending on whether they are soluble in 

water (hydrophilic), such as GSH and vitamin C (Vit C), or in lipids (hydrophobic), such as 

melatonin and vitamin E. In general, water-soluble antioxidants react with oxidants in the cell 

cytosol and the blood plasma, while lipid-soluble antioxidants protect cell membranes from lipid 

peroxidation [69]. 

 

Vit C, or ascorbic acid, is a monosaccharide redox catalyst that is found in both animals and 

plants. While most animals are able to produce their own Vit C, humans must take it up from the 

diet as one of the critical synthesis enzymes has been lost during primate evolution [70]. As a 

redox catalyst Vit C can reduce, and thereby neutralize ROS such as hydrogen peroxide [71].  

 

GSH is a tripeptide found in most aerobic organisms and features an unusual peptide linkage 

between the amine group of a cysteine (also attached by a normal peptide linkage to a glycine) 

and the carboxyl group present on a glutamate side-chain (Figure 1.7). GSH is one of the most 

important cellular antioxidants because the thiol group in its cysteine moiety is a strong reducing 

agent and can be readily reversibly oxidized and reduced. In cells, it is generally maintained in a 

reduced form by the enzyme GSH reductase, and in turn reduces other metabolites and enzyme 

systems such as ascorbate in the GSH-ascorbate cycle, GSH peroxidases and glutaredoxins, as 

well as reacting directly with oxidants [72].  

 

Figure 1.7. Structure of GSH 
GSH is a tripeptide of L-glutamic acid, L-cysteine, and glycine. The exposed free sulphydryl 
group (SH) from cysteine provids an abundant target for radical attack. 
 

Melatonin, also known as N-acetyl-5-methoxytryptamine, is not only a key regulator of GSH 

synthesis, but also exhibits endogenous antioxidant activity as a direct scavenger of hydroxyl 

radicals, superoxide anions, and nitric oxide [73]. Melatonin readily crosses cell membranes and 
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the blood-brain barrier [74]. Unlike other antioxidants, once oxidized melatonin cannot be 

reduced to its former state as it forms several stable end-products upon reacting with free radicals. 

Therefore, it has been referred to as a terminal antioxidant [75]. In animal models, melatonin has 

been demonstrated to prevent the damage to nuclear and mitochondrial DNA [76].  

 

Vitamin E is the collective name for a set of eight related tocopherols and tocotrienols, which all 

function as lipid-soluble antioxidants. Of these, α-tocopherol is the most well studied, has the 

highest bioavailability and protects membranes from oxidation by reacting with lipid radicals 

which are produced during the lipid peroxidation chain reaction [77, 78]. This removes the free 

radical intermediates and thus prevents the propagation reaction from continuing. The resulting  

oxidized α-tocopheroxyl radicals are then recycled back to generate the active reduced form 

through reduction by other antioxidants, such as ascorbate, retinol or ubiquinol [79]. It is also 

been shown that in cells lacking GPX4 (glutathione peroxidises 4, which is the only known 

enzyme that reduces lipid-hydroperoxides within membranes), α-tocopherol can functionally 

substitute and by doing so protects aginst cell death [80].  

 

Coenzyme Q10(CoQ10), also known as ubiquinone or ubidecarenone, is an oil-soluble, vitamin-

like substance that is present in most eukaryotic cells, primarily in the mitochondria. It is a key 

component of the electron transport chain and participates in aerobic cellular respiration and 

ATP generation. The antioxidant function of CoQ10 derives from its role as an „energy carrier‟ 

that is continually going through an oxidation-reduction cycle. The ready transition of CoQ10 

through three redox states, fully oxidized, semiquinone and fully reduced, underpin its 

simultaneous function in electron transport and antioxidant response [81]. CoQ10 inhibits lipid 

peroxidation by preventing the production of lipid peroxyl radicals and reduces the initial 

perferryl radical and singlet oxygen, with concomitant formation of ubisemiquinone and H2O2. 

In addition, the reduced form of CoQ10 effectively regenerates vitamin E from the a-

tocopheroxyl radical. Furthermore, CoQ10 efficiently prevents the oxidation of nucleic acid 

(particularly in mitochondrial DNA) during oxidative stress, when the interaction of H2O2 with 

metal ions bound to the DNA generates hydroxyl radicals [82].  

1.3.4. Antioxidant enzymes defence system 

Superoxide dismutases (SODs) are a class of enzymes that catalyse the conversion of the 

superoxide anion into oxygen and hydrogen peroxide. Since they are important in antioxidant 

defence, SOD enzymes are present in almost all aerobic cells and in extracellular fluids. SODs 
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contain isozyme specific metal ion cofactors, such as copper, zinc, manganese and iron. In 

humans (as well as all other mammals and most chordates) three forms of SOD are present. 

SOD1 has a copper reactive centre and is located in the cytoplasm, SOD2 has a manganese 

reactive centre and is located in the mitochondria, while SOD3 has zinc a reactive centre and is 

found extracellularly. Of the three forms, the mitochondrial isozyme seems to be the most 

biologically important, as SOD2 null mice die soon after birth. In contrast, mice lacking either of 

the copper or zinc SOD isozymes remain viable, although they display numerous pathologies 

and a reduced lifespan [83] [84]. 

 

Catalase is a widely expressed enzyme in most eukaryotic cells, and usually located in the 

peroxisome [85]. Existing as a tetramer, each polypeptide being over 500 amino acids long [86], 

it contains four porphyrin heme (iron) groups that allow the enzyme to react and rapidly 

decompose hydrogen peroxide (a harmful by-product of many normal metabolic processes) into 

less reactive gaseous oxygen and water molecules [87]. In doing so, its cofactor is oxidised by 

one molecule of hydrogen peroxide and then regenerated by transferring the bound oxygen to a 

second molecule of substrate. Catalase can also oxidize a number of toxins, using hydrogen 

peroxide as a donor, according to reaction: H2O2 + H2R → 2H2O + R, where R = cofactor. 

 

Peroxiredoxins are a ubiquitous family of peroxidases that catalyze the reduction of hydrogen 

peroxide, organic hydroperoxides, as well as peroxynitrite. Peroxiredoxins also control cytokine-

induced peroxide levels thereby mediating signal transduction in mammalian cells. 

Peroxiredoxins can be regulated by changes to phosphorylation, redox and possibly 

oligomerization states. They can be divided into three classes: typical 2-cysteine peroxiredoxins 

(typical 2-Cys Prxs); atypical 2-cysteine peroxiredoxins (atypical 2-Cys Prxs); and 1-cysteine 

peroxiredoxins (1-Cys Prxs). These enzymes share the same basic catalytic mechanism, in which 

a redox-active cysteine (the peroxidatic cysteine) in the active site is oxidized to a sulfenic acid 

by the peroxide substrate [88]. The pathway by which recycling of the sulfenic acid back to a 

thiol occurs is what distinguishes the three enzyme classes, 2-Cys peroxiredoxins are reduced by 

thiols such as GSH, while the 1-Cys enzymes may be reduced by ascorbic acid or GSH in the 

presence of GST-π [89]. Over-oxidation of this cysteine residue in peroxiredoxins inactivates 

these enzymes, but this can be reversed by the action of sulfiredoxin [90].  
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The thioredoxin system contains the 12-kDa protein thioredoxin oxidoreductase enzyme 

containing a dithiol-disulfide active site and its companion thioredoxin reductase. It plays a role 

in many important biological processes and occurs in many organisms ranging from plants and 

bacteria to mammals. Thioredoxin containing a dithiol-disulfide active site consists of two 

neighbouring cysteines. In its active state, thioredoxin functions as an antioxidant by scavenging 

ROS and maintaining other proteins in their reduced state by means of cysteine thiol-disulfide 

exchange [91]. After being oxidized, the active thioredoxin is regenerated through the action of 

thioredoxin reductase which uses NADPH as an electron donor (Figure 1.8).  

 

Figure 1.8. The TrxR/Trx antioxidant system 
The TrxR/Trx system with substrates for Trx, including oxidized proteins and some transcription 
factors. Trx: thioredoxin, TrxR: thioredoxin reductase. 
 
The „Glutathione (GSH) system‟ includes the GSH tripeptide and the related regulatory enzymes 

GSH reductase (GSSR), GSH peroxidise (GPX) and GSH ''S''-transferase (GST). GSH contains 

an unusual peptide linkage between the amine group of cysteine and the carboxyl group of the 

glutamate side-chain, and is found almost exclusively in its reduced form as GSR (the enzyme 

that reverses the oxidized form of GSH) is not only constitutively active, but further elevated 

with oxidative stress. GSH functions as an antioxidant, preventing damage caused by both free 

radicals and peroxides [92], by serving as an electron donor and thus reducing disulfide bonds 

which form at cysteine residues within cytoplasmic proteins. GPX is the general name for a 

family of enzymes which contain four selenium-cofactors and catalyze the breakdown of 

hydrogen peroxide and organic hydroperoxides. There are at least four different GPX isozymes 

in animals. The most abundant, GPX1, is a very efficient scavenger of hydrogen peroxide, while 

GPX4 is most active against lipid hydroperoxides. Finally, the GSTs exhibit strong antioxidant 

function targetted at lipid peroxides and are expressed at particularly high levels in the liver.  

1.3.5. Oxidative stress and disease 

Oxidative stress is thought to be related to the initiation and development of a wide variety of 

human diseases, because of the broad damage ROS can do to many cellular components. Of 

particular biological importance is oxidative stress damage to nucleic acids, which results in both 

http://www.news-medical.net/health/Selenium-What-is-Selenium.aspx
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alterations to the base pyrimidines and purines and structural breaks in the helical structure of the 

DNA molecule leading to the transmission of unstable hereditary information. Oxidative stress is 

also commonly manifest through the significant and pervasive disruption of enzymatic activities. 

The resultant perturbation of normal cellular functions frequently results in necrosis, apoptosis 

and asscoiated tissue damage.  

 

Oxidative stress has been linked to inflammatory processes, metabolic syndrome, accelerated 

aging and a variety of degenerative conditions in a number of tissues and organs.  Accumulating 

evidence suggest key roles in the etiology of diverse pathologies, including cardiovascular 

disease, atherosclerosis, cancer, cataract, central nervous system disorders, Parkinson's disease, 

Alzheimer's disease, inflammatory bowel disease, rheumatoid arthritis, diabetes, respiratory 

diseases, autoimmune diseases, liver diseases, kidney diseases, skin conditions and AIDS [93]. 
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1.4. ATP-binding cassette sub-family G member 2 (ABCG2) structure, function 

and regulation 

The „Multiple drug resistance‟ (MDR) phenotype in cancer cells was first demonstrated in the 

Chinese hamster ovary (CHO) cell line selected for resistance to a wide range of 

chemotherapeutic drugs, notably colchicine [94]. It has been shown that MDR is functionally 

dependent upon the high molecular weight glycoprotein designated P glycoprotein (Pgp), which 

is the product of the ABCB1 (or MDR1) gene and serves as a broad-spectrum multidrug efflux 

pump [95]. In the last decade the knowledge that not all multidrug-resistant cells express Pgp 

and the development of different chemotherapeutic substrates has led to the discovery of other 

efflux pumps such as multidrug-resistance-associated protein 1 (MRP1, or ABCC1) [96] and 

several additional members of the ABCC subfamily of transporters. In late 1990s, a more distant 

member of the ABC transporter family, ABCG2 was discovered following selection for 

chemotherapeutic drug mitoxantrone resistance in MCF-7/AdrVp human breast cancer cells. 

ABCG2 overexpression appears to play a major role in the multidrug resistance phenotype [97].  

 

The MDR1 gene is also expressed in normal tissues as a general protector against toxins, as well 

as drugs [98]. Only recently ABCG2 was shown to play a role in resistance to xenobiotics and be 

a marker for the so-called „side population‟ (SP) of stem cells identified by flow cytometry. SP 

cells display low Hoechst 33342 fluorescence comparing with other cells as a result of ABCG2 

driven efflux activity. The SP phenotype has been identified in multiple stem cell populations as 

well as cancer cells, and might represent a common molecular feature for stem cells possessing 

multi-organ plasticity [99].  

1.4.1 Multidrug-Resistance Transporter Protein Families  

Most of the Multidrug-Resistance Transporter Proteins belong to the ATP binding cassette (ABC) 

transporter superfamily which are present in all known living species [100]. A majority of its 

members actively transport a wide variety of substrates across extra and intracellular membranes, 

including drugs, metabolic products, peptides, ions, lipids and steroids. Phylogenetic analysis is 

used to divide all 49 known human ABC transporters into seven distinct subfamilies, which 

could be divided into three main functional categories. The first category acts as importer by 

mediating the absorption of nutrients into the cell In prokaryotes; The second category acts as 

exporters or effluxer pumps that extrude toxins and drugs out of the cell in both prokaryotes and 

eukaryotes; The second category includes MDR/Pgp family, MRP/GS-X pump family and 

http://en.wikipedia.org/wiki/Cell_membrane
http://en.wikipedia.org/wiki/Metabolic
http://en.wikipedia.org/wiki/Lipids
http://en.wikipedia.org/wiki/Nutrients
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BCRP/ABCG2. The third subgroup of ABC proteins is involved in translation and DNA repair 

processes rather than transporters [101].  

1.4.1.1 Basic structure of ABC transporters 

ABC transporters share the same basic functional structure and consist of two distinct domains 

(Figure 1.9):  

1) A conserved cytoplasmic hydrophilic ATP-binding (ABC) domain, also known as 

nucleotide-binding domain (NBD). The ABC domain itself consists of three highly conserved 

sequence motifs, the „Walker A‟, „Walker B‟ motifs and the ABC signature, or so called „Walker 

C‟ motif. The Walker A motif contains a lysine that interacts with the γ-phosphate from ATP, 

while the Walker B motif contains an aspartate which interacts with Mg2+ ions. The ABC 

signature motif is unique to the ABC proteins, is the structural feature which discriminates this 

class from other ATP-binding proteins and are required to hydrolyze ATP, to provide the energy 

to execute ABC dependent transport activities.  

2) Multiple Divergent hydrophobic transmembrane domain (MTD), also known as 

membrane-spanning domain (MSD) or the integral membrane (IM) domain. TMDs recognizes a 

variety of substrates and undergo conformational changes to form a pore to facilitate transport 

across the membrane [102], eliminating cytotoxic compounds outward and reducing intracellular 

drugs to sub-lethal level. In mammalian cells the functionally active ABC proteins each consist 

of at least four domains, two TMDs and two ABCs. These domains may be present within one 

polypeptide chain („full transporters‟), or within two separate proteins („half transporters‟). In the 

latter case, functional ABC transporters need the prior dimerization of specific half transporters 

[103].  
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Figure 1.9. Schematic models for the structure of ABC transporters. 
The green bars represent hydrophobic transmembrane domains (TMDs), the purple circles 
represent the ATP-binding (ABC) domains, the orange trees are glycoslylation sites at the 
extracellular surface. ABCB family contain two core membrane-spanning domains MSD1 and 
MSD2 which consist of six TMDs separately. ABCC 4, 5, 11, and 12 have configurations similar 
topologically to ABCB proteins, whereas ABCC1, 2, 3, 6, and 10 have an additional membrane-
spanning domain MSD 0 that located at the N terminus. ABCG2 is a half-transporter which has 
one TMD and one NBD. It requires dimerization to become active. [39] [104] 
 

1.4.1.2 The “B” and “C” subfamilies of proteins 

The B group of the ABC transporter superfamily (ABCBs), also referred to as the MDR/Pgp 

family, contains just the two members (ABCB1 and ABCB2) as is characterized by its two core 

membrane-spanning domains MSD1 and MSD2, each of which consists of six TMDs. The first 

ABC motif lies between the MSDs and the second is located at the C-terminus of the protein. In 
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humans, ABCB1 gene is widely expressed in liver, kidney, colon, small intestine, adrenal gland 

and at the blood–brain barrier, whereas ABCB2 is expressed primarily in the liver and kidney 

[39]. 

 

The C group of the ABC transporter superfamily (ABCCs) is often refrred to as the MRP family 

and has nine members, including ABCC1 (MRP1), ABCC2 (MRP2), ABCC3 (MRP3), ABCC4 

(MRP4), ABCC5 (MRP5), ABCC6 (MRP6), ABCC10 (MRP7), ABCC11 (MRP8), and 

ABCC12 (MRP9). Of these, ABCC4, 5, 11, and 12 have configurations which are topologically 

similar to those of MDR1 and MDR2, whereas ABCC1, 2, 3, 6, and 10 have an additional 

membrane-spanning domain called MSD0, located at the N terminus. Notably, ABCC2 is 

generally localized to the apical membrane of cells in liver and kidney and its major physiologic 

function is to mediate ATP-dependent transport of GSH and glucuronate conjugate metabolites, 

into the bile canaliculus of the liver. The high level of expression in the canalicular membrane of 

hepatocytes implies that ABCC2-mediated transport is particularly important for excretion into 

bile. In contrast, ABCC1 and ABCC3 are typically located on the basolateral membrane of 

polarized cells and facilitae excretion into the vascular system and then urine [105]. Efflux 

mediated by ABCC1 and 2 (but not ABCC3) require cofactors, such as GSH, glucuronic acid, or 

sulfate [39]. 

1.4.2 The structure and function of ABCG2 

Unlike other ABC transporters, the “G” subfamily are „half-transporters‟, consisting of one TMD 

and one NBD, and only function when complexed as either homo- or heterodimers. The best 

characterized is the ABCG2 protein, also variously named as BCRP/MXR/ABCP  [106]. As with 

all of the G subfamily of ABC transporters, ABCG2 has a „reverse‟ domain structure (unlike the 

other drug-resistance ABC transporters), in which the NBD is located toward the N terminus of 

the polypeptide chain [103]. When inserted in the plasm membrane ABCG2 exists in the plasma 

membrane as a homodimer bound via a disulfide bond at the Cys-603 residue, and turnover 

normal occurs with trafficking to the lysosome. However, it has recently been reported that in 

Flp-In-293 cells, breaking the disulfide bond by introducing a substitute amino acid to the 

extracellular loop leads to signifcant ubiquitin-mediated degradation of ABCG2 in proteasomes. 

This finding suggests that formation of the intramolecular disulfide bond is a critical check point 

in determining the dynamics of intracellular turnover for the ABCG2 protein [107].  
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ABCG2 was first cloned from a breast cancer cell line displaying enhanced drug resistance in the 

presence of the Pgp inhibitor verapmil [97], and its overexpression has since been documented in 

drug-selected cell lines derived from ovary, lung, colon, and gastric cancer, indicating its general 

importance (at least in vitro) for enhancing „resistance‟ to various chemotherapeutic agents [108]. 

Its expression also promotes the „stemness‟ of cells by causing the efflux of factors which would 

normally promote their lineage differentiation under conditions requiring tight intracellular 

regulation [109]. First reported to be expressed in human hematopoietic stem cells (and more 

recently in murine also) at higher levels than other ABC transporters (MDR1 and MRP1), it is 

now used to immunologically define a „side population‟ (SP) of stem cells and is sharply 

downregulated with the onset of their differentiation. Additionally, experimental over-expression 

of ABCG2 confers an SP-like phenotype to bone-marrow cells and inhibits their maturation 

[109]. However, just how general a feature ABCG2 expression is of stem cell populations 

remains to be fully assessed [110].  

 

ABCG2 may also be important in protection against hypoxia, given that functional inhibition 

markedly reduces cell survival under hypoxic conditions.  Specifically, it appears to facilitate the 

efflux, and thus reduce heme and/or porphyrin accumulation that occurs with hypoxia [111]. 

Furthermore, in the adult murine heart the number of ABCG2 positive SP cells increases 

following injury, and when isolated these cells exhibit increased expression of cytoprotective 

transcripts (including ABCG2) and an enhanced capacity for consuming hydrogen peroxide. 

Experimental overexpression of ABCG2 reiterated this cell survival benefit after exogenous 

exposure to hydrogen peroxide in vitro [112], consistent with a protective function under 

hypoxia.  The molecular basis of ABCG2 regulation in hypoxia is described below.   

1.4.3 Substrate and inhibitor of ABCG2 

As a member of the ABC superfamily, ABCG2 is structurally and functionally similar to the 

other transporters. Therefore, there are significant overlaps between substrates of ABCG2 and 

other transporters such as MRP-1 and P-gp. Similarly, many inhibitors of the ABCG2 protein, 

such as GF120918, also block MRP-1- and P-gp- mediated transport. Fumitremorgin C (FTC) 

and its analog Ko143 are most frequently used in the laboratory [113]. A detailed list of ABCG2 

substrates and inhibitors has been presented in previous reviews [113] [103]. Functional studies 

suggest that flavonoids, fumitremorgin C and related analogues, and novobiocin are more 

specific in inhibitors of ABCG2 activity [114].  
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1.4.4 The genetics and expression of ABCG2 

Cytogenetic and fluorescence in situ hybridization studies of multidrug-resistant cancer cell lines 

have confirmed the localization of ABCG2 gene on chromosome 4q21–4q22. The gene spans 

more than 66kb and consists of 16 exons (ranging from 60 to 532bp) and 15 introns. As in 

several other ABC transporters (ABCB1, ABCB4, etc.), the first exon contains the majority of 

the 5' untranslated region an the translational start site is in the second exon [115]. The ABCG2 

gene is transcribed by a TATA-less promoter which has several Sp1, AP1, and AP2 binding sites 

and a CCAAT box downstream of a putative CpG island. Basal promoter activity is conferred by 

a sequence 312bp upstream of the transcriptional start site. Both predicted positive and negative 

cis-regulatory elements have been identified in the 5' regulatory region of ABCG2 [116]. 

Additional studies have demonstrated functional hormone- [117], xenobiotic- [118] and hypoxia- 

[111] responsive elements in the ABCG2 promoter.  

 

More recently, ABCG2 gene has been mapped in other mammalian species, including rodents, 

bovine, porcine, sheep and the Rhesus monkey. The mouse homologue encodes a 657-amino-

acid protein sharing 81% identity and 86% similarity to the human gene, and is functionally 

comparable with human ABCG2 [119]. Porcine ABCG2 was first isolated from brain capillary 

endothelial cells and has been shown to play an important role in the exclusion of xenobiotics 

from the brain [120]. It is a 656 amino-acid ABC transporter, which is 85% identical and 90% 

homologous to human [121]. In sheep, the predicted ABCG2 protein sequence shares more than 

80% identity with the other mammalian isoforms. The intron 4 SNP was used to map the 

ABCG2 gene to ovine chromosome 6 (OAR6), about 2cm distal to the microsatellite marker 

OarAE101 [122]. In Holstein cattle, a single nucleotide polymorphism (SNP) of tyrosine-581 

transposed to serine (Y581S) in the ABCG2 gene is associated with decreased milk yield and 

higher fat and protein percentages in the milk [123, 124]. In human cancer cells and their 

ABCG2-overexpressing, drug-selected, multidrug-resistant derivatives, there are at least three 

forms of the untranslated exon1, following a common exon2 sequence, suggesting that 

alternative promoters and multiple transcriptional regulation regions exit in ABCG2 to regulate 

its expression [125]. 

 

Expression of ABCG2 is notably tissue specific, with Northern blot analysis indicating highest 

levels in placental tissue (approximately 100 times greater than that seen in the brain), prostate, 

small intestine, testis, ovary, colon, or liver. Meanwhile, ABCG2 transcripts are undetectable in 
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the heart, lung, skeletal muscle, kidney, pancreas, spleen, thymus, and peripheral blood 

leukocytes [126]. Independent, and more detailed „dot blot‟ studies, confirmed placenta as the 

tissue with highest expression of ABCG2 mRNA, and considerable levels in liver, small intestine, 

but also revealed significant expression in specific brain regions, particularly in midbrain loci of 

the putamen, substantia nigra, pituitary gland, thalamus, amygdala, caudate, and subthalamic 

nuclei. In contrast to the earlier Northern blot studies, the „dot blot‟ approach suggests only a 

moderate expression of ABCG2 in lung tissue, and quite low expression in testis, ovary and 

colon [127]. Immunohistochemical studies have independently demonstrated ABCG2 expression 

in placenta, liver canaliculi, colon, small intestine, cardiac muscle, endocrine pancreas, adrenal 

cortex, thyroid, and parathyroid [103].  

1.4.5 Physiological regulation of ABCG2 

1.4.5.1 ABCG2 and PI3K/Akt pathway 

ABCG2 is functional when localized to the apical membrane of cells. The cycling of ABCG2 is 

controlled by the PI3K/Akt signalling pathway. Phosphoinositide 3-kinase (PI3K) functions to 

transduce a broad range of extracellular signals and as a key downstream effector, the 

serine/threonine kinase termed Akt is phosphorylated in response to PI3K activation, and in turn 

regulates the activity of a number of downstream targets, including other kinases, transcription 

factors and regulatory molecules [128]. After treatment of LLC-PK1 cells with the specific PI3K 

inhibitors LY294002 (2-(4-morpholinyl)-8-phenyl-1(4H)-benzopyran-4-one-hydrochloride) and 

wortamannin, ABCG2 is decreased at the cell surface and moves into the cytoplasm [129].  This 

translocation is in turn inhibited by the Akt kinase specific inhibitor 1L6 (1L6-hydroxymethyl-

chiroinositol 2-(R)-2-O-methyl-3-O-octadecyl carbonate), the drug imatinib and by short 

interfering RNA (siRNA) sequences targeting Akt, in head and neck squamous cells [130]. In 

hepatocellular carcinoma cell lines, it has also been shown that Akt signalling is able to 

functionally regulate the efflux activity of SP cells by altering the subcellular localization of the 

ABCG2 transporter [131]. Further, the role of Akt1 in influencing ABCG2 localization has been 

confirmed by dramatically reducing the capacity of Akt-deficient hematopoietic cells to export 

the ABCG2 substrate Hoechst dye [132]. 

1.4.5.2 ABCG2 and Steroid hormone 

The high level of ABCG2 in placenta [97] suggests that its expression may be regulated by key 

classes of steroid hormones, such as the progesterones and estrogens. In particular, the estrogen 

17-Estradiol (E2) has been found to activate the ABCG2 promoter through a classical pathway 
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that involves binding of E2/ER complexes, on the well documented estrogen response element 

(ERE). Promoter luciferase assays demonstrate ERα binding specifically to an ERE located in 

the 5'-flanking region between -243 and -115 bp upstream (5'–3') of the transcription start site of 

ABCG2 gene [117]. Electrophoretic mobility shift assays demonstrate that the ERE in the 

promoter region is essential for regulation by E2 [133]. In addition to pre-transcriptional 

regulation, treatment of MCF-7 cells with an Estrogen Receptor α small interfering RNA also 

abolishes the E2-mediated ABCG2 down-regulation, suggesting that ABCG2 may also be 

regulated through post-transcriptional mechanisms [134]. 

 

The progesterone (P4) has also been linked to ABCG2 regulation and significantly increases 

ABCG2 expression in the human placental cell line BeWo. Since progesterone receptor (PR) 

antagonists have no effect on this, the P4-mediated induction of ABCG2 would seem to be 

occurring through an as yet undefined pathway [135]. In contrast, recent studies suggest that the 

regulatory mechanisms underpinning ABCG2 expression by steroid hormone treatment are 

different between cell lines. Luciferase assays show that P4 increases the response of the 

ABCG2 promoter in T47D cells but not in BeWo cells. The Sp1 inhibitor mithramycin A shows 

that the PR-Sp1 pathway plays a role in the response while E2 had no effect on response in either 

cell line [136]. 

1.4.5.3 ABCG2 and Hypoxia signalling 

Cellular adaptations to low oxygen conditions occur through several mechanisms, including the 

up-regulation of glycolytic enzymes [137] and glucose uptake carriers [138], which allow cells 

to metabolically adjust to anaerobic conditions [139]. Hypoxia-inducible factors (HIFs) are 

oxygen-sensitive transcription factors that mediate cellular adaptation to hypoxia [140]. The 

basic-Helix-Loop-Helix transcription factor HIF-1 is a transcription complex which plays a 

crucial role in cellular adaptation to low oxygen availability and is functional as a heterodimer of 

HIF-1a and HIF-1b subunits. Under normoxic conditions HIF-1a is inactivated by a proteosomal 

degradation pathway, but with hypoxia it is stabilized and becomes available to dimerize [141]. 

The core consensus sequence for HIF-1 binding to target genes is 5'-RCGTG-3', a motif 

contained in the promoters of multiple glycolytic enzymes (e.g., aldolase, pyruvate kinase, 

GAPDH, LDH). HIF-1 also functions to regulate genes involved in erythropoiesis, angiogenesis, 

cell survival and iron metabolism, and the maintainence of cellular ATP levels [142]. 
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In mammals, hypoxia usually leads to an overload of iron through the accumulation of heme 

[143] compounds, that by definition contain an iron atom and most notably contribute to 

hemoglobin. Heme expression is very sensitive to changes in cellular O2 [39] and regulated by 

ABCG2 [111, 144]. The demonstration that structurally distinct protoporphyrin molecules are 

also ABCG2 substrates indicates that the common tetrapyrrole structure may be an important 

molecular feature underpinning interaction with ABCG2. These data would also imply that 

ABCG2 has a protective role for cells under conditions where defects in the heme biosynthetic 

enzymes, such as uroporphyrinogen decarboxylase or coproporphyrinogen oxidase, results in the 

accumulation of porphyrins leading to protoporphyria and phototoxicity [145]. Increased 

expression of ABCG2 is thus important to dealing with the cellular build-up and detoxification 

of porphyrins. 

 

Studies using mouse hematopoietic progenitor cells suggest that under conditions of hypoxia, 

progenitor cells from ABCG2 null mice have a reduced ability to form colonies, as compared 

with progenitor cells from wild type mice. Blocking ABCG2 function in ABCG2 (+/+) 

progenitor cells also markedly reduces survival under hypoxic conditions. Meanwhile, the fact 

that blocking the heme/porphyrin biosynthesis reverses the hypoxic susceptibility of ABCG2 (-/-) 

hematopoietic cells indicates that heme molecules could be detrimental to ABCG2 (-/-) cells 

under hypoxia. As described above, ip-regulation of ABCG2 expression under oxidative stress 

involves the hypoxia-inducible transcription factor complex HIF-1 [111]. In livestock, it has 

been reported that the photodynamic chlorophyll derivative compound phytoporphyrin 

(phylloerythrin) is a substrate for ABCG2, and that impaired excretion and vascular leakage can 

lead to a condition of „hepatogenous photosensitization‟ [146]. Collectively, these studies infer 

that HIF-1 may mediate cell responses to hypoxic stress by recruiting ABCG2 in order to extrude 

heme or alleviate porphyrin accumulations.  

 

Expression of ABCG2 is also upregulated by the iron-chelator deferoxamine (known widely as 

DFO), which stabilizes HIF-1α by inhibiting a prolyl hydroxlyase enzyme responsible for 

„tagging‟ HIF-1α for proteosomal degradation. The activating role of HIF-1 α in ABCG2 

expression is further supported by bioinformatic prediction and empirical testing. The ABCG2 

promoter contains three predictable hypoxia response elements (HRE) and at least one of them 

can be functionally bound by the HIF-1 complex [103]. These studies suggest that ABCG2 

enhances cell survival in oxygen-poor environments by reducing the accumulation of toxic heme 
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metabolites and that ABCG2 transcription is specifically activated by HIF-1. Interestingly (as 

reviewed above) the localization of ABCG2 to the plasma membrane is determined by Akt1, 

which is also an upstream regulator of HIF-1. 

 

The functionally related transcription factor HIF-2 may also be involved in ABCG2 regulation. 

In the adult murine heart studies described above, over-expression of ABCG2 was shown to 

result in an increased ability to consume hydrogen peroxide and was associated with increased 

levels of α-GSH reductase protein following injury. Further, in this model it was shown that 

HIF-2α binds an evolutionary conserved response element in the murine ABCG2 promoter and 

that it functions, in combination with other factors, to initiate a cytoprotective program for 

progenitor SP cell populations residing in the heart [147]. 

1.4.5.4 ABCG2 and Nrf2 

As reviewed above, there are several enzymes involved in the Phase II detoxification of 

xenobiotics that protect cells from oxidative damage, such as GST, quinone reductase, epoxide 

hydrolase, heme oxygenase, UDP-glucuronosyl transferases, and gamma-glutamylcysteine 

synthetase. The transcription of these genes is coordinately regulated through Antioxidant 

Response Elements (AREs). Both the Nrf2 and structurally related Nrf1 transcription factors are 

required to bind the AREs to activate these genes. Inactive Nrf2 is retained in the cytosol by 

association with the cytoskeletal protein Keap1. However, cytosolic Nrf2 is phosphorylated 

(preventing formation of this complex) and subsequently translocates into the nucleus, in 

response to signalling from the protein kinase C and Map kinase pathways.  

 

The potential involvement of Nrf2 in upregulation of the ABC transporters (including ABCG2) 

has been functionally confirmed using siRNA knockdown methods. Tert-butylhydroquinone 

(tBHQ)-induced mRNA levels of ABCG2 was significantly suppressed in Nrf2-null HepG2 cells. 

Further, when cells were treated with Keap1specifc siRNA, mRNA levels of ABCG2 was 

significantly increased [148]. Other reports confirm that Nrf2 is involved in the co-ordinate 

induction of both ABCG2 and heme oxygenase-1 (HO-1) [149]. These results suggest that the 

Nrf2 transcriptional network is important in mediating the activation of ABCG2 and in 

maintaining homeostatic oxidation levels in the intracellular environment. 

 

Recently, an ARE was found within the region of -431 to -420bp in the 5'-promoter flanking 

region of human ABCG2, by in silico analysis. A detailed promoter analysis using luciferase 
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reporter assays has shown that this region is critical for Nrf2-mediated expression in lung cancer 

cells. Both in vitro and in vivo interactions between Nrf2 and this particular ARE element have 

been confirmed. The Nrf2-mediated regulation of ABCG2 expression may also take part in 

maintaining the viability of the SP fraction and conferring chemoresistance [150]  

1.4.5.5 ABCG2 and AHR/ARNT 

The aryl hydrocarbon receptor (AHR) and its DNA binding partner, the aryl hydrocarbon 

receptor nuclear translocator (ARNT), form the functional AHR/ARNT heterodimer complex 

which activates gene transcription by binding to several structurally overlapping consensus 

sequences, including the AHR-, dioxin- and xenobiotic- responsive elements (AHRE, DRE or 

XRE respectively) [151]. AHR/ARNT clearly plays a key role in adaptive cellular responses 

through its induction of xenobiotic metabolizing enzymes [152] and several AHR agonist 

compounds have been shown to increase both mRNA and protein levels of ABCG2 in Caco-2 

cells [153].  Additionally, inhibiting the degradation of ligand-activated AHR protein leads to 

increased ABCG2 mRNA, suggested that the latter might be tightly regulated via AHR-

dependent signalling pathways [154]. Recently, an activating proximal DRE located at -194/-

190bps upstream of the transcription start site for the human ABCG2 gene and a number of DRE 

sequences also identified. RNA interference has confirmed AHR is a direct transcriptional 

regulator of human ABCG2 gene regulation [118]. In addition, another distal AHR-responsive 

element (AHRE) located -2357/-2333bp upstream of the ABCG2 transcriptional start site has 

been identified and characterized as pivotal to ABCG2 induction in TLS174T cells by the 

compound 3-methylcholanthrene. [155]. 

1.4.5.6 Hedgehog signalling pathway and other transcription factors 

In HEK293 cells, ABCG2 and two other ABC transporter family members (ABCB1 and ABCC1) 

are inhibited by the inhibitor HhAntag691 (GDC-0449), which specifically targets the tumor-

promoting hedgehog (Hh) signalling pathway. This finding rasie the possibity that the seven 

membrane spanning receptor Smoothened (SMO), a key factor of Hh signalling pathway, may 

further control ABCG2 expression [156].  

 

Other transcription factors implicated in ABCG2 expression include some that are notably driven 

by nuclear receptors during cellular detoxification [157]. However, this group does not include 

the seminal liver X receptor (LXR) and ABCG2 expression is only minimally impacted by the 

agonists of the pregnane X receptor (PXR) and constitutively active receptor (CAR) [158]. 
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Finally, the high expression of ABCG2 in both erythroblasts [109] [159] and mature erythroid 

cells [160] may also reflect the presence of identified Gata1, 2 and Aml1a sites in the ABCG2 

promoter. The functional significance of these sites remains to be confirmed however.  

1.5. Epigenetic regulation and gene expression 

The concept that phenotype is a result of continuous environment–gene interactions is well 

documented. In this scenario, intracellular signals responding to environmental factors activate 

transcription networks which control gene transcription. However, this simplistic mechanistic 

view cannot explain the enduring effects on gene expression by environmental signals. A 

number of epigenetic mechanisms or pathways have been defined to be responsible for the cell‟s 

ability to “remember” changes in the external environment. Epigenetics literally means “on top 

of or in addition to genetics” and defines the study of mechanisms or pathways that initiate or 

maintain heritable patterns of gene expression and gene function without directly changing the 

DNA sequence. In parallel to the term “genome”, which defines the complete set of genetic 

information contained in the DNA sequences of an organism, the term “epigenome” generally 

refers to the complete set of epigenetic state of the organism. Each individual has multiple 

epigenomes that differ by cell and tissue type, and may change over the lifetime of the organism. 

These changes may remain through cell divisions for the remainder of the life of the organism 

and may also last for multiple generations. Critically however, there is no structural change in 

the underlying DNA sequence of the organism [161]. The epigenome can be considered as a 

second code overlaid on top of the DNA sequence code of the genome.  

 

As the unit for heritable information, chromatin is made up of units termed nucleosomes. A 

nucleosome consists of 146 DNA base pairs that wrap around an octamer of four core histone 

proteins including H2A, H2B, H3 and H4 [162]. According to this structure of chromatin, 

epigenetic mechanisms can be divided into four main categories: DNA methylation, covalent 

histone modifications, non-covalent mechanisms such as incorporation of histone variants and 

nucleosome remodelling and non-coding RNA-mediated pathways including microRNAs 

(miRNAs) (Figure 1.10). These epigenetic modifications work together to create an „epigenetic 

landscape‟ that regulate expression of genes [163].  
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Figure 1.10. Three fundamental mechanisms of epigenetic gene regulation.  
Epigenetic mechanisms of gene expression are subserved by three distinct, yet highly 
interrelated, mechanisms. 1) DNA methylation 2) histone code 3) RNA-based mechanisms.(sited 
from „Reinberg, Molecular signals of epigenetic states‟. Science, 2010 ) [164] 
 

1.5.1. DNA Methylation 

1.5.1.1. DNA Methylation 

Generally, DNA methylation occurs on cytosine (Figure 1.11) in three nucleotide settings, CG, 

CHG, and CHH (H = C, T, or A).  In mammals, CG methylation is the most extensively studied 

epigenetic pathway, whereas CHG and CHH methylation are present at much lower levels and 

most often in stem cell populations. Methylation at the CG dinucleotide involves the covalent 

addition of a methyl group to  carbon 5 of the cytosine ring to form 5-methyl cytosine and most 

often happens at „CpG‟ sites, where a cytosine nucleotide is followed by a guanine nucleotide 

and linked via a phosphate (CpG = cytosine phosphate guanine). CpG „islands‟ (CGI) represent 

regions of the genome that have a high density of CpG sites are nearly always hypomethylated. 

More significant methylation levels are seen in the gene body, and in most organsims are 

conserved and lie in exon regions [165] [166]. While the current consensus is that DNA 

methylation is involved in suppressing gene expression, particualry during cell differentiation 

[167] [168], genome wide patterns of methylation are influenced by diverse factors in the 
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environment, from nutrition to phychosocial stress. Abnormal methylation leads to disorders of 

gene expression and can substantially impact on physiological function to cause disease.  

 

Figure 1.11. Cytosine methylation  
Cytosine methylation process involves covalently addition of a methyl group from SAM to  

carbon 5 of the cytosine ring under the action of DNA methyltransferase. 

 

In mammalian cells, rates of methylation depend on the relative activity of the DNA 

methyltransferases 1 (DNMT1), 3a (DNMT3a), and 3b (DNMT3b), enzymes which catalyse the 

transfer of methyl groups from donors, such as S-adenosylmethionine (SAM). While the general 

status of methylation status is maintained by DNMT1 [169], de novo methylation is catalyzed by 

DNMT 3a and DNMT 3b [170]. DNMT1 acts during cellular replication to specifically 

methylate hemi-methylated DNA, while DNMT3A and DNMT3B act independently during the 

replication process, but with no specific preference for either unmethylated and hem-imethylated 

DNA [171] [172]. 

1.5.1.2. DNA Methylation and gene expression 

Methylation is thought to influence transcriptional activity in two ways. Firstly, methylation may 

prevent or promote the direct recruitment of transcription factors to sites on the DNA, especially 

at promoters. Notably, it provides binding sites for methyl-CpG-binding domain (MBD) proteins, 

which specifically target methylated DNA sites and regulate gene expression by blocking RNA 

polymerase binding and interactions with histone deacetylases (HDACs) [173]. Secondly, 

methylation state can influence the structure and stability of genes, such that nucleosomes 

assembled with non-methylated DNA appear to be less stable than those assembled with 

methylated DNA [174] [175]. 

In vertebrate genomes, about 70% of the annotated gene promoters contain a CGI, are thus 

classified as „CGI promoters‟ and include almost all of the housekeeping genes [176], a 

proportion of developmental regulator genes and tissue-specific genes. Genes that are expressed 

in a restricted number of tissues are biased towards being non-CGI promoters. Interestingly 

http://en.wikipedia.org/wiki/File:Cytosine_5-methylation.png
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however, within any given class of promoters (such as the CGI promoter genes) the level of 

expression is generally independent of the overall CpG content [177]. 

1.5.1.3. The 6th base of DNA: 5-hydroxymethylcytosine (5-hmC) 

While 5-methylcytosine is referred to as the 5th base of DNA, another hydroxylated form, 

namely 5-hydroxymethylcytosine (5-hmC), is defined as the 6th base of DNA. 5-hmC is formed 

at cytosines by first adding a methyl group and then a hydroxyl group (Figure 1.9). Although 

first discovered in bacteriophage in 1952, 5-hmC rose to prominence recently in 2009 when it 

was reported to be widely present in human and mouse brains, particularly in Purkinje and 

granule cells [178] [179]. In mammals, the catalytic conversion of 5-mC to 5-hmC can be done 

by oxidation of Fe(II) and the 2-oxoglutarate-dependent Tet(Ten-Eleven-Translocation) family 

of oxygenases [180]. 5-mC is first converted to 5-hmC, then to 5-formylcytosine (5-fC) and 

finally to 5-carboxylcytosine (5-caC), by the Tet enzymes in vivo. The 5-fC and 5-caC forms can 

also be returned to unmodified C by the enzyme Terminal deoxynucleotidyl transferase [181]. 

 

Genome-wide mapping of 5-hmC in mouse embryonic stem cells showed that 5-hmC is strongly 

enriched within exons and near transcriptional start sites, especially those genes with promoters 

occupied by “bivalent chromatin” marks [182]. Bivalent chromatin represents a specific 

configuration involving the repressing H3K27me3 marker and the activating regions of the 

H3K4me3 modification. Similar studies in human embryonic stem cells suggests that 5-hmC is 

enriched in enhancers and gene bodies and is associated with protein-DNA interactions 

involving the modified histones H3K4me1 and H3K27ac, and the genes OCT4 and NANOG 

[183].  

 

Because of its structural similarity to 5-mC, 5-hmC sites also react with bisulfide to generate a 

cytosine 5-methylenesulfonate (CMS). However, as they do not undergo normal C-to-T 

transitions, classic bisulfide based measurements cannot distinguish 5-mC and 5-hmC sites [184]. 

A single-molecule, real-time (SMRT) sequencing protocol, which does not require bisulfide 

conversion, is now generally used to directly detect 5-mC, 5-hmC and another modified 

nucleotide DNA, N6-methyladenine. Discrimination with this method is based on the differential 

polymerase kinetics that results from the various modifications [185]. An alternative approach 

for the identification of genomic regions containing 5-hmC is based on the selective 

glucosylation of 5-hmC residues by the T4 bacteriophage derived beta-glucosyltransferase 

(Figure 1.12). The resultant  -glucosyl-5-hydroxymethylcytosine (-glu-5-hmC) can be 

http://en.wikipedia.org/wiki/Cytosine
http://en.wikipedia.org/w/index.php?title=Tet_family&action=edit&redlink=1
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selectively precipitated by the J-binding protein 1 and then analysed by qPCR, microarray or 

sequencing [186]. 

 

Figure 1.12. Cytosine and three of its further modifications 
 

1.5.2. Covalent histone modifications 

Histones are highly alkaline globular proteins that comprise the nucleosome core and are the 

main protein component of chromatin, around which the DNA strands are wound. While all 

contain a globular C-terminal domain, isoform variance arises in the unstructured N-terminal tail 

which can be covalently modified at multiple places [162] and on specific residues by 

methylation, acetylation, phosphorylation, ubiquitylation, SUMOylation (SUMO: small 

ubiquitin-related modifier), citrullination, and ADP-ribosylation [187]. These posttranslational 

modifications occur primarily on the H3 and H4 histones, which have long tails that protrude 

from the nucleosome, and can either stabilize or destabilize the histone-DNA interaction, or 

enhance the recruitment and/or lead to the occlusion of other non-histone effector proteins that 

alter chromatin structure. They impact on diverse cellular processes, including gene transcription, 

DNA replication, DNA repair, mitosis and meiosis [187]. Combinations of, and crosstalk 

between different histone modifications, constitute a hypothetical signature called the "histone 

code" [188]. While the significance of the code is still being defined, histone modifications can 

either promote or repress gene expression depending on which specific residues are modified and 

which kind of modifications are present at any given site.  

1.5.2.1. Histone methylation and gene expression 

Histone methylation at specific amino acids (most often arginine and lysine) can involve the 

addition of one, two or three methyl groups and a range of methyltransferases (HMTs) have been 

identified that use the donor SAM (Figure 1.13). Generally, methylated histones are associated 
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with transcriptional repression, and the demethylation of histones results in enhanced gene 

expression, by loosening the association between DNA and histone tails and allowing increased 

access of transcription factors.  

 

Figure 1.13. Arginine and lysine methylation  
a. Arginine can be methylated to form mono-methyl, symmetrical di-methyl and asymmetrical di-
methylarginine. B. Lysine can be methylated to form mono-methyl, di-methyl and tri-methyl 
lysine. Red lettering highlights the methyl groups. HMT, histone methyltransferase. 
 

In mammals, arginine methylation occurs on residues 2 (H3R2), 8 (H3R8), 17 (H3R17) and 26 

(H3R26) of histone H3, as well as residue 3 of histone H4 (H4R3) [189]. The modification can 

occur as a mono-methyl, symmetrical di-methyl or asymmetrical di-methyl form. The PRMT 

define PMRT in full class of histone methyltransferases specifically catalyze arginine 

methylation [190], but can lead to both ativation and repression of transcription [191]suggesting 

that co-factors are required to achieve specificity.  

 

As with arginine residues, lysine methylation impacts on several different chromatin related 

biological functions and occurs mainly on histone H3 residues 4 (H3K4), 9 (H3K9), 27 (H3K27), 

36 (H3K36), 79 (H3K79) and H4 residue 20 (H4K20). Each of these lysine residues can exist as 

mono-, di- or trimethylation and are catalysed by either SET-domain-containing enzymes or the 

non-SET-domain enzymes DOT1/DOT1L3. Further, the specific H3K4 methylation can occur 
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with at least six different lysine methyltransferases, Set1A, Set1B and MLL1 through to MLL4a 

[192]. A genome-wide study of the human genome indicates that all of the mono-, di- and 

rimethylation states of H3K4 methylation cluster around Transcription Start Sites (TSSs) and 

trimethylation of H3K4 at promoter regions has such a positive correlation with gene expression, 

that it is considered to be a definitive landmark of activated genes. In contrast, mono- and 

dimethylated H3K4 are usually located at promoters of intermediately activated genes [193]. 

 

Histone H3 lysine 9 methylation is accelerated by specific lysine methyltransferase SUV39H1 

[194]. H3K9 methylation is associated with heterochromatin formation and gene silencing by 

providing a binding site for the heterochromatin protein HP [195] [196]. It is proved that bi- and 

trimethylation of H3K9 distribute higher in silent genes surround the TSS. However, detected 

monomethylation levels were higher in active gene promoters, which suggest it might associates 

with transcriptional activation [193].  

 

Histone H3 lysine 27 methylation has been intensely studied because of its role in polycomb 

(Pc)-mediated gene repression in development and cancer. The principal HMT for catalysis of 

H3K27 is EZH2, a polycomb-group protein and component of the Pc repressive complex 

2(PRC2) with endogenous methyltransferase activity [197]. Because H3K27 trimethylation 

levels are usual higher at silent promoters it is thought to prmote gene silencing. Similarly, 

H4K20me3 is associated with repressive heterochromatin [198]. In contrast, H3K36 and H3K79 

tri-methylations are predominantly associated with actively transcribed genes [193]. Unlike the 

trimethyaltion forms, the mono-methylation isoforms of all the known histone residues appear to 

be related exclusively to activation of gene transcription.  

1.5.2.2. Histone acetylation and deacetylation 

Acetylation and deacetylation occurs at lysine residues through enzyme regulation by histone 

acetyltransferase (HAT) or histone deacetylase(HDAC) activity [199] (Figure 1.14). For histone 

acetylation, the source of the acetyl group is acetyl-Coenzyme A (acetyl-CoA) and upon 

deacetlyation, the acetyl group is transferred back to Coenzyme A. With acetylation, the positive 

charge on histones is neutralized, and as a result the interaction of histones with the negatively 

charged DNA phosphate groups is decreased. This transforms condensed chromatin into a looser 

structure which is conducive to gene transcription, a process that is readily reversed by 

deacetylation [200] [201]. 
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Figure 1.14. Lysine acetylation 
Lysine can be methylated to form acetyl lysine. Red lettering highlights the acetyl group. HAT, 

histone acetyltransferase. 

 

In the human genome all four core histones have conserved lysines acetylation sites. While the 

acetylation of H2A is restricted to lysine 5 (H2AK5ac) and 9 (H2AK9ac), and of H2B to lysine 

20 (H2BK20ac) and 120(H2BK120ac), H3 can be acetylated on at least 7 lysine 4,9,14,18,23,27 

and 36 (H3K4ac, H3K9ac, H3K14ac, H3K18ac, H3K23ac, H3K27ac, H3K36ac) and H4 

similarly on lysine 5, 8, 12, 16 and 91 (H4K5ac, H4K8ac, H4K12ac, H4K16ac, H4K91ac) [202].  

 

Histone acetyltransferases are grouped into two general classes according to cellular origin and 

functions. B-type HATs, such as Hat1, are located in the cytoplasm, perform “housekeeping” 

functions and are involved in chromatin synthesis, by acetylating nascent histones for transport 

into the nucleus. Conversely, A-type HATs, such as CBP/p300 and Gcn5, are localized to the 

nucleus and regulate gene expression by catalyzing transcription-related acetylation events and 

acting as transcriptional co-activators [203] [204].  

 

In humans there are at least 18 HDACs, sub-divided into four classes based on their subcellular 

localization and enzymatic activities. Class I HDACs (HDAC1, 2, 3, 8) are significantly 

homologous to the yeast protein RPD3 and widely expressed in most tissues and mainly nuclear. 

Class II HDACs (HDAC4, 5, 6, 7, 9, 10) are homologous to yeast HAD-1-like enzymes, restricted 

to differentiating cells and shuttle between nucleus and cytoplasm. Class I and II HDACs function 

in concert with corepressor molecules [205]. Additionally, Class III HDACs (SIRT 1 to 7) consist 

of a large family of sirtuins (“silent information regulators or SIR”) that are evolutionarily distinct, 

with unique enzymatic mechanisms that are dependent on NAD [206]. Class IV HDACs consists 
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of just form (HDAC 11) that shares sequence homology with the catalytic core of class I and II 

HDACs [207]. 

 

A number of studies suggest that histone deacetylation works together with DNA methylation to 

promote gene silencing. A genomic wide acetylation profile of H4 in yeast suggest that function is 

less dependent on the specific residue that is modified, and influenced more by the extent of 

acetylation [208]. However, a broader genome wide analysis considering multiplehistone 

acetylation modifications suggest that both acetylation and deacetylation at individual lysines may 

influence transcriptional activity. Hyper-acetylation of histone H3K9/18/27 and hypo-acetylation 

of H4K16 and H2BK11/16 are both correlated with active transcription at both intergenic and 

coding regions [209]. Although acetylation and deacetylation of individual lysines may lead to 

different outputs, the interplay of whole genome acetylation patterns might contribute to an overall 

integrated code.  

1.5.3. Histone variants and nucleosome remodelling 

The non-covalent incorporation of histone variants into nucleosomes determines occupancy on 

the DNA and regulates gene expression [209]. Histone variants share homologous amino acid 

sequence and the conserved core structure found in canonical histones, but are distinct because 

of minor amino acid sequence differences. Variants only exist for the H2A and H3 histones, with 

H2B and H4 seeming to be invariant. From a structural perspective, only H2A and H3 self-

dimerize within the histone octamer complex and functionally, H2A and H3 contribute 

specifically to regulation of transcription and DNA repair [210]. Four variants of H2A have been 

described, macroH2A and H2ABbd (for Bar-body deficient) appearing to be vertebrate-specific, 

whereas H2A.Z and H2A.X are found in most eukaryotic lineages. At least two H3 variants are 

found in mammals, the replacement H3 variant H3.3, and a centromeric form of H3 (CenH3), a 

H3-like protein also known as centromere protein A (CENP- A) [211].  

 

Unlike the major histone subtypes, histone variants are not only coupled to DNA replication 

processes in S phase but are also incorporated into chromatin during the other phases the cell 

cycle affecting chromatin dynamics [212]. For example, H3.3 marks gene activation by 

maintaining the accessibility of chromatin structures at both enhancer regions and transcribed 

regions [213]. CenH3s meanwhile are specialized for packaging chromatin at centromere region 

that plays a role in eukaryotes mitosis and H2A.Z mediate gene activation by both altering the 

stability of nucleosomes and protecting DNA against methylation, thus prevent formation of 
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heterochromatin [214]. H2A.X specifically marks the region that is undergoing DNA repair by 

binding to DNA with double-strand breaks [215].  

 

Histone variants provide a potential means for transducing  environemental signals in cells [172]. 

Gene activity is not only influenced by the particular pattern of histone variants being expressed, 

but also by nucleosome remodelling, a process mediated by variants and involving the enzyme-

dependent movement of nucleosomes on the DNA during transcription, chromosome segregation 

and DNA replication and repair [216]. A group of specialized chromatin remodelling complexes, 

such as SWI/SNF and RSC, have been identified. Specialized multi-protein machines, these 

enable access to nucleosomal DNA by altering the structure, composition and positioning of 

nucleosomes. All remodelling complexes contain a catalytic ATPase subunit that facilitates the 

ATP-dependent „sliding‟ and „ejection‟ of nucleosomes from the DNA [217]. Genome-wide 

nucleosome mapping suggests that depletion of the upstream nucleosome nearest the TSS 

correlates with RNA polymerase II (Pol II) binding levels at the promoter. Conversely, occlusion 

of the TSS by nucleosomes is associated with gene repression [218].  

1.5.4. Non-coding RNA-mediated pathways 

Non-coding RNAs (ncRNAs) are functional RNA molecules which are not translated into 

protein product. Some classes of ncRNAs are defined as regulatory ncRNAs and influence gene 

expression, through various transcriptional and post-transcriptional mechanisms, and chromatin 

remodelling. Regulatory ncRNAs include microRNAs (miRNAs), small interfering RNAs 

(siRNAs), Piwi-interacting RNAs (piRNAs), long non-coding RNAs (lncRNAs), promoter-

associated RNAs (paRNAs) and enhancer RNAs (eRNAs) [219].  

 

Both miRNA and siRNA are driven from dsRNA precursors and are processed by the enzyme 

Dicer into small single-stranded 20–24nt molecules. All play a role in silencing gene expression 

at the post-transcriptional level [220]. Mature miRNAs interact with a protein of the Argonaute 

(Ago) family to form an RNA-induced silencing complex (RISC), which preferentially targets 

the 3' UTR of mRNAs. The miRNAs then pair in a sequence-specific manner with the mRNAs 

to guide their degradation or the inhibition of translation [221]. In addition, a few studies have 

suggested that miRNA may also target sites in the 5 'UTR [222, 223] and a new class of 

miRNAs may be able to simultaneously target 5' and 3' UTR interaction sites [224]. In addition 

to post-transcriptional gene silencing, miRNAs modulate epigenetic mechanisms by targeting 
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enzymes specifically responsible for DNA methylation and histone modifications [225] [226]. In 

contrast, siRNAs inhibit gene expression by promoting the formation of heterochromatin [227].  

 

piRNAs are distinct from miRNA and siRNA, in both size and the pathway for biogenesis. 

Between 26–31nt in size, they are generated from long single stranded precursor molecules [228] 

and associate piwi proteins of the Argonaute family, forming RNA-protein complexes that 

specifically recognize and lead to cleavage of transposons [229]. The piRNA pathway has an 

essential role in silencing retrotransposons in fetal male mouse germ cells, by promoting de novo 

DNA methylation [230]. 

 

lncRNAs are arbitrarily defined as ncRNAs of greater than 200nt size and represent a large and 

diverse group, including the XIST, TSIX, HOTAIR, and AIR species [231], which recruit 

chromatin modifying complexes to specific genomic loci and thus affecting gene expression 

[232, 233]. 

1.6. Epigenetics and detoxification enzymes 

The proceeses of DNA methylation and histone modification not only involve specific enzymes 

(such as those described above), but also depend upon specific metabolic cofactor actviity. For 

instance, both DNMT and HMT function requires the cofactor SAM, while the action of sirtuin 

family histone deacetylase is NAD dependent [234] [235]. Thus, the epigenetics of a cell is very 

much dependent upon on its metabolic status and may significantly determine its biological state. 

For example, supplementation of the co-factor SAM changes DNA methylation at key loci 

leading to decreases in preneoplastic lesions and inhibition of hepatocellular carcinoma 

progression in tissue models [236, 237]. Similarly, the depletion of GSH reduces intracellular 

availability of methionine and this results in genome-wide DNA hypomethylation [238]. Further, 

Tet-mediated changes in 5-hydroxymethylation in response to environmental stresses require the 

metabolic cofactor alpha-ketoglutarate (a-KG), the availability of which is determined by TCA 

cycle dependent aerobic metabolism [239]. Although yet to be fully explored, it is becoming 

apparent that metabolic shifts resulting from xenobiotic challenges likely underpin the 

epigenetically mediated activation of detoxification enzymes. 

1.6.1. DNA methylation and Histone modification in XMEs regulation 

To date, the epigenetic regulation of XMEs has been studied mainly in the context of cancer, as 

environmentally initiated tumors are often characterized by imbalanced methylation (including 
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both hypomethylation and hypermethylation at various regions of the genome) and increasing 

data supports the co-operation of both DNA methylation and histone modification in the tissue 

specific regulation of XMEs. 

 

Evidence for epiegentic regulation of phase I detoxification enzymes exists from a range of both 

in vivo and in vitro studies. Further, in utero tobacco exposure, which increases human placental 

CYP1A1 expression, is associated with promoter hypomethylation of CpG sites immediately 

proximal to a 5' XRE site [240]. CYP1A1 induction is also associated with multiple histone 

modifications, including hyperacetylation of H3K14ac and H4K16ac, trimethylation of 

H3K4me3 and phosphorylation of H3S10ph, which likely influence binding of the AHR/ARNT 

complex [241]. In prostate cells, the CYP1A1 promoter region is not normally methylated, but 

enhancer regions exhibit cancer cell-dependent hypermethylation [242]. In addition, CYP1B1 is 

up-regulated by promoter hypomethylation in human prostate cancer cells [243] and down-

regulated by promoter hypermethylation in colorectal cancer cells [244]. In HepG2 cells, 5-aza-

dC treatment results in partial demethylation of the promoter, binding of Pol II, and induction of 

CYP1B1 [245]. Studies of clinically obtained prostate cancer tissues shows that hypomethylation 

of promoter and enhancer regions increases with the expression of CYP1B1 gene [246]. 

Likewise, in colorectal cancer, hypermethylation of the promoter region leads to inhibited 

activity of CYP1B1 [244]. Similar methylation related expression patterns were found for the 

CYP2E1 and CYP2W1 genes also [247]. Microarray analysis of HepG2 cells following 5-aza-

dC treatment, shows that expression of CYP3A4, CYP3A5, and CYP3A7 all increase as a result 

of inhibited methylation [248]. CYP3A4 gene transcription is also strikingly regulated by the 

HMT enzyme, protein arginine methyltransferase 1 (PRMT1) acting to methylate H4. 

 

When it comes to phase II XMEs, hypermethylation of the promoter region (demonstrated by 

both methylation-specific PCR and bisulfide sequencing) correlates with the suppression of 

GSTP1 protein expression in endometrial carcinoma [249]. ChIP-on-chip assays show that the 

transcriptional silencing marks such as DNA methylation and H3K27me3 occupancy are 

enriched around the liver-predominant GSTZ1 gene locus in the young adult human, while the 

activation mark H3K4me2 is enriched at this very same region during the prenatal to early adult 

period of life. Low expression of another phase II enzyme, SULT1A1, has also been correlated 

to DNA hypermethylation in breast cancer tissue [250]. Thus, the dynamics of XME gene 

activity may be mediated by epigenetic mechanisms [251].  
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Epigenetic regulation may also influence expression of the phase III transporters. In murine 

models, the uptake transporters SLCO1B2 and SLC10A1 are specifically and highly expressed 

specifically in liver, while SLC15A2 is predominantly expressed in the kidney and cerebrum.  

This tissue selectivity is correlated with methylation status at CpG sites around the TSS of 

SLCO1B2 and SLC10A1, which are hypomethylated in liver but hypermethylated in kidney and 

cerebrum. Further, H3 is hyperacetylated on the SLCO1B2 and SLC10A1 genes in liver, but 

largely unacetylated in both kidney and cerebrum. The converse pattern of DNA methylation and 

histone H3 acetylation is observed with the SLC15A2 gene however [252]. Similarly, the 

SLC22A12 gene promoter is associated with hypomethylation in the kidney cortex, but with 

hypermethylation in the liver and kidney medulla [253]. The related SLC22A1 and SLC22A2 

genes also exhibit kidney specific methylation regulation patterns [254]. These tissue specific 

differential epigenetic patterns persist in human in vitro models. The gene promoter of a human 

liver-specific transporter, SLCO1B3, is hypermethylated in HepG2 and Caco-2 cells, but 

hypomethylated in DLD-1 and TFK-1 cells. As expected, treatment with the DNMT inhibitor 5-

aza-dC induces mRNA expression of SLCO1B3 in HepG2 and Caco-2 [255]. Gene reporter 

assays independently confirm that the promoter activity of SLC22A8 is repressed by DNA 

methylation in human embryonic kidney 293 cells [253]. 

 

Studies of ABC family member gene expression again focus primarily on cancer cell lines. 

Notably, in MCF-7/ADR cells where ABCB1 is highly expressed, promoter hypomethylation is 

correlated with expression, whereas hypermethylation near the ABCB1 transcriptional regulatory 

region correlates with suppression of mRNA in the parental MCF-7 cell line [256]. Consistent 

with thes eobservations, H3 and H4 acetylation levels on the ABCB1 gene are higher in MCF-

7/ADR cells than seen in MCF-7 cells, perhaps due to low DNMT activity in MCF-7/ADR cells 

[257]. 

 

The promoter region of ABCG2 represents a typical CGI promoter with many potential CpG 

islands that can be regulated by DNA methylation-related transcriptional silencing. Epigenetic 

mediated reactivation of ABCG2 gene expression is an early stage molecular event induced by 

antitumour drugs in cancer cells, leading to multidrug resistance [258]. Particularly, the 

carcinoma cell lines UOK121 and UOK143 show a marked induction of ABCG2 expression 

lines after a 5-aza-dC treatment, and the associated H3K9 methylation, a hallmark of promoter 
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suppression, is reduced. Chromatin immunoprecipitation assays reveal that the methylated 

promoter is associated with the methyl CpG binding domain protein MBD2 and methyl-CpG 

binding protein-2 (MeCP2). Additionally, HDAC1 and its corepressor, SWI independent protein 

3 (mSin3A) were demonstrated to bind at the promoter region containing the CpG island, thus 

promoting the suppression of ABCG2 transcription [259]. Other findings in „multiple myeloma‟ 

(MML) cell lines also suggests that ABCG2 expression is regulated by epigenetics, as 

demethylation of the promoter increased ABCG2 mRNA and protein expression [260]. In drug 

resistance, the overexpression of ABCG2 correlates with increased binding of RNA polymerase 

II, SWI/SNF complex chromatin remodelling factor Brg-1, and histone the modification H3 

acetylation, while binding of repressive histone marks, such as class I HDACs and Sp1, is 

observed particualry at the proximal ABCG2 promoter [261]. The regulation of ABCG2 

expression is thus subject to dynamic changes in chromatin structure that are measurable at the 

sub-genomic scale.  

 

1.6.2. Noncoding RNA in XMEs regulation 

As perhaps the most studied post-transcriptional mechanism of gene regulation, it is not surpsing 

that that miRNA has also been linked with of gene xpression during all three phases of XME 

based responses. As a well-known hepatic miRNA, miR-27b has been identified as a general 

post-transcriptional regulator of the P450 family of genes, and exhibits a significant negative 

association with CYP1B1 protein expression in human breast cancer tissue. The direct 3' UTR 

binding and downregulation of CYP1B1 by miR-27b has been confirmed by gene reporter assays 

[262]. In HEK 293, LS-180 and PANC1 cells, luciferase reporter assays further show that cells 

transfected with an exogenous miR-27b plasmid also suppressed CYP3A4 expression. Reduced 

mRNA and protein levels of CYP3A4 were also detected by qPCR and immunoblot analyses in 

LS-180 and PANC1 cells. The the mouse miR-298, may similarly regulate CYP3A4 expression 

[261].  

 

Perhaps one of the best examples of miRNA mediated repsonses to xenobiotic exposure is the 

increased expression of CYP2A3 in rat lungs following treatment with the tobacco derived 

xenobiotic 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), which identified miR-126-

star as key [263]. Although most often linked to post-transcription effects, in two HEK293 cell 

lines engineered to express the human CYP2E1 gene with and without the 3' UTR region, 

regulation by miR-378 would rather seem to be occurring by a translational mechansism [264]. It 
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should be noted that miRNA regulation of CYP expression appears to be tightly co-ordinated, 

with some liver-specific species (such miR-122) having no known influence on any CYP family 

member, at least in primary rat hepatocyte cultures [265]. 

 

Besides directly binding to P450 family encoded mRNAs, miRNAs also influence P450 gene 

regulation through modulating key transcription factors. Notably, levels of the ARNT protein 

(but not mRNA) decrease after miR-24 overexpression in the hepatic cell lines HuH-7 and 

HepG2, and results in inhibition of the downstream target gene CYP1A1 [266]. Similalrly, 

human nuclear factor 4α (HNF4α), a known to transcriptional regulator of multiple XMEs (such 

as CYPs, UGTs, and SUTs), was significantly decreased with overexpression of miR-24 [267]. 

And perhaps the most important transcription factor involved in antioxidant response, Nrf2, has 

been identified as a direct target of miR-28 in breast epithelial cells [268]. 

 

With regard to the phase III uptake transporters, miR-16 overexpression is know to repress 

SLC6A4 in mice [269], and miR-92b to suppress SLC15A1 protein expression in Caco2-BBE 

cells by directly targeting the 3'UTR of mRNA [270]. In MCF-7 breast cancer cells, miR-451 

promotes resistance to the chemotherapeutic drug doxorubicin, by decreasing the expression of 

ABCB1 [271]. Several microRNAs have been identified which target the ABCG2 3'UTR and 

regulate ABCG2 levels in cancer cell lines. In particular, miR-520h promotes differentiation of 

hematopoietic stem cells into progenitor cells, by inhibiting ABCG2 expression [272], while 

miR-519c binding to a site located within the longer 3'UTR region decreases endogenous 

ABCG2 mRNA and protein levels. The suppression of miRNA mediated epigenetic regulation is 

likely to be a key conserved step promoting the overexpression of ABCG2 in drug-resistant 

cancer cells [273]. Finally, miR-328 has also been implicated to target the ABCG2 3'UTR, not 

only influencing protein expression, but also impairing drug disposal in human breast cancer 

cells [274]. 

1.7. Summary and Future Perspectives 

The ability of individual cells or organisms to show resistance or susceptibility to environmental 

stresses varies considerably. This phenotypic diversity presumably depends on both genetic 

DNA sequence polymorphism and epigenetic programming, the latter being defined during early 

development but remaining sufficiently plastic to allow responses to unanticipated exposure to 

stress later in life. While DNA polymorphism markers have long been applied as guides for 

achieving resistance through selective animal and plant breeding, the impact of epigenetics in 
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determining phenotype outcomes in these contexts is only just gaining real attention. When 

under stress, epigenetic variance my underpin and define the differing abilities of individual 

organisms to cope with unanticipated stress, by selectively regulating genes within repair or 

rescue pathways.  
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Chapter 2. Materials and Methods 

2.1 Sheep trial and tissue collection 

Ethics approval for the whole animal study was obtained from the Ruakura Animal Ethics 

Committee established under the Animal Protection Regulations Act, 1987 (New Zealand). 

Dosing and tissue collection were carried out as described in ethics application AEC-11203. As 

part of routine commercial selection of sheep for FE resistance, a total of 27 Romney cross bred 

sheep were challenged once with sporidesmin in two independent trials (n=10 and n=17 animals 

respectively) by a single oral administration of purified sporidesmin (water solution, Agresearch, 

NZ) using a dose rate of 0.25 mg/kg live-weight [275]. Blood samples collected weekly were 

assessed for serum gamma-glutamy-transferase (GGT) levels, as a indicator of toxin exposure 

and indicator of liver damage. Seven weeks after challenge, the animals were sacrificed 

according to commercial best practise, and tissues recovered. To „standardize‟ collection, in each 

case sections of approximately 20 x 7 x 7mm liver parenchyma were excised from the same 

anatomical region, at the point of separation between the right and left hepatic lobes. From this 

initial biopsy, 5 x 5 x 5mm sections of tissue were cut manually and stored in cryotubes for 

immediate freezing in liquid nitrogen. 

 

2.2 HepG2 human hepatocellular carcinoma cell line 

Human hepatocellular carcinoma HepG2 cell line obtained from ATCC (Rockville, MD, USA) 

(ATCC No. HB-8065) was utilised in this study. HepG2 is a perpetual cell line which was 

derived from the liver tissue of a 15-year-old Caucasian American male with a well-

differentiated hepatocellular carcinoma. HepG2 cells and their derivatives are well used as a 

model system for studies of liver metabolism and toxicity of xenobiotics (Figure 2.1). 
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Figure 2.1.  Image of HepG2 cell lines  
 

2.3 Cell culture 

2.3.1 Maintenance of HepG2 cell line 

All the cell culture work was carried out in a class IIA biohazard tissue culture hood using sterile 

techniques. Before use, UV light (254nm, 30W) was turned on for 30 min, and then laminar 

airflow was established for at least 5 min prior to utilisation to ensure sterility. All equipment 

and work surfaces were sterilised with 70% ethanol before use. All cell culture vessels and 

pipette tips were pretreated to be ribonuclease (RNase), deoxyribonuclease (DNase) and 

pyrogen-free and all the reagents certified as tissue culture grade. 

 

Human hepatocellular carcinoma HepG2 cells were obtained from ATCC (Rockville, MD, USA) 

and routinely maintained in Dulbecco's Modified Eagle Medium (DMEM) Low Glucose 

(Cat:11885) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 1% Non-

Essential Amino Acids (all reagents from Life Technologies, Carlsbad, CA, USA) at 37°C under 

5% CO2 in an incubator. To heat inactivate FBS, first leave bottled FBS to thaw in fridge or 

room temperature, then put it in the 56℃water bath for 30 min. While making aliquots of heat-

inactivated FBS in 50mL tubes, employ careful pipetting to avoid contamination of serum stock. 

When reaching 80%~90% confluence, cells were sub-seeded in to one or more new vessels. First 

remove and discard old culture media, and then rinse the cell layer twice with PBS solution to 

remove all traces of serum that contains trypsin inhibitor, after which 0.5mL of Trypsin-EDTA 
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solution (0.25% (w/v) Trypsin with 0.53 mM EDTA) was added to T25 flask. Make sure whole 

area of cell layer is covered by trypsin. Avoid agitate the cells by hitting or shaking the flask 

while waiting for the cells to detach to avoid clumping. Cells that are difficult to detach may be 

placed at 37°C to facilitate dispersal. Observe cells under an inverted microscope to confirm cell 

layer is dispersed (usually within 5 in room temperature or 3 min at 37°C). 5mL of complete 

growth medium was then added to collect cells by gently pipetting. Remove the Trypsin-EDTA 

solution by gentle centrifugation (5 min at 125 x g). Discard the supernatant, and suspend the 

cells in complete growth medium. Add appropriate aliquots of the cell suspension to new culture 

vessels with medium and incubate cultures at 37°C. The general seeding and final densities for 

HepG2 cells in different vessels was listed in table 2.1.  

Table 2.1. seeding and final densities for HepG2 cells 

Plate size culture area Seed/well  
approx 20% density (3 days before) 

Final count  
approx 90% density  

6-well 9.6cm2 3.5 x 105 1 x 106 

12-well 3.9cm2 1.5 x 105 4 x 105 

24-well 1.9cm2 7 x 104 2 x 105 

48-well 1.0cm2 3.5 x 104 1 x 105 

96-well 0.34cm2 1 x 104 3 x 104 

T25 flasks 25cm2 7x 105 2 x 106 

T75 flasks 75cm2 2 x 106 6 x 106 

10-cm dish 60cm2 1.5 x 106 4.5 x 106 

 

2.3.2 Freezing and thawing of HepG2 cell line 

Before being aliquoted and frozen down for in liquid nitrogen, cells were confirmed as free of 

bacteria, fungi, mycoplasma, and virus contamination.  Cells were stored long term in 

cryopreservation medium, comprising growth medium and 5% (v/v) DMSO sterile filtered 

before use through a 0.2um membrane filter. After rinsing cells twice in PBS, trypsinasing and 

gentle centrifugation (5min at 125xg), the final pellet is then resuspended for cryostorage at a 

concentration of 1x106 to 5x106 viable cells/mL (2x106/mL is generally optimal for HepG2 cells) 

and aliquoted into 1.0 to 1.8mL of the cell suspension per vial (depending upon the volume of 

the vial) and seal. Allow the cells to equilibrate in the cryopreservation medium at room 

temperature for a minimum of 15min, but no longer than 60min to avoid loss of cell viability. 
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After setting the vials in the freezing chamber, place at -70°C (or colder) for at least 24h. 

Alternately, use a programmable freezer unit set to cool the cryovials at -1°C/min until a 

temperature below -70°C is achieved. Quickly transfer the vials to liquid nitrogen or -130°C 

freezer. Frozen material will warm up at a rate of 10°C /min and cells will deteriorate rapidly if 

warmed above -50°C. Use dry ice to keep at this temperature if a longer time is needed for 

transfer. After 24h at -130°C, remove one cryovial and recover cells in culture to confirm their 

viability and sterility. Thaw the vial by gentle agitation in a water bath at 37°C for approximately 

2min. Remove the vial from the water bath as soon as the contents are thawed and decontaminate 

it by dipping in or spraying with 70% ethanol. Transfer the contents to a sterile centrifuge tube 

and slowly dilute with 10mL complete growth medium. Remove the cryoprotective agent by 

gentle centrifugation (5min at 125xg). Discard the supernatant, and resuspend the cells in 5mL of 

complete growth medium. Transfer the cell suspension into the T25 flask and mix thoroughly.  

2.3.3 MTT cell viability assay 

To determine non-lethal doses, cell viability after sporidesmin exposure was assessed using the 

MTT (3-(4, 5-dimethylthiazole-2-yl)-2,5-diphenyl tetrazolium bromide) assay, performed using 

the Vybrant® MTT Cell Proliferation Assay Kit (Life technology, Carlsbad, CA, USA). Cells 

were seeded at a density of 5000 cells/well in 96-well plate, with 6 repeats for each treatment 

concentration. After 48h of 0.5, 1, 2, or 3µg/mL SDM treatment, the media was replaced with 

100μL phenol red free medium, and 10 µL of a 12 mM MTT stock solution added to each well. 

After incubation at 37°C for 4 h, 75 µL of medium was replaced with 50 µL of DMSO to each 

well. Following mixing and incubation at 37°C for 10 min, the spectrophotometric absorbance of 

each sample was measured at 540nm using a microplate reader (BioTek Instruments, Winooski, 

VT, USA). 

2.3.4 Treatment and miRNA inhibitor transfection 

For treatment, cells were grown at a final concentration of 0.5μg/mL of sporidesmin in ethanol 

diluent (AgResearch, NZ) or equal volume of ethanol was added separately to each well. 

Transfection was done following the reverse transfection instruction of Lipofectamine 

RNAiMAX reagent. For studies in 12-well plates, 6pmol of mirVana miR-371-3p/5p, miR-372-

3p, miR-373-3p, miR-21-5p, and miR-31-5p inhibitors plus two controls BLOCK-iT™ Alexa 

Fluor® Red Fluorescent control and mirVana™ miRNA Inhibitor negative control were mixed 

with 2μL Lipofectamine RNAiMAX and 200μL Opti-MEM and then added to each relevant well 

prior to seeding HepG2 cells at a concentration of 50000 cells/ well (All transfection reagents 
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and inhibitors were from Life technology, Carlsbad, CA, USA). The final concentration of 

inhibitors and controls was 10nM. Culture medium was changed after 12 h incubation at 37°C 

and SDM or ethanol treatment was added 24 h after transfection. Each data point of this 

experiment was measured in triplicate. Transfection efficiency was also detected after 24 h under 

microscope based on red fluorescence from BLOCK-iT™ Alexa Fluor® Red Fluorescent control 

(Figure 2.3). 

     

Figure 2.2. Red fluorescence from BLOCK-iT™ Alexa Fluor®  Red Fluorescent control.  
HepG2 cells were transfected with the BLOCK-iT™ Alexa FluorR Red Fluorescent Control (30 
nM) using Lipofectamine™ RNAiMAX Transfection Reagent. Left: 24 h after transfection, 
nuclear localization of the control is seen. Right: Nearly 100% of the cells take up the control 
and retain a normal morphology, as seen in the bright-field image. 
 

2.4 Genomic DNA preparation 

Sheep liver tissue (50-100 mg) or up to 3X107 cold DPBS washed HepG2 cells  was digested in 

450 µL TNES lysis buffer (50 mM Tris-HCl pH 7.4, 0.1 M NaCl, 50mM EDTA pH 8.0 and 1% 

(w/v) SDS) and 140 µL 1 mg mL-1 proteinase K at 55℃ overnight, after which a further 140µL 

of 1 mg/mL proteinase K was added for an additional 2h. Any RNA was removed by treating 

with 200x RNase A at 37ºC for 45 min. Once isolated, a standard phenol chloroform extraction 

was performed followed by ethanol precipitation and subsequent solubilisation in water. DNA 

concentration and quality were determined and assessed using a NanoDrop Lite 

Spectrophotometer (Thermo Scientific) and 1% (w/v) agarose gel electrophoresis. Good quality 

DNA samples should have an A260/A280 ratio of 1.7-2.0 and an A260/A230 ratio of greater 

than 1.5. However, due to the sensitivity of different techniques, these contaminants may vary. 

Sheep liver tissue (50-100mg), or up to 3X107 cold DPBS washed HepG2 cells, was digested in 

450µL TNES lysis buffer (50mM Tris-HCl pH 7.4, 0.1M NaCl, 50mM EDTA pH 8.0 and 1% 

(w/v) SDS) and 140µL 1mg/mL of proteinase K at 55℃ overnight, after which a further 140µL 
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of 1mg/mL proteinase K was added for an additional 2h. Any RNA was removed by treating 

with 200x RNase A at 37ºC for 45min. Once isolated, a standard phenol chloroform extraction 

was performed followed by ethanol precipitation and subsequent solubilisation in water. DNA 

concentration and quality were determined and assessed using a NanoDrop Lite 

Spectrophotometer (Thermo Scientific) and 1% (w/v) agarose gel electrophoresis. Good quality 

DNA samples should have an A260/A280 ratio of 1.7-2.0 and an A260/A230 ratio of greater 

than 1.5. However, due to the sensitivity of different techniques, these contaminants may vary. 

2.5 RNA Preparation  

2.5.1 HepG2 total RNA including small RNA 

Total RNA including small RNA was prepared from HepG2 cells by a combination of Trizol 

Reagent and Pruelink RNA Mini Kit with PureLink DNase (Life technology, Carlsbad, CA, 

USA) according to manufacturer‟s instructions. Basically, lyse cells directly in one well of a 6-

well culture dish by adding 1mL of TRIzol Reagent to the dish and passing the cell lysate several 

times through an RNase-free pipet tip. The amount of TRIzol Reagent required is based on the 

culture dish area (1mL/10cm2) and not on the number of cells present. After 5min incubation at 

room temperature, add 0.2mL chloroform or 50μl 4–Bromoanisole/1 mL TRIzolR Reagent used. 

Shake the tube vigorously by hand for 15sec. After another 2–3min of incubation, centrifuge the 

sample at 12,000xg for 15min at 4℃. Transfer the colourless, upper phase containing the RNA 

to a fresh RNase–free tube, and then add an equal volume 100% ethanol to obtain a final ethanol 

concentration of 50%. Invert the tube to disperse any visible precipitate that may form after 

adding ethanol. Transfer sample to a spin cartridge with a collection tube from Pruelink RNA 

Mini Kit, centrifuge at 12,000xg for 15sec at room temperature. It is ideal to perform an on-

column PureLink DNase treatment at this point. First add 350μl wash buffer II to the spin 

cartridge containing the bound RNA, centrifuge at 12,000xg for 15sec at room temperature. 

After discarding the flow-through, add 80μl PureLink DNase mixture directly onto the surface of 

the spin cartridge membrane. After 15min DNase treatment, wash spin cartridge with 350μl 

wash buffer II followed by centrifuging at 12,000xg for 15sec. Centrifuge at 12,000xg for 

1minute at room temperature to dry the membrane. Discard the collection tube and insert the 

spin cartridge into a recovery tube. Add 30μl RNase–free water to the centre of the spin cartridge, 

incubate at room temperature for 1min. Collect extracted RNA by centrifuging the spin cartridge 

with the recovery tube for 2min at ≥12,000xg at room temperature.  
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The total RNA quality was confirmed using the RNA integrity number (RIN) generated by the 

Agilent Bioanalyzer 2100 with RNA 6000 Nano Chip kit (Agilent Technologies, Santa Clara, 

CA, USA). Total RNA form each sample with a RIN value over 9 was processed for further 

miRNA array analysis and RT-qPCR 

2.5.2 Frozen liver tissue total RNA for RT-PCR  

Approximately 50-100mg of frozen samples of liver tissue was homogenized in 1mL TRIzol 

Reagent using a Qiagen TissueLyser II. RNA extraction was performed using the Invitrogen 

PureLink™ RNA Mini Kit, including an on-column PureLink™ DNase treatment during the 

RNA purification procedure, as described above. The total RNA quality was confirmed using the 

RIN, all 26 samples with RIN>6.5 were used for downstream RT-PCR assay. Eight samples with 

RIN>7.5 were further processed for RNA-Seq analysis. 

2.6 Protein preparation 

To extract protein from HepG2 cells, first remove the culture media from the well, and then 

wash cells with cold DPBS. Add RIPA buffer (25mM Tris-HCl pH 7.6, 150mM NaCl, 1% NP-

40, 1% sodium deoxycholate, 0.1% SDS) with protease and phosphatase Inhibitors directly to 

the wells and swirled around to begin lysis of cells. Harvest cells lysate by gentle pipetting. Both 

nuclear and cytoplasmic proteins were extracted by NE-PER Nuclear and Cytoplasmic 

Extraction Reagents according to manufacturer‟s instructions without further modification. Final 

protein concentration was determined using the BCA protein assay kit (all reagents from Thermo 

Fisher Scientific, Waltham, MA, USA).  

2.7 Real Time RT-PCR  

2.7.1 General cDNA synthesis and PCR 

A total of 1ug DNase treated RNA was used for reverse transcription (RT), following the 

Superscript III (Invitrogen) manufacturer‟s instructions. The equivalent of 1µg RNA was added 

to a mixture containing 1µL 10mM dNTP and µL of 50µM Oligo dT(20) and incubated at 65ºC 

for 5min. cDNA mix comprising with 2µL 10xRT first strand buffer, 4µL 25mM MgCl2, 1µL 

Superscript III (or 1µL H2O for the RT negative samples) and 1µL RNase-out was then added to 

each sample and incubated at 50ºC for 50min, 85ºC for 5min and then chilled at 4ºC. 1µL RNase 

H was then added to each sample and incubated at 37ºC for 20min. qPCR was done on 

LightCycler 480 with LightCycler 480 SYBR Green I master mix (Roche Applied Science, 

Upper Bavaria, Germany) according to the manufacturer‟s instructions using multiple primers 
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(Table 2.2) and a generic amplification sequence of 5min for initial denaturation, followed by 45 

cycles at 95°C for 10sec, 58-60°C for 15sec, and 72°C for 15sec, plus a final melt curve analysis 

process for the final step. 

2.7.2 miRNA RT-PCR 

For miRNA expression validation, reverse transcription of mature miRNA was done by miScript 

II RT kit (Qiagen, Hilden, Germany) with 500ng total RNA and HiSpec buffer following 

manufacturer‟s instructions. 1 fmol of cel-mir-39 miRNA was added in each sample as a “spike-

in” control. Samples were diluted 2-20 fold for qPCR analysis on a LightCycler 480 (Roche 

Applied Science, Upper Bavaria, Germany) using miScript SYBR Green PCR kit and 

corresponding miScript Primer Assays (Qiagen, Hilden, Germany). Hs-RNU6 was used as 

housekeeping control. 

2.7.3. PCR primer design 

Primers for control and target genes were designed and tested using Primer-BLAST from NCBI 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome). For some 

unavailable sheep mRNA, we used bovine sequences as templates. The AgResearch bovine 

genome database was used to predict likely promoter sequence and this prediction further tested 

by alignment against either the human and mouse sequences (obtained from NCBI and UCSC 

database). Optimisation of annealing temperature for each primer set was carried out on an 

Eppendorf Mastercycler Gradient thermal cycler and product identity confirmed by gel 

electrophoresis prior to sequencing. Relative quantification analysis was performed in 

comparison with housekeeper genes histone H2A.1, SDHA (succinate dehydrogenase A) and 

cyclophyllin for either sheep or human. Primers are listed separately in each chapter. 

2.7.4. Data analysis for mRNA and miRNA quantification  

For mRNA quantification, mRNA transcripts were quantified relative to the geometric mean 

using three reference genes, while normalising for different amplification efficiencies, a, as 

follows: expression level of gene of interest (GOI) = [aGOI^(-CtGOI)]/([aREF1^(-CtREF1) x 

aREF2^(-CtREF2) x aREF3^(-CtREF3)]^(1/3)). For miRNA quantification, the 2−ΔΔCt method 

was used to determine relative quantitative levels of individual miRNAs and these were 

expressed as the fold difference to the relevant controls. For both miRNA and mRNA 

quantification, all experiments were carried out in triplicates and results presented as mean 

http://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_LOC=BlastHome
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values ± S.D. Student‟s t test was used to determine the statistical significance by using IBM 

SPSS Statistics 20.0. A p value ≤0.05 was considered to be statistically significant. 

2.8 Quantitative DNA Methylation Analysis with Sequenom 

2.8.1 Bisulphite Treatment, PCR Amplification and in vitro Transcription 

Extracted DNA was bisulphite converted using the Zymo EZ DNA methylation kit (Zymo 

Research) kit according to the manufacturer‟s protocol with Sequenom recommendations 

(alternative cycling protocol, 100µL elution volume). The bisulphite treated DNA was PCR 

amplified using developed primers incorporated with the T7 promoter tag on the reverse primer 

for in vitro transcription [5'-cag taa tac gac tca cta tag gga gaa ggc t-3'] and an 8 base pair insert 

to prevent abortative cycling and constant 5'-fragment for RNase A reaction on the forward 

primer [5' CAG TAA TAC GAC TCA CTA TAG GGA GAA GGC T-3']. The amplicons (listed 

in chapter 3.2.3) analysed were those representing an evolutionary conserved region upstream 

from the ABCG2 transcription site. 

 

Bisulphite converted DNA (1μL) was added to PCR reaction mix containing 0.4μM of each 

primer, 200 μM dNTP, 0.2 U of Hot Star Taq DNA polymerase (with accompanying MgCl2 

buffer giving a reaction volume of 5 μL. The reaction mix was pre-activated for 15min at 94°C, 

amplified over 45 cycles, each at 94°C for 20s, 55-62°C for 30s, and 72°C for 1min. The 

reaction mix was then held at 72°C for 3min. No-template controls were included for each 

amplicon to monitor PCR specificity. Following PCR reaction, 0.3U of shrimp alkaline 

phosphatase (SAP) in 1.7μL water was added to dephosphorylate any unincorporated dNTPs. 

The reaction was incubated at 37°C for 20min, and  SAP was then heat inactivated at 85°C for 

5min. 1μL of  this SAP-treated PCR mixture was run on a 1.5 % (w/v) agarose gel. 2μL of the 

mixture were used as template in a 7μl transcription reaction, containing 3.14mM DTT, 2.5mM 

dCTP, 1mM rUTP, 1mM rGTP, 1mM rATP, 20U T7 R&DNA polymerase and 0.09mg/ml 

RNase A in 0.64× T7 polymerase buffer (all reagents from Sequenom, San Diego). 

2.8.2 MALDI-TOF MS Measurements 

Transcription cleavage products were desalted by the addition of 20µL H2O and 6mg of CLEAN 

Resin and robotically spotted onto a 384-pad SpectroCHIP (Sequenom, San Diego) using a 

MassARRAY nanodispenser. Mass spectra were acquired using a MassARRAY MALDI-TOF 

MS (Bruker-Sequenom) and peak detection, signal-to-noise calculations and quantitative CpG 
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site methylation was performed using proprietary EpiTyper software v1.0.5 (Sequenom, San 

Diego). Non-quantifiable or ambiguous CpG units were excluded from analysis.  

2.8.3 Sequenom primer design 

DNA data sets were downloaded from Ensembl Genome Browser 

(http://asia.ensembl.org/index.html) and the ovine genomic DNA fragments containing complete 

ABCG2 gene was obtained from the assembly of Sheep Genome Browser Oarv2.0 

(http://www.livestockgenomics.csiro.au/cgi-bin/gbrowse/oarv2.0/), the latest assembly version 

when the experiment was performed during 2011-2012 (An Oarv3.0 assembly was released in 

2014). The conserve region was analysed by ECR browser (http://ecrbrowser.dcode.org/). The 

CpG islands prediction was done by CpG Island search server (http://www.cpgislands.com/), 

selecting limit parameters: %GC>60, obsCpG/ExpCpG=0.791, and length=1128. The aligned 

region was then inserted into EpiDesigner, an online tool (www.epidesigner.com) which designs 

bisulphite-converted PCR primers for EpiTYPER assays. Primers were designed to interrogate 

the maximal number of CpG sites in the promoter region. Sequences of the validated primers are 

shown in Table 2.3. 

Table 2.2. – Primers for Sequenom Analysis  

Amplicon Direction Primer sequence, 5' to 3' 
Target 

Length 

Analysiable 

CpG sites 

1 Forward 
Left: GTGTGGGATATTGGTAGTGGTTAAA 

Right: ACCCAACCAAATACTAAACCTAACC 
218 4 

2 Reverse 
Left: TAGGGAAATGATTATTTTTGGGTTT 

Right: AAACCTCATTTCTCAAAAACTCATTC 
281 5 

3 Forward 
Left: GTTAGGTTTAGTATTTGGTTGGG 

Right: ATATAAAATTCAAAACACAATCC 
437 10 

4 Forward 
Left: TTGGTTGGGTTTATTGATGATAGTT 

Right: TATAAAATTCAAAACACAATCC 
422 11 

 

2.8.4 Statistical analysis of DNA methylation data 

Statistical significance of the gene expression results was assessed using standard T-test. The 

data was analysed by an analysis of variance for the treatment groups given as clinical, non – 

http://asia.ensembl.org/index.html
http://www.livestockgenomics.csiro.au/cgi-bin/gbrowse/oarv2.0/
http://ecrbrowser.dcode.org/
http://www.cpgislands.com/
http://www.epidesigner.com/
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clinical and resistant using the R statistical package (The R Foundation for Statistical 

Computing). Where appropriate a log transformation was used to correct for skewed residuals. 

Multiple comparisons between the treatment groups were made using Tukey‟s test implemented 

in the R statistical package „Multicomp” [276].  

2.9. Microarrays 

2.9.1 Microarray labelling 

All samples were labelled by biotin using FlashTag Biotin RNA Labelling Kit. Microarray 

hybridization was carried out on Affymetrix Genechip miRNA 3.0 arrays as described by the 

manufacturer (Affymetrix, Inc, Santa Clara, CA, USA). The array provided complete coverage 

of miRBase version 17 (1733 Human mature, 1111 Mouse mature, 680 Rat mature, 1658 Human 

pre-miRNA, 855 Mouse pre-miRNA, 486 Rat pre-miRNA). Hybridisation, washing, scanning 

and initial data analysing of the microarrays were performed by the Adelaide microarray centre 

(University of Adelaide, Australia). 

2.9.2 Statistical and bioinformatics analysis of microarray data 

miRNA expression profiles were extracted from Affymetrix CEL files using Partek Genomics 

Suite (available: http://www.partek.com; Partek Inc., St Louis, MO). The signal intensity data 

were then subjected to robust multi-array average (RMA) background correction and quartile 

normalization. All data were converted to log2 values for further statistical analysis. Differences 

in miRNA expression levels between samples with different treatment were assessed using one-

way ANOVA tests. Significant differential expression of miRNA species between conditions 

was defined as a fold-change >2 or <-2 and P ≤0.05. A subset was selected, on the basis of 

biological interest, for further analysis and validation. At the same time, an R package from the 

Bioconductor project (www.bioconductor.org) called limma (Linear Models for Microarray 

Analysis) was also used to further confirm the differentially expressed miRNAs [277]. 

Hierarchical cluster analyses were performed using Pearson correlation.  

 

For bioinformatic analyses, the miRNA databases miRBase (http://microrna.sanger.ac.uk/) and 

miRWalk (http://www.umm.uni-heidelberg.de/apps/zmf/mirwalk/index.html) were used to 

identify potential and validated gene targets of miRNAs [278]. DIANA-mirPath [279] was 

applied to identify molecular pathways potentially altered by microRNA species exhibiting 

differential expression. 
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2.10. RNA-seq 

2.10.1 RNA library preparation for RNA-seq 

For transcriptomic comparisons among resistant (n=3), subclinical (n=2) and clinical (n=3) 

groups, a sequencing library was developed according to the protocol of the paired-end sample 

Preparation kit (Illumina, USA). Briefly, sample mRNA was enriched by using oligo(dT) 

magnetic beads and mRNA cleaved short fragments (about 200 bp) by adding fragmentation 

buffer. The first strand cDNA was synthesized by random hexamer-primer using the mRNA 

fragments as templates, and the second strand cDNA was synthesized by adding buffer dNTPs, 

RNase H and DNA polymerase I. The short double-stranded cDNA was then purified with 

QiaQuick PCR extraction kit (Qiagen) and resolved with EB buffer for end repair and single 

nucleotide A (adenine) tail addition, and then sequencing adaptors were ligated to the fragments. 

The required fragments were purified by agarose gel electrophoresis and enriched by PCR 

amplification. At the same time, an independent pooled sequencing library was prepared 

following the same protocol as above, to generate a sheep transcriptome de novo assembly.  

2.10.2 Illumina sequencing and sequences quality control 

The library products were then subject to sequencing analysis via the Illumina sequencing 

platform (HiSeq™ 2000). The original image data generated by the sequence providers was 

transferred into nucleotide sequences data by base calling, defined as raw reads and saved as 

„fastq‟ files. Raw reads produced from sequencing machines contain „dirty‟ reads, from 

remaining trace adapters, and unknown or low quality bases, all of which could negatively affect 

bioinformatics analysis. Clean sequence reads were generated filtering the raw reads using three 

separate criteria, namely 1) removing reads with sequence adaptors, 2) removing reads in which 

unknown bases represent more than 10%, and 3) removing reads in which the percentage of low 

quality bases (quality value ≤ 5) represents more than 50% in the read. All subsequent analyses 

were performed on these high-quality clean read data sets according to the bioinformatic analysis 

approach summarized in Figure 4.1 in Chapter 4. The RNA library preparation and Illumina 

sequencing was done by BGI (Beijing Genomics Institute, China). 

2.10.3 De novo transcriptome assembly 

The short read assembly program Trinity [280] was used to generate a sheep transcriptome de 

novo assembly. Briefly, the pair-end reads were combined according to length of overlap, to 

form contigs which were longer fragments matching the reads. Then the reads were mapped back 

to contigs to discriminate contigs from the same transcript, as well as the distances between these 
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contigs, by using the information of pair-end reads. The Trinity tools then connected the contigs, 

generating sequences that cannot be extended on either and thus defining a set of UniGenes. 

Finally, the UniGenes were clustered using TGI Clustering tools (TGICL) [281] for obtaining 

the most distinct and longest non-redundant UniGenes possible. After clustering, the UniGenes 

were used for BLAST search and annotation against NCBI NR, NT and Swiss-Prot database, and 

the best alignments used to decide the sequence direction of the UniGenes. If a UniGene did not 

align with any of the above databases, ESTScan software [282] was used to decide sequence 

direction. The Blast2GO program [283] was used for initial functional annotation via gene 

ontology terms (GO;http://www.geneontology.org). Further annotation was then performed by 

BLASTing all UniGenes against Cluster of Orthologous Groups (COG) database and Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database. 

2.10.4 Mapping of the samples reads to the transcriptome and analysis of 

differentially expressed genes 

Clean reads for resistant, subclinical and clinical experimental samples were mapped to the 

sheep reference transcriptome sequences using SOAPaligner/soap2 [284], allowing for no more 

than two 2 mismatched bases in the alignment for each read. Alignment statistical analysis was 

conducted to evaluate the sequencing and mapping quality, and to quantify the abundance of 

transcripts for each sample (Figure S4.1, S4.2). The level of gene expression was then calculated 

by the numbers of reads uniquely mapped to a reference sequences (UniGenes) using the RPKM 

[285] method (reads per kilobase of transcript per million mapped reads) according to the 

formula below: 

 

910 CRPKM
NL


 

C = number of uniquely mappable reads that aligned to one UniGene 

N = total number of uniquely mappable reads for all UniGenes 

L = number of bases on the UniGene 

The coverage depth of each transcript was also determined (Figure S4.3). If there was more than 

one alternative transcript for a gene, the longest was used to calculate both its expression level 

and coverage. We then identified differentially expressed genes (DEGs) among resistant, 

subclinical and clinical samples [286] [287]. Fold changes for DEGs were calculated and FDR 

(false discovery rate) used to determine the threshold of P value for judging the significance of 
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gene expression difference. The criterion for screening of differentially expressed genes was 

arbitrarily set as the following: FDR ≤ 0.001 and fold change ≥ 2. 

2.10.5 Expression pattern, function enrichment and network analysis of DEGs 

Genes with similar expression patterns may be functionally and phenotypically correlated. We 

performed cluster analysis of gene expression patterns with TIGR MultiExperiment Viewer 

software version 4.9 [288] (Figure 2.7). Each column represents an experimental sample (from 

resistant, subclinical and clinical group), while each row represents a DEG. Expression 

differences are shown in different colours with blue representing mean low levels of gene 

expression and yellow representing higher levels. To identify the principle biological functions 

of the DEGs we then mapped them to terms in KEGG database and GO database, looking for 

significantly enriched terms compared to the genomic background. DEGs were functionally 

grouped into gene ontology networks using the Cytoscape v2.8.3 software 

(http://cytoscape.org/index.php) with the ClueGO plug-in v1.8 (http://www.ici.upmc.fr/cluego/) 

[289]. ClueGO established a significant gene-term matrix and biologically functional groupings 

for all DEGs at different GO term levels. Pathway-based analysis further informed the biological 

functions of the DEGs, suggesting significantly enriched metabolic or signal transduction 

pathways associated to the DEGs, compared to the whole genomic background. The statistical 

significance of the terms analysed was calculated with two-sided enrichment/depletion 

hypergeometric test and Bonferroni P-value correction. In addition, we performed gene 

interaction network analysis by using Cytoscape plug-in MiMI [290] to connect to the MiMI 

database (http://mimi.ncibi.org) and view the involved interactions. 

2.11. Western blotting 

Western blotting was performed to assess the level of protein expressed in HepG2 cells. 10-30μg 

of total protein was resolved by SDS-PAGE and transferred onto Immobilon-PSQ, 0.2 PVDF 

µm membranes (Thermo Fisher Scientific, Waltham, MA, USA). Primary antibodies for Akt pan, 

phospho-Akt ser473, Phopho-Gsk-3 (ser9), b-catenin, CYP2C18 (Cell Signaling Technology, 

Danvers, MA, USA), and loading control b-actin (Santa Cruz Biotechnology, CA, USA ) were 

used according to manufacturers‟ instructions. Anti-rabbit (Life technology, Carlsbad, CA, USA) 

and anti-mouse (Abcam, Cambridge, MA, USA) HRP-conjugated secondary antibodies were 

diluted 1:100,000 and 1:10,000 in 2% skim milk/TBS-0.1% Tween20. Blots were developed 

using enhanced chemiluminescence (ECL) (Thermo Fisher Scientific, Waltham, MA, USA). 

Band intensities from ECL detections were quantitated using ImageJ software. 

http://www.ici.upmc.fr/cluego/
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2.12. RRBS and RRHP 

The overall workflow of RRBS (reduced representation bisulfide sequencing) and RRHP 

(representation reduced hydroxymethylation profiling) experiment execution and bioinformatic 

analysis was summarized in Figure 2.3. 

 

Figure 2.3. Workflow of RRBS and RRHP analysis 
 

2.12.1. DNA library construction for RRBS 

For methylation comparisons among resistant (n=3), subclinical (n=3) and clinical (n=3) groups, 

a sequencing library was developed. 500 ng Genomic DNAs were fragmented with MspI and 

TaqI, which cuts DNA at C↓CGG and T↓CGA sequence regardless of cytosine methylation 

status sequentially to ensure the presence of a CpG in every read. After a size selection of TaqI-

MspI fragments (40-120 bp and 120-350 bp), The 3'-terminal recessive ends of digested DNA 

fragments were modified by filling-in an extra A for later adapter ligation on both strands with 

Zymo Research DNA Clean & Concentrator™-5 kit (DCC™). Following the Illumina DNA 
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preparation kit and protocol, Ma methylated-adapter oligos that contain 5-methyl-cytosine 

instead of cytosine were then added to fragments to maintain integrity, then a bisulfide 

conversion was performed on the Purified, adaptor ligated fragments by using the EZ DNA 

Methylation-Direct™ Kitduring the subsequent bisulfide conversion. Preparative-scale PCR was 

then performed, and products were subjected to a final were used for size selecton on a 4% 

agarose gel. Library fragments of 130–210 bp or 210–460 bp were recovered from the gel and 

bisulfide converted to reach a consistent C-to-U conversion. The bisulfide-converted DNAs were 

amplified by PCR to form the final RRBS libraries for Illumina sequencing (Figure 2.4). 

 

Figure 2.4. DNA library construction for RRBS 
Genome DNA were digested by MspI and TaqI, end of DNA fragments were repaired and 
modified by filling-in an extra A for adapter ligation on both strands. After Size selection， 
bisulfide conversion was applied to reach a consistent C-to-U conversion. The converted 
fragments were then amplified for hybridization and sequencing. 
 

2.12.2. DNA library construction for RRHP 

2.12.2. DNA library construction for RRHP 

Genomic DNAs from resistant (n=3), subclinical (n=3) and clinical (n=3) sheep were fragmented 

with MspI, followed by purification of the resultant fragments with the DCC. Purified fragments 

were ligated with T4 DNA ligase to TruSeq-style adapters, wherein the CCGG site was 
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reconstituted at the P5 junction, which originally contains the CGG end, but not at the P7 

junction, which contains C end. All adapter and PCR oligos were synthesized by IDT (Integrated 

DNA Technologies Inc.). Following brief extension with GoTaq (Promega), the library was 

glucosylated with T4 -glucosyltransferase (β-GT) to selectively label 5-hmC positions at 

adapter junctions, thus preventing digestion of the adapter away from the fragment. A final 

round of MspI digestion was then applied to eliminate fragments lacking 5-hmC at the junction 

which was not prevented by β-GT glucosylation. After inactivation of the enzyme and gel-

purification, library fragments of 150-500 bp were subjected to limited amplification with 

indexing, adapter-specific primers. Only fragments with intact adapters on both sides could be 

amplified for following hybridization and sequencing (Figure 2.5). 

 

Figure 2.5. DNA library construction for RRHP  
The assay exploits β-GT to selectively label 5-hmC positions at adapter junctions, thus 
preventing digestion of the adapter away from the fragment. Fragments lacking 5-hmC at the 
junction will not be labeled and the adapter can be digested away. Only fragments with intact 
adapters on both sides will be amplified for hybridization and sequencing.(This figure is cited 
from poster „Genome-wide human brain DNA 5-hmC profiling using a novel sequence- and 
strand-specific method‟ ) 
 

2.12.3. Illumina sequencing  

Paired-end sequencing reads of 50 bp were generated from the purified RRBS and RRHP 

libraries on an Illumina Genome Analyzer II following manufacturer‟s recommended protocol. 
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Image processing, reads identification, and analysis were performed using standard Illumina 

pipeline with standard Illumina base-calling software. Initial data analysis was then done using a 

Zymo Research proprietary analysis pipeline. Sample library preparation, sequencing and initial 

data analysis for RRBS and RRHP were performed by service provider Zymo Research as 

described [291] [292]. 

2.12.4. Differentially methylated cytosine (DMC) identification and annotation  

For bisulfide mapping, residual cytosines (Cs) in each read were first converted to thymines (Ts), 

with each such conversion noted for subsequent analysis. A reference sequence database was 

constructed from the 50-bp ends of each computationally predicted MspI-TaqI fragment in the 

40-350 bp size range. All Cs in each fragment end were then converted to Ts; the converted 

reads were aligned to the similarly converted sheep reference genome by Bowtie. The number of 

mismatches in the induced alignment was then counted between the unconverted read and 

reference, ignoring cases in which a T in the unconverted read is matched to a C in the 

unconverted reference. For a given read, only the best alignment was kept. If there is more than 

one best alignment, the read was discarded as non-unique. All discriminates between cytosine 

methylation in CpG, CHG and CHH context were output. The methylation level (average 

methylation ratio) of each sampled cytosine was estimated as the number of reads reporting a C, 

divided by the total number of reads reporting a C or T. Fisher‟s exact test or t-test was 

performed for each CpG , CHG and CHH site which has at least 5 reads covered, where H means 

“not G” (A, T, or C). The differential Hypo/hypermethylation calls were determined by the 

difference of methylation ratios in the given two samples comparison as the following criterion: 

hypermethylated: 0-33% more methylated than the reference (p-value≤0.05); hypomethylated: 

0-33% less methylated than the reference (p-value≤0.05); strongly hypermethylated: 33-100% 

more methylated than the reference (p-value≤0.05); strongly hypomethylated: 33-100% less 

methylated than the reference (p-value≤0.05); insignificant: statistically insignificant difference 

in methylation (p-value>0.05). The pvalue significance was computed by the chi-square test 

using the number of methylation/non-methylation calls for each sample. Also based on the sheep 

annotation in NCBI (http://www.ncbi.nlm.nih.gov/), Ensembl 

(http://www.ensembl.org/index.html) and Csiro 

(http://www.livestockgenomics.csiro.au/sheep/oar3.1.php), all CpG, CHG and CHH sites were 

annotated, including intergenic region, promoter, gene body 5' and 3'UTR, exon and intron. The 

promoter was defined as 5000bp flanking regions on upstream of a given refseq gene mRNA.and 

http://www.ensembl.org/index.html
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CpG island annotations were added for each CpG. The software whole analysis pipeline is 

implemented in Python, Perl and R. 

2.12.5. Differentially hydroxymethylated cytosine (DhMC) identification and 

annotation 

After quality control, FASTQ data were filtered for the CCGG tag and aligned to sheep reference 

genome (ISGC Oar_v3.1/oviAri3) using Bowtie 0.12.9 with default parameters and for any 

given read, only the best alignment was kept. The read counts for each hMC site of every sample 

were extracted from the corresponding aligned Bam files. Sheep FASTQ sequence files were 

aligned to Sheep (ISGC Oar_v3.1/oviAri3) references using Bowtie 0.12.6 with no more than 

two mismatches within the first 25bp. Then bayseq, an empirical Bayesian analysis of patterns of 

differential expression in count data was used for read counts normalization and comparison 

analysis between different treatments. For each hMC site of a given comparison, a classification 

label “absent” was assigned to it if all the samples read count within one of two treatments 

equals to 0, and a classification label “present” was assigned to it if there was none-zero read 

count record for at least one sample within both of two treatments. Read count ratio was also 

calculated for any two treatments. For an “absent” labelled treatment (read counts equals to 0), a 

small number (0.001) was assigned to it to prevent error. Finally, a customized criterion was 

determined to define the differentially methylated sites as following: 1) FDR<=0.05, 2) if 

prospective hmC site was not detected in one group, read count of the other group>=3, 3) if 

prospective hmC site was detected in both group, the read count ratio>=8. 

2.12.6. Pathway enrichment analysis for DMC and DhMC 

To recognize the main biological functions that above annotated genes (AGs) exercise, we 

mapped all related genes for DMC and DhMC to terms in KEGG database and GO database, and 

looked for significantly enriched terms comparing to the genome background. AGs were 

functionally grouped into gene ontology networks using the Cytoscape 3.1 software 

(http://cytoscape.org/index.php) with the ClueGO plug-in v2.1.2 (http://www.ici.upmc.fr/cluego/). 

ClueGO established a significant gene-term matrix and biological functional groups for all AGs 

at different GO term levels. Pathway-based analysis helped to further understand the biological 

functions of AGs, which identified significantly enriched metabolic pathways or signal 

transduction pathways in AGs comparing with the whole genome background. The statistical 

significance of the terms analysed was calculated with two-sided enrichment/depletion 

hypergeometric test and Bonferroni P-value correction. 
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2.13. Discussion 

2.13.1 Animal and cell models 

The obvious ethical and safety limitations constrain the study of toxicology studies in humans to 

retrospective analysis of exposures. Animal models are often used as a platform for investigating 

mechanisitic aspects and in the current context, the ruminant sheep is an appropriate model 

exhibiting both a resistant and susceptible phenotype with exposure to SDM. Furthermore, the 

realtively „in-bred‟ nature of population in NZ, make its utility for studying potential epigenetic 

contribution to mycotoxin resistance, analogous to that of maintained in–bred mouse strains. 

Additionally, the comparable organ size and biological similarity of liver (in terms of structure, 

physiology and pathology with disease) makes extension of findings to the human situation more 

confident [293] [294]. 

 

Human cell culture models also offer a number of advantages for research, as either primary or 

secondary (immortalized) cell lines. Primary cultures are often short-lived and generally consist 

of more than one cell type, while secondary cell lines often originating from tumour cells, 

transformed cells, or hybridoma cells, are immortalized and usual consist of single type of cell. 

Cell culture models are ideal for studies of molecular mechanisms because they multiply rapidly, 

are well controlled and easy to maintain. In addition, cells models are ideal for estabslihing 

causality of effect, notably through the use of foreign DNA or RNA transfection assays. 

However, because cell lines are often derived from tumours, the possibility of confounding 

genetic aberrations must be considered when interpreting findings. Continuous culture of cells 

might also produce unwanted and/or unexpected mutations [295]. In the current work, the 

HepG2 cell line was used as a complementary model for the sheep studies, to demonstrate the 

generality of findings to the human case and to allow cause and effect investigation of the 

putative epigenetic mechanisms observed with mycotoxin response. HepG2 was chosen 

primarily because: 1) it is derived from the human liver tissue, the primary site of action for 

many mycotoxins, 2) it is a low grade, relatively benign cancer line, which is more similar to 

normal liver cell rather than other tumour derived cells [296], 3) it is well characterized after 

much study and amenable to transfection, allowing a focus on molecular experiments.  

2.13.2 High throughput methods  

With the development of sequencing and array technology, high throughput method, which 

serves as the fundamental method for omics research is more and more popular in the last decade. 
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Different from conventional studies with limited targets, omics research such as genome, 

proteome, and transcriptome allows researchers to study cell function, gene interaction, and 

response of pathogens in and rapid, highly parallel manner. In our study, 4 types of high 

throughput methods were involved, including RNA sequencing, microRNA array, RRBS, and 

RRHP. 

 

The reason that RNA-seq was chosen to perform sheep gene expression profile in response to 

mycotoxin SDM is 1) RNA-seq provides the most comprehensive trascriptomic information, and 

2) RNA-seq is not limited by less studied species such as sheep. The related methods that might 

achieve similar results at the moment are transcriptome/gene expression arrays and PCR arrays. 

Transcriptome/gene expression arrays, such as GeneChip transcriptome arrays from Affymatrix 

and whole-genome gene expression arrays from Illumina, provide a comprehensive profile of 

gene activity from small amount of biological samples. The providers normally update such 

arrays with newer version to cover the most up-to-date transcripts and splice variants. Although 

efficient transcriptome/gene expression arrays are ideal for large gene expression studies, the 

species that covered by arrays are limited mainly in human, mouse and rat. PCR Arrays, such as 

RT2 Profiler PCR Arrays from Qiagen, are sets of optimized real-time PCR primers pre-loaded 

in ready to use PCR plates. This method is based on general PCR technique, thus can be 

routinely used on any real-time PCR instrument. It is an economical way to profile the 

expression of a panel of genes involved in certain pathway or disease. However, the coverage of 

PCR arrays is very limited compare to RNA-seq and transcriptome array.  

 

Similar with gene expression profiling, microRNA profile can also be achieved by microRNA 

sequencing, which is most comprehensive but costly, PCR arrays, which is cost-effective but 

limited, and microRNA arrays, which is both comprehensive and affordable. Since our assay was 

done in human HepG2 cells, microRNA array appear to be the suitable method to choose. 

 

Several methods so far have been developed to map genome wide DNA methylation including 

methylated DNA immunoprecipitation sequencing (MeDIP-seq), methylated CpG island 

recovery assay (MIRA), methylated DNA capture by affinity purification (MethylCap), whole-

genome bisulfide sequencing (WGBS), RRBS, and Infinium methylation array. The technology 

comparison among MeDIP-seq, MethylCap, RRBS, and Infinium methylation array was nicely 

outlined in Figure 2.6 (from Christoph Bock & Eleni M Tomazou‟ study [297]). Briefly, MeDIP-
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seq method involves immunoprecipitation with a specific anti-5- methylcytosine antibody to 

retrieve methylated DNA fragments generated by sonication [298]. MethylCap-seq and MIRA 

are similar methods which uses methyl-binding domain proteins (MBD) such as MBD2b and 

MBD3L heterodimer to capture sonicated DNA fractions with certain methylation level [299] 

[300]. Thus these two methods cannot detect non-CpG methylation. Bisulfide-based methods 

WGBS and RRBS use a chemical reaction that selectively converts unmethylated, but not 

methylated, cytosines into uracils, therefore introducing methylation-specific, single nucleotide 

polymorphisms into the DNA sequence. This reaction is also basic of methylation-specific PCR 

(MSP), which amplifies and detects a methylated region of interest using methylated-specific 

primers with bisulfide-converted genomic DNA. Compared with WGBS, the cost of RRBS is 

considerably less, but it represents a well-defined set of genomic regions with variant CpG 

density [301]. The Infinium methylation array combines bisulfide-based method and microarray-

based method [302]. However, due to sheep species specificity, microarray-based methods are 

not suitable for our study. Due to its high coverage and cost efficiency, we employed RRBS 

method to analysis sheep genome methylation under the context of xenobiotic response. 

 

 

Figure 2.6. Outline of the DNA methylation technology comparison. [299] 
 

Genome-wide cytosine hydroxymethylation detection methods developed later than methylation 

assays. So far high throughput methods to detect 5-hmC include Tet-assisted bisulfide 
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sequencing (Tab-seq), hydroxymethylated DNA immunoprecipitation (hMeDIP), RRHP. Tab-

seq combines Tet enzyme and bisulfide conversion to distinguish 5-mC and 5-hmC. To generate 

sequencing library, genomic 5-hmC is first protected by glucosylation, and then treated with a 

Tet enzyme, converting 5-mC to 5caC, while leaving the glycosylated 5-hmC untouched. 

Therefore in the resulting sequence any „C‟ read is interpreted as 5-hmC[303] (Figure 2.7). 

hMeDIP employed the same principle as MeDIP with specific 5-hmC antibody to capture 5-hmC 

contained DNA fragments [304]. Compare to the methods above, RRHP not only costs less but 

also allows us to make parallel comparison with methylation profile from RRBS. 

 

Figure 2.7. Library generation of Tab-seq 
5-hmC is protected specifically by β-GT to generate 5-gmC, followed by oxidation of 5-mC to 5-
caC by mTet1. Only 5-gmC is read as C after bisulfide treatment and PCR amplification. 
 

High throughput methods provides the molecular profile of cells under certain circumstances, 

which could be shared, combined, and compared as a long-last resource. In addition, they 

enlighten researchers with ideas which emerged from the profile itself. These ideas, in my point 

of view, might be the most valuable output of high throughput methods. It is important that 

another high-throughput or general method should be used to verify the result from high 

throughput methods.  
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Chapter 3. Epigenetic regulation of ABCG2 gene in mycotoxin resistance  

3.1. Introduction 

In both humans and animals oxidative stress is linked to diverse pathologies, often involving 

hepatotoxicosis. In pastoral agriculture the practise of free grazing in particular exposes ruminant 

animals to a range of seasonal xenobiotic challenges which cause liver damage, and may 

markedly affect their production and reproduction efficiencies as a consequence of impaired 

metabolism. The disease facial eczema (FE) is a primary example of such a xenobiotic challenge 

and results from ingestion of the mycotoxin sporidesmin, produced by spores of the saprophytic 

fungus Pithomyces chartarum, a coloniser of the dead herbaceous material which accumulates in 

late summer pasture [305-310]. FE leads to significant weight loss, bladder and mammary gland 

damage, and a pronounced loss of milk production and reduced fertility, in both sheep and cattle 

[310, 311]. While often fatal in „bad‟ seasons, the real health and economic impact of FE begins 

with the accumulated effects of prolonged and repeated exposures which cause progression to 

the less evident sub-clinical phase. This is defined clinically as liver inflammation and by the 

associated necrosis of hepatocyte and bile duct cells [305, 307]. The consequential blockage of 

the bile duct impairs excretion of break down products normally generated by the metabolism of 

chlorophyll, notably the photodynamic pigment phylloerythrin, which then accumulate and 

disseminate systemically through the blood stream. Where blood vessels are close to the surface 

and not protected by wool or hair, the phylloerythrin absorbs UV light and becomes chemically 

reactive, triggering the photosensitisation and skin blistering which characterizes the full clinical 

manifestation of FE [305, 309]. Notably, the transport of phylloerythrin has been shown to be 

ABCG2 dependent in functional in vitro studies of both human and porcine kidney cells [312].  

 

Given that porphyrin- based photosenitizers are bone fide substrates it is not suprising that 

ABCG2 is one of several potential positional candidate genes uncovered by QTL mapping of 

chromosomal regions displaying linkage with FE resistance in ovine genetic selection lines 

maintained for over 30 years [313]. In the current study we correlate the expression of ABCG2 

with the extent of FE phenotype after sporidesmin challenge in sheep, supporting its potential 

utility as a biomarker for the etiology and progression of FE disease. Further, we demonstrate 

that ABCG2 gene activation under xenobiotic challenge may depend upon epigenetic 

mechanisms. Specifically, we show that genomic methylation in the promoter regulatory region 

is inversely correlated with levels of ABCG2 expression, but directly associated with 

pathological progression of disease amongst individual animals challenged with the xenobiotic 
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sporidesmin. By using the sensitive Sequenom EpiTyper mass spectrometry platform we are able 

to define the association between disease phenotype and promoter methylation to the resolution 

of single CpG sites, thus allowing greater insight into the potential molecular mechanisms 

underlying this relationship. It is hoped that these findings will inform potential opportunities for 

epigenetic based diagnostic assessment and the possible remediation of xenobiotic diseases, such 

as FE. 

 

The work from this chapter has been published in Journal of Proteomics: 

Kavitha Babu1, Jinbi Zhang1, Stephanie Moloney, Tony Pleasants, Cameron McLean, Sin H 

Phua, Allan Sheppard (2012) Epigenetic regulation of ABCG2 gene is associated with 

susceptibility to xenobiotic exposure. Journal of Proteomics 75(12):3410-8. [314] 

3.2. Results 

3.2.1. GGT Levels in the Challenged Animals 

GGT serum levels are widely used as a measure of biliary damage in the liver [315] and are thus 

an indicator of physiological response following sporidesmin toxin challenge. Based on GGT 

levels alone it is possible to predict a liver injury score and thus the potential degree of 

resistance/susceptibility to disease such as FE [310]. Time-series measurements were therefore 

used to categorize the phenotypic response in individual sheep (Figure 3.1). Those animals 

whose GGT values remained relatively constant throughout the five week monitoring period 

were classified as resistant, whereas those animals showing significant increases in GGT levels 

were grouped as susceptible. Further discrimination of the latter group as either sub-clinical or 

clinical was based purely on a visual assessment of signs of photosensitivity, i.e. lesions on areas 

of the body not protected by wool/hair. Serum GGT levels reached an initial peak 3 weeks after 

sporidesmin challenge and remained at these levels for the remainder of the experiment (Figure 

3.1).  
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Figure. 3.1. Dynamics of serum GGT levels after sporidesmin exposure.  
Following a single dosing of sporidesmin, serum GGT levels were measured at weekly intervals 
and the dynamics of response used to classify individual subjects as 'resistant' or 'susceptible', 
the latter encompassing both non-clinical and clinical responses. Shown is the dynamics of GGT 
response for one trial (n = 11 animals in total). Very similar dynamics were observed in a 
second independent trial. GGT levels increase significantly and similarly in all susceptible 
animals, while the lack of GGT response is indicative of animals 'resistant' to sporidesmin 
challenge. 

3.2.2. ABCG2 Gene Expression  

The expression of ABCG2 was compared to that of GGT and measured in liver tissue samples 

collected at the end of the trial, several weeks after the sporidesmin challenge. Primers used for 

qPCR were listed in Table 3.1. As expected, levels of GGT gene expression did not vary with 

sporidesmin exposure. However, ABCG2 expression did vary amongst subjects after challenge. 

Notably, animals subsequently defined as „resistant‟ by GGT levels and dynamics (Figure 3.1) 

exhibited a modest higher level of gene expression compared to those classed as susceptible 

(Figure 3.2). While the difference in mRNA expression only tended towards significance when 

comparing the resistant and sub-clinical phenotypes, the difference in expression was clearly 

significant when contrasting resistant animals with full clinical cases, suggesting the extent of 

pathology that is manifest is influenced by levels of ABCG2 gene activity, either endogenous or 

induced by exposure. Unfortunately, a lack of species cross-reactivity in currently available 

reagents means we have yet to formally demonstrate that this differential mRNA expression 

results in increased protein production (Western blot) or cell-surface presentation (flow 



73 

 

cytometry) in sheep tissues. However, we are currently trying to establish functionality with cell 

based sporidesmin inhibitor studies.   

Table 3.1. Primers for RT-PCR 

Gene Primer sequence, 5' to 3' Size (bp) Ta (ºC) Ref / GenBank Accession 

H2a.1 
Forward: TCCGCAAGGGTAACTACG 

Reverse: CCCAGCAGCTTGTTGAG 
193 60 XM_607721.2 

SDHA 
Forward: GCAGAACCTGATGCTTTGTG 

Reverse: CGTAGGAGAGCGTGTGCTT 
185 60 NM_174178 [316] 

Cyclophyllin 
Forward: GCATACAGGTCCTGGCATCT 

Reverse: TCTCCTGGGCTACAGAAGGA 
280 60 NM_021130.3 

ABCG2 
Forward: GCATCCCTCGATACGG 

Reverse: TGCCAAGGCTACGTGA 
188 60 

DQ886530.1 

NM_001078657.1 

GGT 
Forward: GCATACAGGTCCTGGCATCT 

Reverse: TCTCCTGGGCTACAGAAGGA 
221 60 XM_867430.2 

 

 

Figure 3.2. Level of ABCG2 gene expression in the liver of sheep five weeks after sporidesmin 
challenge. 

Quantitative PCR was used to measure levels of ABCG2 gene expression in relation to a 
geomean of housekeeping genes and results presented by disease phenotype classification. 
Notably, expression in 'resistant' animals is significantly higher than in 'susceptible' animals. 
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3.2.3. Quantitative DNA Methylation Analysis 

To assess whether the differential expression of ABCG2 in resistant and susceptible animals 

might be encoded by epigenetic mechanisms we next measured the degree of DNA methylation 

variance at CpG sites between these phenotypes. Our bioinformatics analysis identified a “CpG 

island”, based on the overall relative density of sites that it contains (Figure 3.3A). Contained 

within this CpG island is an evolutionary conserved but relatively CpG poor region, upstream of 

the putative ovine ABCG2 transcription start site (TSS) (Figure 3.3A). By contrast, the UTR 

after the TSS is relatively CpG rich by comparison. We have analysed the methylation of 

individual CpG sites in both the conserved (CpG poor) and UTR (CpG rich) regions of the CpG 

island using overlapping primer sets (Figure 3.3B). The methylation status and variance of all 

analysable CpG sites measured across all animals in the trial is summarized in Figure 3.3C. For 

most of the CpG sites in the conserved region (represented by Amps 1 and 2) and all the CpG 

sites in the UTR (represented by Amps 3 and 4) we did not find any notable relationship between 

methylation status and phenotype outcome after sporidesmin exposure (Table 3.2). 

 

Figure 3.3. Sequenom EpiTyper analysis of CpG methylation at sites in the sheep ABCG2 
promoter and 5'UTR region.  

 

http://www.sciencedirect.com/science/article/pii/S1874391912002618
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A. Position of Sequenom amplicons (1–4) in the ABCG2 gene shown by curved brackets. Dark 
grey bar represents exons; light grey bar represents CpG island region in ABCG2. B. Relative 
position of analysed CpG sites in each amplicon. Black circles represents analysable CpG sites. 
Boxed CpGs indicates sites which we have found to vary significantly with phenotype. C. 
Variation in methylation status of analysable CpG sites measured across phenotype. Left panel 
represents methylation variance in all “resistant” (R) and “susceptible” (S) animals within 
promoter region of ABCG2. Boxed CpGs are those which we found to vary significantly. Right 
panel represents methylation variance in all animals (R + S combined) within the UTR region of 
ABCG2. 

Table 3.2 Analysis of GpG sites not exhibiting significant variance with phenotype outcome 

Amplicon CpG Position in amplicon Mean+SE 

1 
Chr6: 40689993-40690273 

36486478-36486758* 

1 27 0.078 ± 0.005 

2 54 0.008 ± 0.003 

6,7 232 0.013 ± 0.003 

2 
Chr6: 40689993-40690273 

36486590 -36486807* 

4 115 0.02 ± 0.004 

6,7,8 180 0.007 ± 0.002 

3 
Chr6:40690299-40690762 

36486784-36487189* 

1 41 0.057 ± 0.007 

2,3 61,65 0.032 ± 0.009 

5,6 86,89 0.027 ± 0.009 

7 94 0.015 ± 0.005 

10,11 129,131 0.013 ± 0.004 

16 182 0.01± 0.001 

30,31 269,275 0.026 ± 0.003 

32,33,34 295,300,303 0.013 ± 0.003 

35 312 0.012 ± 0.003 

52,53 412,414 0.006 ± 0.003 

4 
Chr6:40690313-40690762 

36486798 -36487188* 

1 27 0.050 ± 0.007 

2,3 47,51 0.020 ± 0.004 

5,6 72,75 0.034 ± 0.010 

7 79 0.007 ± 0.002 

8,9 97,101 0.008 ± 0.005 

10,11 115,117 0.008 ± 0.003 

16 168 0.004 ± 0.001 

30,31 255,261 0.030 ± 0.003 

32,33,34 281,286,289 0.013 ± 0.002 

35 298 0.012 ± 0.002 

52,53 398,400 0.008 ± 0.006 

*Underlined sequence numbers were based on the latest released sheep genome version (Sheep 
Aug. 2012 (ISGC Oar_v3.1/oviAri3) Assembly), which is different from the version Sheep Feb. 
2010 (ISGC Ovis_aries_1.0/oviAri1) we used when the study was performed. 
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However, two CpG sites located in the CpG poor conserved region did show considerable 

variance and a clear association with phenotype outcome. Specifically, methylation was 

significantly different (at both of these CpG sites) between animals classified as either 

susceptible or resistant (Figure 3.4), as defined by GGT response (Figure 3.1). As these 

particular sites were represented in both Amps 1 and 2, and given that very similar if not 

identical levels of significance were found for each site, our data effectively provide an 

independent technical replicate for the observation that methylation variance with phenotype is 

particular to individual CpG sites. Notably, in resistant animals the mean methylation is lower 

than that observed in susceptible animals, consistent with the expected inverse relationship with 

the ABCG2 mRNA expression measured by PCR (see above). The methylation state of these 

specific CpG sites is therefore associated with both phenotype outcomes after sporidesmin 

challenge and inversely correlated with gene expression activity within a phenotype 

classification. 
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Figure 3.4. Statistical analysis of specific CpG sites which show differential methylation 
between disease phenotype outcomes.  

 

Note that the significant CpG sites are each represented twice, once in each amplicon thus 
providing an independent replicate of the Sequenom interrogation. Indeed, the levels of 
significance measured for each site, by each amplicons are identical or very near so providing 
confidence in the findings. Representative Box plots of mean and variance in methylation for 
Amp2 CpG sites only, too illustrate the clear distinction in methylation state between 
'susceptible' and ' resistant' phenotypes. 
 

3.2.4. Transcription Factor Binding Site Analysis 

To explore the potential significance of the observed differential methylation, we carried out a 

mapping of predicted transcription factor binding sites using TFSEARCH software 

(http://www.cbrc.jp/research/db/TFSEARCH.html) and aligned this to the CpG distribution 

through the conserved and UTR regions of the ABCG2 gene. Key consensus sites identified with 

high confidence within the region analysed by Sequenom EpiTyper are shown in relation to the 

CpG sites for which methylation measurements were made (Figure 3.5). Notably, the key CpG 

sites we have identified overlap and are very close to a consensus for the CCAAT displacement 

protein/cut (CDP-CR), a homeodomain transcriptional repressor protein. 

http://www.cbrc.jp/research/db/TFSEARCH.html
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Figure 3.5. Transcription factor binding site analysis of the region interrogated by Sequenom 
EpiTyper analysis.  

To inform mechanistic insight we have mapped putative consensus sequences for transcription 
factors. Notably, the CpG sites exhibiting clear association with the 'resistant' disease phenotype 
overly or are adjacent (within a few bases) to a consensus for the so-called "CCAAT 
displacement/cut" labelled CDP-CR and beginning at base 159 of the sequence. The CDP CR 
homeodomain transcriptional repressor is known to recruit the G91 histone lysine 
methylatransferase and influence de novo DNA methyaltion. Analysable CpG sites are shown in 
bold italics． 

3.3. Discussion 

The transport of nutrients, waste products and regulatory molecules across the lipid membrane of 

a cell is actively mediated by membrane proteins. The largest family of these proteins is the ABC 

family which require energy (via ATP hydrolysis) to drive the fflux of substrates across the 

concentration gradient [317]. ABCG2 has been linked to a variety of pathological and 

physiological functions [318], and in particular is believed to have a major role in xenobiotic 

protection, given both its distribution and functional characteristics [319, 320]. Specifically, 

ABCG2 appears to regulate absorption of toxic materials from food and other orally applied 
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pharmacological agents [318]. Notably, ABCG2 expression also promotes cell survival under 

hypoxic growth conditions, being induced in low oxygen environments [321].  

 

SDM is belived to cause mycotoxic poisoning in ruminants primarily through liver damage and 

is accompanied by the generation of superoxide and hydroxyl radicals, and hydrogen peroxide. 

During Phase I and II of a highly conserved and widely utilized cellular system for coping with 

oxidative stress, the antioxidant enzyme SOD catalyzes the conversion of superoxide radicals to 

hydrogen peroxide while the enzyme catalase is necessary for the further reduction of hydrogen 

peroxide [67]. Not surprisingly, we have found that expression of both SOD and catalase 

enzymes is increased most significantly after sporidesmin exposure in animals displaying FE 

resistance (data not shown). Previous genetic analysis has identified the catalase gene as the first 

QTL associated with FE susceptibility [309]. Our findings that the expression of both SOD1 and 

catalase genes in liver is inversely associated with disease phenotype progression (unpublished 

observations) is consistent with the marked production of free oxidative radicals in response to 

sporidesmin exposure and indicates that higher endogenous, or more readily inducible 

expression of these genes, would enhance resistance to FE disease. Meanwhile, hepatocellular 

expression of the ABCG2 protein is thought to be important for detoxification of toxic 

metabolites following sporidesmin exposure, notably phytoporphyrin [312], as part of Phase III 

of the defence mechanism. Phytoporphrin is substrate of ABCG2, its transport from cells being 

functionally blocked by inhibitors of ABCG2 (Robey, et al., 2006). Not surprisingly, genetic 

association studies have provided support for a FE QTL in a chromosomal region which contains 

the sheep ABCG2 gene [122, 310] and initial studies using Northern blot analysis have reported 

a modest increase in gene expression following sporidesmin challenge of naive sheep [122]. Our 

studies similarly show a modest, but significantly higher level of mRNA expression in 

phenotypically resistant animal. The notion that ABCG2 expression might in fact modulate 

physiological sensitivity to sporidesmin has been suggested, but previously only demonstrated in 

yeast cells [322]. Based on more sensitive quantitative PCR techniques, our current findings 

support the notion that hepatocellular ABCG2 gene expression may similarly determine the 

degree of disease progression and thus sensitivity to xenobiotic exposure in sheep. Indeed, higher 

ABCG2 gene expression may constitute the molecular basis of phenotype „resistance‟ in 

ruminants also. 
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The potential role of epigenetic regulation in xenobiotic defence mechanisms has not been 

widely explored. Using the Sequenom EpiTyper mass spectrometry platform we have 

investigated the association of DNA methylation, in a regulatory region of ABCG2 which we 

have found to be conserved across species and gene expression after sporidesmin challenge in 

sheep. The high sensitivity of this technology[323] permits analysis to single site resolution and 

we demonstrate that indeed methylation variance at two specific sites in the UTR is significantly 

and inversely correlated to disease phenotype outcome. Specifically, average methylation at 

these CpG sites is significantly lower in animals defined as „resistant‟, compared to those defined 

as „susceptible‟ (encompassing both non-clinical and clinical phenotypes). As it is generally 

recognized that higher promoter DNA methylation is linked with gene repression [324-326], our 

observations suggest that methylation variance at these specific CpG sites may contribute to the 

differing levels of ABCG2 expression across disease phenotype outcomes. Although the 

observed differences in methylation between phenotypes appears modest (15% are most), there 

are several reported instances of lesser methylation differences having functionally important 

biological consequence. Further, the differences we report are for individual, but adjacent CpG 

sites – in several diverse cases we have found that the statistical significance of methyaltion 

associations with phenotype outcomes increases markedly if we consider the CpGs as co-

ordinately acting ensembles (Pleasants, et al., submitted). Thus, it is possible that the 

consequential effects of relatively modest differences at closely associated individual CpG sites 

may be amplified when the information is combined.  

 

Our bioinformatic analysis indicates that these important sites are located within a region of 

relatively low CpG density, but which exhibits relatively high and considerably variable levels of 

methylation. Upstream and immediately flanking this region, the promoter sequence has a 

considerably higher density of CpG sites, but is clearly hypo-methylated. The relatively high 

density of CpG sites in this region is consistent with the definition of a „CpG rich island‟ [327]. 

Genome wide mapping studies of CpG islands indicate that almost all hypo- or unmethylated 

CpG islands are situated relatively close to recognized TSSsupporting the notion that CpG 

methylation may not influence basal transcription significantly. In contrast, methylated CpGs 

tend to be scattered further afield from TSS sites [328]. Such genomic wide patterns of CpG 

distribution and methylation imply that epigenomic variance which may underpin phenotype 

differences likely occurs in genomic regions more distal to the hypomethylated islands, in 

regions which have been more recently defined as CpG island “shores” [329]. Our current 
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findings are entirely consistent with and support this view of the encoding of epigenomic 

variance, the two key CpG sites we have identified as predictive of disease phenotype outcome 

after xenobiotic exposure being positioned distal to, but flanking what appears to be a traditional 

CpG island promoter region. The importance of genomic position and context in defining the 

functional significance of methylation variance suggested by genome wide studies, reiterates the 

need for a quantitatively sensitive tool, such as Sequenom EpiTyper mass spectrometry, which 

can accurately measure at the level of individual sites and across relatively large numbers of 

subjects.   

 

Our search for transcription factor binding sites in sheep ABCG2 which might be influenced by 

the observed methylation variance at these key sites has revealed the following notable 

observations. As might be expected we found a genomic sequence with core consensus motifs 

for the antioxidant response element (ARE) and hypoxia response element (HRE), which bind 

transcription factors such as Hif-1 and Nrf2 during oxidative stress responses [111] [150]. 

Further, embedded within this sequence we identified a strong consensus motif for the more 

recently defined xenobiotic response element (XRE), which is bound by the AHR/ARNT 

transcription factor dimer complex [118]. But, as this ARE/HRE/XRE containing sequence is 

located close to the putative TSS in the hypomethylated region of the UTR, we would suggest 

that differential methylation is unlikely to influence binding at these site in response to either 

oxidative stress (Hif-1) or through xenobiotic dependent signalling. Fine mapping of the 

sequence underlying the two key CpG sites however has uncovered a consensus for the so-called 

CDP-CR, a homeodomain transcriptional repressor protein which is has been linked to the 

recruitment of G9a histone lysine methyltransferase [330]. Patterns of gene expression are 

influenced by both DNA methylation state and genome occupancy by modified histones, and 

increasing evidence suggests that there is integrated cross-talk between these distinct regulatory 

signals[331]. Notably, during embryonic stem cell differentiation the inactivation of pluripotency 

genes is known to occur through a multi-step process, the second of which involves the 

transcription factor dependent recruitment of a complex containing G9a. Upon recruitemt, G9a 

catalyzes the specific methylation of histone H3K9, which then facilitates binding of the 

heterochromatin protein HP1. Furthermore, G9a supports the recruitment of the enzymes 

DNMT3A and B which then catalyze de novo gene promoter methylation. Our findings suggest 

then that xenobiotic sensitivity may be determined through the modulation of ABCG2 

expression and that the epigenomic variation underpinning may depend upon cross-talk between 
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histone and DNA methylation regulatory mechanisms. A clear prediction which arises and we 

are currently testing is that the level of recruitment and occupancy of the G9a methyltransferase 

in the genomic region containing key CpG sites we have identified should be correlated to 

ABCG2 expression and disease phenotype outcome.  

 

In summary, we provide evidence that epigenetic mechanisms may contribute to the regulation 

of Phase III defence mechanisms in response to xenobiotic challenges. Specifically, we propose 

that ABCG2 may represent an epigenetic marker for disease resistance in ruminants following 

sporidesmin exposure, and by utilizing the analytical resolution offered by the Sequenom 

EpiTyper MS platform have been able to resolve this epigenetic signature for genomic regulation 

down to the level of individual CpG dinucleotide sites in the gene regulatory region of ABCG2. 
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Chapter 4. RNA-seq analysis implicates detoxification pathways in 

mycotoxin resistance 

4.1. Introduction 

Mycotoxicoses resulting from the inhalation or ingestion of microfungal spores occurs 

commonly across the world [11] and increasingly, mycotoxins are having an impact on global 

food „security‟ [332]. Specifically, they represent a hazard in the agricultural sector affecting the 

food supply chain of both humans and animals, particularly in areas where pasture and crops are 

impacted by challenging growing conditions and/or suboptimal food storage and handling 

practises [333]. Already significant, these impacts are only predicted to increase further as a 

consequence of global climate change [334]. In mammals, the cellular pathophysiology of many 

mycotoxins has often been associated to cellular damage caused by oxidative stress, a result of 

ROS increasing to levels above normal and/or the suppression of antioxidant mechanisms, 

leading to the oxidation of DNA, protein and/or lipid. However, the production of damaging 

superoxide and hydroxyl free radicals is not a universal consequence of mycotoxin exposure and 

indeed, the variable degree to which ROS are generated has been used by some investigators as a 

means to classify the approximately 350 known mycotoxins as non-, moderate- or highly-oxidant 

[335]. Thus, while the pathological mechanisms underpinning the effects of non-oxidant 

mycotoxin exposure remain poorly defined, it is clear that not all cases of mycotoxicities would 

trigger the same enzymatic antioxidant defence mechanisms. However, as a subclass of 

xenobiotics, all mycotoxin exposures would trigger detoxification mechanisms that have evolved 

to modify the primary toxin, thereby nullifying damaging effects by hastening their removal 

from the body.  

 

A wide variety of mycotoxins are known to contaminate animal forage, and thus might have a 

significant economic impact on production in the agriculture sector [11]. If exposure is 

prolonged and/or at high enough levels, the resulting pathology develops „clinical‟ features, and 

almost invariably is fatal. The economic impact of mycotoxicoses is, however, further 

exacerbated by chronic exposure to „sub-clinical‟ levels of toxin, resulting in a marked reduction 

in food intake and feed conversion efficiencies. Consequently, animals suffer ill-thrift, failing to 

gain weight, becoming more susceptible to disease and the loss of lactation and reproduction 

capacity [336]-[337], underpinning considerable economic losses [338]. As a pastoral-based 

economy, the New Zealand agricultural sector is notably impacted by the mycotoxin spordisemin 
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produced by ryegrass endophyte. At times of high spore counts (under summer stress) exposure 

to sporidesmin is overtly hepatotoxic, a consequence of hydroxyl radical mediated oxidative 

damage, progressing to secondary photosensitization of skin regions not protected by fibre or fur, 

and the characteristic and often fatal FE pathological state [339]. Meanwhile, chronic exposure 

to lower spore levels and the concomitant multi-seasonal accumulation of damage also results in 

the typical animal production losses, which associate with mycotoxin poisoning. To what extent 

oxidative stress damage contributes to these longer lasting effects on animal production traits is 

however yet to be determined. 

 

Only a limited number of studies have utilized transcriptomics based approaches to investigate 

the (1) molecular consequences of xenobiotic challenges [340] [341], (2) mycotoxin exposure in 

agricultural animals specifically [342] and in particular, (3) to the identification of genes which 

impart tolerance („resistance‟) to exposure in organisms [343]. In the present study we have used 

current RNA-Seq technology to explore transcriptomic based differences and inform molecular 

pathways which may underpin phenotypic outcomes and define exposure resistance, in a 

ruminant-based model of sporidesmin mycotoxin exposure. Whilst primarily of agricultural 

interest, our findings do suggest fundamental and novel mechanisms by which tolerance to 

xenobiotic challenge is mediated and „resistance‟ thus manifest. Notably, the potential role and 

significance of Wnt signalling in the regulation of detoxification gene expression is highlighted.  

 

The work from this chapter has been published in PLoS ONE: 

Jinbi Zhang, Zengxiang Pan, Stephanie Moloney, Allan Sheppard (2014) RNA-Seq Analysis 

Implicates Detoxification Pathways in Ovine Mycotoxin Resistance. PLoS ONE 9(6): e99975. 

[344] 

4.2. Results 

4.2.1. Sheep trial  

FE related sporidesmin mycotoxicity arises in grazing ruminants when the pasture contains toxic 

spores of fungus Pithomyces chartarum, and depending on temperatures and humidity, exposure 

may persist for a period of weeks or months [310]. In our study, liver samples were collected 

following a single exposure of SDM at seven weeks, empirically deemed a realistic time point to 

study the coping mechanisms of sheep. Based on the combination of blood GGT level and 

visible pathology, animals were grouped as „resistant‟ (constant low GGT levels through the trial) 
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and „susceptible‟ (significantly increasing GGT levels), the latter group being further classified 

as „subclinical‟ and „clinical‟ on the basis of visually evident skin lesions (Table 4.1). 

 

Group Week 0 Week 1 Week 2 Week 3 Week 4 Week 5 

Resistant(n=8) 35.6 49.4 49.9 44.4 43.8 44.5 

Subclinical(n=8) 56.0 92.8 828.8 1279.5 1286.9 1102.3 

Clinical(n=10) 44.1 96.5 972.6 1080.9 916.0 919.6 

Table 4.1. Average GGT(U/L) through sheep trial. 

This table shows average blood GGT levels of resistant, subclinical and clinical sheep before 
treatment and during first 5 weeks of trial. 
 

In any clinical cases of FE, identified by skin lesions, are also manifest by seven weeks‟ time. 

However, subclinical cases are not readily discernible, remaining cryptic to gross detection. In 

both clinical and sub clinical cases, liver damage is assumed to have begun earlier at around 

three weeks after exposure. The blood GGT level served as the first indicator of exposure 

response [345]. A 20-fold increase in GGT level was observed by the third week and persisted 

throughout the trial in susceptible individuals. Skin lesions defining the clinical sub-group were 

not readily apparent at the does we used until late in the trial during the seventh week. Clinical 

phenotype individuals also showed a marked loss of body weight compared to the non-clinical 

and resistant phenotype animals, which generally gained weight during the course of the trial. 

4.2.2. De novo reference transcriptome assembly and RNA-seq transcripts alignment 

To date, the use of the sheep to investigate the genetic background for a certain disease model 

has been limited owing to the lack of transcriptome sequences and a well-annotated ovine 

genome. Our purpose was therefore to generate an initial sheep transcriptome using next-

generation technologies and to detect differentially expressed genes between resistant, 

subclinical and clinical sheep. We developed a bioinformatics pipeline for both de novo 

transcriptome assembly and the analysis of RNA-seq data based on this transcriptome (Fig 4.1). 
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Figure 4.1. Bioinformatics workflows for data analysis.  
Transcriptome de novo assembly (upper left), RNA-seq result mapping and bioinformatic 
analysis of the transcriptomic sequences 
 

A summary of the output of sequenced data, assembly quality and annotation results for the 

transcriptome work is presented in Table 4.2 to 4.4, including a total of 5.33 million clean reads 

with 4797.61 million clean nucleotides, a total of 84,243 UniGene with 71,302 distinct 

singletons for assembling. A total of 35,316, 62,824, and 32,892 UniGene was annotated to the 

public database NR, NT and SwissProt respectively. The clean reads for 8 experimental samples 



88 

 

by RNA-seq were then mapped to the sheep reference, resulting in a high quality alignment. On 

average, about 78.5% of the short reads could be mapped (Table 4.5).  

Table 4.2. The output of sequenced data indicates the completion of transcriptome work. 

 Clean reads in each sample must contain a total base number of no less than the contractually 
required output. In this study, 2 reads are applied. Total Clean Nucleotides=Total Clean Reads1 
x Read1 size + Total Clean Reads2 x Read2 size. 
 

Output 

Statistics 

Total Raw 

Reads 

Total Clean 

Reads 

Total Clean 

Nucleotides (nt) 

Q20 

percentage 

N 

percentage 

GC 

percentage 

Reads 59,399,918 53,306,790 4,797,611,100 97.10% 0.00% 49.93% 

 

Table 4.3. Statistics of assembly quality.  

Statistics of assembly quality is represented by number and length of contigs and UniGenes. The 
length distributions of the assembled sequences are showed in Figure S4.4 in Supplementary 
Figures. 
 

Assembly 

quality 

Total 

Number 

Total 

Length(nt) 

Mean 

Length(nt) 

N50 Total 

Consensus 

Sequences 

Distinct 

Clusters 

Distinct 

Singletons 

Contig 176,307 49,112,825 279 399 - - - 

UniGene 84,243 48,519,596 576 967 84,243 12,941 71,302 

 

Table 4.4. Annotation of UniGenes 

 

Annotation 

results 

NR NT SwissProt KEGG COG GO ALL 

UniGene 35,316 62,824 32,892 24,721 10,361 13,910 63,174 
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Table 4.5. RNA-seq alignment statistics. 

This table discribes the read counts from RNA-seq and the rate of alignment to referent 
transcriptome for each individual sheep sample. The sequencing quality for each sample is 
summarized in Figure S4.1 and Figure S4.2, including the classification of raw reads and the 
sequencing saturation analysis. The detailed alignment and annotatioon statistics are also 
showed in the supplementary Figure S4.3 and S4.8 representing the gene coverage and gene 
mapping information respectively. 
 

Group ID Total Reads 
Total 

BasePairs 

Total Mapped Reads 

reads/percentage 

Unique match 

reads/percentage 

Resistant 171 15273559 748404391 12406899 81.23% 9675136 63.35% 

Resistant 199 15940439 781081511 12781923 80.19% 9862776 61.87% 

Resistant 117 15437481 756436569 12484915 80.87% 9788271 63.41% 

Subclinical 551 16467408 806902992 12850696 78.04% 10000198 60.73% 

Subclinical 619 16179806 792810494 12708342 78.54% 9866337 60.98% 

Clinical 184 16152120 791453880 12498828 77.38% 9690297 59.99% 

Clinical 83 15191712 744393888 11549152 76.02% 8853099 58.28% 

Clinical 36 15240757 746797093 11480775 75.33% 8847224 58.05% 

 

UniGenes were annotated with the databases of NR, NT, SwissProt, KEGG, COG and GO. Then 

counted the number of UniGenes annotated with each database. The summary annotation 

statistics for transcriptome are given in supplementary materials (Figure S4.5-S4.7) for NR 

classification, COG classification and GO classification respectively. 

4.2.3. Clustering and characteristic expression patterns 

Hierarchical clustering was performed to identify individual animals with similar phenotypes as 

well as individual genes with similar expression profiles based on the RPKM expression values 

(Figure 4.2). The heat plot displayed the expression patterns for all differentially expressed genes 

in all sheep. Horizontally, animals were identified as 3 clusters based on the expression patterns 

of all the annotated genes. The three derived clusters are completely aligned to the three defined 

phenotype outcomes observed after exposure. Vertically, genes identified from RNA-seq were 

separated into sixteen clusters based on their enrichment in each group.  
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Figure 4.2. Hierarchical clustering.  
Hierarchical clustering of the 2414 contigs (identified in Chapter 2) among 3 groups (from left 
to right: resistant, subclinical, clinical) using RPKM expression values from RNA-seq. A number 
of 16 clusters were identified vertically by visual inspection of the heat map. 
 

4.2.4. Expression shift profiles of total and detoxification related genes  

Differential expression profile between sheep with different phenotypes was evaluated using 

RPKM method on the mapped reads as described above. There were a total of 2414 UniGenes 

differentially expressed between clinical, nonclinical and resistant sheep. The basic types of 
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aligned UniGenes are also listed in Table 4.6. By re-blasting all the differentially expressed 

UniGenes to public database NT, NR, and SwissProt especially for human, bovine, mouse, swine, 

and ovine, 1371, 1469, 1312, 1089 and 231 differentially expressed sequences are well aligned 

and annotated in the five species (Table 4.7).  

Table 4.6. RNA type distribution of assembled sequences 

 

Type Miscellaneous RNA Protein coding Pseudo rRNA Unknow Total 

Number 53 1379 39 1 908 2414 

 

Table 4.7. RNA type distribution of assembled sequences 

 

Species Human Bovine Mouse Swine Ovine Total annotated 
Number 1371 1469 1312 1089 231 1570 

 

To identify the transcriptomic profile changes particularly in terms of detoxification, genes that 

differentially expressed  between resistant and subclinical groups and genes that differentially 

expressed between resistant and clinical groups were selected and  separated under detoxification 

terms from the total differentially expressed genes (Figure 4.3). The total number of genes that 

differentially expressed between resistant and subclinical is 367 with 117 expressed higher and 

250 expressed lower in the resistant group. A number of 1974 genes were differentially 

expressed between resistant and clinical with 1001 higher and 873 lower expressed in the 

resistant group. There are 230 differentially expressed genes related to xenobiotic response 

process. A number (32 in this instance) of genes changed between resistant and subclinical group 

while 215 changed between resistant and clinical. Most of the expression changes happened 

between resistant and clinical groups rather than between resistant and subclinical groups. 
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Figure 4.3 Venn diagrams of differentially expressed genes among resistant, subclinical and 
clinical groups.  

The number of total differentially expressed genes (upper) and detoxification related genes 
(lower) in two comparisons: resistant vs subclinical and resistant vs clinical. Number of genes 
that expressed higher or lower in resistant group was labeled with arrows. 
 

4.2.5. Gene Ontology (GO) and protein interaction analysis 

Gene Ontology analysis including „biological processes‟, „molecular functions‟ and „cellular 

components‟ was performed in all differentially expressed genes (Fig S4.9-S4.11). It was found 

the DEGs were significantly annotated to GO terms with well-known roles in oxidative stress 

and antioxidant protective processes, such as response to oxidative stress, omega-hydroxylase 

P450 pathway, epoxygenase P450 pathway, exogenous drug catabolic process, drug catabolic 

process, drug metabolic process, xenobiotic metabolic process, cellular response to xenobiotic 

stimulus, and response to xenobiotic stimulus. To specify each comparison, we further analysed 

both resistant/subclinical and resistant/clinical comparisons and listed top terms according to the 

number of annotated genes in Figure 4.4. Predictably, both comparisons showed a shift in similar 

reference terms such as cellular metabolic process, cell communication, and response to stress. 

However, the number of involved genes that changed in the clinical sub-group is much greater 

than for the subclinical group, when compared to the resistant phenotype group.  
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Figure 4.4. Top biological processes, molecular functions terms and cellular components that 
changed among groups.  

This figure describes the top 20 biological processes terms, top 20 molecular functions terms 
and top 6 cellular components that changed in two comparisons: A, resistant/subclinical and B, 
resistant/clinical from Go analysis 
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4.2.6. Pathway analysis of differentially expressed genes to characterise the 

transcriptomic response of sporidesmin mycotoxin  

For all the genes that differentially expressed among groups, pathway enrichment analysis 

showed that a total number of 155 pathways were defined with at least one gene related to each 

pathway (Table S4.1). To define the most significantly changed pathways, we primarily use the 

number of differentially expressed genes involved in each pathway as a standard. Focal adhesion, 

drug metabolism-CYP, and ECM-receptor interaction pathways are the three most significantly 

different biological roles thus identified. However, it is important to keep in mind that numbers 

of genes in each pathway are different. We additionally use the percentage change of known 

genes in each pathway as criterion. Caffeine metabolism, drug metabolism, and metabolism of 

xenobiotics by CYP appear to be the top ones (Figure 4.5). As for our study, the pathways of 

principle interest, namely detoxification and metabolism related pathways contain at least 4 

differentially expressed genes is listed in Table 4.8.  

 

Figure 4.5. KEGG pathways and their function groups 
The left side shows the pathway name; the right lane shows the involved genes number (right 
side of each column chart) and their percentage for all the associated genes in each pathway or 
term (upper of the figure). The different colours for column charts represent different pathway 
functional grouping based on Kappa score. 
 
Table 4.8. Detoxification, metabolism related pathways with at least 4 differentially expressed 

genes and signalling related pathway with at least 4 differentially expressed genes. 

Pathways Gene number p-Value 
Detoxification related pathways 
Drug metabolism - cytochrome P450 26 1.79E-30 
Metabolism of xenobiotics by cytochrome P450 25 3.30E-29 
Drug metabolism - other enzymes 11 6.62E-11 
Porphyrin and chlorophyll metabolism 6 1.69E-05 
ABC transporters - General 4 0.002822 
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4.2.7. Quantitative RT-qPCR validation of RNA-Seq changes 

RT-qPCR of a subset of protein coding genes was done to confirm differential expression genes 

patterns derived from the discovery phase RNA-Seqn analysis. Primers used for qPCR were 

listed in Table 4.9.  

Table 4.9. Primers used for qPCR analysis.  

Gene Forward Reverse Poppers 

PPIA GCATACAGGTCCTGGCATCT TCTCCTGGGCTACAGAAGGA REF 

SDHA GCAGAACCTGATGCTTTGTG CGTAGGAGAGCGTGTGCTT REF 

YWHAZ GCATCCCACAGACTATTTCC GCAAAGACAATGACAGACCA REF 

GPX1 ACATTGAAACCCTGCTGTCC TCATGAGGAGCTGTGGTCTG GOI 

SOD1 AGAGGCATGTTGGAGACCTG CAGCGTTGCCAGTCTTTGTA GOI 

SOD2 AGCCATCAAACGTGAC AGTGCCAACGATGACA GOI 

CAT GATAATCGGGCCTGAC CCCATGCTGCACATAG GOI 

CYP1A2 ACAACAAGGGATACAACAC CGCTTGCGAACTTATCA GOI 

CYP2C8 TCACTGAGTTCCGTGCT GGTGGTGTCGATGTCC GOI 

UGT2B10 TGGACGTGATTGGGTTT GTCACAAGAGGATGGGAA GOI 

DKK3 GGGACCATCTGTGACAAT GCTTACACACGTACACCA GOI 

SFRP1 AGTGCGACAAGTTTCC AAAGGAAAACGGCGAC GOI 

WIF1 AGTGAACGTGATTGTCAT ACCGGGAGTAACACAT GOI 

FABP5 AAGGCTTTGACGAATACAT CATACCACCACTAATTTCCC GOI 

MMP14 CACTTTGACTCTGCCG CTGGTAAAAGGGTGCC GOI 

ABCC1 GGATTTTTGCTATGGATCGT GCACACAGTAGGGCTATAA GOI 

TOP2A TATTCCGGTCCCGAAGA CGCTTGTCATTCCGTT GOI 

REF:reference; GOI:gene of interest. 

 

We provide a comparison of fold changes between RNA-Seq RPKM value and qRT-PCR for 

each gene for both the samples used only for RNA-Seq and across the entire trial population. The 

gene set includes antioxidant enzymes (Figure 4.6-A), detoxification enzymes (Figure 4.6-B), 

Wnt inhibitors (Figure 4.6-C) and other randomly selected genes (Figure 4.6-D). Virtually all the 

genes show concordant direction of fold change between RNA-Seq and qRT-PCR. The 

inconsistent seen with the SOD1 gene is likely due to a very low and incomplete RPKM value in 

RNA-seq. 



97 

 

 

 

 



98 

 

 

Figure 4.6. Quantitative RT-qPCR validation of RNA-Seq changes.  
For each gene, 3 comparisons are shown in the figure. Upper panel: fold changes between RNA-
Seq RPKM value; middle panel: fold changes by qRT-PCR measured in the same subjects used 
for RNA-Seq analysis only; lower panel: fold changes by qRT-PCR in all subjects. 
 

4.2.8. Statistical significance of results 

Although increasingly affordable, whole genome analysis remains expensive in both assay cost 

and time for analysis by highly skilled practitioners. The expected richness of data offered by 

this approach has however encouraged its use, albeit on small cohort sizes. In some instances, 

triplicate sets have been found highly informative for sequencing analysis and have been widely 

used for RNA-Seq-related biological studies [346], although even a single sequencing run has 

been shown to be sufficient [347-349]. However, the importance of validating findings on 

biological replicates from the same populations cannot be understated and is an essential step in 

substantiating the readouts from RNA-seq analysis. In the current study, we found a high degree 

of consistency between the RNA-seq discovery platform and extension by qRT-PCR based to 

population wide validation. Critically, the fold changes in expression estimated from RNA-seq 

(n=8) was highly correlated with that observed with qRT-PCR (n=26) and the correlation 

coefficient reached 0.93 (p=1.46E-08), 0.783499202 (p=1.40E-04) and 0.45 (p=0.065) for 

pairwise comparisons of NC vs C, R vs C and R vs NC respectively. We report these 

assessments of our replication success in support of the validity, accuracy and statistical power 

of our data despite the relatively small sample sizes being considered.  
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4.2.9. Availability of supporting data 

The sequencing data from the experiments involved in this work can be accessed from the Short 

Read Archive at the National Centre for Biotechnology Information 

(http://www.ncbi.nlm.nih.gov/sra) under the accession number SRA102080, and the specifically 

NCBI accession numbers for each raw data are SRX359140, SRX359141, SRX359259, 

SRX359297, SRX359298, SRX359299, SRX359300, SRX359301 (project submission ID: 

SRP030219). 

4.3. Discussion 

Mycotoxicity is frequently, but not invariably, the consequence of oxidative stress resulting from 

the generation of secondary metabolites after ingestion [15, 335]. It has long been appreciated 

that exposure to the mycotoxin sporidesmin in ruminants leads to tissue damage by free radicals 

[350] and there is a clear relationship between sporidesmin-induced liver injury and serum 

activity of GGT in Romney breed lambs sired by both disease resistant and susceptible rams. 

However, we found that not all of the principal antioxidant enzymes were elevated as a correlate 

to disease progression, indeed catalase and GPX appearing to be refractoryto toxin exposure. 

Furthermore, there was a selective response from the SOD family of enzymes, the expression of 

mitochondrial (type 2) and extracellular (type 3) SOD isoenzymes paralleling pathological 

progression, while the cytoplasmic (type 1) form of SOD was seen to be unchanged. While the 

antioxidant activities of SOD1 and the Se-dependent GPX1 are thought to be functionally 

coupled under some circumstances, dual genetic knock-out of these genes in mice does not lead 

to increased hepatic injury following endotoxin induced oxidative stress [351]. Our findings 

suggest that the functional coupling of SOD1 and GPX1 is similarly seemingly impartial to the 

effects of mycotoxin exposure.  

 

The highly conserved nature of antioxidant enzymes across plant and animal taxa [352] has 

perhaps encouraged a tendency to view them as a functional collective. There is however a 

remarkable diversity in both the specific antioxidant mechanism and functional pathways which 

have evolved to cope, presumably in response to the manifold environmental triggers which are 

capable of disrupting cellular oxidative homeostasis, and a growing understanding of the specific 

contributions made by particular antioxidant enzyme in response to any given challenge. For 

example, the seasonal-long exposure of ruminants to a xenobiotic such as sporidesmin represents 

a persistent challenge. It has recently been demonstrated that chronic stress not only leads to a 

differential response by hepatic antioxidant enzymes, but also that the chronic stress response as 

http://www.ncbi.nlm.nih.gov/sra
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a whole is a modification of, rather than distinct from, the response elicited by an acute stress 

stimulus [353]. 

 

Working in synergy with antioxidant mechanisms, a sophisticated network of multi-phase 

detoxification pathways has evolved to effectively neutralize and remove the toxic by-products 

of coping with free radicals and the derivative metabolites of the xenobiotic. A physiological 

level breed difference in detoxification of sporidesmin was first observed thirty years ago, with 

Merino sheep having a higher rate of metabolic turnover rate that Romney breeds [354]. In 

addition, using „sleep-time‟ and recovery following sodium pentobarbital anaesthesia as an 

indicator of hepatic Phase I enzyme activity, Smith et al. again reported better detoxification of 

toxin in Merino than Romney breed rams. In these same animals, Merinos were found to be 

more tolerant of sporidesmin as indicated by the proxy measures of blood GGT, bodyweight 

change or photosensitisation [355]. We observed that several members of the CYP (CYP) mono-

oxygenase gene families 1-3, which are central to the Phase I biotransformation of xenobiotics 

[356], are differentially expressed between phenotypes following sporidesmin exposure. 

Unexpectedly, the highest expression of these genes was seen in those sheep exhibiting 

phenotypic „resistance‟ to sporidesmin induced mycotoxicity. While the regulation of CYP genes 

is thought to occur at multiple levels, our knowledge of the particular mechanisms that lead to 

the induction of expression in particular instances is incomplete. Of the multiple CYPs we found 

to be elevated in the resistant phenotype, two (CYP1A2 and 2E1) are known to be subject to 

post-translational regulation and three (CYP1A2, 2B6 and 2C9) to transcriptional regulation 

[357]. The Ahr battery of transcriptional regulators has been linked to CYP1A2, while 

xenobiotic nuclear receptors, such as the constitutive androstane receptor (CAR) and pregnane X 

receptor (PXR) which function as ligand induced transcription factors to enhance 

biotransformation [358], have been shown to induce CYP2B6 (CAR) and 2C9 (CAR and PXR) 

[359]. Additionally, the -catenin intracellular signalling pathway has been shown to regulate the 

expression of multiple CYP genes, using in vitro human HepG2 hepatocytes [360], murine in 

vivo expression [361] [362], and perhaps most significantly to modulate in vivo the extent to 

which murine hepatocyte CYP genes respond to xenobiotic challenges [363]. -catenin is the 

central element of, and stabilized by the canonical Wnt pathway leading to transcriptional 

activation of genes by the transcription factor complex Tcf/LEF. Canonical signalling by Wnt1 

and 3a in particular, impacts on liver physiology (particularly metabolism) and pathology [364]. 

In prostate cancers, canonical Wnt signalling has been found to activate Ahr activity [365] and 
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may act as a co-stimulator of Ahr target gens [363]. Meanwhile, the binding of non-canonical 

forms of Wnt (such as Wnt4 and 5a) leads to other distinct intracellular signalling pathways.  

 

A shear panoply of extracellular and intracellular factors are known to either positively or 

negatively regulate both canonical and non-canonical Wnt signalling pathways, in both non-

mammalian and mammalian development, during tissue homeostasis and in human diseases 

[366]. These include two classes of secreted extracellular anatgonists which interfere with 

ligand-receptor binding [367]. Members of the secreted Frizzled-receptor protein (SFRP) family, 

Wnt inhibitory factor (WIF)-1 and cerberus molecules bind directly to Wnt proteins in order to 

block binding to the Wnt receptor complex and can inhibit both canonical and non-canonical 

signalling. Meanwhile, members of the Dikkopf (DKK) family of molecules antagonize by 

binding specifically to components of the Wnt receptor complex and inhibit canonical signalling. 

Strikingly, we found differential transcriptional suppression of three key major Wnt antagonists, 

sRFP1, WIF-1 and Dkk3, suggesting that multiple Wnt signalling pathways, and in particular the 

amplification of CYP gene dependent detoxification, may be occurring in hepatic tissue of sheep 

exhibiting a sporidesmin „resistant‟ phenotype. Of the multiple isoenzymes found to be more 

highly expressed in these sheep, CYP1A2 and CYP2E1 are both reliant on -catenin dependent 

transcription [361, 362].  

 

In Phase II of metabolic detoxification, the original xenobiotic compound or the intermediate 

metabolites modified during Phase I are conjugated in preparation for excretion via the bile duct. 

Multiple families of enzymes, including GSTs and UGTs, contribute to Phase II processing. In 

parallel with the CYP genes, we found several hepatic GST and UGT family members to be 

differentially expressed and correlated to phenotype following sporidesmin exposure. 

Furthermore, for at least some of those which are elevated after sporidesmin exposure there is 

already evidence that -catenin is important in their regulation, genetic ablation of the -catenin 

encoding gene Ctnnb1 in human and murine leading to a loss of GSTM1, GSTA3 and GSTA4 

expression [363, 364] while an activating mutation in -catenin in hepatocellular cancers leading 

to increased expression of GSTM and GSTA4 [368].  

 

The novel findings presented here suggest that potentiation of Wnt dependent detoxification 

mechanisms may be a characteristic feature that defines a favourable outcome following 

sporidesmin challenge in ruminants, and significantly alters the perception that effective 
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treatment of mycotoxicoses needs always to be predicated on a need to reverse oxidative stress 

induced damage. Rather, enhancing detoxification may provide a more successful pathway for 

remediation. Our findings suggest a new perspective for potential diagnosis and treatment of 

mycotoxicoses in ruminants by identifying novel molecular pathways which would seem to 

regulate the extent of hepatic response to xenobiotic challenge. 
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Chapter 5. Whole-genome analysis of 5-methylcytosine at base 

resolution in mycotoxin resistance 

5.1. Introduction 

The presence of the “fifth base”, 5-methylcytosine (5-mC), is covalent addition of a methyl 

group to cytosine within the context of the CpG dinucleotide. Alterations in genome-wide DNA 

methylation patterns have profound effects on the mammalian genome, and have been associated 

with various human diseases, such as cancer [369], hypertension [370], autoimmune disease 

[371], as well as type I and II diabetes [372-374]. However, direct and quantitative genome scale 

studies of methylation patterns of toxin metabolism have not been reported. The practical and 

integral way to approach 5-mC methylation profile in mycotoxin response is through a high 

throughput methods, naming RRBS, an efficient method for quantitative, base-pair resolution of 

cytosine methylation across the genome [375].  

 

5.2. Results 

5.2.1. Cytosine coverage of RRBS assay 

As previously reported, methylation pattern is different between resistant and susceptible 

animals in response to SDM at candidate gene level [314]. To extend the study to the genome-

wide level, we performed RRBS in resistant, subclinical and clinical group with 3 animal 

samples in each group. This assay covered an average of 1,465,002 CG sites, 2,609,025 CHG 

sites, and 5,282,982 of CHH sites per sample, which generated 9,357,008 total cytosines per 

sample. The coverage of CG, CH (non-guanine nucleotide) G, and CHH of each sample and 

average coverage of each group were summarized in table 5.1. A total number of 160,526,272 

cytosines, including 2,429,851 CG cytosines (15%), 4,424,233 CHG cytosines (28%), and 

9,198,543 CHH cytosines (57%) were detected in at least one sample from one group. 1,022,884 

CG cytosines (17%), 1,723,351 CHG cytosines (29%), and 3,242,993 CHH cytosines (54%) 

were detected in at least one sample from all three groups.  
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Table 5.1. CG,CHG,CHH coverage of RRBS assay 

 
Resistant Sub-clinical Clinical 

Sample ID 199 171 117 619 551 33 83 36 184 

CG No. 1576099 1602990 1353062 1286312 1285130 1308475 1623235 1521679 1628034 
Ave. CG No. 1510717 1293306 1590983 

CHG No. 2874924 2919618 2411610 2199273 2184906 2191193 2963704 2759012 2976983 
Ave. CHG No. 2735384 2191791 2899900 

CHH No. 5987730 6067619 4923858 4225990 4155379 4156490 6144704 5671140 6213927 
Ave. CHH No. 5659736 4179286 6009924 

5.2.2. Correlation and clustering of RRBS results 

Methylation ratios of three types of cytosine were detected in RRBS assay including cytosine in 

the form of CG, CHG and CHH. Analysis was performed for each cytosine type methylation 

respectively. Correlation analysis of CG cytosine was preformed among all 9 individual samples 

(Figure S5.1-S5.4) as well as among 3 groups (Figure 5.1). There was a reasonable degree of CG 

cytosine methylation positive correlation among samples within each group (r=0.81 within 

resistant group, r=0.78 within sub clinical group, and r=0.81 within clinical group). The CG 

cytosine methylation correlation among 3 groups was also highly correlated (r=0.9). This result 

suggests CG cytosine methylation pattern is conserved among all samples, regardless of which 

phenotype group they were from. The bar figure with peaks in 0% and 100% methylation 

indicates that the majority of CpG sites in whole genome were either fully methylated or 

unmethylated. 

 

Figure 5.1. Correlation analysis of CG cytosine methylation among resistant, sub-clinical, and 
clinical groups. R=resistant, C=clinical, NC=sub-clinical 
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The correlation degree of CHG cytosine methylation among all samples (Figure S5.5-5.8) and 

groups (Figure 5.2) was much lower (r≈ 0.2). The correlation degree of CHH cytosine 

methylation showed a similar pattern as CHG cytosine (Figure S5.9-S5.12, Figure 5.3), which 

suggests a random distribution of non-CG cytosine methylation pattern among different samples 

and groups. The bar figure with peaks in 0% methylation only suggested that unlike CpG sites, 

most of non-CpG cytosine sites in the genome were unmethylated.  

 

Figure 5.2. Correlation analysis of CHG cytosine methylation among resistant, sub-clinical, 
and clinical groups. R=resistant, C=clinical, NC=sub-clinical 

 

Figure 5.3. Correlation analysis of CHH cytosine methylation among resistant, sub-clinical, 
and clinical groups. R=resistant, C=clinical, NC=sub-clinical 
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Hierarchical clustering was performed to group the methylation profile of individual animal with 

similar methylation pattern. Differentially methylated CG, CHG, and CHH cytosine sites were 

used to perform the clustering analysis respectively. Analysis revealed that animals were 

identified as 3 clusters based on the CG cytosine methylation patterns, which are completely 

aligned to the three defined phenotype outcomes observed after exposure (Figure 5.4). CG 

cytosine methylation profiles of each group that naturally stand along implys a strong link with 

phenotype background. However, the fact that resistant and clinical group appeared to share a 

closer relationship than sub-clinical group suggested CG cytosine methylation may not be the 

most indicative of events occurring with FE progrsession. In order to determine which genomic 

region this natural segregation was driven by and whether biologically relevant differences were 

conserved in all genomic regions, we repeated the clustering analysis using CG cytosine sites in 

1) promoter CGs, 2) UTR CGs, 3) exon CGs, 4) intron CGs, 5) intergenic CGs. Clustering 

pattern of CG cytosine in each genomic region appeared to be similar total clustering (Figure 

S5.13-S5.17), which suggested an even distribution of CG cytosine. 

 

 

Figure 5.4. Hierarchical clustering of all CG cytosine 
 

In the case of CHG cytosine, clustering of total CHG cytosine (Figure 5.5, Figure S5.18-S5.22) 

and exon were able to separate samples in to each group. Again, resistant and clinical group 

showed a closer relationship than the sub-clinical group. Interestingly, clustering of intergenic 

region separated samples in to three groups with sub-clinical and clinical groups closer than 
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resistant group, which indicated that the nature difference of CHG cytosine may based in 

intergenic regions. 

 

 

Figure 5.5. Hierarchical clustering of all CHG cytosine 
 

When it comes to CHH cytosine, clustering of total CHG cytosine (Figure 5.6), intergenic, and 

intron region were able to separate samples in to resistant, sub-clinical and clinical groups 

(Figure S5.23-S5.27), which indicated that the nature segregation of CHG cytosine was based in 

intergenic and intron regions. The closer alignment between the clinical and sub-clinical groups  

suggests that CHH cytosine methylation may represent the better methylation based indicator of 

biological difference between phenotypes.  
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Figure 5.6. Hierarchical clustering of all CHH cytosine 
 

5.2.3. Differentially methylated cytosine (DMC) sites and genome distribution 

After an overview of all detected cytosines, we focused our study on those cytosines with 

different methylation ratio among groups. The standards for different methylation were 1)If 

certain C site was not detected to be methylated in one group, read count of the other group with 

corresponding methylated site>=5; 2)If certain C site was detected in both groups, the absolute 

value of ratio difference>=0.33 was defined as hyper or hypo methylation, the absolute value of 

ratio difference>=0.66 was defined as strong hyper or strong hypo methylation.  

5.2.3.1. Differentially methylated CG cytosine (DMCg) sites and genome distribution 

A total number of 2,429,851 CG cytosine sites were detected among resistant, sub-clinical, or 

clinical groups with 1022884 sites methylated in all three groups. The total number of DMCg 

sites were narrowed down to 18655, which is 0.77% of total prospective CG cytosine sites that 

detected by RRBS. DMCg among three comparisons were showed in venn diagrams (Figure 5.7-

5.9).  
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Figure 5.7. Venn diagram of differentially methylated CG cytosines between sub-
clinical/resistant and clinical/resistant comparisons. 

 

 

Figure 5.8. Venn diagram of differentially methylated CG cytosines between clinical/resistant 
and clinical/sub-clinical comparisons. 
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Figure 5.9. Venn diagram of differentially methylated CG cytosines between sub-
clinical/resistant and clinical/sub-clinical comparisons. 

 

Around 70 percent of these DMCgs were non-overlapping and thus unique to each comparison. 

More specifically, 9558 DMCgs were identified between sub-clinical and resistant groups, 7958 

DMCgs were identified between clinical and resistant groups, and 9641 DMCgs were identified 

between clinical and sub-clinical groups. The majority of DMCgs in each comparison, or 65% to 

78%, were unique and non-overlapping with any other comparisons.  

 

Multi level doughnut charts were used to present 1) the distribution of methylated CG cytosine 

from 3 groups in each chromosome of whole genome (Figure 5.10); and 2) the distribution of 

DMCgs from 3 comparisons in each chromosome of whole genome (Figure 5.11). 
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Figure 5.10. Doughnut chart of the distribution of DMCgs in whole genome  
The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent average methylation level (%) of DMCg sites 
(peaks) of Clinical, Sub-clinical, and Resistant group located on chromosomes respectively from 
outside to inside. Different peak colours represent site location  in the context of gene(see 
illustration in up right corner). 
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Figure 5.11. Doughnut chart of the distribution of DMCg ratios among 3 groups in whole 
genome 

The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent methylation ratio of DMCg sites (peaks) of 
Clinical/ Resistant, Clinical /Sub-clinical, and Sub-clinical/Resistant comparison located on 
chromosomes respectively from outside to inside. The absolute value of ratio above 0.33, were 
labeled with red coordinate lines. Different peak colours represent site location  in the context of 
gene (see illustration in up right corner). 
 

5.2.3.2. Differentially methylated CHG cytosine (DMChg) sites 

A total number of 4424233 CHG cytosine sites were detected among resistant, sub-clinical, or 

clinical groups with 1723351 sites methylated in all three groups. The total number of DMChg 
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sites was narrowed down to 12335, which is 0.28% of total prospective CHG cytosine sites that 

detected by RRBS. DMChg among three comparisons were showed in venn diagrams (Figure 

5.12-5.14).  

 

Figure 5.12. Venn diagram of differentially methylated CHG cytosines between sub-
clinical/resistant and clinical/resistant comparisons. 

 

 

Figure 5.13. Venn diagram of differentially methylated CHG cytosines between 
clinical/resistant and clinical/sub-clinical comparisons. 
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Figure 5.14. Venn diagram of differentially methylated CHG cytosines between sub-
clinical/resistant and clinical/sub-clinical comparisons. 

 

A total number of 5386 DMChgs were identified between sub-clinical and resistant groups, 5945 

DMChgs were identified between clinical and resistant groups, and 4193 DMChgs were 

identified between clinical and sub-clinical groups. The majority of DMCgs in each comparison, 

or 66% to 88%, were unique and non-overlapping with any other comparisons. In the first 

comparison, the percentages of non-overlapping DMChgs were relatively lower than the other 

two comparisons, which implied a closer CHG methylation pattern between sub-clinical and 

clinical groups. When compare to resistant group, both sub-clinical and clinical groups involved 

3 times more hypomethylation sites than hypermethylation sites. 

 

Multi level doughnut charts were used to present 1) the distribution of methylated CHG cytosine 

from 3 groups in each chromosome of whole genome (Figure 5.15); and 2) the distribution of 

DMChgs from 3 comparisons in each chromosome of whole genome (Figure 5.16). 
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Figure 5.15. Doughnut chart of the distribution of DMChgs in whole genome  
The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent average methylation level (%) of DMChg sites 
(peaks) of Clinical, Sub-clinical, and Resistant group located on chromosomes respectively from 
outside to inside. Different peak colours represent site location  in the context of gene(see 
illustration in up right corner). 
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Figure 5.16. Doughnut chart of the distribution of DMChg ratios among 3 groups in whole 
genome 

The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent methylation ratio of DMChg sites (peaks) of 
Clinical/ Resistant, Clinical /Sub-clinical, and Sub-clinical/Resistant comparison located on 
chromosomes respectively from outside to inside. The absolute value of ratio above 0.33, were 
labeled with red coordinate lines. Different peak colours represent site location  in the context of 
gene (see illustration in up right corner). 
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5.2.3.3. Differentially methylated CHH cytosine (DMChh) sites 

A total number of 9,198,543 CHH cytosine sites were detected among resistant, sub-clinical, or 

clinical groups with 3,242,993 sites methylated in all three groups. The total number of DMChh 

sites was narrowed down to 7585, which is 0.08% of total prospective CHH cytosine sites that 

detected by RRBS. DMChg among three comparisons were showed in venn diagrams (Figure 

5.17-5.19).  

 

 

Figure 5.17. Venn diagram of differentially methylated CHH cytosines between sub-
clinical/resistant and clinical/resistant comparisons. 

 

 

Figure 5.18. Venn diagram of differentially methylated CHH cytosines between 
clinical/resistant and clinical/sub-clinical comparisons. 
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Figure 5.19. Venn diagram of differentially methylated CHH cytosines between sub-
clinical/resistant and clinical/sub-clinical comparisons 

 

A total number of 3689 DMChhs were identified between sub-clinical and resistant groups, 3911 

DMChgs were identified between clinical and resistant groups, and 2691 DMChgs were 

identified between clinical and sub-clinical groups. 57% to 85% of DMChgs in each comparison 

were unique and non-overlapping with any other comparisons. In the first comparison, the 

percentages of non-overlapping DMChgs were lower than the other two comparisons, which 

implied a much closer CHH methylation pattern between sub-clinical and clinical groups. When 

compare to resistant group, both sub-clinical and clinical groups showed more hypomethylation 

sites than hypermethylation sites. 

 

Multi level doughnut charts were used to present 1) the distribution of methylated CHH cytosine 

from 3 groups in each chromosome of whole genome (Figure 5.20); and 2) the distribution of 

DMChhs from 3 comparisons in each chromosome of whole genome (Figure 5.21). 
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Figure 5.20. Doughnut chart of the distribution of DMChhs in whole genome  
The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent average methylation level (%) of DMChh sites 
(peaks) of Clinical, Sub-clinical, and Resistant group located on chromosomes respectively from 
outside to inside. Different peak colours represent site location  in the context of gene(see 
illustration in up right corner). 
 

 



121 

 

 

Figure 5.21. Doughnut chart of the distribution of DMChh ratios among 3 groups in whole 
genome 

The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent methylation ratio of DMCg sites (peaks) of 
Clinical/ Resistant, Clinical /Sub-clinical, and Sub-clinical/Resistant comparison located on 
chromosomes respectively from outside to inside. The absolute value of ratio above 0.33, were 
labeled with red coordinate lines. Different peak colours represent site location  in the context of 
gene (see illustration in up right corner). 
 

 



122 

 

5.2.4. Distinct regional distribution of differentially methylated cytosine 

To identify distinct regional distribution of DMCs, DMCs were annotated with five currently 

available gene region information including promoter, UTR, exon, intergenic, and intron. The 

annotation information was a combination of NCBI, Ensembl and Sheep Genome v3.1 from 

livestockgenomics databases.  

5.2.4.1. Distinct regional distribution of DMCgs 

As shown in the Pie charts (Figure 5.22), half (51%) of DMCgs were located in intergenic region. 

28% of DMCgs were located in intron region. Promoter and exon regions contained 6% and 13% 

DMCgs respectively. The last 2% of DMCgs were distributed in UTR region.  

 

 

Figure 5.22. Distinct regional distribution of DMCgs.  
Top: Schematic diagram of the different genomic regions analysed. Bottom: Pie charts 
illustrating the proportions of all DMCgs annotated to intergenic regions (yellow), promoter 
(blue), UTR (red), exons (orange), and introns (green). 
 

5.4.2.2. Distinct regional distribution of DMChgs 

As shown in the Pie charts (Figure 5.23), Most, or 34% and 42% of DMChgs were located in 

intergenic and intron regions. Promoter and exon regions contained 5% and 17% DMChgs 

respectively. The last 2% of DMChgs were distributed in UTR region.  
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Figure 5.23. Distinct regional distribution of DMChgs.  
Top: Schematic diagram of the different genomic regions analysed. Bottom: Pie charts 
illustrating the proportions of all DMChgs annotated to intergenic regions (yellow), promoter 
(blue), UTR (red), exons (orange), and introns (green). 
 

5.4.2.3. Distinct regional distribution of DMChhs 

As shown in the Pie charts (Figure 5.24), Most, or 35% and 40% of DMChhs were located in 

intergenic and intron regions. Promoter and exon regions contained 7% and 16% DMChgs 

respectively. The last 2% of DMChhs were distributed in UTR region.  
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Figure 5.24. Distinct regional distribution of DMChhs.  
Top: Schematic diagram of the different genomic regions analysed. Bottom: Pie charts 
illustrating the proportions of all DMChhs annotated to intergenic regions (yellow), promoter 
(blue), UTR (red), exons (orange), and introns (green). 
 

5.2.5. DMC annotation and pathway enrichment analysis 

5.2.5.1. DMCg annotation and pathway enrichment analysis 

All DMCgs were annotated to generate a differentially CG methylated gene list for further 

pathway enrichment analysis. DMCgs that located in intergenic region, which is not belonged to 

any gene were omitted at this stage. A total number of 3216 differentially CG methylated genes 

(DcgMGs) were generated after annotation. Venn diagram of DcgMGs in three comparisons was 

presented in Figure 5.25. As many as 612 genes were overlapped among 3 comparisons, with 

only 21.6% DcgMGs in clinical/resistant, 24.9% DhMGs in clinical/sub-clinical, 22.6% DhMGs 

in sub-clinical/clinical comparisons were unique. 
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Figure 5.25. Venn diagram of differentially CG cytosine methylated genes among 
clinical/resistant, sub-clinical/resistant, and clinical/ sub-clinical comparisons 

 

Pathway analysis was performed using all DcgMGs among 3 groups in KEGG database with 

bovine term due to a limitation of ovine option and the fact that bovine is the closest species to 

ovine. Additionally, human option was performed as well in parallel to avoid any omission of 

important pathways. Pathways involved less than 10 DcgMGs were not considered. A total 

number of 61 significant bovine pathways were enriched with 13 to 75 genes in each pathway 

(Table 5.2). It is important to clarify that pathways with different names may overlap due to 

groups of genes that functions in multiple biological pathways. 21 out of 61 pathways were 

signallings, which implied that DhMCgs may affect genes largely in charge of initial responses. 

The highlight of Wnt signalling pathway and the upstream PI3K-Akt signalling pathway 

appeared to be consistent with our conclusion in Chapter 4 that canonical Wnt signalling is 

crucial in xenobiotic resistance by regulating phase I and II xenobiotic metabolism. The parallel 

analysis in human database showed similar results. 
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  Table 5.2. Pathway analysis of DcgMGs.  

Pathway analysis was performed using bovine database. Output pathways were listed in the 
sequence of largest to smallest numbers of involved DcgMGs in the table. KEGG pathway ID, 
name of each pathway, number of DcgMGs involved in each pathway, associated percentage of 
DcgMGs in all genes of in certain pathway, p-value, and p-value after Benjamini-Hochberg 
correction were listed in the table from left to right column.  

No. 
KEGG 

ID 
Term 

NO. 

DcgMG 

% 

Associated 

Genes 

Term 

PValue 

Term PValue 

Corrected 

1 5200 Pathways in cancer 75 22.8 5.1E-06 1.6E-04 

2 4151 PI3K-Akt signalling pathway 69 19.9 9.6E-04 7.0E-03 

3 4010 MAPK signalling pathway 59 22.8 6.4E-05 7.7E-04 

4 5166 HTLV-I infection 59 21.9 1.9E-04 1.8E-03 

5 4015 Rap1 signalling pathway 52 24.1 3.0E-05 4.4E-04 

6 4510 Focal adhesion 51 24.9 1.2E-05 2.4E-04 

7 4020 Calcium signalling pathway 50 26.6 2.4E-06 1.0E-04 

8 5205 Proteoglycans in cancer 46 20.7 3.8E-03 1.9E-02 

9 4014 Ras signalling pathway 46 19.7 8.7E-03 3.5E-02 

10 4810 Regulation of actin cytoskeleton 45 21.3 2.1E-03 1.3E-02 

11 4921 Oxytocin signalling pathway 44 28.8 1.0E-06 1.1E-04 

12 4022 cGMP-PKG signalling pathway 44 26.3 1.1E-05 2.3E-04 

13 4261 
Adrenergic signalling in 

cardiomyocytes 
39 26.7 2.5E-05 3.9E-04 

14 4390 Hippo signalling pathway 39 26.0 5.4E-05 7.0E-04 

15 5202 
Transcriptional misregulation in 

cancer 
36 20.8 9.5E-03 3.7E-02 

16 4724 Glutamatergic synapse 35 30.4 3.0E-06 1.1E-04 

17 4722 Neurotrophin signalling pathway 35 28.2 1.6E-05 3.0E-04 

18 4310 Wnt signalling pathway 35 25.4 2.3E-04 2.0E-03 

19 230 Purine metabolism 35 20.3 1.3E-02 4.6E-02 

20 4916 Melanogenesis 33 32.7 1.0E-06 7.6E-05 

21 4919 
Thyroid hormone signalling 

pathway 
33 29.5 1.0E-05 2.8E-04 

22 4360 Axon guidance 33 26.6 1.1E-04 1.1E-03 

23 4725 Cholinergic synapse 32 28.6 3.6E-05 4.9E-04 

24 4713 Circadian entrainment 30 30.3 2.0E-05 3.4E-04 

25 4270 Vascular smooth muscle contraction 30 25.2 6.5E-04 5.3E-03 

26 4152 AMPK signalling pathway 28 22.6 7.7E-03 3.2E-02 

27 4918 Thyroid hormone synthesis 26 36.6 9.5E-07 2.1E-04 

28 4971 Gastric acid secretion 26 35.1 2.4E-06 1.3E-04 
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29 4726 Serotonergic synapse 26 22.2 9.7E-03 3.7E-02 

30 4915 Estrogen signalling pathway 25 25.0 1.9E-03 1.2E-02 

31 4723 
Retrograde endocannabinoid 

signalling 
25 24.0 3.7E-03 1.9E-02 

32 4070 
Phosphatidylinositol signalling 

system 
24 29.6 2.2E-04 2.0E-03 

33 4540 Gap junction 24 27.0 8.6E-04 6.5E-03 

34 4750 
Inflammatory mediator regulation of 

TRP channels 
24 22.9 9.4E-03 3.7E-02 

35 4911 Insulin secretion 23 27.4 1.1E-03 7.6E-03 

36 5032 Morphine addiction 23 24.7 3.6E-03 1.9E-02 

37 4974 Protein digestion and absorption 22 26.5 1.8E-03 1.2E-02 

38 4970 Salivary secretion 22 26.2 2.0E-03 1.2E-02 

39 4666 Fc gamma R-mediated phagocytosis 22 25.6 3.8E-03 1.9E-02 

40 5414 Dilated cardiomyopathy 22 25.6 3.8E-03 1.9E-02 

41 4972 Pancreatic secretion 22 23.2 1.0E-02 3.8E-02 

42 4720 Long-term potentiation 21 31.8 1.7E-04 1.7E-03 

43 5220 Chronic myeloid leukemia 21 28.8 8.1E-04 6.3E-03 

44 4512 ECM-receptor interaction 21 24.7 6.1E-03 2.9E-02 

45 4912 GnRH signalling pathway 21 24.1 7.2E-03 3.2E-02 

46 5222 Small cell lung cancer 21 24.1 7.2E-03 3.2E-02 

47 5217 Basal cell carcinoma 19 33.9 9.2E-05 1.1E-03 

48 5031 Amphetamine addiction 19 27.5 2.2E-03 1.3E-02 

49 4920 Adipocytokine signalling pathway 19 26.8 2.9E-03 1.6E-02 

50 4520 Adherens junction 18 26.5 4.2E-03 2.0E-02 

51 4976 Bile secretion 18 25.7 7.5E-03 3.2E-02 

52 4662 B cell receptor signalling pathway 18 25.4 8.1E-03 3.3E-02 

53 5412 
Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 
17 24.6 1.3E-02 4.5E-02 

54 4330 Notch signalling pathway 16 33.3 4.1E-04 3.5E-03 

55 5030 Cocaine addiction 16 31.4 1.4E-03 9.7E-03 

56 4730 Long-term depression 16 26.7 7.0E-03 3.1E-02 

57 4960 
Aldosterone-regulated sodium 

reabsorption 
15 38.5 1.0E-04 1.1E-03 

58 5223 Non-small cell lung cancer 15 27.3 8.6E-03 3.5E-02 

59 4961 
Endocrine and other factor-regulated 

calcium reabsorption 
14 31.8 1.6E-03 1.0E-02 

60 4340 Hedgehog signalling pathway 14 27.5 1.2E-02 4.3E-02 

61 4742 Taste transduction 13 31.0 5.0E-03 2.4E-02 
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5.2.5.2. DMChg annotation and pathway enrichment analysis 

All DMChgs were annotated to generate a differentially CHG methylated gene list for further 

pathway enrichment analysis. DMChgs that located in intergenic region, which is not belonged 

to any gene were omitted at this stage. A total number of 4011 differentially CHG methylated 

genes (DchgMGs) were generated after annotation. Venn diagram of DchgMGs in three 

comparisons was presented in Figure 5.26. 36.0% DcgMGs in clinical/resistant, 39.7% DcgMGs 

in clinical/sub-clinical, 33.5% DhMGs in sub-clinical/clinical comparisons were unique. 416 

genes were found overlapped among 3 comparisons. 

 

Figure 5.26. Venn diagram of differentially CHG cytosine methylated genes among 
clinical/resistant, sub-clinical/resistant, and clinical/ sub-clinical comparisons 

 

Pathway analysis was performed using all DchgMGs among 3 groups in KEGG database with 

bovine term. A total number of 59 significant bovine pathways were enriched with 10 to 85 

genes in each pathway (Table 5.3). It is important to clarify that pathways with different names 

may overlap due to groups of genes that functions in multiple biological pathways. Among all 

the pathways, 16 out of 59 pathways were signallings, which implied that DhMCs may affect 

genes largely in charge of initial responses. The parallel analysis in human database showed 

similar results. 
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Table 5.3. Pathway analysis of DchgMGs. 

Pathway analysis was performed using bovine database. Output pathways were listed in the 
sequence of largest to smallest numbers of involved DchgMGs in the table. KEGG pathway ID, 
name of each pathway, number of DchgMGs involved in each pathway, associated percentage of 
DchgMGs in all genes of in certain pathway, p-value, and p-value after Benjamini-Hochberg 
correction were listed in the table from left to right column.  
 

No. 
KEGG 

ID 
Term 

NO. 

DMchgG 

% 

Associated 

Genes 

Term 

PValue 

Term 

PValue 

Corrected 

1 5200 Pathways in cancer 85 25.8 2.2E-05 3.4E-04 

2 4010 MAPK signalling pathway 70 27.0 2.9E-05 4.3E-04 

3 5166 HTLV-I infection 65 24.1 2.1E-03 1.2E-02 

4 4015 Rap1 signalling pathway 62 28.7 1.1E-05 2.3E-04 

5 4510 Focal adhesion 62 30.2 1.5E-06 6.7E-05 

6 4020 Calcium signalling pathway 60 31.9 2.8E-07 6.2E-05 

7 4022 cGMP-PKG signalling pathway 54 32.3 5.8E-07 4.3E-05 

8 5205 Proteoglycans in cancer 53 23.9 6.1E-03 3.0E-02 

9 4810 Regulation of actin cytoskeleton 50 23.7 8.8E-03 3.7E-02 

10 4144 Endocytosis 49 23.7 1.1E-02 4.1E-02 

11 5202 Transcriptional misregulation in cancer 48 27.7 2.8E-04 2.8E-03 

12 4921 Oxytocin signalling pathway 47 30.7 1.6E-05 2.8E-04 

13 4261 
Adrenergic signalling in 

cardiomyocytes 
46 31.5 9.6E-06 2.4E-04 

14 4390 Hippo signalling pathway 45 30.0 5.6E-05 7.3E-04 

15 4360 Axon guidance 44 35.5 3.6E-07 4.0E-05 

16 4141 
Protein processing in endoplasmic 

reticulum 
43 25.4 4.7E-03 2.3E-02 

17 4120 Ubiquitin mediated proteolysis 39 28.3 7.5E-04 5.6E-03 

18 4611 Platelet activation 39 31.2 5.7E-05 7.0E-04 

19 4722 Neurotrophin signalling pathway 39 31.5 4.9E-05 6.9E-04 

20 4724 Glutamatergic synapse 39 33.9 6.7E-06 2.1E-04 

21 4725 Cholinergic synapse 38 33.9 9.1E-06 2.5E-04 

22 4530 Tight junction 37 28.2 8.8E-04 6.4E-03 

23 4713 Circadian entrainment 36 36.4 2.2E-06 8.1E-05 

24 4270 Vascular smooth muscle contraction 34 28.6 1.2E-03 8.2E-03 

25 4919 Thyroid hormone signalling pathway 34 30.4 3.2E-04 2.9E-03 

26 4668 TNF signalling pathway 33 30.0 7.0E-04 5.3E-03 

27 4750 Inflammatory mediator regulation of 32 30.5 5.1E-04 4.4E-03 
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TRP channels 

28 4915 Estrogen signalling pathway 31 31.0 3.9E-04 3.5E-03 

29 4916 Melanogenesis 31 30.7 6.6E-04 5.2E-03 

30 5146 Amoebiasis 31 26.5 8.3E-03 3.6E-02 

31 5414 Dilated cardiomyopathy 31 36.0 1.5E-05 2.7E-04 

32 5410 Hypertrophic cardiomyopathy (HCM) 27 34.2 1.9E-04 2.0E-03 

33 5412 
Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 
27 39.1 1.1E-05 2.4E-04 

34 4666 Fc gamma R-mediated phagocytosis 26 30.2 2.0E-03 1.2E-02 

35 4918 Thyroid hormone synthesis 26 36.6 7.5E-05 8.8E-04 

36 5032 Morphine addiction 26 28.0 7.3E-03 3.3E-02 

37 5215 Prostate cancer 26 29.9 2.2E-03 1.2E-02 

38 4540 Gap junction 25 28.1 6.5E-03 3.1E-02 

39 4911 Insulin secretion 25 29.8 3.0E-03 1.6E-02 

40 4512 ECM-receptor interaction 24 28.2 8.0E-03 3.5E-02 

41 4912 GnRH signalling pathway 24 27.6 1.3E-02 4.8E-02 

42 4970 Salivary secretion 24 28.6 7.5E-03 3.3E-02 

43 4070 Phosphatidylinositol signalling system 23 28.4 1.0E-02 4.0E-02 

44 4520 Adherens junction 23 33.8 5.2E-04 4.3E-03 

45 4971 Gastric acid secretion 23 31.1 2.5E-03 1.4E-02 

46 4720 Long-term potentiation 22 33.3 1.3E-03 8.7E-03 

47 4730 Long-term depression 22 36.7 1.8E-04 2.0E-03 

48 5031 Amphetamine addiction 22 31.9 1.8E-03 1.1E-02 

49 310 Lysine degradation 19 35.2 1.4E-03 9.0E-03 

50 5211 Renal cell carcinoma 19 28.8 1.3E-02 4.8E-02 

51 4370 VEGF signalling pathway 18 31.0 7.2E-03 3.3E-02 

52 4330 Notch signalling pathway 17 35.4 1.5E-03 9.9E-03 

53 5014 Amyotrophic lateral sclerosis (ALS) 17 30.9 9.9E-03 4.0E-02 

54 5030 Cocaine addiction 17 33.3 3.9E-03 2.0E-02 

55 5217 Basal cell carcinoma 17 30.4 1.1E-02 4.2E-02 

56 4960 
Aldosterone-regulated sodium 

reabsorption 
16 41.0 2.9E-04 2.8E-03 

57 4930 Type II diabetes mellitus 15 31.3 1.1E-02 4.3E-02 

58 534 Glycosaminoglycan biosynthesis 10 41.7 3.5E-03 1.8E-02 

59 3010 Ribosome 10 7.4 1.7E-03 1.0E-02 
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5.2.5.3. DMChh annotation and pathway enrichment analysis 

All DMChhs were annotated to generate a differentially CHH methylated gene list for further 

pathway enrichment analysis. DMChhs that located in intergenic region, which is not belonged 

to any gene were omitted at this stage. A total number of 2253 differentially CHH methylated 

genes (DchhMGs) were generated after annotation. Venn diagram of DchhMGs in three 

comparisons was presented in Figure 5.27. 31.4% DchhMGs in clinical/resistant, 39.9% 

DchhMGs in clinical/sub-clinical, 31.3% DchhMGs in sub-clinical/clinical comparisons were 

unique. 175 genes were found overlapped among 3 comparisons. 

 

Figure 5.27. Venn diagram of differentially CHH cytosine methylated genes among 
clinical/resistant, sub-clinical/resistant, and clinical/ sub-clinical comparisons 

 

Pathway analysis was performed using all DchhMGs among 3 groups in KEGG database with 

bovine term. A total number of 21 significant bovine pathways were enriched with 14 to 50 

genes in each pathway (Table 5.4). It is important to clarify that pathways with different names 

may overlap due to groups of genes that functions in multiple biological pathways. Interestingly, 

10 out of 21 pathways were signallings, which implied that DhMCs may affect genes largely in 

charge of initial responses. Wnt signalling pathway and the upstream PI3K-Akt signalling 

pathway were again highlighted, which imply a strong connection between CHH cytosine 

methylation and Wnt pathway regulation. The parallel analysis in human database showed 

similar results. 
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Table 5.4. Pathway analysis of DchhMGs.  

Pathway analysis was performed using bovine database. Output pathways were listed in the 
sequence of largest to smallest numbers of involved DchhMGs in the table. KEGG pathway ID, 
name of each pathway, number of DchhMGs involved in each pathway, associated percentage of 
DchhMGs in all genes of in certain pathway, p-value, and p-value after Benjamini-Hochberg 
correction were listed in the table from left to right column.  
 

No. 
KEGG 

ID 
Term 

NO. 

DMchhG 

% 

Associated 

Genes 

Term 

PValue 

Term 

PValue 

Corrected 

1 4010 MAPK signalling pathway 50 19.3 4.7E-06 9.4E-04 

2 4510 Focal adhesion 36 17.6 8.7E-04 1.4E-02 

3 4015 Rap1 signalling pathway 35 16.2 4.0E-03 4.0E-02 

4 4020 Calcium signalling pathway 34 18.1 7.8E-04 1.4E-02 

5 4360 Axon guidance 30 24.2 5.4E-06 5.4E-04 

6 4921 Oxytocin signalling pathway 30 19.6 3.3E-04 7.4E-03 

7 4310 Wnt signalling pathway 29 21.0 1.4E-04 4.1E-03 

8 4722 Neurotrophin signalling pathway 29 23.4 1.3E-05 6.3E-04 

9 4390 Hippo signalling pathway 26 17.3 5.6E-03 4.9E-02 

10 4713 Circadian entrainment 25 25.3 1.1E-05 7.2E-04 

11 4725 Cholinergic synapse 24 21.4 3.5E-04 7.0E-03 

12 4724 Glutamatergic synapse 22 19.1 2.7E-03 3.6E-02 

13 4919 Thyroid hormone signalling pathway 22 19.6 2.2E-03 3.4E-02 

14 4666 Fc gamma R-mediated phagocytosis 18 20.9 3.1E-03 3.6E-02 

15 4720 Long-term potentiation 18 27.3 6.2E-05 2.1E-03 

16 4070 Phosphatidylinositol signalling system 17 21.0 4.3E-03 4.1E-02 

17 4911 Insulin secretion 17 20.2 5.1E-03 4.6E-02 

18 4971 Gastric acid secretion 16 21.6 2.8E-03 3.5E-02 

19 4520 Adherens junction 15 22.1 3.4E-03 3.8E-02 

20 5412 
Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 
15 21.7 3.8E-03 4.0E-02 

21 4330 Notch signalling pathway 14 29.2 1.8E-04 4.6E-03 

 

5.2.6. Gene ontology (GO) analysis 

Gene Ontology analysis including „biological processes‟, „molecular functions‟ and „cellular 

components‟ was performed in all DcgMGs, DchgMGs and DchhMGs seperately.  
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5.2.6.1 Gene ontology (GO) analysis of genes with DMCg(DcgMGs) 

Briefly, 246 biological processes (Table S5.1), 43 molecular functions (Table S5.2), and 29 

cellular components (Table S5.3) were identified from DcgMGs. The top biological processes 

are single-organism developmental process, cell differentiation, regulation of multicellular 

organismal process, and regulation of cellular metabolic process (Figure 5.28). The top 

molecular functions included heterocyclic compound binding, sequence-specific DNA binding 

transcription factor activity, and GTPase regulator activity (Figure 5.29). The top cellular 

components are intracellular part, neuron part, integral component of membrane and ion channel 

complex (Figure 5.30). 

 

  

Figure 5.28. Biological processes identified from DcgMGs 
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Figure 5.29. Molecular functions identified from DcgMGs 
 
 

 

Figure 5.30. Cellular components identified from DcgMGs 
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5.2.6.2. Gene ontology (GO) analysis of genes with DMChg(DchgMGs) 

Briefly, 245 biological processes (Table S5.4), 51 molecular functions(Table S5.5), and 29 

cellular components (Table S5.6) were identified from DchgMGs. The top biological processes 

are anatomical structure development, multicellular organismal development, regulation of 

cellular metabolic process, and regulation of metabolic process (Figure 5.31). The top molecular 

functions included anion binding, GTPase regulator activity, ion binding, and G-protein coupled 

receptor activity (Figure 5.32). The top cellular components involved intracellular part, integral 

component of membrane and cell projection (Figure 5.33). 

 

Figure 5.31. Biological processes identified from DchgMGs 
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Figure 5.32. Molecular functions identified from DchgMGs 
 

 

Figure 5.33. Cellular components identified from DchgMGs 
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5.2.6.3. Gene ontology (GO) analysis of genes with DMChh(DchhMGs) 

Brifly, 179 biological processes (Table S5.7), 38 molecular functions (Table S5.8), and 24 

cellular components (Table S5.9) were identified from DchhMGs. The top biological processes 

are anatomical structure morphogenesis, cell differentiation, regulation of cell communication, 

and cell-cell signalling (Figure 5.34). The top molecular functions included heterocyclic 

compound binding, organic cyclic compound binding, and GTPase regulator activity (Figure 

5.35). The top cellular components are intracellular part, integral component of membrane, 

cytoskeleton, and neuron part (Figure 5.36). 

 

 

Figure 5.34. Biological processes identified from DchhMGs 
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Figure 5.35. Molecular functions identified from DchhMGs 
 

 

Figure 5.36. Cellular components identified from DchhMGs 
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5.3. Discussion 

To achieve a deeper complete understanding of methylation pattern, discussion of this chapter is 

combined with Chapter 6. 
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Chapter 6. Whole-genome analysis of 5-hydroxymethylcytosine at base 

resolution in mycotoxin response 

6.1. Introduction 

Referred as the “sixth base”, 5-hydroxymethylcytosine (5-hmC) is now known to be a widely 

present form of DNA methylation in the mammalian genome. 5-hmC is converted from 5-mC 

through catalysis by Tet proteins. it  It has been reported that levels of 5-hmC peak in the brain 

and the greater central nervous system [376], and in the human frontal lobe tissue, 5-hmC is 

enriched at regions positively correlated with gene expression, such as promoters and gene 

bodies [377]. Due to technical constraints the study of 5-hmC has been more limited compared 

with archetypal 5-mC DNA modification. It has been suggested that 5-hmC may be sensitive to 

oxidative metabolism[378] and may thus be dynamically regulated during detoxification 

responses. The most practical and integrated way to approach 5-hmC profiling with mycotoxin 

exposure response is through the recently developed high throughput sequencing protocols, 

namely „reduced representation hydroxymethylation profiling‟ (RRHP), which provide genome 

wide base-pair resolution of hydroxycytosine methylation status.  

6.2. Results 

6.2.1. Hydroxycytosine coverage of RRHP assay 

In our RRHP assays, the coverage of hmC observed in each sample, and the average coverage 

for each subject group are summarized in table 6.1. The coverage of samples from the resistant 

and clinical groups was slightly higher than samples from sub-clinical group, and the average 

coverage of identifiable hmC sites was 1,081,348 per sample. When we combine all 5-hmC sites 

detectable in at least one sample, a total number of 2036253 prospective hmC sites are identified 

in resistant, sub-clinical, or clinical groups, with a total of 1,524,195 hmC sites detected in all 

three groups. Comparison to the number of cytosine sites covered by RRBS (16,052,627) implies 

that about 12.7% of cytosines in the sheep genome were hydroxymethylated. 

Table 6.1. 5-hmC coverage of RRHP assay 

 
Resistant Sub-clinical Clinical 

Sample ID 199 171 117 619 551 33 83 36 184 

5-hmC No. 1186679 917147 1324104 577382 1048731 999680 1137870 1319207 1221330 
Ave. 5-hmC 

No. 
1142643 875264 1226135 
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6.2.2. Correlation and clustering of RRHP results 

RRHP assays detect hydroxymethylated cytosine in the form of a „read count‟ rather than as ratio, 

thus higher read counts represent higher incidence of hydroxymethylation at a certain cytosine 

site. Read counts of prospective hmC sites were used for correlation analysis, which was 

preformed among all 9 individual samples (Figure S6.1-S6.4), as well as among 3 groups (Figure 

6.1). The degree of positive correlation among samples within each group was reasonably high 

within the resistant (r=0.65-0.80) and clinical (r=0.74-0.78) phenotypes, but lower within the 

sub-clinical group (r=0.51-0.61). The „r-values‟ further suggest greatest variation occurred in the 

clinical phenotype context. The correlation among the 3 groups was also relatively low (r=0.38-

0.54) despite the hydroxymethylation reads being evenly distributed (Figure 6.1). These results 

imply that hmC may not be “conserved” as is the more classical CpG methylation, but rather 

more reflective of the variability within individual subjects and between different phenotypes.  

 

 

Figure 6.1. Correlation analysis of hydroxymethylation among resistant, sub-clinical, and 
clinical groups. R=resistant, C=clinical, NC=sub-clinical 

 

Hierarchical clustering was performed to agnostically group hmC profiles for individual animals 

with similar hydroxymethylation pattern. Interestingly, although clustering of the hmC data in its 

totality (Figure 6.2) did not align strictly with biological grouping, when clustering was restricted 
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by genomic region, the UTR (Figure 6.3), exon (Figure 6.4), and intergenic (Figure 6.5) regions 

show clear segregation aligned to phenotype, whereas the promoter (Figure S6.5) and intron 

(Figure S6.6) regions do not. These results suggest hmC modifiable sites well beyond promoter 

regions are dynamic and perhaps biologically relevant in the context of the current phenotypes. 

 

 

Figure 6.2. Hierarchical clustering of all hmC 
 

 

Figure 6.3. Hierarchical clustering of hmC in UTR region 
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Figure 6.4. Hierarchical clustering of hmC in Exon region 
 

 

 

Figure 6.5. Hierarchical clustering of hmC in Intergenic region 
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6.2.3. Differentially hydroxymethylated cytosine (DhMC) sites and genome 

distribution 

After a broad analysis of all detected hmCs, the cytosine sites that are differentially 

hydroxymethylated between groups were then identified, reducing the  the total number of 

DhMC sites  down to 23448,  just 1.15% of total putative hmC sites detected by RRHP. The 

bioinformatics selection for determining differential hydroxymethylation were 1) FDR<=0.05, 2) 

if prospective hmC site was not detected in one group, read count of the other group>=3, 3) if 

prospective hmC site was detected in both group, the read count ratio>=8. Sites meeting all three 

of these were defined as differentially hydroxymethylateda and their relationship between 

phenotypes represented by Venn diagram comparison (Figure 6.6-6.8). Notably, most of these 

DhMCs are non-overlapping and thus unique for each comparison. More specifically, 8925 

DhMCs were identified between resistant and sub-clinical, 10833 DhMCs were identified 

between resistant and clinical and 7471 DhMCs were identified between sub-clinical and clinical 

groups. The majority of DhMCs in each comparison, from 72% to 93%, were unique and non-

overlapping with any other comparison.  

 

 

Figure 6.6. Venn diagram of differentially hydroxymethylated cytosines between sub-
clinical/resistant and clinical/resistant comparisons.  

 



145 

 

 

Figure 6.7. Venn diagram of differentially hydroxymethylated cytosines between 
clinical/resistant and clinical/ sub-clinical comparisons. 

 

 

 

Figure 6.8. Venn diagram of differentially hydroxymethylated cytosines between sub-
clinical/resistant and clinical/ sub-clinical comparisons. 

 

Multilevel „doughnut‟ charts to summarize  1) the distribution of methylated DhMC from 3 

groups across each chromosome within the  genome (Figure 6.9); and 2) the distribution of 

DhMC from 3 comparisons in each chromosome of whole genome (Figure 6.10).  
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Figure 6.9. Doughnut chart of the distribution of DhMC in whole genome 
The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent average hMC read counts of DhMC sites 
(peaks) of Clinical, Sub-clinical, and Resistant group located on chromosomes respectively from 
outside to inside. Different peak colours represent site location  in the context of gene(see 
illustration in up right corner). 
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Figure 6.10. Doughnut chart of the distribution of DhMC ratios among 3 groups in whole 
genome 

The outer and inner colourful bar circle represent 1-26 general, sex, and mitochondrial 
chromosomes. The circles in the middle represent methylation ratio of hMC read counts (peaks) 
of Clinical/ Resistant, Clinical /Sub-clinical, and Sub-clinical/Resistant comparison located on 
chromosomes respectively from outside to inside. Different peak colours represent site location  
in the context of gene (see illustration in up right corner). 
 

6.2.4. Distinct regional distribution of DhMCs 

To identify the distinct genomic regions associated with DhMCs, annotation according to the 

five currently available gene regions for which sheep based information is sufficient, namely 

intergenic, promoter, UTR, exon, and intron, was next performed. This exercise combined 
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information from the NCBI, Ensenbl and „Australia sheep genome‟ databases. As shown in the 

Pie charts (Figure 6.11), greater that 80% of combined DhMCs were located in intergenic (44%) 

and intron (41%) regions. The promoter and exon regions contained relatively few, 8% and 6% 

DhMCs respectively. The last 1% of DhMCs was distributed in UTR regions.  

 

 

Figure 6.11. Distinct regional distribution of DhMCs.  
Top: Schematic diagram of the different genomic regions analysed. Bottom: Pie charts 
illustrating the proportions of all DhMCs annotated to intergenic regions (yellow), promoter 
(blue), UTR (red), exons (orange), and introns (green). 
 

6.2.5. DhMC annotation and pathway enrichment analysis 

All DhMCs were then annotated to generate a differentially hydroxymethylated gene list for 

further pathway enrichment analysis. DhMCs that located to intergenic regions and thus not 

readily associated to an identifiable gene body were omitted at this stage. A total number of 5659 

differentially hydroxymethylated genes (DhMGs) were generated after this annotation. Venn 

diagram depictions of the DhMGs in three comparisons are shown in Figure 6.12. Unlike 

DhMCs, which are mostly non-overlapping with between comparisons, only 43.9% DhMGs in 

resistant/clinical, 34.7% DhMGs in resistant/sub-clinical and 28.4% DhMGs in clinical/sub-

clinical were unique. 
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Figure 6.12. Venn diagram of differentially hydroxymethylated genes among clinical/resistant, 
sub-clinical/resistant, and clinical/ sub-clinical comparisons 

 

KEGG pathway analysis was performed using all the DhMGs among the three groups by using 

bovine terms (due to a lack of ovine annotation) as the most similar ruminant data set 

Additionally, analysis using human annotations  was run in parallel to avoid  accidental omission 

of important pathways. A total of 45 significant bovine pathways were enriched with 13 to 127 

genes in each pathway (Table 6.2). It is important to clarify that pathways with different names 

may overlap due to groups of genes that functions in multiple biological pathways. For example, 

WNT genes from „Wnt signalling pathway‟ and MAPK genes from „PI3K-Akt signalling 

pathway‟ also take part in „Pathways in cancer‟. Interestingly, 16 out of the 45 pathways were 

signalling related, which impliesDhMCs may be functional related to genes involved in 

recognition and transduction of triggers following challenge. Most strikingly, we would highlight 

the genes related to the PI3K-Akt and Wnt signalling pathways in this regard, given the results of 

our transcriptomic analysis (see Chapter 4) that uncovered the potential importance of canonical 

Wnt signalling in defining  exposure resistance through its regulation of phase I and II xenobiotic 

metabolism. The parallel analysis of data using the human database revealed similar findings. 
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Table 6.2. Pathway analysis of DhMGs.  

Pathway analysis was performed using bovine database. Output pathways were listed in the 
sequence of largest to smallest numbers of involved DhMGs in the table. KEGG pathway ID, 
name of each pathway, number of DhMGs involved in each pathway, associated percentage of 
DhMCs in all genes of in certain pathway, p-value, and p-value after Bonferroni correction were 
listed in the table from left to right column.  

No. 
KEGG 

ID 
Term 

No. 

DhMGs 

% Associated 

Genes 

Term 

PValue 

PValue 

Corrected  

1 5200 Pathways in cancer 127 38.6 2.0E-11 3.9E-08 

2 4151 PI3K-Akt signalling pathway 121 35.0 7.0E-08 1.4E-04 

3 4010 MAPK signalling pathway 96 37.1 6.7E-08 1.3E-04 

4 4015 Rap1 signalling pathway 89 41.2 5.4E-10 1.1E-06 

5 4510 Focal adhesion 89 43.4 1.6E-11 3.1E-08 

6 4014 Ras signalling pathway 81 34.8 1.6E-05 3.2E-02 

7 4020 Calcium signalling pathway 81 43.1 2.7E-10 5.4E-07 

8 4810 Regulation of actin cytoskeleton 78 37.0 1.6E-06 3.2E-03 

9 5205 Proteoglycans in cancer 78 35.1 1.4E-05 2.9E-02 

10 4144 Endocytosis 77 37.2 1.3E-06 2.5E-03 

11 4022 cGMP-PKG signalling pathway 67 40.1 2.9E-07 5.7E-04 

12 4360 Axon guidance 66 53.2 7.9E-14 1.6E-10 

13 4261 
Adrenergic signalling in 

cardiomyocytes 
65 44.5 2.7E-09 5.3E-06 

14 4921 Oxytocin signalling pathway 65 42.5 2.4E-08 4.8E-05 

15 4390 Hippo signalling pathway 59 39.3 2.6E-06 5.2E-03 

16 4910 Insulin signalling pathway 59 42.1 1.9E-07 3.8E-04 

17 4724 Glutamatergic synapse 55 47.8 1.5E-09 3.0E-06 

18 4152 AMPK signalling pathway 53 42.7 3.7E-07 7.3E-04 

19 4310 Wnt signalling pathway 53 38.4 2.0E-05 4.0E-02 

20 4725 Cholinergic synapse 53 47.3 7.3E-09 1.4E-05 

21 4611 Platelet activation 51 40.8 3.9E-06 7.8E-03 

22 4728 Dopaminergic synapse 51 39.2 1.7E-05 3.4E-02 

23 4919 Thyroid hormone signalling pathway 51 45.5 6.6E-08 1.3E-04 

24 5146 Amoebiasis 51 43.6 2.9E-07 5.7E-04 

25 4270 Vascular smooth muscle contraction 50 42.0 1.4E-06 2.7E-03 

26 4713 Circadian entrainment 48 48.5 1.4E-08 2.8E-05 

27 5032 Morphine addiction 48 51.6 6.6E-10 1.3E-06 

28 4723 Retrograde endocannabinoid signalling 44 42.3 4.9E-06 9.7E-03 

29 4750 
Inflammatory mediator regulation of 

TRP channels 
44 41.9 8.8E-06 1.7E-02 

30 4512 ECM-receptor interaction 42 49.4 4.8E-08 9.6E-05 
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31 4915 Estrogen signalling pathway 42 42.0 1.0E-05 2.0E-02 

32 4916 Melanogenesis 42 41.6 1.8E-05 3.6E-02 

33 5222 Small cell lung cancer 40 46.0 9.6E-07 1.9E-03 

34 4520 Adherens junction 39 57.4 4.2E-10 8.4E-07 

35 4070 Phosphatidylinositol signalling system 38 46.9 1.2E-06 2.4E-03 

36 4911 Insulin secretion 38 45.2 4.1E-06 8.2E-03 

37 4971 Gastric acid secretion 38 51.4 5.1E-08 1.0E-04 

38 4970 Salivary secretion 37 44.0 9.1E-06 1.8E-02 

39 5100 Bacterial invasion of epithelial cells 36 48.0 9.7E-07 1.9E-03 

40 4720 Long-term potentiation 35 53.0 5.1E-08 1.0E-04 

41 5412 
Arrhythmogenic right ventricular 

cardiomyopathy (ARVC) 
33 47.8 3.2E-06 6.3E-03 

42 4730 Long-term depression 29 48.3 1.3E-05 2.5E-02 

43 5223 Non-small cell lung cancer 27 49.1 1.2E-05 2.5E-02 

44 4961 
Endocrine and other factor-regulated 

calcium reabsorption 
26 59.1 1.5E-07 3.0E-04 

45 5322 Systemic lupus erythematosus 13 7.0 3.5E-08 7.0E-05 

 

6.2.6. Gene ontology (GO) analysis 

Gene Ontology analysis including „biological processes‟, „molecular functions‟ and „cellular 

components‟ was performed in all DhMGs. Brifly, 245 biological processes(Table S6.1), 63 

molecular functions(Table S6.2), and 60 cellular components(Table S6.3) were identified. The 

top biological processes are single-organism metabolic process, phosphate-contatining 

compound metabolic process, anatomical structure development, and regulation of signalling 

(Figure 6.13). The top molecular functions included anion binding, ion transmembrane 

transporter activity, GTPase regulator activity, and ion binding (Figure 6.14). The top cellular 

components are plasma membrane part, cell projection, and intracellular part (Figure 6.15). 
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Figure 6.13. Biological processes identified from DhMGs  
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Figure 6.14. Molecular functions identified from DhMGs 
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Figure 6.15. Cellular components identified from DhMGs 
 

6.3. Discussion 

Until recently, the mapping of DNA methylation patterns in both model organisms (animals and 

plants) and human tissues has been largely motivated by questions of development, such as the 

importance of gene imprinting, and disease, principally oncogenesis. The recent explosion of 

technology and bioinformatics has now broadened our capability to explore these issues beyond 

traditional model systems, with whole-genome coverage and at base-resolution precision. For the 

first time, we present a comprehensive and integrated analysis of multiple forms of DNA 

methylation, including both „archetypal‟ CpG and the more recently appreciated CHG, CHH and 

RHHG (hydroxymethylation) „variants‟ in sheep tissue (liver) Further, this analysis is the first to 

map the differential consequences on different forms of DNA methylation following xenobiotic / 

mycotoxin challenge in a ruminant model. 

 

Broadly speaking, methylation patterns in the sheep liver exhibit the same general features as 

seen in other animals, especially vertebrates, in which methylation occurs predominantly at CG 

dinucleotide sites [379]. However, across the sheep genome a reasonable degree of CHG and 
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CHH methylation is also observed, similar to what has been recently reported in human embryo 

stem cells and mouse brain frontal cortex [380] [381]. Among all types of cytosines, about 15% 

are CG cytosines, 28% are CHG cytosines, and 57% are in the form of CHH (Figure 6.16-A). 

Although CHH cytosines represent over half of the total number cytosines, very few (0.083%) of 

them are differentially methylated among groups. Most of differentially methylated cytosines 

(DMC) are CG cytosines, 0.77% of all CG cytosine are differentially methylated among groups, 

which is nearly half of all differentially methylated cytosines (DMCs) (Figure 6.16-B). When 

considering all types of DMCs, most genes are associated with DMCh variability (Figure 6.16-

C).  

 

The comparison between total sites detected in RRBS and RRHP suggests the event of 

methylation happens 8 times more often than hydroxylmethylation in sheep liver genome (Figure 

6.16-D). However, hydroxymethylation shows a much higher variation than methylation as 1.15% 

of all prospective hMCs are differentially hydoxymethylated among groups. As a result, the 

number of DhMCs (Figure 6.16-E) and DhMG (Figure 6.16-F) are also relatively high 

considering the low number of prospective hMCs.  

 

Figure 6.16. Comparison of numbers of detected 5-mC/5-hmC sites, differentially 
methylated/hydroxymethylated sites, and genes. 
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The level of variation differs between each type of methylation. CG methylation pattern 

generally appear to be the most conserved in different phenotypes and different samples, whether 

hypomethylated or hypermethylated in genome. As previously observed, the unmethylated CGs 

in sheep are mainly located in CpG islands associated with transcriptional start sites, while the 

remainder of scattered CGs tend to be highly methylated [382, 383], In marked contrast, CHG 

and CHH cytosine methylation were highly variable in different phenotypes and sheep samples, 

but with relatively low and evenly distributed methylation ratios, perhaps implying a stronger 

association between non-CG cytosine methylation and phenotype in this case. 

 

Again, as reported previously in postnatal development of the mouse brain and the development 

of human cerebellum [384] [385], hydroxymethylation was far more dynamic among individuals 

and groups. Interestingly, hydroxymethylation was more variable and at higher levels in sheep 

considered to be clinical group, consistent with a higher incidence of cellular oxidative stress. 

The observation that 5-hmC is generated by oxidation of 5-mC, suggests that 

hydroxymethylation levels and dynamics may be key indicators of stress responses.  

 

Besides providing a global mapping of methylation distribution, our data can also be combined 

with the latest sheep genome database to allow a detailed annotation of cytosine methylation 

status within different genomic regions. Although the proximal promoter is the region most 

associated with dynamic transcriptional activities, methylation diversity was more evident in 

regions extend the promoter. Notably, DMC and DhMC distributions suggested that most of the 

variable 5-mC and 5-hmC sites were located in intergenic and intronic regions. This 

distributional pattern is again similar to that previously reported in human [386] and horse tissue 

[387]. Currently, there are no precise sheep genome component statistics available to compare 

with genomic distribution, but by analogy to current knowledge of the human genome, intergenic 

DNA and introns covered over 98% of genome, while the percentage of exons was a minor 1.1-

1.4%. If this is assumed to be conserved, the DMC distributions we have mapped suggest that 

cytosine sites in promoter, exon, and UTR regions are more variable than those in intergenic and 

intronic regions.  

 

It is widely accepted that DNA methylation contributes to the suppression of gene expression in 

the cases of repetitive gene elements, imprinting, and the X-chromosome. On the contrary, DNA 

hydroxymethylation is generally linked with DNA demethylation and thus activation of 
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transcription. Based on these generaliztions, we might expect that within genes DMCs would 

barely overlap withDhMCs. However, after comparing 3 types of differentially methylated genes 

(DMGs) with DhMGs (Figure 6.17), only about a half of DMGs appear to overlap with DhMGs, 

suggested a more complicated interaction between the processes of methylation and 

hydroxymethylation. 

  

 

Figure 6.17. Comparison of 3 types of DMGs to DhMGs 
Outer doughnut represents total number of DMcgG, DMchgG, and DMchhG. Inner doughnut 
represents the number of each type of DMGs that over lap with DhMGs.  
 
 
Comparison of 3 types of DMGs and DhMGs with our published RNA-seq data (see Chapter 4), 

suggests that in fact less than 5 percent of genes with variant methylation correlate to changed 

gene expression (Figure 6.18). Notably, most of the DMGs and DhMGs we uncovered suggest 

that methylation variance is associated more with genes having intermediate regulator function 

in signalling pathways, rather than with terminal effector genes regulated by these signalling 

pathways. Thus, modification of methylation state is not directly related to expression of genes 

such as CYP which functionally realize detoxification, but rather, it impacts on the level of 

pathway activation by influencing the level of Wnt inhibitor expression, in this instance. 
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Figure 6.18. Comparison of 3 types of DMGs and DhMGs to differentially expressed genes 
Outer doughnut represents total number of DMcgG, DMchgG, DMchh, and DhMGs. Inner 
doughnut represents the number of each type of DMGs and DMhGs that over lap with 
differentially expressed genes detected from RNA-seq study.  
 

Notably, the Wnt pathway emphasized in our previous transcriptome study as key to phase I 

P450 detoxification enzymes regulation was again highlighted in the current DMGs and DhMGs 

pathway analysis. Additionally, the particular genes associated with the Wnt pathways which are 

linked with DMC or DhMC varies. In summary then: 1) although expression of the genes for the 

WNT family of factors did not change, as many as 10 of the WNTs contained DMC or DhMC 

sites, 2) while only 3 LRP genes and no FZD genes changed at the mRNA level, 7 LRPs and 3 

FZDs were notably changed in the case of methylation or hydroxymethylation, 3) key family 

members of soluble inhibitors of Wnt binding, namely DKK and SFRP, were expressed at higher 

levels in susceptible animals than in resistant individuals and also showed a higher 

hydroxymethylation rate, 4) the most important functional CYPs, implied by increased gene 

expression in resistant animals did not show notable methylation differences. Methylation and 

hydroxymethylation status is thus more clearly aligned to signal pathway activation, through 

regulation of the modulators of pathway strength (DKK, SFRP) and thus indirectly influence 

endpoint detoxification enzymes (CYP) activity, rather than their expression. Further analysis 

will be required to define how the specific genomic sites of DMC/DhMC are related to 

transcriptional regulation. 

 

  



159 

 

  



160 

 

Chapter 7. Regulation of hepatic CYP2C gene expression by microRNA 

and β-catenin signalling in response to mycotoxin exposure 

7.1. Introduction 

The regulation of gene expression in response to environmental cues, such as xenobiotic 

exposures, is now known to involve a range of epigenetic mechanisms that interact with 

transcriptional complexes to facilitate or impede access to DNA regulatory sequences [161]. Of 

these „non-genomic‟ mechanisms, the pivotal role of small non-coding RNAs (notably miRNAs) 

in orchestrating gene responses to cellular stress [388] is of particular interest, since the shear 

range of miRNA species within cells suggests that they may provide a means for specifying 

molecular responses within the cell. MicroRNAs comprise an extensive family of single stranded 

small non-coding RNAs consisting of 20–25 nucleotides and function as negative post-

transcriptional regulators [389]. Generally, mature miRNAs, integrated into an RNA-inducing 

silencing complex, bind to the 3'UTR) of the specific target mRNA and cause target mRNA 

degradation or translational repression [390]. It has been shown that miRNAs are involved in 

various biological processes, spanning cell growth, differentiation and apoptosis [391].  

 

Notably, a recent study of multiple human cancer cell types has suggested that a feedback loop 

involving the transcription factor β-catenin binding to TCF/LEF1-binding elements (TBEs) may 

regulate and potentiate the expression of the miR-371-373 cluster, while the presence of 

miRNA-371-373 in turn activates Wnt/β-catenin signalling by targeting canonical Wnt inhibitors 

for intracellular turnover [392]. As a chief effector of the canonical Wnt signalling pathway, β-

catenin is normally targeted (under „resting‟ conditions) for degradation by a larger molecular 

complex including casein kinase Iα and glycogen synthase kinase 3β (GSK3β). However, the 

binding of Wnt to its receptor frizzled results in the functional inactivation of GSK3β. This in 

turn leads to the release of β-catenin from the degradation complex and its translocation to the 

nucleus, where it can act as an activator of gene activity by incorporation into the transcription 

factor complex Tcf/LEF [393]. The prevalence of β-catenin transcriptional regulation across cell 

types, as a downstream component of canonical Wnt and a range of other extracellular signals, 

suggests that it is a fundamental molecular effector that has been repeatedly co-opted in the 

evolution of cellular function throughout the life-history of organisms across all the kingdoms 

[394]. In a number of rodent models [361, 363, 395], β-catenin dependent signalling has been 

linked in vivo to the regulation of CYP genes, perhaps the most important step in the 
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detoxification of xenobiotics given the critical role of these enzymes in Phase I reactions. 

However, the functional redundancy of β-catenin signalling pathways raises the question of how 

the specific CYP gene responses to any given xenobiotic challenge are orchestrated [396].  

 

In the current study of cellular and molecular pathways initiated by exposure of human 

hepatocytes to sporidesmin, a feed-derived member of the epipolythiodioxopiperazine (ETP) or 

sulphur containing sub-class of mycotoxin, we present evidence that integration of the generic 

yet pivotal β-catenin signalling pathway with the regulation of specific miRNA species, may 

provide the transcriptional specificity required for activating particular CYP genes from within 

the extraordinary complexity of available chemical reactions that have evolved for coping with 

xenobiotic exposures. Mycotoxicoses resulting from the inhalation or ingestion of microfungal 

spores, from food in humans and forage in animals, is an increasing „food-supply‟ threat across 

the world [11, 334]. Understanding the molecular specificity by which hepatocyte cells respond 

to and achieve protection from such xeno-metabolic challenges may inform the development of 

targeted and more efficacious therapies.  

7.2. Results 

7.2.1. Cell viability under different SDM treatment 

To determine a maximal sub-lethal dosage for future SDM treatment, we challenged HepG2 

cells with a dose gradient up to 3.0 μg/mL. Cell viability was accessed by both MTT assay and 

cell counting (Figure 7.1). It is clear that with increasing SDM concentration in medium, HepG2 

cell viability dropped in a dose-dependent manner. The concentration 0.5 μg/mL was used in 

subsequent treatments. 

 

 

Figure 7.1. Assessment of cell viability with increasing mycotoxin dose.  
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MTT cell viability assays and cell counts were performed over a range of SDM doses to define a 

sub-lethal dosage for all subsequent experiments. (A) Cell viability quantified as an absorbance 

value and representing the average of 6 repeat experiments at each SDM concentration 

performed in 96-well plates. (B) Cell counts determined by haemocytometer and representing the 

average of 3 repeats experiments at each SDM concentration performed in 24-well plates. Error 

bars represent standard deviations. From these measurements a dose of 0.5µM SDM was 

determined as appropriate for all future experiments. 

7.2.2. Expression and pathway analysis of miRNAs in response to SDM detected by 

miRNA arrays 

To obtain a complete stable miRNA profile in response to SDM, miRNA arrays were performed 

with cell sample with 48h treatment. As presented in the form of heat map, miRNA expression 

dramatically changed in response to SDM challenge. Expression of 132 miRNAs were increased 

(red) compare to control, 33 of them are known human miRNAs. At the same time, 68 miRNAs, 

including 8 human ones, were decreased (blue) (Figure 7.2). The human miRNAs list including 

fold change and related P-value was presented in Table 7.1.  

 

Figure 7.2. miRNA expression profiles for control and SDM treated cells.  
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The miRNA expression profile of three replicate experiments measured at 48h of exposure with 

ethanol diluent (control) and mycotoxin (SDM) determined by hybridization to the Affymetrix 

Genechip miRNA 3.0 array. Hierarchical cluster analyses were performed using Pearson 

correlation. Red and blue indicate an increase and decrease in miRNA expression, respectively. 
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Table 7.1. Changes of Human mature miRNA after SDM treatment  

Human mature miRNAs which changed after SDM treatment compare to control were detected 
by Affymetrix Genechip miRNA 3.0 arrays. miRNAs with fold-change above 2 and p-value under 
0.01 were selected and presented in the table. 
 

miRNA ID p-value Fold-Change 
hsa-miR-373_st 7.55E-09 32.37 
hsa-miR-139-5p_st 1.61E-10 30.55 
hsa-miR-372_st 7.55E-11 19.13 
hsa-miR-371-5p_st 4.22E-08 17.12 
hsa-miR-487b_st 4.53E-09 11.61 
hsa-miR-371-3p_st 8.36E-10 9.66 
hsa-miR-4485_st 1.24E-08 8.64 
hsa-miR-139-3p_st 4.25E-10 7.61 
hsa-miR-379_st 4.06E-08 7.25 
hsa-miR-584_st 2.55E-06 6.89 
hsa-miR-409-3p_st 3.41E-08 6.87 
hsa-miR-375_st 2.05E-08 6.14 
hsa-miR-376a_st 1.12E-05 4.98 
hsa-miR-150_st 1.02E-05 4.77 
hsa-miR-4461_st 4.48E-06 4.5 
hsa-miR-31_st 6.78E-06 3.87 
hsa-miR-138-2-star_st 6.45E-04 3.5 
hsa-miR-382_st 2.15E-05 3.5 
hsa-miR-184_st 1.16E-05 3.42 
hsa-miR-376c_st 2.58E-04 3.28 
hsa-miR-1246_st 5.04E-06 3.22 
hsa-miR-491-5p_st 7.74E-06 2.88 
hsa-miR-297_st 5.26E-04 2.6 
hsa-miR-149_st 4.65E-06 2.58 
hsa-miR-132_st 8.63E-06 2.27 
hsa-miR-432_st 9.29E-04 2.25 
hp_hsa-mir-4485_st 3.32E-05 2.21 
hsa-miR-1972_st 4.59E-06 2.21 
hsa-miR-21_st 2.80E-04 2.2 
hsa-miR-4484_st 4.60E-05 2.18 
hsa-miR-543_st 1.22E-04 2.17 
hsa-miR-1973_st 7.77E-04 2.12 
hsa-miR-18a_st 9.67E-07 -2.12 
hsa-miR-106_st 2.13E-05 -2.19 
hsa-miR-4741_st 2.50E-04 -2.27 
hsa-miR-18b_st 9.57E-05 -2.31 
hsa-miR-143_st 8.29E-06 -2.49 
hsa-miR-130a_st 2.32E-04 -2.52 
hsa-miR-330-3p_st 1.13E-04 -2.59 
hsa-miR-342-3p_st 1.77E-06 -2.6 
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Pathway analysis result of changed human miRNAs leads to 181 KEGG pathways that related to 

at least 1 predicted miRNA target gene (see Table S7.1). Bioinformatic analysis suggests that the 

biological signalling most influenced by changes in miRNA expression relates to Wnt dependent 

pathways. Notably, up regulation of miR-21 and miR-31 are both known to potentiate Wnt 

signalling by suppressing SFRP1 and WIF1, principal soluble inhibitors of Wnt [397]. Of the 

significantly down regulated miRNA species, miR-106 and miR-130 would also seem to be 

particular relevant in the current context as they are known to bind the 3'UTRs of CYP2C8 and 

CYP2C19 [398, 399]. The potential role of several additional miRNA species which are 

significantly down-regulated, namely miR-18a-star, miR-143, miR-145, and miR-330a-star, will 

however require further empirical testing. Intriguingly, we also observed changes in the 

expression of the miR-371-373 cluster which has previously been linked to the potentiation of 

Wnt signalling in tumour cells [392]. To confirm these findings expression of miR-21-5p, miR-

31-5p, miR-371-3p, miR-371-5p, miR-372, and miR-373, was measured by RT-PCR as a time 

course up to 48h after exposure (Figure 3). Collectively, our results imply a significant role for 

miRNA dependent epigenetic mechanisms, and for Wnt signalling pathway in the SDM 

detoxification response. 

 

 

Figure 7.3. Time course of target miRNA expression in response to mycotoxin exposure.  
The expression of 5 miRNA species identified as responsive to SDM exposure from the 
Affymetrix array was quantified at intervals from 2 to 48 hrs by semi-quantitative RT-PCR, 
specifically miR-371-3p (A), miR-371-5p (B), miR-372 (C), miR-373 (D), and miR-487 (E). 
Error bars represent standard deviations. *P <0.05, **P <0.01. 
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7.2.3. SDM triggers β-catenin nuclear translocation through phosphorylated Akt 

The transcription factor β-catenin is a critical downstream effector in the canonical Wnt 

signalling pathway, but in the absence of Wnt binding to its receptor, β-catenin is targeted for 

degradation by a GSK3β complex. It is known that Akt phosphorylation leads to inactivation of 

GSK3β, allowing β-catenin to be stabilized, released from the degradation complex and 

translocation into the nucleus. We first examined total and phosphorylated Akt protein levels by 

Western blot, and found that after just 2h of SDM exposure the ratio of phosphorylated to total 

Akt increased significantly compared to diluent controls (Figure 7.4A). Again by Western blot, 

we then found that levels of phosphorylated GSK3β protein decreased between 6 and 20h after 

SDM exposure (Figure 7.4B). Most importantly, the ratio of cytoplasmic to nuclear β-catenin 

also changed significantly, consistent with the nuclear translocation of β-catenin by 6h after 

SDM exposure (Figure 7.4C). These results suggest that the mycotoxin triggers β-catenin nuclear 

translocation in an Akt dependent manner.  

 

 

Figure 7.4. SDM triggers β-catenin nuclear translocation through phosphorylated Akt. 
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Expression of phosphorylated Akt, phosphorylated GSK3β and nuclear β-catenin response to 
SDM exposure detected by western blot and quantified by „integrated density‟ using Image J 
software. Western blots and bar graphs of 3 replicate experiments are shown. (A) Total and 
phosphorylated Akt levels 2h after SDM treatment. (B) Expression of phosphorylated GSK3β 
protein after 2, 6, and 20h of SDM treatment. (C) Cytoplasmic and nuclear β-catenin levels 2, 6, 
and 20h after SDM treatment. Error bars represent standard deviations. β-actin was used as 
loading control in all the assays. *P <0.05, **P <0.01. 
 

7.2.4. TCF/LEF1-binding elements prediction on CYP2Cs promoter 

Previous studies have suggested that β-catenin dependent signalling may drive CYP gene 

expression. In previous studies of SDM toxicity in animal models CYP2C genes were found to 

respond significantly (Zhang, et al., unpublished). We therefore carried out a mapping of 

predicted TCF/LEF1-binding elements (TBE) on the CYP2C8, 2C9, and 2C18 gene promoters 

(2000bp upstream) and 5'UTR region by the pattern-based program Patch 1.0 (http://www.gene-

regulation.com/pub/programs.html#patch), using both the TCF4E motif (T/A–T/A–C–A–A–A–

G) or extended TCF4E motif (A/T/G–C/G–T/A–T/A–C–A–A–A–G). We applied the highest 

stringency, when the score for a match between the whole site (search pattern) and the input 

sequence equalled 100, to identify potential TBE sites involved in β-catenin regulation [400] 

(Figure 7.5). On this basis, we predict that CYP2C8, 2C9, and 2C18 have 5, 4, and 2 TBEs 

respectively within 1500bp upstream of the transcription start site of each gene. This analysis 

supports β-catenin being a key transcriptional regulator of CYP2Cs acting as a likely co-activator 

of TCF/LEF transcription factor complexes.  

 

Figure 7.5. Predictions for TCF/LEF1-binding motifs in CYP2C gene promoter regions. 
TCF4E motif (T/A–T/A–C–A–A–A–G) or extended TCF4E motif (A/T/G–C/G–T/A–T/A–C–A–A–
A–G) were identified in promoter and 5‟UTR regions of the CYP2C8, 2C9, and 2C18 genes by 
Patch 1.0. The solid bars represent motifs with the sequence and position of each motif labelled 

http://www.gene-regulation.com/pub/programs.html#patch
http://www.gene-regulation.com/pub/programs.html#patch
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aside, while the solid arrows indicate the protein coding start region. The vertical dashed line 
marks the boundary between promoter and 5‟UTR regions. 
 

7.2.5. Gene expression changes in response to SDM treatment 

To verify expression changes of Wnt inhibitor genes and detoxification genes in response to 

SDM , the mRNA levels of three Wnt inhibitors (WIF1, DKK3, SFRP1) and five hepatic phase I 

enzymes (CYP1A2, CYP2C8, CYP2C9, CYP2C18, CYP2C19) and were examined by 

quantitative RT-PCR at five time points between 2 and 48h after exposure. Primers used for 

qPCR were listed in Table 7.2.  

Table 7.2. Primers used in real-time PCR. 

Gene Primer sequence, 5' to 3' Ref / GenBank Accession 

H2A.1 
Forward: TGAAACCCTGATTGACGCACAG 

Reverse: GAACGCCACTGGAGGATGTAC 
NM_138609.2 

SDHA 
Forward: TGGGAACAAGAGGGCATCTG 

Reverse: CCACCACTGCATCAAATTCATG 
NM_004168.2 

PPIA 
Forward: TCTTGAGGGAAGCATATTGG 

Reverse: CAGGGAGACTGACTGTAGCAC 
NM_021130.3 

CYP2C9 
Forward: ACGGATTTGTGTGGGAGAAGC 

Reverse: ACTGGAGTGGTGTCAAGGTTC 
NM_000771.3 

CYP2C18 
Forward: GGAAAACGGATGTGTATGGGAG 

Reverse: GTGGCACACGACCAAATGC 
NM_001128925.1; NM_000772.2 

CYP1A2 
Forward: CTGGGCACTTCGACCCTTAC 

Reverse: TCTCATCGCTACTCTCAGGGA 
NM_000761.4 

UGT2B15 
Forward: CCAACCAATGAAGCCCCTG 

Reverse: GTTGTGAGCTGCGACTCGAA 
NM_001076.3 

SFRP1 
Forward: ACGTGGGCTACAAGAAGATGG 

Reverse: CAGCGACACGGGTAGATGG 
NM_003012.4 

WIF1 
Forward: GCCCACAACCCTGTCGAAAT 

Reverse: CTCCCTGGTAACCTTTGGAAC 
NM_007191.4 

DKK3 
Forward: ACGAGTGCATCATCGACGAG 

Reverse: GCAGTCCCTCTGGTTGTCAC 

NM_015881.5; NM_013253.4; 

NM_001018057.1; XM_005252866.1 

 

While the expression of all three Wnt inhibitors decreased after SDM treatment, the trajectory of 

change varied such at DKK3 levels were most signficantly decreased at 48h (Figure 7.6A), while 

SFRP1 and WIF1 had decreased significantly by 24h after exposure (Figure 7.6B, C).  

The response of the hepatic enzymes to SDM exposure was far from uniform. Expression of the 

CYP1A2 gene was only minimally affected with less than a 2 fold change within the time course 
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of the experiment (Figure 7.6D). Meanwhile, the level of mRNA for CYP2C8 increased rapidly 

within just 2h and subsequently decayed (Figure 7.6E) suggesting that, in this case gene 

activation may be either sensitive to basal levels of β-catenin in the cell or occur quite 

independently of such signals. For both the CYP2C9 and CYP2C18 genes we observed an 

increase in mRNA after 4h and a peak of expression at 24h after exposure (Figure 7.6F, G), a 

dynamic which would more closely correlate to the Akt-dependent activation of β-catenin 

inferred from our observations described above. The protein level of CYP2C18 after 48h of 

treatment was also confirmed by Western blot (Figure 7.6H). In previous studies it has proven 

difficult to demonstrate expression of CYP2C18 (at the level of protein) in human liver under 

normal growth conditions, implying that this gene is strictly induced by xenobiotic exposure 

[401-404]. In contrast, mRNA level for CYP2C19 was not detectable at any time in the 

experiment (data not shown). Collectively, these data suggest that SDM mycotoxin exposure 

induces a differential CYP gene response, and in some cases gene activation is consistent with β-

catenin dependent signalling.  

 

Figure 7.6. Gene expression changes in response to SDM treatment.  
Expression of the soluble Wnt inhibitors WIF1(A), DKK3(B), SFRP1(C) and the Phase I 
detoxification enzymes CYP1A2 (D), CYP2C8 (E), CYP2C9 (F) and CYP2C18(G) was assessed 
by RT-qPCR at 5 time points from 2 to 48h. Protein product of CYP2C18 gene expression was 
confirmed by Western blot for after 48h treatment (H). β-actin was used as loading control. 
Error bars represent standard deviations. *P <0.05, **P <0.01. 
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7.2.6. Transcriptional regulation of CYP2C18, CYP2C9, and DKK3 by miRNA  

To further define the mechanism of CYP gene activation through miRNA dependent regulation, 

we next assessed the effects of blocking miR-21, miR-31, miR-371-3p, miR-371-5p, miR-372, 

and miR-373 activity using siRNA inhibitors. Cells were first transfected with the appropriate 

inhibitors (including negative controls) for 24 hrs and then treated with SDM for a further 24h. 

Expression of CYP2Cs and Wnt inhibitor agents was then assessed by RT-qPCR (Figure. 7.7). 

Firstly, the SDM dependent suppression of SFRP1 was reversed in the presence of inhibitors of 

both miR-21 and miR-31. Interestingly, WIF expression was also increased by miR-31 inhibitor 

but suppressed by miR-21 inhibitor. DKK3 expression was not significantly reversed in the 

presence of miR-371-373 inhibitors. Expression of CYP2C8 was decreased by miR-21 but not 

miR-31 inhibitor. CYP2C9 showed a suppressed but not significant trend with miR-21, 31, and 

371 inhibitors. CYP2C18 was susceptible to the most inhibitors, its expression being reversed 

with siRNA specific for miR-21, miR-31, and miR-371-5p. These results suggested that miR-21 

and 31 may regulate CYP2Cs expression through modulation of SFRP1 and WIF1. However, 

unlike in oncogenesis [392] the miRNA cluster 371-373 does not seem to facilitate β-catenin 

stabilization through DKK3, but does promote CYP gene expression directly after mycotoxin 

exposure.  

 

Figure 7.7. Effect of miRNA suppression on CYP2Cs and Wnt inhibitors.  
miR-371-3p inhibitor(3p), miR-371-5p(5p) or negative miRNA inhibitor control (neg) were 
transfected into HepG2 cells and 24 hrs later cells treated with ethanol diluent (E+neg) or SDM 
(S+). After a further 24 hrs, mRNA expression of CYP2C18 (A), CYP2C9 (B), and DKK3 (C) 
were measured by quantitative RT-PCR. Error bars represent standard deviations. *P <0.05, 
**P <0.01. 
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7.3. Discussion 

A wide variety of xenobiotics in the environment pose a significant health threat, of which about 

four hundred are „mycotoxins‟ that contaminate either human food supply or animal forage [6]. 

Although all are secondary metabolites produced from fungal spores, the chemical structure and 

patho-biological effects of different mycotoxins varies significantly. Aflatoxins are undoubtedly 

the most closely studied of all mycotoxins and are defined by a polyketide structure known to 

bind DNA and RNA, thus blocking gene transcription [11]. By contrast, the mycotoxin 

considered in the current study (sporidesmin) belongs to the epipolythiodioxopiperazines (ETPs) 

class of mycotoxins. ETPs have a structure characterized by an internal disulphide bridge, which 

by reacting with thiol groups is thought to cause the inactivation of proteins and the generation 

of ROS by redox cycling [15]. 

 

Plant and animal cells have had to develop an elaborate set of physiological pathways to cope 

with the many and varied xenobiotic challenges. The first phase of the detoxification process 

involves the cytochromes P450 genes, a large family of cysteinato-heme enzymes found 

throughout biological systems. In the human liver, 70% of the expressed CYPs are represented 

by CYP1A2, 2A6, 2B6, 2C, 2D6, 2E1, and 3A enzymes [405]. Of these, the CYP2C subfamily 

consisting of CYP2C8, 2C9, 2C18 and 2C19, is not only the most abundant, but is particularly 

important in the metabolism of drugs, food toxins, and pro-carcinogens [406]. Despite a high 

degree of shared sequence similarity, the tissue distribution and substrate specificity of CYP 

genes varies considerably. Notably, while some are constitutively expressed others are 

specifically induced by exposure to particular xenobiotics [407].  

 

While the detailed mechanisms by which specific xenobiotics trigger the selective expression of 

detoxification pathways are still largely unknown, the potential for epigenetic regulation of genes 

involved in “absorption, distribution metabolism and excretion” (ADME) related physiology has 

recently been recognized [408]. Primary epigenetic mechanisms include DNA methylation, 

histone modification, altering chromatin conformation and the modulation of non-coding RNA 

expression (notably miRNAs). Of these mechanisms, it is the latter which specifically provides a 

post-transcriptional mechanism for regulating gene expression [390], and that has (1) previously 

been strongly linked to aberrant Wnt pathway signalling in oncogenic transformation, most 

notably in the case of colorectal cancer [397], and (2) that is increasingly implicated in the 

regulation of xenobiotic detoxification processes involving drug-metabolizing enzymes [409-
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411]. Some specific examples include miR-27b and mmu-miR-298 targeting of the 3'UTR of 

CYP3A4 in response to benzodiazepines metabolizer [412] and elevated expression of CYP2A3 

by miR-126* in response to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone [263]. Our current 

findings reiterate this emergent paradigm of miRNA regulation of CYP gene-detoxification 

through Wnt pathway-related intracellular effector function, in the context of ETP 

mycotoxicoses (Figure 7.8). Of the miRNA species up-regulated after SDM exposure, miR-21 

and miR-31 have recently been linked to the regulation of Wnt signalling and tumourigenesis 

[397, 413, 414]. Most significantly, the suggestion that miR-21 up-regulation in colorectal 

cancers is linked to suppression of soluble frizzled receptor and thus to activation of β-catenin 

driven oncogenic signalling [414], is recapitulated in our findings. Indeed, we report the 

suppression of multiple soluble inhibitors of Wnt signalling with mycotoxin exposure, 

suggesting that this may represent a key mechanism for miRNA based epigenetic regulation of 

detoxification pathways. Our findings provide the first data that we are aware of to link such 

pathways specifically to the activation of the CPY2C sub-class of detoxification enzymes.  

 

Figure 7.8. Diagram of ETP response pathways.  
Schematic diagram describing the emergent paradigm of miRNA regulation of CYP gene-
detoxification through Wnt pathway-related intracellular effector function in the context of ETP 
mycotoxicoses. Notably, SDM triggers Akt phosphorylation which leads to release of β-catenin 
following inactivation of GSK3β. β-catenin then translocates into the nucleus and activates 
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downstream CYP2C genes expression by binding to promoter TBEs. miRNA potentiates 
activation by both direct binding to the 3‟ of specific CYP gene promoters and by the modulation 
of canonical Wnt pathway regulators. 
 

Two further observations are worthy of mention. Firstly, in several cancer cell lines activation of 

the miR-371-373 cluster of ncRNAs is thought to provide a feed-forward reinforcement of 

canonical Wnt signalling [392] and members of this cluster were similarly up-regulated in our 

mycotoxin experiments. We also found that selective inhibition of miR-371-5p (which is thought 

to initiate this feed-forward loop) after toxin challenge, led specifically to reduced CYP2C18 

gene expression. While this suggests miR-371-5p may positively promote phase I detoxification, 

whether this occurs through the feed forward loop remains unclear, as inhibition of mir-371-5p 

did not appear to significantly reverse the impact of mycotoxin exposure on soluble inhibitor 

expression as might be expected [392]. Secondly, it has only just recently been reported that the 

most studied mycotoxin aflatoxin B1 (AFB1) triggers miR-33a expression in several hepatic cell 

lines (including HepG2), leading to the suppression of the β-catenin signalling pathway and 

consequently cell growth [415]. Interestingly, in our study miR-33a expression did not show a 

significant change in response to an ETP mycotoxin (data not shown), suggesting that the β-

catenin signalling response may be dependent upon the sub-class of mycotoxin. While further 

work is required to more fully elucidate the molecular mechanisms of detoxification in response 

to xenobiotic challenges, the data in the published literature and that presented here are 

consistent with a notion that the pattern of miRNA expression induced in response to a given 

xenobiotic exposure may serve to specify the particular molecular cascade of “ADME” [416] 

enzymes to be preferentially activated, thus maximizing the efficacy of detoxification.  

 

The current study reinforces the emerging concept that dynamic regulation of the transcription 

factor β-catenin in pivotal to induction of detoxification enzymes in response to toxin. Exposure 

initially triggers Akt phosphorylation which in turn inactivates GSK3β and the release of 

intracellular β-catenin from obligatory destruction by ubiquitin [417]. β-catenin then translocates 

from the cytoplasm into the nucleus acting as a transcriptional coactivator of TCF/LEF 

transcription factors, facilitating the transcription of CYP genes. Bioinformatic analysis predicts 

multiple TCF/LEF-binding elements on the promoters of CYP2C genes, and cell based studies of 

tumor cells provide evidence for β-catenin mediated CYP transcription [361]. Further, the 

expression of multiple CYP genes in liver, including CYP1A, 2B, 2C and 2E, is affected by 

either knockout or mutation of β-catenin in mice models [361, 363, 395, 418]. Notably, we found 
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that (1) nuclear levels of β-catenin peaked at around 6h after mycotoxin exposure, a dynamic 

which is consistent with Akt/GSK3β regulation, and (2) that the translocation of β-catenin lasted 

for over 20h, presumably in order to prolong the transcriptional response to toxic stress. We have 

also found differential responses of CYP genes and the CYP2C subfamily in particular to ETP 

mycotoxin exposure, suggesting a specific function for each enzyme during ETP metabolism. 

Expression of CYP2C8 was significantly increased within 2h of exposure and then gradually 

decayed, while the 2C9 and 2C18 subtypes were not significantly activated until 4h and peaking 

at 24h at a five-fold level of increase. In contrast, CYP2C19 expression did not appear to be 

triggered in response to ETP exposure. These observations suggest that CYP2C8 functions as an 

early and immediate response to toxic stress, while 2C9 and 2C18 function to reinforce and 

sustain detoxification metabolism of ETP mycotoxins. Our data suggests that the immediate 

response by CYP2C8 may be triggered by intracellular biochemical signalling, whereas the 

persistent expression of 2C9 and 2C18 may be the result of miRNA mediated „feed-forward‟ 

positive transcriptional regulation. 

 

In summary, the detoxification of xenobiotics is essential to maintain physiological homeostasis 

and to minimize pathological disruption of tissue structure and function. The current study 

describes a role for miRNA based epigenetic mechanisms and canonical Wnt dependent 

signalling in the regulation of detoxification responses to ETP mycotoxin. In addition, we 

propose that miRNAs may mediate the specificity for linking particular toxin exposures to the 

activation of sub-classes of downstream CYP enzymes. The increasing appreciation of the key 

role miRNA contributes to the mechanistic complexity of xenobiotic responses and the 

emergence of drug resistance, offers novel opportunities for therapeutic targeting and 

management. 
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Thesis Summary 

Exposure to both naturally occurring and anthropomorphic xenobiotics may impact on 

evolutionary fitness, beyond impacting on the general maintenance of cellular homeostatsis.  An 

archaic metabolic defence system has been co-opted and further diversified as a buffer to the 

increasing diversity of insults appearing in the environment. The CYP450 gene family has 

however remained central to the success of detoxification metabolism pathways of the cell. The 

molecular signals which facilitate their activation and the regulation of downstream 

detoxification processes are now being studied, and here we have sought to advance the 

importance of epigenetics (widely considered the salient pathway for mediating environmental 

signals to cells) in this context.  

 

A combination of lead-target and global agnostic analysis of transcriptomic and epigenomic 

changes following mycotoxin challenge has been applied across a biologically relevant in vivo 

model system, and in the context of detailed molecular studies of a pertinent in vitro model.  This 

synergistic experimental approach has led to discovery based insight in a „natural‟ setting and 

subsequent informed empirical testing, validation and deeper mechanistic interrogation of these 

insights.  Notably, this is first time we are aware of that the alignment of phenotype variance, 

gene expression and multiple epigenetic measures (miRNA fluctuations and multiple DNA 

methylation profiles) has been performed in a ruminant, a considerable technological advance as 

there continues to be a paucity of genomic information available in ruminants. It is hoped that 

the further and direct extension of field-trial knowledge into an experimental system with 

broader relevance to human food security may suggest a more broadly useful strategy for 

addressing these increasingly important questions.  

 

The seminal observations and findings arising from the current studies include:  

 

(1) Recognizing a central role for the ubiquitous Wnt signalling pathway during the initial 

response to mycotoxin exposure.  Rather than antioxidant system, which represented our now 

seemingly naive a priori expectation, three key soluble Wnt signalling antagonists, namely 

SFRP1, WIF1 and DKK3 were most strikingly highlighted in our genome-wide trancriptomic 

studie.  Effective triggering of detoxification is the apparent key for best achieving „resistance‟ to 

a challenge, and our data suggests while the PI3K pathway is the initial transducer, a strong 
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protective response involves the dampening of negative inhibition of Wnt ligands, and their 

receptors, such as Frizzled transmembrane receptors (FZD) and LDL receptor-related proteins 

(LRP),   

 

(2) identifying epigenetic based miRNA regulation in the propagation and persistence of the 

primary Wnt trigger, and most notably, through a hitherto poorly appreciated mechanism 

involving the „suppression of the suppressors‟ of Wnt pathway signalling.  Specific miRNAs 

not only directly controlled the expression of the CYP2C sub-class of detoxification enzymes, 

but also appear to pivotal to suppressing the multiple soluble Wnt inhibitors that direct CYP 

expression. The activation of small molecular miRNA presumably allows for the relatively rapid 

and selective degradation of Wnt pathway suppressors, and may also underpin the selectivity of 

effector gene activation.  miRNA activation represents the first level of epigenetic regulation, 

critically determining the sustainability of the primary intracellular signalling event following 

exposure,  

 

(3) the far richer spectrum and complexity of DNA methylation changes (including in the more 

novel forms of nucleotide modification such as CHH, CGH and hydroxymethylation) that are 

associated with mycotoxin exposure.  Specifically, between phenotype outcomes, archetype CpG 

dinucleotide methylation appeared to be highly conserved, while methylation on CHG, CHH 

sites and by hydroxymethylaion exhibited much more variable responses. Beyond the gene 

promoter region, the more variable methylation sites were largely contained in gene body and 

intergenic regions of the gene. Deeper analysis implied a close relation between methylation 

diversity and functional signalling, as active methylation change was observed in the most 

dominant signalling pathways.  This implies that a degree of pre-setting may exist within a 

population, such that a second level of epigenetic regulation represented by pre-exposure 

methylation levels and patterns, may presage the efficiency of response that occurs between 

individuals in the face of a common challenge, and  

 

(4) The remarkable selectivity in gene effector activity observed in response to the specific 

mycotoxin triggers employed here, notably the CYP2C family of detoxification genes in this 

instance.  This sub-class of P450 genes is structurally and functionally distinct from most of the 

family of detoxification genes, but seemed to be the principal effector enzymes in the case of the 

sporidesmin mycotoxin.  Whether it is similarly key to all mycotoxin challenges is an interesting 
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issue for further study, but its predominance in the current context is notable and suggestive of a 

degree of selectivity perhaps reflecting the nature of the causative agent.  

 

Collectively, these data support the notion that the „susceptibility‟ of an organism to xenobiotic 

challenge (mycotoxin in this instance) may be molecularly and mechanistically defined by the 

„resting‟ endogenous activity of, and/or propensity to induce activity in the terminal 

detoxification genes. Further, this susceptibility is embodied in an apparently cryptic epigenetic 

signature, which seems to be expressed upon challenge and may also be key to determining the 

stratification of consequence following exposure.  „Resistance‟ to deleterious effects upon 

challenge may well be defined by the efficacious activation of CYP detoxification, which in turn 

is a function of the net consequence of effective transmission of Wnt-dependent signals.  

Epigenetic mechanisms appear to contribute to these events at least twice, and in independent 

ways.    
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Figure S4.1. The classification of raw reads for resistant, subclinical and clinical experimental 
samples. 
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Figure S4.2. The sequencing saturation for resistant, subclinical and clinical experimental 

samples.  
Note: the first row represented 36, 83, 117 respectively; the second row 171, 184, 199; and the 
third row 551, 619 respectively. 
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Figure S4.3. The distribution of mapping genes’ coverage for resistant, subclinical and clinical 
experimental samples. 
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Figure S4.4. The length distribution of the assembled sequences 
 

 

 
Figure S4.5. NR classification of blast alignment for the assembled sequences 

Notes: (A) Figure of E-value distribution; (B) Figure of identity distribution; (C) Figure of 
species distribution. 2). COG classification for the transcriptome 
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Figure S4.6. Cluster of Orthologous Groups (COG) for the assembled sequences 
 

 

Figure S4.7. Gene Ontology (GO) analysis for the assembled sequences 
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Figure S4.8. Alignment Statistics for RNA-seq reads mapping. 
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Figure S4.9. Gene Ontology analysis result of cellular components term 
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Figure S4.10. Gene Ontology analysis result of biological processes term 
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Figure S4.11. Gene Ontology analysis result of molecular functions term 
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Table S4.1. List of KEGG Pathway analysisresults 

Pathway analysis of differentially expressed genes to characterise the transcriptomic response of 
sporidesmin mycotoxin 
 

Pathway GeneNo. p-Value Genes 

MAPK signalling pathway 18 4.42E-08 
GADD45B;PDGFRB;FLNA;CACNA1H;PDGFRA;FL
NB;MAP3K13;MEF2C;SOS1;PLA2G2D;PTPRR;PA
K1;FGF12;TGFB3;GADD45G;FOS;STMN1;FGFR2 

PPAR signalling pathway 14 4.96E-13 
CD36;APOC3;FABP5;PPARG;SCP2;SCD;ACSL5;H
MGCS2;PLTP;CYP4A11;SORBS1;CYP4A22;ACAD

M;ACSL4 

Calcium signalling pathway 14 2.24E-07 
PDGFRB;CACNA1H;PTK2B;PDGFRA;ADRB2;ITPR
1;MYLK2;EDNRB;TNNC1;ADRB1;ADRA1D;ADRA

1A;ADCY1;PLCE1 

Insulin signalling pathway 13 4.99E-08 
ACACB;EIF4E;IRS2;SOS1;FBP1;SOCS3;SORBS1;P

KM2;RHOQ;GYS2;FBP2;PRKAG2;FASN 

TGF-beta signalling pathway 9 2.64E-06 
SMAD4;THBS1;DCN;THBS2;SMAD3;INHBC;TGFB

3;ID3;BMP4 

Toll-like receptor signalling 
pathway 

8 7.15E-05 
IFNAR1;CXCL10;LY96;IL12B;CXCL10;IL6;IRF7;TLR

7;FOS 

Adipocytokine signalling pathway 7 3.22E-05 CD36;ACACB;ACSL5;IRS2;SOCS3;ACSL4;PRKAG2 

p53 signalling pathway 7 3.91E-05 
GADD45B;CCND1;THBS1;SERPINE1;RRM2;IGF1;

GADD45G 

GnRH signalling pathway 7 6.11E-04 
PTK2B;MMP2;ITPR1;MMP14;SOS1;PLA2G2D;A

DCY1 

Jak-STAT signalling pathway 6 0.018416 CCND1;IFNAR1;IL12B;IL6;SOS1;SOCS3 

T cell receptor signalling pathway 5 0.015824 CD4;SOS1;MALT1;PAK1;FOS 

Wnt signalling pathway 5 0.054247 SMAD4;CCND1;SFRP1;SMAD3;WIF1 

Epithelial cell signalling in 
Helicobacter pylori infection 

4 0.01453 ATP6V1B1;TJP1;MET;PAK1 

B cell receptor signalling pathway 4 0.01829 SOS1;MALT1;CD79A;FOS 

Phosphatidylinositol signalling 
system 

4 0.019108 PIK3C2G;ITPR1;PI4KA;PLCE1 

mTOR signalling pathway 3 0.032492 EIF4E;HIF1A;IGF1 

Fc epsilon RI signalling pathway 2 0.285431 SOS1;PLA2G2D 

ErbB signalling pathway 2 0.324877 SOS1;PAK1 

Hedgehog signalling pathway 1 0.536258 BMP4 

VEGF signalling pathway 1 0.641126 PLA2G2D 
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Supporting materials for Chapter 5 

 

Figure S5.1. Correlation analysis of CG cytosine methylation among all 9 individual samples 
 

 

Figure S5.2. Correlation analysis of CG cytosine methylation among resistant and sub-clinical 
samples 
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Figure S5.3. Correlation analysis of CG cytosine methylation among resistant and clinical 
samples 

 

 

Figure S5.4. Correlation analysis of CG cytosine methylation among sub-clinical and clinical 
samples 
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Figure S5.5. Correlation analysis of CHG cytosine methylation among all 9 individual samples 
 

 

Figure S5.6. Correlation analysis of CHG cytosine methylation among resistant and sub-
clinical samples 
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Figure S5.7. Correlation analysis of CHG cytosine methylation among resistant and clinical 
 

 

Figure S5.8. Correlation analysis of CHG cytosine methylation among sub-clinical and clinical 
samples 

 



217 

 

 

Figure S5.9. Correlation analysis of CHH cytosine methylation among all 9 individual samples 
 

 

Figure S5.10. Correlation analysis of CHH cytosine methylation among resistant and sub-
clinical samples 
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Figure S5.11. Correlation analysis of CHH cytosine methylation among resistant and clinical 
 

 

Figure S5.12. Correlation analysis of CHH cytosine methylation among sub-clinical and 
clinical samples 
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Figure S5.13. Hierarchical clustering of Promoter region differentially methylated CG Cytosine 
 

 

 

Figure S5.14. Hierarchical clustering of UTR region differentially methylated CG Cytosine 
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Figure S5.15. Hierarchical clustering of exon region differentially methylated CG Cytosine 
 

 

 

Figure S5.16. Hierarchical clustering of intron region differentially methylated CG Cytosine 
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Figure S5.17. Hierarchical clustering of intergenic region differentially methylated CG 
Cytosine 

 

 

 

Figure S5.18. Hierarchical clustering of Promoter region differentially methylated CHG 
Cytosine 

 



222 

 

 

Figure S5.19. Hierarchical clustering of UTR region differentially methylated CHG Cytosine 
 

  

 

Figure S5.20. Hierarchical clustering of exon region differentially methylated CHG Cytosine 
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Figure S5.21. Hierarchical clustering of intron region differentially methylated CHG Cytosine 
 

 

 

Figure S5.22. Hierarchical clustering of intergenic region differentially methylated CHG 
Cytosine 
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Figure S5.23. Hierarchical clustering of Promoter region differentially methylated CHH 
Cytosine 

 

 

Figure S5.24. Hierarchical clustering of UTR region differentially methylated CHH Cytosine  
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Figure S5.25. Hierarchical clustering of exon region differentially methylated CHH Cytosine 
 

 

 

Figure S5.26. Hierarchical clustering of intron region differentially methylated CHH Cytosine 
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Figure S5.27. Hierarchical clustering of intergenic region differentially methylated CHH 
Cytosine 
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Table S5.1. Biological processes of genes with DMCg 

GO ID GO Term No. 

Genes 

% Associated 

Genes GO:0000902 cell morphogenesis 183 24.110672 

GO:0000904 cell morphogenesis involved in differentiation 135 28.008299 

GO:0001501 skeletal system development 106 30.372494 

GO:0001503 ossification 66 26.29482 

GO:0001568 blood vessel development 114 25.503355 

GO:0001649 osteoblast differentiation 38 29.6875 

GO:0001654 eye development 74 28.35249 

GO:0001655 urogenital system development 66 25.287355 

GO:0001822 kidney development 47 27.011494 

GO:0001944 vasculature development 119 25.427351 

GO:0002009 morphogenesis of an epithelium 101 25.699745 

GO:0002064 epithelial cell development 48 34.782608 

GO:0003002 regionalization 92 30.872482 

GO:0003007 heart morphogenesis 56 31.460674 

GO:0003008 system process 205 10.962566 

GO:0003013 circulatory system process 66 25.882353 

GO:0003209 cardiac atrium morphogenesis 13 50 

GO:0003230 cardiac atrium development 14 50 

GO:0006139 nucleobase-containing compound metabolic process 821 17.49787 

GO:0006323 DNA packaging 11 5.116279 

GO:0006725 cellular aromatic compound metabolic process 838 17.375078 

GO:0006753 nucleoside phosphate metabolic process 229 18.816763 

GO:0006793 phosphorus metabolic process 523 17.764946 

GO:0006796 phosphate-containing compound metabolic process 521 17.854694 

GO:0006807 nitrogen compound metabolic process 895 17.23142 

GO:0006928 cellular component movement 237 21.985157 

GO:0007155 cell adhesion 156 22.608696 

GO:0007267 cell-cell signaling 149 27.289377 

GO:0007268 synaptic transmission 87 26.934984 

GO:0007275 multicellular organismal development 683 21.83504 

GO:0007369 gastrulation 36 28.8 

GO:0007389 pattern specification process 125 30.940594 

GO:0007399 nervous system development 317 25.461847 

GO:0007416 synapse assembly 19 39.583332 

GO:0007417 central nervous system development 141 25.729927 

GO:0007420 brain development 110 25.821596 

GO:0007423 sensory organ development 120 28.708134 

GO:0007507 heart development 106 27.968338 

GO:0007517 muscle organ development 64 25.498009 

GO:0007611 learning or memory 36 29.268293 

GO:0008016 regulation of heart contraction 32 32.65306 

GO:0008219 cell death 233 19.629318 

GO:0008283 cell proliferation 235 19.502075 

GO:0009058 biosynthetic process 729 17.144873 

GO:0009059 macromolecule biosynthetic process 608 17.331814 

GO:0009116 nucleoside metabolic process 196 19.329388 
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GO:0009653 anatomical structure morphogenesis 439 24.484104 

GO:0009719 response to endogenous stimulus 136 21.350079 

GO:0009790 embryo development 229 25.904978 

GO:0009792 embryo development ending in birth or egg hatching 146 25.042881 

GO:0009887 organ morphogenesis 211 28.825136 

GO:0009888 tissue development 290 24.472574 

GO:0009889 regulation of biosynthetic process 524 18.424753 

GO:0009890 negative regulation of biosynthetic process 194 21.318682 

GO:0009891 positive regulation of biosynthetic process 246 21.693121 

GO:0009892 negative regulation of metabolic process 255 19.525269 

GO:0009893 positive regulation of metabolic process 349 19.464584 

GO:0009894 regulation of catabolic process 150 21.802326 

GO:0009966 regulation of signal transduction 364 20.044052 

GO:0009968 negative regulation of signal transduction 142 20.639534 

GO:0010033 response to organic substance 239 19.12 

GO:0010171 body morphogenesis 18 40.909092 

GO:0010468 regulation of gene expression 556 17.740906 

GO:0010556 regulation of macromolecule biosynthetic process 506 18.582445 

GO:0010557 positive regulation of macromolecule biosynthetic 

process 

235 22.232735 

GO:0010558 negative regulation of macromolecule biosynthetic 

process 

184 21.198156 

GO:0010604 positive regulation of macromolecule metabolic 

process 

327 20.06135 

GO:0010605 negative regulation of macromolecule metabolic 

process 

236 19.60133 

GO:0010628 positive regulation of gene expression 234 22.96369 

GO:0010629 negative regulation of gene expression 178 21.654501 

GO:0010646 regulation of cell communication 410 20.791075 

GO:0010648 negative regulation of cell communication 149 20.9564 

GO:0010720 positive regulation of cell development 39 28.467154 

GO:0010769 regulation of cell morphogenesis involved in 

differentiation 

53 31.17647 

GO:0010975 regulation of neuron projection development 50 28.571428 

GO:0012501 programmed cell death 223 19.273985 

GO:0016043 cellular component organization 639 18.15341 

GO:0016070 RNA metabolic process 548 18.056013 

GO:0016265 death 234 19.647356 

GO:0016337 single organismal cell-cell adhesion 57 25.791855 

GO:0016358 dendrite development 34 32.07547 

GO:0016477 cell migration 160 21.22016 

GO:0018130 heterocycle biosynthetic process 526 18.449667 

GO:0019219 regulation of nucleobase-containing compound 

metabolic process 

608 19.759506 

GO:0019222 regulation of metabolic process 833 18.37635 

GO:0019438 aromatic compound biosynthetic process 525 18.427519 

GO:0019637 organophosphate metabolic process 268 18.508287 

GO:0019693 ribose phosphate metabolic process 212 19.50322 

GO:0021510 spinal cord development 29 40.27778 

GO:0021515 cell differentiation in spinal cord 20 44.444443 

GO:0021516 dorsal spinal cord development 12 63.157894 

GO:0021527 spinal cord association neuron differentiation 9 64.28571 

GO:0021675 nerve development 21 36.206898 

GO:0021700 developmental maturation 50 29.069767 
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GO:0022603 regulation of anatomical structure morphogenesis 135 24.324324 

GO:0022604 regulation of cell morphogenesis 65 24.074074 

GO:0023051 regulation of signaling 411 20.85236 

GO:0023057 negative regulation of signaling 148 20.903955 

GO:0030030 cell projection organization 170 23.545706 

GO:0030154 cell differentiation 500 21.862701 

GO:0030878 thyroid gland development 10 58.82353 

GO:0030900 forebrain development 72 27.169811 

GO:0031175 neuron projection development 128 27.17622 

GO:0031323 regulation of cellular metabolic process 756 18.885836 

GO:0031324 negative regulation of cellular metabolic process 240 19.785656 

GO:0031325 positive regulation of cellular metabolic process 332 19.691578 

GO:0031326 regulation of cellular biosynthetic process 520 18.671453 

GO:0031327 negative regulation of cellular biosynthetic process 191 21.245829 

GO:0031328 positive regulation of cellular biosynthetic process 243 21.793722 

GO:0031329 regulation of cellular catabolic process 141 22.523962 

GO:0031344 regulation of cell projection organization 56 25.339367 

GO:0031497 chromatin assembly 7 3.7837837 

GO:0032879 regulation of localization 233 18.729904 

GO:0032989 cellular component morphogenesis 192 23.529411 

GO:0032990 cell part morphogenesis 129 26.166328 

GO:0034330 cell junction organization 36 29.752066 

GO:0034641 cellular nitrogen compound metabolic process 857 17.45062 

GO:0034645 cellular macromolecule biosynthetic process 586 17.35268 

GO:0034654 nucleobase-containing compound biosynthetic 

process 

518 18.586294 

GO:0035051 cardiocyte differentiation 29 31.868132 

GO:0035107 appendage morphogenesis 51 37.5 

GO:0035108 limb morphogenesis 51 37.5 

GO:0035113 embryonic appendage morphogenesis 48 40.336136 

GO:0035239 tube morphogenesis 74 23.56688 

GO:0035270 endocrine system development 38 36.53846 

GO:0035295 tube development 110 25 

GO:0035556 intracellular signal transduction 345 19.284517 

GO:0040008 regulation of growth 91 22.30392 

GO:0042127 regulation of cell proliferation 185 19.978401 

GO:0042476 odontogenesis 33 37.931034 

GO:0042692 muscle cell differentiation 63 26.470589 

GO:0042733 embryonic digit morphogenesis 21 39.622643 

GO:0043583 ear development 47 26.857143 

GO:0043588 skin development 62 27.312775 

GO:0044237 cellular metabolic process 1313 16.404299 

GO:0044238 primary metabolic process 1358 16.189795 

GO:0044249 cellular biosynthetic process 705 17.279411 

GO:0044260 cellular macromolecule metabolic process 957 16.1519 

GO:0044271 cellular nitrogen compound biosynthetic process 530 18.326418 

GO:0044281 small molecule metabolic process 378 17.847025 

GO:0044707 single-multicellular organism process 833 16.927454 

GO:0044708 single-organism behavior 65 25 



230 

 

GO:0044763 single-organism cellular process 1560 15.91025 

GO:0044765 single-organism transport 421 17.403887 

GO:0044767 single-organism developmental process 768 21.192053 

GO:0045165 cell fate commitment 62 28.971962 

GO:0045595 regulation of cell differentiation 221 23.485653 

GO:0045596 negative regulation of cell differentiation 104 24.880383 

GO:0045597 positive regulation of cell differentiation 111 25.93458 

GO:0045934 negative regulation of nucleobase-containing 

compound metabolic process 

178 20.916569 

GO:0045935 positive regulation of nucleobase-containing 

compound metabolic process 

241 22.502335 

GO:0045995 regulation of embryonic development 29 35.365852 

GO:0046434 organophosphate catabolic process 183 19.805195 

GO:0046483 heterocycle metabolic process 836 17.405788 

GO:0046903 secretion 115 21.139706 

GO:0048468 cell development 311 24.392157 

GO:0048513 organ development 469 22.039474 

GO:0048514 blood vessel morphogenesis 93 24.281984 

GO:0048518 positive regulation of biological process 560 18.43318 

GO:0048519 negative regulation of biological process 534 19.792439 

GO:0048522 positive regulation of cellular process 509 18.754606 

GO:0048523 negative regulation of cellular process 487 19.804798 

GO:0048534 hematopoietic or lymphoid organ development 116 21.014492 

GO:0048562 embryonic organ morphogenesis 82 32.156864 

GO:0048565 digestive tract development 32 31.06796 

GO:0048568 embryonic organ development 112 29.866667 

GO:0048583 regulation of response to stimulus 429 19.237669 

GO:0048585 negative regulation of response to stimulus 163 20.098644 

GO:0048589 developmental growth 65 26.859505 

GO:0048598 embryonic morphogenesis 150 30.181086 

GO:0048638 regulation of developmental growth 32 32.98969 

GO:0048646 anatomical structure formation involved in 

morphogenesis 

187 23.821655 

GO:0048666 neuron development 152 26.027397 

GO:0048705 skeletal system morphogenesis 59 31.382978 

GO:0048729 tissue morphogenesis 129 26.434425 

GO:0048731 system development 620 22.166607 

GO:0048732 gland development 75 29.296875 

GO:0048736 appendage development 54 36.734695 

GO:0048856 anatomical structure development 710 21.321321 

GO:0048858 cell projection morphogenesis 128 26.778242 

GO:0048869 cellular developmental process 522 21.065374 

GO:0048870 cell motility 170 20.858896 

GO:0050789 regulation of biological process 1310 15.760346 

GO:0050793 regulation of developmental process 303 22.494432 

GO:0050794 regulation of cellular process 1244 15.985608 

GO:0050804 regulation of synaptic transmission 40 31.007751 

GO:0050808 synapse organization 41 36.607143 

GO:0050877 neurological system process 126 8.327826 

GO:0051093 negative regulation of developmental process 129 24.807692 

GO:0051094 positive regulation of developmental process 151 24.917492 
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GO:0051128 regulation of cellular component organization 225 19.858782 

GO:0051171 regulation of nitrogen compound metabolic process 613 19.742352 

GO:0051172 negative regulation of nitrogen compound metabolic 

process 

181 21.04651 

GO:0051173 positive regulation of nitrogen compound metabolic 

process 

243 22.355106 

GO:0051174 regulation of phosphorus metabolic process 266 19.178082 

GO:0051216 cartilage development 51 32.484077 

GO:0051239 regulation of multicellular organismal process 343 22.086285 

GO:0051252 regulation of RNA metabolic process 473 18.92 

GO:0051253 negative regulation of RNA metabolic process 168 21.56611 

GO:0051254 positive regulation of RNA metabolic process 225 23.124357 

GO:0051606 detection of stimulus 21 1.9516729 

GO:0051641 cellular localization 288 18.239391 

GO:0051674 localization of cell 170 20.858896 

GO:0051960 regulation of nervous system development 108 27.621483 

GO:0055001 muscle cell development 36 31.034483 

GO:0055086 nucleobase-containing small molecule metabolic 

process 

237 18.884462 

GO:0055123 digestive system development 36 32.432434 

GO:0060021 palate development 26 35.61644 

GO:0060173 limb development 54 36.734695 

GO:0060255 regulation of macromolecule metabolic process 666 17.67516 

GO:0060284 regulation of cell development 117 26.292135 

GO:0060348 bone development 38 33.62832 

GO:0060429 epithelium development 172 25.595238 

GO:0060485 mesenchyme development 42 28 

GO:0060537 muscle tissue development 69 24.468084 

GO:0060541 respiratory system development 47 27.011494 

GO:0060560 developmental growth involved in morphogenesis 36 30 

GO:0060562 epithelial tube morphogenesis 71 23.825504 

GO:0061061 muscle structure development 97 24.744898 

GO:0061448 connective tissue development 64 34.042553 

GO:0065008 regulation of biological quality 357 17.734724 

GO:0065009 regulation of molecular function 333 18.357222 

GO:0071495 cellular response to endogenous stimulus 114 22.178988 

GO:0071704 organic substance metabolic process 1387 16.016167 

GO:0071824 protein-DNA complex subunit organization 11 5.140187 

GO:0072001 renal system development 60 26.90583 

GO:0072006 nephron development 29 32.954544 

GO:0072073 kidney epithelium development 23 34.848484 

GO:0072358 cardiovascular system development 191 26.675978 

GO:0072359 circulatory system development 191 26.675978 

GO:0072521 purine-containing compound metabolic process 220 19.38326 

GO:0080090 regulation of primary metabolic process 744 18.343195 

GO:0090304 nucleic acid metabolic process 610 16.906874 

GO:0097485 neuron projection guidance 47 32.867134 

GO:1901135 carbohydrate derivative metabolic process 290 18.904823 

GO:1901136 carbohydrate derivative catabolic process 180 19.78022 

GO:1901292 nucleoside phosphate catabolic process 177 19.977427 

GO:1901360 organic cyclic compound metabolic process 850 17.164782 
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Table S5.2. Molecular functions of genes with DMCg 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000166 nucleotide binding 398 18.580765 

GO:0000981 sequence-specific DNA binding RNA polymerase II 

transcription factor activity 

63 24.609375 

GO:0000989 transcription factor binding transcription factor activity 77 22.647058 

GO:0001067 regulatory region nucleic acid binding 90 26.946108 

GO:0001882 nucleoside binding 317 18.925373 

GO:0001883 purine nucleoside binding 316 18.97898 

GO:0003676 nucleic acid binding 494 17.248604 

GO:0003677 DNA binding 330 20.663744 

GO:0003682 chromatin binding 78 22.608696 

GO:0003700 sequence-specific DNA binding transcription factor 

activity 

215 23.678413 

GO:0003712 transcription cofactor activity 72 23.452768 

GO:0004871 signal transducer activity 177 9.07227 

GO:0004888 transmembrane signaling receptor activity 102 6.284658 

GO:0004930 G-protein coupled receptor activity 50 3.615329 

GO:0005083 small GTPase regulator activity 40 29.19708 

GO:0005088 Ras guanyl-nucleotide exchange factor activity 34 29.824562 

GO:0005096 GTPase activator activity 47 27.48538 

GO:0005515 protein binding 781 18.103848 

GO:0008092 cytoskeletal protein binding 129 21.827412 

GO:0008134 transcription factor binding 91 24.396782 

GO:0016301 kinase activity 148 20.44199 

GO:0016772 transferase activity, transferring phosphorus-containing 

groups 

170 19.517796 

GO:0016773 phosphotransferase activity, alcohol group as acceptor 140 20.74074 

GO:0016798 hydrolase activity, acting on glycosyl bonds 5 3.875969 

GO:0017076 purine nucleotide binding 328 19.203747 

GO:0019899 enzyme binding 189 19.626167 

GO:0030695 GTPase regulator activity 56 27.450981 

GO:0032549 ribonucleoside binding 316 18.944843 

GO:0032553 ribonucleotide binding 328 19.271446 

GO:0032555 purine ribonucleotide binding 324 19.18295 

GO:0035639 purine ribonucleoside triphosphate binding 314 18.93848 

GO:0036094 small molecule binding 422 18.06507 

GO:0038023 signaling receptor activity 125 7.3270807 

GO:0043167 ion binding 889 17.496555 

GO:0043168 anion binding 426 18.791355 

GO:0043169 cation binding 565 17.168034 

GO:0046872 metal ion binding 558 17.211597 

GO:1901362 organic cyclic compound biosynthetic process 534 18.250172 

GO:1901564 organonitrogen compound metabolic process 322 18.140844 

GO:1901565 organonitrogen compound catabolic process 200 19.157087 

GO:1901576 organic substance biosynthetic process 716 17.133286 

GO:1901657 glycosyl compound metabolic process 196 19.234543 

GO:1901658 glycosyl compound catabolic process 171 20.117647 

GO:1902531 regulation of intracellular signal transduction 216 19.06443 

GO:2000026 regulation of multicellular organismal development 243 23.846909 
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GO:0051015 actin filament binding 25 34.72222 

GO:0060589 nucleoside-triphosphatase regulator activity 56 26.04651 

GO:0097159 organic cyclic compound binding 843 17.710085 

GO:0097367 carbohydrate derivative binding 367 19.074844 

GO:1901265 nucleoside phosphate binding 398 18.580765 

GO:1901363 heterocyclic compound binding 840 17.811705 

 

Table S5.3. Cellular components of genes with DMCg 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000118 histone deacetylase complex 17 36.95652 

GO:0000786 nucleosome 2 1.4814814 

GO:0005578 proteinaceous extracellular matrix 63 26.470589 

GO:0005604 basement membrane 26 33.766235 

GO:0005622 intracellular 1629 15.824752 

GO:0005634 nucleus 762 16.754618 

GO:0005667 transcription factor complex 64 24.806202 

GO:0005737 cytoplasm 1156 16.140743 

GO:0005856 cytoskeleton 266 18.825195 

GO:0005911 cell-cell junction 59 24.180328 

GO:0016021 integral component of membrane 486 11.626794 

GO:0030425 dendrite 48 30.573248 

GO:0031224 intrinsic component of membrane 499 11.755006 

GO:0034702 ion channel complex 47 25.543478 

GO:0042995 cell projection 199 22.639362 

GO:0043005 neuron projection 104 27.296587 

GO:0043025 neuronal cell body 39 27.272728 

GO:0043227 membrane-bounded organelle 1233 16.023392 

GO:0043229 intracellular organelle 1366 15.922602 

GO:0043231 intracellular membrane-bounded 

organelle 

1190 15.906964 

GO:0044297 cell body 43 25.903614 

GO:0044424 intracellular part 1589 16.013302 

GO:0044425 membrane part 611 12.242036 

GO:0044459 plasma membrane part 223 18.85038 

GO:0044815 DNA packaging complex 3 2.1126761 

GO:0097458 neuron part 131 26.680244 

GO:1902495 transmembrane transporter complex 48 24.870466 

GO:1990104 DNA bending complex 2 1.4814814 

GO:1990351 transporter complex 48 24.742268 

 

Table S5.4. Biological functions of genes with DMChg 

ID Term % 

Associated 

Genes 

GO:0045773 positive regulation of axon extension 71.4 

GO:0007528 neuromuscular junction development 58.8 

GO:0050772 positive regulation of axonogenesis 51.5 

GO:0055006 cardiac cell development 47.5 
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GO:1990138 neuron projection extension 43.1 

GO:0021675 nerve development 41.4 

GO:0048638 regulation of developmental growth 41.2 

GO:0050808 synapse organization 41.1 

GO:0035051 cardiocyte differentiation 39.6 

GO:2000736 regulation of stem cell differentiation 39.2 

GO:0048588 developmental cell growth 39.1 

GO:0010769 regulation of cell morphogenesis involved in differentiation 38.2 

GO:0016358 dendrite development 37.7 

GO:0072006 nephron development 37.5 

GO:0019226 transmission of nerve impulse 36 

GO:0030198 extracellular matrix organization 35.6 

GO:0045165 cell fate commitment 35.5 

GO:0043062 extracellular structure organization 35.4 

GO:0055001 muscle cell development 35.3 

GO:0048738 cardiac muscle tissue development 35.1 

GO:0010720 positive regulation of cell development 35 

GO:0010975 regulation of neuron projection development 34.9 

GO:0003007 heart morphogenesis 34.8 

GO:0061448 connective tissue development 34.6 

GO:0042692 muscle cell differentiation 34.5 

GO:0097485 neuron projection guidance 34.3 

GO:0050804 regulation of synaptic transmission 34.1 

GO:0035637 multicellular organismal signaling 34.1 

GO:0060485 mesenchyme development 34 

GO:0060560 developmental growth involved in morphogenesis 33.3 

GO:0021537 telencephalon development 33.1 

GO:1901214 regulation of neuron death 32.6 

GO:0007626 locomotory behavior 32.5 

GO:0051216 cartilage development 32.5 

GO:0030324 lung development 32.5 

GO:0061061 muscle structure development 32.1 

GO:0030323 respiratory tube development 32.1 

GO:0022604 regulation of cell morphogenesis 31.9 

GO:0031344 regulation of cell projection organization 31.7 

GO:0007507 heart development 31.7 

GO:0001822 kidney development 31.6 

GO:0060541 respiratory system development 31.6 

GO:0051960 regulation of nervous system development 31.5 

GO:0048589 developmental growth 31.4 

GO:0060537 muscle tissue development 31.2 

GO:0007268 synaptic transmission 30.7 

GO:0000904 cell morphogenesis involved in differentiation 30.3 

GO:0007517 muscle organ development 30.3 

GO:0009792 embryo development ending in birth or egg hatching 30.2 

GO:0030900 forebrain development 29.8 

GO:0048562 embryonic organ morphogenesis 29.8 

GO:0007417 central nervous system development 29.7 
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GO:0031175 neuron projection development 29.7 

GO:0051094 positive regulation of developmental process 29.7 

GO:0060284 regulation of cell development 29.7 

GO:0043588 skin development 29.5 

GO:0048568 embryonic organ development 29.3 

GO:0035295 tube development 29.3 

GO:0072001 renal system development 29.1 

GO:0007420 brain development 29.1 

GO:0045597 positive regulation of cell differentiation 29 

GO:0001655 urogenital system development 28.7 

GO:0001503 ossification 28.7 

GO:0044708 single-organism behavior 28.5 

GO:0048858 cell projection morphogenesis 28.5 

GO:0070848 response to growth factor 28.4 

GO:0032990 cell part morphogenesis 28.2 

GO:0048732 gland development 28.1 

GO:0010243 response to organonitrogen compound 28.1 

GO:0007267 cell-cell signaling 28 

GO:0030155 regulation of cell adhesion 28 

GO:0001654 eye development 28 

GO:0031329 regulation of cellular catabolic process 28 

GO:0007610 behavior 27.9 

GO:0007399 nervous system development 27.9 

GO:0009887 organ morphogenesis 27.9 

GO:0003013 circulatory system process 27.8 

GO:0009790 embryo development 27.8 

GO:0001501 skeletal system development 27.8 

GO:0048598 embryonic morphogenesis 27.8 

GO:0048666 neuron development 27.7 

GO:0009894 regulation of catabolic process 27.6 

GO:0022603 regulation of anatomical structure morphogenesis 27.6 

GO:0072358 cardiovascular system development 27.5 

GO:0072359 circulatory system development 27.5 

GO:0042391 regulation of membrane potential 27.5 

GO:0010628 positive regulation of gene expression 27.4 

GO:0003002 regionalization 27.2 

GO:0030030 cell projection organization 27.1 

GO:0048729 tissue morphogenesis 27 

GO:0009888 tissue development 27 

GO:2000026 regulation of multicellular organismal development 26.9 

GO:0009719 response to endogenous stimulus 26.8 

GO:0016570 histone modification 26.8 

GO:0007389 pattern specification process 26.2 

GO:0032989 cellular component morphogenesis 26.2 

GO:0000902 cell morphogenesis 26.2 

GO:0051254 positive regulation of RNA metabolic process 26.2 

GO:0060429 epithelium development 26.2 

GO:0045595 regulation of cell differentiation 26 
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GO:0048468 cell development 26 

GO:0002009 morphogenesis of an epithelium 26 

GO:0010629 negative regulation of gene expression 25.9 

GO:0007423 sensory organ development 25.8 

GO:0051253 negative regulation of RNA metabolic process 25.8 

GO:0001568 blood vessel development 25.7 

GO:0071495 cellular response to endogenous stimulus 25.7 

GO:0001944 vasculature development 25.6 

GO:0006928 cellular component movement 25.6 

GO:0045935 positive regulation of nucleobase-containing compound metabolic 

process 

25.6 

GO:0051130 positive regulation of cellular component organization 25.5 

GO:0007155 cell adhesion 25.5 

GO:0040008 regulation of growth 25.5 

GO:0051173 positive regulation of nitrogen compound metabolic process 25.5 

GO:0009653 anatomical structure morphogenesis 25.4 

GO:1901658 glycosyl compound catabolic process 25.4 

GO:0045596 negative regulation of cell differentiation 25.4 

GO:0051172 negative regulation of nitrogen compound metabolic process 25.2 

GO:0016477 cell migration 25.2 

GO:0050793 regulation of developmental process 25.2 

GO:0045934 negative regulation of nucleobase-containing compound metabolic 

process 

25.1 

GO:0051239 regulation of multicellular organismal process 25.1 

GO:0010557 positive regulation of macromolecule biosynthetic process 25.1 

GO:0048870 cell motility 25 

GO:0051674 localization of cell 25 

GO:0031327 negative regulation of cellular biosynthetic process 24.9 

GO:0010558 negative regulation of macromolecule biosynthetic process 24.9 

GO:0031328 positive regulation of cellular biosynthetic process 24.8 

GO:0009890 negative regulation of biosynthetic process 24.7 

GO:0048646 anatomical structure formation involved in morphogenesis 24.7 

GO:0010605 negative regulation of macromolecule metabolic process 24.7 

GO:0048513 organ development 24.6 

GO:1901292 nucleoside phosphate catabolic process 24.6 

GO:0051336 regulation of hydrolase activity 24.6 

GO:0048731 system development 24.6 

GO:0009891 positive regulation of biosynthetic process 24.5 

GO:0007275 multicellular organismal development 24.5 

GO:0046434 organophosphate catabolic process 24.5 

GO:1901136 carbohydrate derivative catabolic process 24.4 

GO:0048534 hematopoietic or lymphoid organ development 24.3 

GO:0046903 secretion 24.3 

GO:0031324 negative regulation of cellular metabolic process 24.2 

GO:0009892 negative regulation of metabolic process 24 

GO:0051128 regulation of cellular component organization 24 

GO:0051174 regulation of phosphorus metabolic process 23.9 

GO:0048856 anatomical structure development 23.9 

GO:0002520 immune system development 23.9 

GO:0030154 cell differentiation 23.9 
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GO:0016192 vesicle-mediated transport 23.9 

GO:0044093 positive regulation of molecular function 23.8 

GO:1901565 organonitrogen compound catabolic process 23.7 

GO:0035556 intracellular signal transduction 23.6 

GO:0048869 cellular developmental process 23.5 

GO:0043085 positive regulation of catalytic activity 23.5 

GO:0044767 single-organism developmental process 23.5 

GO:1902531 regulation of intracellular signal transduction 23.4 

GO:0034655 nucleobase-containing compound catabolic process 23.4 

GO:0051049 regulation of transport 23.2 

GO:0044270 cellular nitrogen compound catabolic process 23.2 

GO:0046700 heterocycle catabolic process 23.2 

GO:0010604 positive regulation of macromolecule metabolic process 23.1 

GO:0009893 positive regulation of metabolic process 23.1 

GO:0032879 regulation of localization 23 

GO:0065009 regulation of molecular function 23 

GO:0019439 aromatic compound catabolic process 23 

GO:0019693 ribose phosphate metabolic process 22.9 

GO:0034613 cellular protein localization 22.9 

GO:0071310 cellular response to organic substance 22.9 

GO:1901657 glycosyl compound metabolic process 22.9 

GO:0023051 regulation of signaling 22.8 

GO:0010033 response to organic substance 22.8 

GO:0009116 nucleoside metabolic process 22.8 

GO:0048523 negative regulation of cellular process 22.8 

GO:1901361 organic cyclic compound catabolic process 22.7 

GO:0050790 regulation of catalytic activity 22.7 

GO:0051171 regulation of nitrogen compound metabolic process 22.7 

GO:0010646 regulation of cell communication 22.7 

GO:0031325 positive regulation of cellular metabolic process 22.7 

GO:0019219 regulation of nucleobase-containing compound metabolic process 22.7 

GO:0072521 purine-containing compound metabolic process 22.6 

GO:0048519 negative regulation of biological process 22.6 

GO:0065008 regulation of biological quality 22.5 

GO:1902589 single-organism organelle organization 22.2 

GO:0031323 regulation of cellular metabolic process 22.1 

GO:0006753 nucleoside phosphate metabolic process 22.1 

GO:0051641 cellular localization 22 

GO:0044712 single-organism catabolic process 22 

GO:0009966 regulation of signal transduction 22 

GO:0016043 cellular component organization 21.9 

GO:0008104 protein localization 21.8 

GO:0055086 nucleobase-containing small molecule metabolic process 21.8 

GO:0080090 regulation of primary metabolic process 21.7 

GO:0051252 regulation of RNA metabolic process 21.7 

GO:0019222 regulation of metabolic process 21.7 

GO:1901564 organonitrogen compound metabolic process 21.6 

GO:1901575 organic substance catabolic process 21.6 
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GO:0044248 cellular catabolic process 21.6 

GO:0048522 positive regulation of cellular process 21.6 

GO:0048518 positive regulation of biological process 21.6 

GO:0051649 establishment of localization in cell 21.5 

GO:0048583 regulation of response to stimulus 21.5 

GO:1901135 carbohydrate derivative metabolic process 21.4 

GO:0031326 regulation of cellular biosynthetic process 21.4 

GO:0019637 organophosphate metabolic process 21.3 

GO:0033036 macromolecule localization 21.3 

GO:0044765 single-organism transport 21.3 

GO:0010556 regulation of macromolecule biosynthetic process 21.2 

GO:0006796 phosphate-containing compound metabolic process 21.2 

GO:0009056 catabolic process 21.2 

GO:0010468 regulation of gene expression 21.2 

GO:0018130 heterocycle biosynthetic process 21.1 

GO:0009889 regulation of biosynthetic process 21.1 

GO:0019438 aromatic compound biosynthetic process 21.1 

GO:0006793 phosphorus metabolic process 21.1 

GO:0036211 protein modification process 21.1 

GO:0044271 cellular nitrogen compound biosynthetic process 21 

GO:0044281 small molecule metabolic process 21 

GO:0034654 nucleobase-containing compound biosynthetic process 21 

GO:1901362 organic cyclic compound biosynthetic process 21 

GO:0060255 regulation of macromolecule metabolic process 20.9 

GO:0043412 macromolecule modification 20.8 

GO:0016070 RNA metabolic process 20.7 

GO:0051234 establishment of localization 20.5 

GO:0006810 transport 20.5 

GO:0044710 single-organism metabolic process 19.9 

GO:0046483 heterocycle metabolic process 19.8 

GO:0034641 cellular nitrogen compound metabolic process 19.8 

GO:0006807 nitrogen compound metabolic process 19.8 

GO:0006725 cellular aromatic compound metabolic process 19.8 

GO:0006139 nucleobase-containing compound metabolic process 19.7 

GO:1901360 organic cyclic compound metabolic process 19.7 

GO:0044249 cellular biosynthetic process 19.4 

GO:0044237 cellular metabolic process 19.2 

GO:0044238 primary metabolic process 19 

GO:0071704 organic substance metabolic process 18.9 

GO:0044763 single-organism cellular process 18.8 

GO:0050794 regulation of cellular process 18.6 

GO:0042221 response to chemical 14.5 

GO:0007166 cell surface receptor signaling pathway 13.8 

GO:0003008 system process 13.1 

GO:0050877 neurological system process 9.8 

GO:0071824 protein-DNA complex subunit organization 7 

GO:0006323 DNA packaging 6 

GO:0031497 chromatin assembly 3.8 
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GO:0051606 detection of stimulus 1.7 

 

Table S5.5. Molecular functions of genes with DMChg 

GOID GOTerm No. 

Genes 

% Associated 

Genes GO:0000166 nucleotide binding 460 21.475256 

GO:0000989 transcription factor binding transcription factor activity 92 27.058823 

GO:0001067 regulatory region nucleic acid binding 102 30.538921 

GO:0001076 RNA polymerase II transcription factor binding 

transcription factor activity 

32 33.68421 

GO:0001085 RNA polymerase II transcription factor binding 28 35.44304 

GO:0001882 nucleoside binding 369 22.02985 

GO:0001883 purine nucleoside binding 368 22.102102 

GO:0003677 DNA binding 346 21.665623 

GO:0003682 chromatin binding 94 27.246376 

GO:0003700 sequence-specific DNA binding transcription factor 

activity 

204 22.46696 

GO:0003712 transcription cofactor activity 80 26.058632 

GO:0003735 structural constituent of ribosome 12 5.106383 

GO:0004871 signal transducer activity 190 9.738596 

GO:0004888 transmembrane signaling receptor activity 112 6.900801 

GO:0004930 G-protein coupled receptor activity 53 3.8322487 

GO:0005083 small GTPase regulator activity 53 38.68613 

GO:0005088 Ras guanyl-nucleotide exchange factor activity 41 35.964912 

GO:0005089 Rho guanyl-nucleotide exchange factor activity 28 35.897434 

GO:0005096 GTPase activator activity 58 33.91813 

GO:0005099 Ras GTPase activator activity 30 34.88372 

GO:0005515 protein binding 905 20.97821 

GO:0005516 calmodulin binding 30 34.88372 

GO:0008047 enzyme activator activity 77 27.304964 

GO:0008092 cytoskeletal protein binding 156 26.395939 

GO:0008134 transcription factor binding 103 27.613941 

GO:0015267 channel activity 95 25.88556 

GO:0016301 kinase activity 165 22.790054 

GO:0016773 phosphotransferase activity, alcohol group as acceptor 160 23.703703 

GO:0017076 purine nucleotide binding 379 22.189695 

GO:0019899 enzyme binding 241 25.02596 

GO:0019904 protein domain specific binding 104 28.49315 

GO:0022803 passive transmembrane transporter activity 95 25.88556 

GO:0022838 substrate-specific channel activity 93 26.271187 

GO:0030695 GTPase regulator activity 74 36.27451 

GO:0032549 ribonucleoside binding 368 22.06235 

GO:0032553 ribonucleotide binding 378 22.209166 

GO:0032555 purine ribonucleotide binding 374 22.14328 

GO:0033613 activating transcription factor binding 20 42.553192 

GO:0035639 purine ribonucleoside triphosphate binding 368 22.195415 

GO:0036094 small molecule binding 495 21.19007 

GO:0038023 signaling receptor activity 135 7.9132476 

GO:0042802 identical protein binding 183 22.42647 

GO:0043167 ion binding 1031 20.29128 
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GO:0043168 anion binding 494 21.790913 

GO:0043169 cation binding 675 20.510483 

GO:0046872 metal ion binding 668 20.604565 

GO:0060589 nucleoside-triphosphatase regulator activity 76 35.34884 

GO:0097159 organic cyclic compound binding 938 19.705883 

GO:0097367 carbohydrate derivative binding 410 21.30977 

GO:1901265 nucleoside phosphate binding 460 21.475256 

GO:1901363 heterocyclic compound binding 933 19.783714 

 

Table S5.6. Cellular functions of genes with DMChg 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000786 nucleosome 4 2.9629629 

GO:0005622 intracellular 1959 19.030502 

GO:0005634 nucleus 915 20.118734 

GO:0005667 transcription factor complex 75 29.069767 

GO:0005737 cytoplasm 1401 19.561575 

GO:0005840 ribosome 17 6.049822 

GO:0005856 cytoskeleton 328 23.213022 

GO:0005887 integral component of plasma 

membrane 

113 24.780703 

GO:0005911 cell-cell junction 66 27.049181 

GO:0016021 integral component of membrane 574 13.732058 

GO:0030425 dendrite 51 32.484077 

GO:0031224 intrinsic component of membrane 587 13.828033 

GO:0031226 intrinsic component of plasma 

membrane 

120 24.590164 

GO:0031252 cell leading edge 59 27.962086 

GO:0042995 cell projection 224 25.483503 

GO:0043005 neuron projection 112 29.396326 

GO:0043227 membrane-bounded organelle 1486 19.311241 

GO:0043229 intracellular organelle 1646 19.186386 

GO:0043231 intracellular membrane-bounded 

organelle 

1438 19.222029 

GO:0044424 intracellular part 1904 19.187746 

GO:0044425 membrane part 744 14.906833 

GO:0044430 cytoskeletal part 233 22.190475 

GO:0044456 synapse part 62 29.10798 

GO:0044459 plasma membrane part 273 23.076923 

GO:0044463 cell projection part 91 25.779037 

GO:0044464 cell part 2223 17.831074 

GO:0044815 DNA packaging complex 6 4.2253523 

GO:0097458 neuron part 134 27.291243 

GO:1990104 DNA bending complex 4 2.9629629 

 

Table S5.7. Biological functions of genes with DMChh 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000902 cell morphogenesis 137 18.050066 

GO:0000904 cell morphogenesis involved in differentiation 97 20.124481 
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GO:0001501 skeletal system development 75 21.489971 

GO:0001508 action potential 33 23.404255 

GO:0001568 blood vessel development 82 18.344519 

GO:0001654 eye development 50 19.157087 

GO:0001655 urogenital system development 51 19.54023 

GO:0001944 vasculature development 86 18.376068 

GO:0002009 morphogenesis of an epithelium 81 20.610687 

GO:0003002 regionalization 62 20.805368 

GO:0006139 nucleobase-containing compound metabolic 

process 

583 12.425405 

GO:0006725 cellular aromatic compound metabolic process 599 12.419656 

GO:0006793 phosphorus metabolic process 382 12.975543 

GO:0006796 phosphate-containing compound metabolic 

process 

378 12.954078 

GO:0006807 nitrogen compound metabolic process 644 12.398922 

GO:0006810 transport 399 13.247012 

GO:0006928 cellular component movement 161 14.935065 

GO:0007010 cytoskeleton organization 114 15.595076 

GO:0007267 cell-cell signaling 101 18.498169 

GO:0007268 synaptic transmission 63 19.504644 

GO:0007272 ensheathment of neurons 20 28.571428 

GO:0007275 multicellular organismal development 498 15.920716 

GO:0007389 pattern specification process 80 19.801981 

GO:0007399 nervous system development 241 19.35743 

GO:0007417 central nervous system development 110 20.072992 

GO:0007420 brain development 88 20.657276 

GO:0007423 sensory organ development 78 18.660288 

GO:0007507 heart development 69 18.205805 

GO:0007610 behavior 79 17.248909 

GO:0007611 learning or memory 31 25.203253 

GO:0007612 learning 23 27.380953 

GO:0008366 axon ensheathment 20 28.571428 

GO:0009116 nucleoside metabolic process 153 15.0887575 

GO:0009653 anatomical structure morphogenesis 334 18.627998 

GO:0009790 embryo development 153 17.307692 

GO:0009792 embryo development ending in birth or egg 

hatching 

108 18.524872 

GO:0009887 organ morphogenesis 158 21.5847 

GO:0009888 tissue development 213 17.974684 

GO:0009889 regulation of biosynthetic process 373 13.115331 

GO:0009890 negative regulation of biosynthetic process 140 15.384615 

GO:0009891 positive regulation of biosynthetic process 174 15.343915 

GO:0009892 negative regulation of metabolic process 192 14.701378 

GO:0009893 positive regulation of metabolic process 268 14.947016 

GO:0009894 regulation of catabolic process 118 17.151163 

GO:0009966 regulation of signal transduction 262 14.427313 

GO:0010468 regulation of gene expression 399 12.731334 

GO:0010556 regulation of macromolecule biosynthetic process 358 13.1472645 

GO:0010557 positive regulation of macromolecule 

biosynthetic process 

165 15.610218 

GO:0010558 negative regulation of macromolecule 

biosynthetic process 

134 15.437788 

GO:0010604 positive regulation of macromolecule metabolic 

process 

244 14.969325 
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GO:0010605 negative regulation of macromolecule metabolic 

process 

178 14.784053 

GO:0010628 positive regulation of gene expression 172 16.879293 

GO:0010629 negative regulation of gene expression 133 16.180048 

GO:0010646 regulation of cell communication 301 15.263692 

GO:0010769 regulation of cell morphogenesis involved in 

differentiation 

39 22.941177 

GO:0016043 cellular component organization 500 14.204545 

GO:0016192 vesicle-mediated transport 114 15.48913 

GO:0016477 cell migration 116 15.384615 

GO:0018130 heterocycle biosynthetic process 368 12.907752 

GO:0019219 regulation of nucleobase-containing compound 

metabolic process 

429 13.942151 

GO:0019222 regulation of metabolic process 587 12.949482 

GO:0019226 transmission of nerve impulse 28 25.225225 

GO:0019439 aromatic compound catabolic process 157 14.591078 

GO:0019693 ribose phosphate metabolic process 158 14.5354185 

GO:0021537 telencephalon development 38 23.75 

GO:0021700 developmental maturation 41 23.83721 

GO:0022603 regulation of anatomical structure 

morphogenesis 

106 19.099098 

GO:0022604 regulation of cell morphogenesis 56 20.74074 

GO:0022607 cellular component assembly 198 14.25486 

GO:0023051 regulation of signaling 298 15.119228 

GO:0023061 signal release 41 21.02564 

GO:0030030 cell projection organization 116 16.066483 

GO:0030154 cell differentiation 351 15.347617 

GO:0030900 forebrain development 59 22.26415 

GO:0031175 neuron projection development 88 18.683651 

GO:0031323 regulation of cellular metabolic process 534 13.339995 

GO:0031324 negative regulation of cellular metabolic process 180 14.839242 

GO:0031325 positive regulation of cellular metabolic process 244 14.472123 

GO:0031326 regulation of cellular biosynthetic process 373 13.393178 

GO:0031327 negative regulation of cellular biosynthetic 

process 

140 15.572859 

GO:0031328 positive regulation of cellular biosynthetic 

process 

174 15.605381 

GO:0031329 regulation of cellular catabolic process 108 17.252396 

GO:0032879 regulation of localization 186 14.951769 

GO:0032989 cellular component morphogenesis 146 17.892157 

GO:0032990 cell part morphogenesis 84 17.03854 

GO:0034641 cellular nitrogen compound metabolic process 616 12.54327 

GO:0034654 nucleobase-containing compound biosynthetic 

process 

359 12.881234 

GO:0034655 nucleobase-containing compound catabolic 

process 

155 14.975845 

GO:0035107 appendage morphogenesis 31 22.794117 

GO:0035108 limb morphogenesis 31 22.794117 

GO:0035239 tube morphogenesis 60 19.10828 

GO:0035295 tube development 81 18.40909 

GO:0035556 intracellular signal transduction 259 14.477362 

GO:0035637 multicellular organismal signaling 32 23.703703 

GO:0042221 response to chemical 225 8.269019 

GO:0042391 regulation of membrane potential 55 20.446096 

GO:0043170 macromolecule metabolic process 815 11.936145 

GO:0044093 positive regulation of molecular function 143 15.888889 
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GO:0044237 cellular metabolic process 947 11.831584 

GO:0044238 primary metabolic process 991 11.814497 

GO:0044270 cellular nitrogen compound catabolic process 159 14.88764 

GO:0044271 cellular nitrogen compound biosynthetic process 374 12.932227 

GO:0044710 single-organism metabolic process 514 12.35874 

GO:0044763 single-organism cellular process 1157 11.800102 

GO:0044765 single-organism transport 330 13.642001 

GO:0044767 single-organism developmental process 545 15.038631 

GO:0045595 regulation of cell differentiation 150 15.940489 

GO:0045596 negative regulation of cell differentiation 79 18.89952 

GO:0045934 negative regulation of nucleobase-containing 

compound metabolic process 

133 15.628673 

GO:0045935 positive regulation of nucleobase-containing 

compound metabolic process 

173 16.153128 

GO:0046434 organophosphate catabolic process 140 15.151515 

GO:0046483 heterocycle metabolic process 598 12.450552 

GO:0046700 heterocycle catabolic process 159 14.845939 

GO:0046903 secretion 89 16.360294 

GO:0048167 regulation of synaptic plasticity 22 29.333334 

GO:0048468 cell development 230 18.039215 

GO:0048513 organ development 341 16.024437 

GO:0048514 blood vessel morphogenesis 72 18.798956 

GO:0048518 positive regulation of biological process 408 13.429888 

GO:0048519 negative regulation of biological process 381 14.121572 

GO:0048522 positive regulation of cellular process 366 13.48563 

GO:0048523 negative regulation of cellular process 355 14.436763 

GO:0048562 embryonic organ morphogenesis 49 19.215687 

GO:0048568 embryonic organ development 68 18.133333 

GO:0048583 regulation of response to stimulus 311 13.946188 

GO:0048598 embryonic morphogenesis 94 18.91348 

GO:0048646 anatomical structure formation involved in 

morphogenesis 

139 17.707006 

GO:0048666 neuron development 107 18.321918 

GO:0048705 skeletal system morphogenesis 44 23.404255 

GO:0048729 tissue morphogenesis 95 19.467213 

GO:0048731 system development 456 16.303183 

GO:0048856 anatomical structure development 521 15.645646 

GO:0048858 cell projection morphogenesis 82 17.154812 

GO:0048869 cellular developmental process 373 15.052462 

GO:0050793 regulation of developmental process 215 15.961395 

GO:0050804 regulation of synaptic transmission 32 24.806202 

GO:0050808 synapse organization 28 25 

GO:0050877 neurological system process 98 6.4771976 

GO:0051049 regulation of transport 136 15.887851 

GO:0051093 negative regulation of developmental process 99 19.038462 

GO:0051094 positive regulation of developmental process 100 16.50165 

GO:0051128 regulation of cellular component organization 185 16.328331 

GO:0051171 regulation of nitrogen compound metabolic 

process 

433 13.94525 

GO:0051172 negative regulation of nitrogen compound 

metabolic process 

135 15.697675 

GO:0051173 positive regulation of nitrogen compound 

metabolic process 

176 16.191353 

GO:0051174 regulation of phosphorus metabolic process 201 14.491709 



244 

 

GO:0051216 cartilage development 36 22.929935 

GO:0051234 establishment of localization 410 13.324667 

GO:0051239 regulation of multicellular organismal process 231 14.874436 

GO:0051252 regulation of RNA metabolic process 333 13.32 

GO:0051253 negative regulation of RNA metabolic process 127 16.302952 

GO:0051254 positive regulation of RNA metabolic process 161 16.546762 

GO:0051606 detection of stimulus 16 1.4869889 

GO:0051641 cellular localization 224 14.186193 

GO:0051649 establishment of localization in cell 195 14.530551 

GO:0051960 regulation of nervous system development 75 19.181585 

GO:0060255 regulation of macromolecule metabolic process 477 12.659236 

GO:0060284 regulation of cell development 82 18.426966 

GO:0060429 epithelium development 124 18.452381 

GO:0061326 renal tubule development 16 36.363636 

GO:0061448 connective tissue development 45 23.93617 

GO:0065008 regulation of biological quality 292 14.5057125 

GO:0065009 regulation of molecular function 255 14.057332 

GO:0071704 organic substance metabolic process 1023 11.812933 

GO:0072009 nephron epithelium development 16 32 

GO:0072073 kidney epithelium development 20 30.30303 

GO:0072358 cardiovascular system development 132 18.435755 

GO:0072359 circulatory system development 132 18.435755 

GO:0080090 regulation of primary metabolic process 525 12.943787 

GO:1901136 carbohydrate derivative catabolic process 141 15.494506 

GO:1901292 nucleoside phosphate catabolic process 139 15.688488 

GO:1901360 organic cyclic compound metabolic process 612 12.358643 

GO:1901361 organic cyclic compound catabolic process 160 14.55869 

GO:1901565 organonitrogen compound catabolic process 153 14.655172 

GO:1901657 glycosyl compound metabolic process 154 15.112856 

GO:1901658 glycosyl compound catabolic process 138 16.235294 

GO:1902531 regulation of intracellular signal transduction 170 15.004413 

GO:1902589 single-organism organelle organization 198 14.316703 

GO:2000026 regulation of multicellular organismal 

development 

170 16.683023 

 

 

Table S5.8. Molecular functions of genes with DMChh 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000166 nucleotide binding 283 13.211951 

GO:0001067 regulatory region nucleic acid binding 63 18.862276 

GO:0001882 nucleoside binding 226 13.4925375 

GO:0001883 purine nucleoside binding 225 13.513514 

GO:0003676 nucleic acid binding 361 12.604749 

GO:0003677 DNA binding 234 14.652473 

GO:0003700 sequence-specific DNA binding transcription 

factor activity 

140 15.418502 

GO:0004871 signal transducer activity 116 5.9456687 

GO:0004888 transmembrane signaling receptor activity 69 4.251386 
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GO:0004930 G-protein coupled receptor activity 34 2.4584236 

GO:0005083 small GTPase regulator activity 33 24.087591 

GO:0005096 GTPase activator activity 42 24.561403 

GO:0005099 Ras GTPase activator activity 23 26.744186 

GO:0005515 protein binding 587 13.606861 

GO:0008047 enzyme activator activity 56 19.858156 

GO:0008092 cytoskeletal protein binding 105 17.766497 

GO:0015267 channel activity 65 17.711172 

GO:0017076 purine nucleotide binding 233 13.641686 

GO:0019899 enzyme binding 156 16.199377 

GO:0019900 kinase binding 59 17.251463 

GO:0022803 passive transmembrane transporter activity 65 17.711172 

GO:0022838 substrate-specific channel activity 62 17.514124 

GO:0030695 GTPase regulator activity 45 22.058823 

GO:0032549 ribonucleoside binding 226 13.549161 

GO:0032553 ribonucleotide binding 231 13.572268 

GO:0032555 purine ribonucleotide binding 229 13.558318 

GO:0035639 purine ribonucleoside triphosphate binding 223 13.44994 

GO:0036094 small molecule binding 304 13.013699 

GO:0038023 signaling receptor activity 81 4.7479486 

GO:0042802 identical protein binding 122 14.95098 

GO:0043167 ion binding 631 12.418816 

GO:0043168 anion binding 310 13.674459 

GO:0051015 actin filament binding 20 27.777779 

GO:0060589 nucleoside-triphosphatase regulator activity 46 21.39535 

GO:0097159 organic cyclic compound binding 604 12.689075 

GO:0097367 carbohydrate derivative binding 259 13.461538 

GO:1901265 nucleoside phosphate binding 283 13.211951 

GO:1901363 heterocyclic compound binding 601 12.743851 

 

 

Table S5.9. Cellular functions of genes with DMChh 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0005622 intracellular 1201 11.66699 

GO:0005634 nucleus 570 12.532982 

GO:0005667 transcription factor complex 49 18.992249 

GO:0005737 cytoplasm 845 11.79838 

GO:0005856 cytoskeleton 211 14.932767 

GO:0005887 integral component of plasma membrane 75 16.447369 

GO:0005938 cell cortex 33 22.44898 

GO:0016021 integral component of membrane 353 8.444976 

GO:0030425 dendrite 34 21.656052 

GO:0031224 intrinsic component of membrane 361 8.504123 

GO:0031226 intrinsic component of plasma membrane 81 16.59836 

GO:0043005 neuron projection 74 19.422573 

GO:0043227 membrane-bounded organelle 898 11.669915 
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GO:0043228 non-membrane-bounded organelle 356 12.491228 

GO:0043229 intracellular organelle 1008 11.749621 

GO:0043231 intracellular membrane-bounded organelle 872 11.656196 

GO:0043232 intracellular non-membrane-bounded 

organelle 

356 12.491228 

GO:0043234 protein complex 393 12.657004 

GO:0044424 intracellular part 1168 11.770634 

GO:0044425 membrane part 439 8.795833 

GO:0044430 cytoskeletal part 150 14.285714 

GO:0044459 plasma membrane part 166 14.032122 

GO:0044464 cell part 1361 10.916821 

GO:0097458 neuron part 91 18.533606 

 

 

 

Supporting materials for Chapter 6 

 

Figure S6.1. Correlation analysis of cytosine hydroxymethylation among all 9 individual 
samples  

 



247 

 

 

Figure S6.2. Correlation analysis of cytosine hydroxymethylation among resistant and sub-
clinical samples 

 

 

 

Figure S6.3. Correlation analysis of cytosine hydroxymethylation among resistant and sub-
clinical samples 
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Figure S6.4. Correlation analysis of cytosine hydroxymethylation among sub-clinical and 
clinical samples 

 

 

Figure S6.5. Hierarchical clustering of Promoter region differentially hydroxymethylated 
Cytosine 
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Figure S6.6. Hierarchical clustering of intron region differentially hydroxymethylated 
Cytosine 

 

Table S6.1. Biological functions of genes with DhMGs 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000165 MAPK cascade 150 34.168564 

GO:0000902 cell morphogenesis 288 37.944664 

GO:0000904 cell morphogenesis involved in differentiation 192 39.834026 

GO:0001501 skeletal system development 139 39.82808 

GO:0001503 ossification 94 37.4502 

GO:0001525 angiogenesis 113 38.04714 

GO:0001568 blood vessel development 170 38.03132 

GO:0001654 eye development 95 36.398468 

GO:0001655 urogenital system development 102 39.08046 

GO:0001667 ameboidal cell migration 81 39.901478 

GO:0001944 vasculature development 177 37.820515 

GO:0002009 morphogenesis of an epithelium 148 37.659035 

GO:0003008 system process 299 15.989305 

GO:0006082 organic acid metabolic process 233 33.768116 

GO:0006323 DNA packaging 24 11.16279 

GO:0006629 lipid metabolic process 267 33.003708 

GO:0006753 nucleoside phosphate metabolic process 388 31.881676 

GO:0006793 phosphorus metabolic process 957 32.506794 

GO:0006796 phosphate-containing compound metabolic process 951 32.590816 

GO:0006807 nitrogen compound metabolic process 1423 27.396997 

GO:0006810 transport 900 29.880478 

GO:0006811 ion transport 318 30.576923 

GO:0006928 cellular component movement 377 34.97217 

GO:0006935 chemotaxis 120 34.68208 
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GO:0006950 response to stress 564 29.13223 

GO:0006996 organelle organization 617 28.899298 

GO:0007010 cytoskeleton organization 257 35.15732 

GO:0007155 cell adhesion 270 39.130436 

GO:0007160 cell-matrix adhesion 49 44.144146 

GO:0007163 establishment or maintenance of cell polarity 45 43.68932 

GO:0007166 cell surface receptor signaling pathway 595 20.355799 

GO:0007267 cell-cell signaling 200 36.630035 

GO:0007268 synaptic transmission 129 39.93808 

GO:0007270 neuron-neuron synaptic transmission 37 48.05195 

GO:0007275 multicellular organismal development 1034 33.056267 

GO:0007399 nervous system development 444 35.66265 

GO:0007417 central nervous system development 192 35.036495 

GO:0007420 brain development 151 35.44601 

GO:0007423 sensory organ development 151 36.1244 

GO:0007507 heart development 142 37.46702 

GO:0007528 neuromuscular junction development 21 61.764706 

GO:0007610 behavior 158 34.497818 

GO:0007626 locomotory behavior 65 41.401276 

GO:0009056 catabolic process 638 31.931932 

GO:0009116 nucleoside metabolic process 335 33.037476 

GO:0009593 detection of chemical stimulus 15 1.5243902 

GO:0009653 anatomical structure morphogenesis 655 36.530952 

GO:0009719 response to endogenous stimulus 239 37.519623 

GO:0009790 embryo development 304 34.38914 

GO:0009792 embryo development ending in birth or egg hatching 195 33.447685 

GO:0009887 organ morphogenesis 264 36.065575 

GO:0009888 tissue development 429 36.20253 

GO:0009890 negative regulation of biosynthetic process 278 30.54945 

GO:0009891 positive regulation of biosynthetic process 352 31.040564 

GO:0009892 negative regulation of metabolic process 390 29.862175 

GO:0009893 positive regulation of metabolic process 562 31.344116 

GO:0009894 regulation of catabolic process 279 40.552326 

GO:0009966 regulation of signal transduction 608 33.480175 

GO:0010033 response to organic substance 424 33.92 

GO:0010243 response to organonitrogen compound 107 37.54386 

GO:0010557 positive regulation of macromolecule biosynthetic 

process 

334 31.598866 

GO:0010604 positive regulation of macromolecule metabolic process 511 31.349693 

GO:0010628 positive regulation of gene expression 334 32.777233 

GO:0010632 regulation of epithelial cell migration 42 44.68085 

GO:0010646 regulation of cell communication 668 33.87424 

GO:0010647 positive regulation of cell communication 252 30.99631 

GO:0010769 regulation of cell morphogenesis involved in 

differentiation 

75 44.117645 

GO:0010810 regulation of cell-substrate adhesion 47 44.761906 

GO:0016043 cellular component organization 1091 30.994318 

GO:0016192 vesicle-mediated transport 244 33.152172 

GO:0016331 morphogenesis of embryonic epithelium 60 41.37931 

GO:0016337 single organismal cell-cell adhesion 87 39.366516 
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GO:0016477 cell migration 263 34.88064 

GO:0016525 negative regulation of angiogenesis 30 53.57143 

GO:0016570 histone modification 112 36.601307 

GO:0019219 regulation of nucleobase-containing compound 

metabolic process 

910 29.57426 

GO:0019222 regulation of metabolic process 1315 29.009485 

GO:0019439 aromatic compound catabolic process 351 32.62082 

GO:0019538 protein metabolic process 1102 27.619047 

GO:0019637 organophosphate metabolic process 471 32.527626 

GO:0019693 ribose phosphate metabolic process 357 32.842686 

GO:0022603 regulation of anatomical structure morphogenesis 225 40.54054 

GO:0022604 regulation of cell morphogenesis 113 41.851852 

GO:0022607 cellular component assembly 409 29.445644 

GO:0023014 signal transduction by phosphorylation 160 33.755276 

GO:0023051 regulation of signaling 671 34.043633 

GO:0030029 actin filament-based process 164 38.588234 

GO:0030030 cell projection organization 270 37.396122 

GO:0030036 actin cytoskeleton organization 152 39.276485 

GO:0030154 cell differentiation 758 33.143856 

GO:0030155 regulation of cell adhesion 107 44.03292 

GO:0030334 regulation of cell migration 138 36.50794 

GO:0030900 forebrain development 96 36.226414 

GO:0031058 positive regulation of histone modification 24 60 

GO:0031175 neuron projection development 177 37.579617 

GO:0031323 regulation of cellular metabolic process 1174 29.328005 

GO:0031324 negative regulation of cellular metabolic process 365 30.090685 

GO:0031325 positive regulation of cellular metabolic process 530 31.43535 

GO:0031328 positive regulation of cellular biosynthetic process 348 31.210762 

GO:0031329 regulation of cellular catabolic process 258 41.214058 

GO:0031344 regulation of cell projection organization 84 38.00905 

GO:0031497 chromatin assembly 18 9.72973 

GO:0031589 cell-substrate adhesion 85 45.698925 

GO:0032268 regulation of cellular protein metabolic process 331 30.255941 

GO:0032879 regulation of localization 404 32.475883 

GO:0032989 cellular component morphogenesis 304 37.2549 

GO:0032990 cell part morphogenesis 179 36.308315 

GO:0034220 ion transmembrane transport 206 32.440945 

GO:0034329 cell junction assembly 44 46.80851 

GO:0034330 cell junction organization 58 47.933884 

GO:0034613 cellular protein localization 254 31.789738 

GO:0034641 cellular nitrogen compound metabolic process 1331 27.102423 

GO:0034655 nucleobase-containing compound catabolic process 341 32.94686 

GO:0035249 synaptic transmission, glutamatergic 26 54.166668 

GO:0035295 tube development 165 37.5 

GO:0035556 intracellular signal transduction 604 33.76188 

GO:0036211 protein modification process 745 31.567797 

GO:0040012 regulation of locomotion 152 35.933807 

GO:0042330 taxis 120 34.68208 

GO:0042391 regulation of membrane potential 99 36.802975 
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GO:0042592 homeostatic process 277 30.98434 

GO:0042692 muscle cell differentiation 96 40.336136 

GO:0043085 positive regulation of catalytic activity 255 35.26971 

GO:0043412 macromolecule modification 757 30.759853 

GO:0043436 oxoacid metabolic process 230 34.12463 

GO:0044093 positive regulation of molecular function 317 35.22222 

GO:0044237 cellular metabolic process 2169 27.098951 

GO:0044238 primary metabolic process 2231 26.59752 

GO:0044248 cellular catabolic process 569 32.201473 

GO:0044255 cellular lipid metabolic process 186 33.096085 

GO:0044267 cellular protein metabolic process 868 28.099709 

GO:0044270 cellular nitrogen compound catabolic process 353 33.052433 

GO:0044281 small molecule metabolic process 690 32.577904 

GO:0044708 single-organism behavior 99 38.076923 

GO:0044710 single-organism metabolic process 1279 30.752584 

GO:0044712 single-organism catabolic process 458 34.153618 

GO:0044763 single-organism cellular process 2701 27.54717 

GO:0044765 single-organism transport 733 30.301777 

GO:0044767 single-organism developmental process 1185 32.698677 

GO:0045216 cell-cell junction organization 47 44.339622 

GO:0045595 regulation of cell differentiation 322 34.218918 

GO:0045597 positive regulation of cell differentiation 155 36.214954 

GO:0045765 regulation of angiogenesis 61 43.57143 

GO:0045785 positive regulation of cell adhesion 52 42.62295 

GO:0045935 positive regulation of nucleobase-containing compound 

metabolic process 

346 32.306255 

GO:0046434 organophosphate catabolic process 326 35.281384 

GO:0046700 heterocycle catabolic process 354 33.053223 

GO:0046903 secretion 177 32.536766 

GO:0048468 cell development 453 35.52941 

GO:0048513 organ development 701 32.94173 

GO:0048514 blood vessel morphogenesis 145 37.85901 

GO:0048518 positive regulation of biological process 932 30.678078 

GO:0048519 negative regulation of biological process 816 30.244625 

GO:0048522 positive regulation of cellular process 840 30.950626 

GO:0048523 negative regulation of cellular process 737 29.971533 

GO:0048583 regulation of response to stimulus 732 32.82511 

GO:0048589 developmental growth 91 37.603306 

GO:0048598 embryonic morphogenesis 183 36.820927 

GO:0048646 anatomical structure formation involved in 

morphogenesis 

288 36.687897 

GO:0048666 neuron development 221 37.842464 

GO:0048705 skeletal system morphogenesis 73 38.82979 

GO:0048729 tissue morphogenesis 181 37.090164 

GO:0048731 system development 946 33.821953 

GO:0048856 anatomical structure development 1109 33.303303 

GO:0048858 cell projection morphogenesis 177 37.02929 

GO:0048869 cellular developmental process 814 32.84907 

GO:0048870 cell motility 277 33.987732 

GO:0050790 regulation of catalytic activity 499 33.94558 
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GO:0050793 regulation of developmental process 467 34.669636 

GO:0050804 regulation of synaptic transmission 54 41.860466 

GO:0050808 synapse organization 54 48.214287 

GO:0050877 neurological system process 197 13.020489 

GO:0050906 detection of stimulus involved in sensory perception 18 1.8036072 

GO:0050907 detection of chemical stimulus involved in sensory 

perception 

10 1.0362694 

GO:0051017 actin filament bundle assembly 33 49.25373 

GO:0051049 regulation of transport 265 30.957945 

GO:0051093 negative regulation of developmental process 181 34.807693 

GO:0051094 positive regulation of developmental process 217 35.808582 

GO:0051128 regulation of cellular component organization 365 32.21536 

GO:0051130 positive regulation of cellular component organization 160 34.632034 

GO:0051171 regulation of nitrogen compound metabolic process 919 29.597424 

GO:0051173 positive regulation of nitrogen compound metabolic 

process 

349 32.106716 

GO:0051174 regulation of phosphorus metabolic process 482 34.751263 

GO:0051216 cartilage development 64 40.76433 

GO:0051234 establishment of localization 927 30.126747 

GO:0051239 regulation of multicellular organismal process 531 34.191887 

GO:0051246 regulation of protein metabolic process 439 29.945429 

GO:0051247 positive regulation of protein metabolic process 225 31.424582 

GO:0051254 positive regulation of RNA metabolic process 319 32.785202 

GO:0051270 regulation of cellular component movement 160 36.117382 

GO:0051336 regulation of hydrolase activity 311 35.583523 

GO:0051606 detection of stimulus 39 3.6245353 

GO:0051640 organelle localization 76 41.08108 

GO:0051641 cellular localization 503 31.855604 

GO:0051649 establishment of localization in cell 420 31.296572 

GO:0051656 establishment of organelle localization 58 42.962963 

GO:0051674 localization of cell 277 33.987732 

GO:0051960 regulation of nervous system development 139 35.549873 

GO:0055085 transmembrane transport 296 31.157894 

GO:0055086 nucleobase-containing small molecule metabolic process 401 31.95219 

GO:0060255 regulation of macromolecule metabolic process 1027 27.255838 

GO:0060284 regulation of cell development 160 35.955055 

GO:0060348 bone development 52 46.0177 

GO:0060429 epithelium development 247 36.75595 

GO:0060537 muscle tissue development 102 36.17021 

GO:0061061 muscle structure development 143 36.47959 

GO:0061326 renal tubule development 24 54.545456 

GO:0061448 connective tissue development 78 41.48936 

GO:0065008 regulation of biological quality 654 32.488823 

GO:0065009 regulation of molecular function 609 33.572216 

GO:0070727 cellular macromolecule localization 254 31.631382 

GO:0070848 response to growth factor 116 40.13841 

GO:0070887 cellular response to chemical stimulus 411 32.959103 

GO:0071310 cellular response to organic substance 342 34.615383 

GO:0071495 cellular response to endogenous stimulus 192 37.354084 

GO:0071559 response to transforming growth factor beta 53 44.537815 
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GO:0071560 cellular response to transforming growth factor beta 

stimulus 

53 44.537815 

GO:0071704 organic substance metabolic process 2293 26.47806 

GO:0071824 protein-DNA complex subunit organization 19 8.878505 

GO:0072001 renal system development 85 38.116592 

GO:0072358 cardiovascular system development 275 38.40782 

GO:0072359 circulatory system development 275 38.40782 

GO:0072521 purine-containing compound metabolic process 368 32.42291 

GO:0080090 regulation of primary metabolic process 1175 28.969427 

GO:0090130 tissue migration 62 44.285713 

GO:0090132 epithelium migration 60 44.77612 

GO:0097485 neuron projection guidance 58 40.55944 

GO:0098602 single organism cell adhesion 102 40.63745 

GO:1901135 carbohydrate derivative metabolic process 488 31.812256 

GO:1901136 carbohydrate derivative catabolic process 322 35.384617 

GO:1901292 nucleoside phosphate catabolic process 311 35.10158 

GO:1901342 regulation of vasculature development 66 43.42105 

GO:1901360 organic cyclic compound metabolic process 1330 26.857836 

GO:1901361 organic cyclic compound catabolic process 360 32.757053 

GO:1901564 organonitrogen compound metabolic process 576 32.450703 

GO:1901565 organonitrogen compound catabolic process 364 34.865902 

GO:1901575 organic substance catabolic process 611 32.551945 

GO:1901657 glycosyl compound metabolic process 336 32.973503 

GO:1901658 glycosyl compound catabolic process 302 35.52941 

GO:1901700 response to oxygen-containing compound 203 33.946487 

GO:1901701 cellular response to oxygen-containing compound 142 35.235733 

GO:1902531 regulation of intracellular signal transduction 395 34.863194 

GO:1902589 single-organism organelle organization 448 32.39335 

GO:2000026 regulation of multicellular organismal development 368 36.11384 

GO:2000145 regulation of cell motility 142 35.949368 

 

Table S6.2. Molecular functions of genes with DhMGs 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000166 nucleotide binding 670 31.279179 

GO:0001882 nucleoside binding 530 31.64179 

GO:0001883 purine nucleoside binding 528 31.711712 

GO:0003735 structural constituent of ribosome 17 7.2340426 

GO:0003779 actin binding 122 41.780823 

GO:0004871 signal transducer activity 304 15.581753 

GO:0004888 transmembrane signaling receptor activity 171 10.536044 

GO:0004930 G-protein coupled receptor activity 81 5.856833 

GO:0005057 receptor signaling protein activity 47 41.964287 

GO:0005083 small GTPase regulator activity 74 54.0146 

GO:0005088 Ras guanyl-nucleotide exchange factor activity 57 50 

GO:0005089 Rho guanyl-nucleotide exchange factor activity 40 51.28205 

GO:0005096 GTPase activator activity 84 49.122807 

GO:0005099 Ras GTPase activator activity 45 52.32558 

GO:0005125 cytokine activity 19 10.857142 
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GO:0005515 protein binding 1292 29.949003 

GO:0005516 calmodulin binding 40 46.511627 

GO:0008047 enzyme activator activity 114 40.425533 

GO:0008060 ARF GTPase activator activity 14 63.636364 

GO:0008092 cytoskeletal protein binding 233 39.424706 

GO:0008093 cytoskeletal adaptor activity 8 88.888885 

GO:0008134 transcription factor binding 124 33.24397 

GO:0015075 ion transmembrane transporter activity 226 32.378223 

GO:0015267 channel activity 128 34.877384 

GO:0016301 kinase activity 269 37.154697 

GO:0016740 transferase activity 578 30.40505 

GO:0016772 transferase activity, transferring phosphorus-

containing groups 

299 34.328358 

GO:0016773 phosphotransferase activity, alcohol group as 

acceptor 

257 38.074074 

GO:0016787 hydrolase activity 631 27.724077 

GO:0017076 purine nucleotide binding 549 32.142857 

GO:0019899 enzyme binding 352 36.55244 

GO:0019900 kinase binding 121 35.380116 

GO:0019902 phosphatase binding 49 43.75 

GO:0019904 protein domain specific binding 124 33.972603 

GO:0022803 passive transmembrane transporter activity 128 34.877384 

GO:0022838 substrate-specific channel activity 123 34.74576 

GO:0022857 transmembrane transporter activity 258 31.234867 

GO:0022891 substrate-specific transmembrane transporter 

activity 

236 31.80593 

GO:0022892 substrate-specific transporter activity 262 30.82353 

GO:0030695 GTPase regulator activity 102 50 

GO:0032403 protein complex binding 180 35.78529 

GO:0032549 ribonucleoside binding 529 31.714628 

GO:0032553 ribonucleotide binding 548 32.197414 

GO:0032555 purine ribonucleotide binding 540 31.97158 

GO:0035639 purine ribonucleoside triphosphate binding 526 31.72497 

GO:0036094 small molecule binding 720 30.821918 

GO:0038023 signaling receptor activity 205 12.016413 

GO:0042578 phosphoric ester hydrolase activity 121 37.4613 

GO:0042802 identical protein binding 269 32.965687 

GO:0042803 protein homodimerization activity 156 33.26226 

GO:0043167 ion binding 1503 29.580791 

GO:0043168 anion binding 735 32.421703 

GO:0043169 cation binding 966 29.35278 

GO:0044389 small conjugating protein ligase binding 58 40.84507 

GO:0045296 cadherin binding 13 65 

GO:0046872 metal ion binding 952 29.36459 

GO:0048037 cofactor binding 88 36.666668 

GO:0050839 cell adhesion molecule binding 42 48.275864 

GO:0051015 actin filament binding 40 55.555557 

GO:0051020 GTPase binding 60 45.801525 

GO:0060589 nucleoside-triphosphatase regulator activity 104 48.372093 

GO:0097367 carbohydrate derivative binding 613 31.860706 

GO:1901265 nucleoside phosphate binding 670 31.279179 
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Table S6.3. Cellular functions of genes with DhMGs 

GOID GOTerm No. 

Genes 

% Associated Genes 

GO:0000786 nucleosome 4 2.9629629 

GO:0005578 proteinaceous extracellular matrix 105 44.117645 

GO:0005604 basement membrane 44 57.142857 

GO:0005622 intracellular 2740 26.617447 

GO:0005737 cytoplasm 1992 27.81346 

GO:0005794 Golgi apparatus 255 31.954887 

GO:0005829 cytosol 252 30.2521 

GO:0005840 ribosome 28 9.964413 

GO:0005856 cytoskeleton 474 33.545647 

GO:0005887 integral component of plasma 

membrane 

157 34.429825 

GO:0005902 microvillus 25 50 

GO:0005911 cell-cell junction 99 40.57377 

GO:0005912 adherens junction 77 50 

GO:0005913 cell-cell adherens junction 27 71.052635 

GO:0005924 cell-substrate adherens junction 47 44.761906 

GO:0005925 focal adhesion 45 45 

GO:0008328 ionotropic glutamate receptor complex 22 56.410255 

GO:0012505 endomembrane system 611 28.902554 

GO:0016021 integral component of membrane 876 20.956938 

GO:0016324 apical plasma membrane 56 43.410854 

GO:0030027 lamellipodium 50 50.50505 

GO:0030055 cell-substrate junction 53 47.32143 

GO:0030424 axon 65 38.690475 

GO:0030425 dendrite 74 47.13376 

GO:0030529 ribonucleoprotein complex 99 16.17647 

GO:0031224 intrinsic component of membrane 894 21.06007 

GO:0031226 intrinsic component of plasma 

membrane 

166 34.01639 

GO:0031252 cell leading edge 96 45.49763 

GO:0031410 cytoplasmic vesicle 207 31.174698 

GO:0031982 vesicle 238 31.903484 

GO:0031988 membrane-bounded vesicle 211 31.445604 

GO:0032993 protein-DNA complex 39 13.043478 

GO:0033267 axon part 29 48.333332 

GO:0034702 ion channel complex 69 37.5 

GO:0042995 cell projection 337 38.33902 

GO:0043005 neuron projection 153 40.157482 

GO:0043025 neuronal cell body 57 39.86014 

GO:0043227 membrane-bounded organelle 2037 26.471735 

GO:0043229 intracellular organelle 2281 26.58818 

GO:0043231 intracellular membrane-bounded 

organelle 

1962 26.22644 

GO:0043235 receptor complex 64 43.243244 

GO:0044297 cell body 63 37.95181 
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GO:0044304 main axon 22 64.70588 

GO:0044420 extracellular matrix part 52 50.485435 

GO:0044424 intracellular part 2668 26.88703 

GO:0044425 membrane part 1122 22.480465 

GO:0044430 cytoskeletal part 327 31.142857 

GO:0044433 cytoplasmic vesicle part 74 36.4532 

GO:0044444 cytoplasmic part 1334 27.579079 

GO:0044456 synapse part 93 43.661972 

GO:0044459 plasma membrane part 399 33.72781 

GO:0044463 cell projection part 132 37.39377 

GO:0044815 DNA packaging complex 6 4.2253523 

GO:0045177 apical part of cell 79 42.934784 

GO:0045211 postsynaptic membrane 47 48.958332 

GO:0070161 anchoring junction 83 49.7006 

GO:0097060 synaptic membrane 54 48.214287 

GO:0097458 neuron part 193 39.307537 

GO:0098590 plasma membrane region 95 39.09465 

GO:1990104 DNA bending complex 4 2.9629629 

 

 

Supporting materials for Chapter 7 

Table S7.1. Pathway analysis of predicted miRNA target gene 

NO. KEGG Pathway name 
Pathway 

ID 

Number of 
miRNAs 
involved 

Number of 
genes 

involved 

1 Focal adhesion hsa04510 30 87 

2 Regulation of actin cytoskeleton hsa04810 30 79 

3 Wnt signalling pathway hsa04310 30 79 

4 Calcium signalling pathway hsa04020 29 62 

5 Insulin signalling pathway hsa04910 29 59 

6 MAPK signalling pathway hsa04010 29 109 

7 Adherens junction hsa04520 28 38 

8 Cell cycle hsa04110 28 47 

9 Neuroactive ligand-receptor interaction hsa04080 28 62 

10 Prostate cancer hsa05215 28 44 

11 TGF-beta signalling pathway hsa04350 28 55 

12 Tight junction hsa04530 28 53 

13 Axon guidance hsa04360 27 75 

14 Cell adhesion molecules (CAMs) hsa04514 27 45 

15 Colorectal cancer hsa05210 27 46 

16 ErbB signalling pathway hsa04012 27 43 

17 GnRH signalling pathway hsa04912 27 42 

18 Melanogenesis hsa04916 27 48 

19 T cell receptor signalling pathway hsa04660 27 38 

20 Chronic myeloid leukemia hsa05220 26 33 
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21 Cytokine-cytokine receptor interaction hsa04060 26 74 

22 Glioma hsa05214 26 32 

23 Renal cell carcinoma hsa05211 26 39 

24 Ubiquitin mediated proteolysis hsa04120 26 60 

25 Cell Communication hsa01430 25 36 

26 Glycan structures - biosynthesis 1 hsa01030 25 37 

27 Jak-STAT signalling pathway hsa04630 25 53 

28 Adipocytokine signalling pathway hsa04920 24 32 

29 Long-term depression hsa04730 24 31 

30 Long-term potentiation hsa04720 24 37 

31 Melanoma hsa05218 24 33 

32 Natural killer cell mediated cytotoxicity hsa04650 24 33 

33 p53 signalling pathway hsa04115 24 33 

34 Small cell lung cancer hsa05222 24 34 

35 VEGF signalling pathway hsa04370 24 27 

36 Acute myeloid leukemia hsa05221 23 25 

37 Apoptosis hsa04210 23 30 

38 ECM-receptor interaction hsa04512 23 35 

39 Purine metabolism hsa00230 23 33 

40 Epithelial cell signalling in Helicobacter pylori hsa05120 22 24 

41 Gap junction hsa04540 22 37 

42 Glycerophospholipid metabolism hsa00564 22 26 

43 Leukocyte transendothelial migration hsa04670 22 30 

44 mTOR signalling pathway hsa04150 22 25 

45 Neurodegenerative Diseases hsa01510 22 20 

46 Pancreatic cancer hsa05212 22 34 

47 B cell receptor signalling pathway hsa04662 21 25 

48 Notch signalling pathway hsa04330 21 12 

49 Non-small cell lung cancer hsa05223 20 24 

50 Toll-like receptor signalling pathway hsa04620 20 27 

51 Bladder cancer hsa05219 19 19 

52 Endometrial cancer hsa05213 19 26 

53 Hematopoietic cell lineage hsa04640 19 21 

54 Phosphatidylinositol signalling system hsa04070 19 26 

55 Basal cell carcinoma hsa05217 18 24 

56 Complement and coagulation cascades hsa04610 18 16 

57 Inositol phosphate metabolism hsa00562 18 15 

58 Polyunsaturated fatty acid biosynthesis hsa01040 18 10 

59 Thyroid cancer hsa05216 18 16 

60 Amyotrophic lateral sclerosis (ALS) hsa05030 17 11 

61 Benzoate degradation via CoA ligation hsa00632 17 8 

62 Dorso-ventral axis formation hsa04320 17 11 

63 Fc epsilon RI signalling pathway hsa04664 17 26 

64 Hedgehog signalling pathway hsa04340 17 22 

65 Huntington's disease hsa05040 17 19 

66 Olfactory transduction hsa04740 17 12 

67 Glycan structures - biosynthesis 2 hsa01031 16 16 

68 Pathogenic Escherichia coli infection - EHEC hsa05130 16 13 
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69 Pathogenic Escherichia coli infection - EPEC hsa05131 16 13 

70 PPAR signalling pathway hsa03320 16 16 

71 Pyrimidine metabolism hsa00240 16 13 

72 Selenoamino acid metabolism hsa00450 16 8 

73 Tyrosine metabolism hsa00350 16 15 

74 Antigen processing and presentation hsa04612 15 16 

75 Limonene and pinene degradation hsa00903 15 6 

76 Lysine degradation hsa00310 15 9 

77 Maturity onset diabetes of the young hsa04950 15 7 

78 SNARE interactions in vesicular transport hsa04130 15 15 

79 ABC transporters - General hsa02010 14 11 

80 Ether lipid metabolism hsa00565 14 8 

81 Methionine metabolism hsa00271 14 8 

82 Type II diabetes mellitus hsa04930 14 16 

83 Alkaloid biosynthesis II hsa00960 13 8 

84 N-Glycan biosynthesis hsa00510 13 12 

85 Parkinson's disease hsa05020 13 7 

86 Sphingolipid metabolism hsa00600 13 8 

87 1- and 2-Methylnaphthalene degradation hsa00624 12 7 

88 Basal transcription factors hsa03022 12 10 

89 O-Glycan biosynthesis hsa00512 12 10 

90 Starch and sucrose metabolism hsa00500 12 10 

91 Taste transduction hsa04742 12 8 

92 Alzheimer's disease hsa05010 11 6 

93 Cholera - Infection hsa05110 11 9 

94 Circadian rhythm hsa04710 11 9 

95 Fatty acid metabolism hsa00071 11 6 

96 Folate biosynthesis hsa00790 11 8 

97 Glutamate metabolism hsa00251 11 6 

98 Oxidative phosphorylation hsa00190 11 8 

99 Phenylalanine metabolism hsa00360 11 9 

100 Type I diabetes mellitus hsa04940 11 12 

101 Alanine and aspartate metabolism hsa00252 10 6 

102 Butanoate metabolism hsa00650 10 6 

103 Prion disease hsa05060 10 6 

104 Tryptophan metabolism hsa00380 10 8 

105 Caprolactam degradation hsa00930 9 3 

106 Dentatorubropallidoluysian atrophy (DRPLA) hsa05050 9 7 

107 Glycerolipid metabolism hsa00561 9 8 

108 Glycolysis / Gluconeogenesis hsa00010 9 10 

109 Histidine metabolism hsa00340 9 8 

110 Pyruvate metabolism hsa00620 9 6 

111 Aminophosphonate metabolism hsa00440 8 5 

112 Aminosugars metabolism hsa00530 8 4 

113 beta-Alanine metabolism hsa00410 8 5 

114 Chondroitin sulfate biosynthesis hsa00532 8 6 

115 Glycosphingolipid biosynthesis - ganglioseries hsa00604 8 4 

116 Regulation of autophagy hsa04140 8 6 
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117 Urea cycle and metabolism of amino groups hsa00220 8 7 

118 Androgen and estrogen metabolism hsa00150 7 6 

119 Arginine and proline metabolism hsa00330 7 5 

120 Autoimmune thyroid disease hsa05320 7 8 

121 Glycine, serine and threonine metabolism hsa00260 7 8 

122 Glycosphingolipid biosynthesis - neo-lactoseries hsa00602 7 5 

123 Glycosylphosphatidylinositol(GPI)-anchor hsa00563 7 4 

124 Heparan sulfate biosynthesis hsa00534 7 8 

125 Keratan sulfate biosynthesis hsa00533 7 5 

126 Taurine and hypotaurine metabolism hsa00430 7 3 

127 Fatty acid biosynthesis hsa00061 6 2 

128 Fructose and mannose metabolism hsa00051 6 4 

129 Galactose metabolism hsa00052 6 4 

130 Glycan structures - degradation hsa01032 6 3 

131 Glycosaminoglycan degradation hsa00531 6 3 

132 Naphthalene and anthracene degradation hsa00626 6 4 

133 Nitrogen metabolism hsa00910 6 5 

134 Propanoate metabolism hsa00640 6 3 

135 Aminoacyl-tRNA biosynthesis hsa00970 5 5 

136 Arachidonic acid metabolism hsa00590 5 5 

137 Asthma hsa05310 5 7 

138 Bile acid biosynthesis hsa00120 5 6 

139 Biosynthesis of steroids hsa00100 5 4 

140 Glycosphingolipid biosynthesis - lactoseries hsa00601 5 3 

141 Carbon fixation hsa00710 4 3 

142 Citrate cycle (TCA cycle) hsa00020 4 4 

143 DNA replication hsa03030 4 2 

144 Glyoxylate and dicarboxylate metabolism hsa00630 4 3 

145 Metabolism of xenobiotics by cytochrome P45 hsa00980 4 3 

146 Nicotinate and nicotinamide metabolism hsa00760 4 5 

147 Pentose phosphate pathway hsa00030 4 3 

148 Porphyrin and chlorophyll metabolism hsa00860 4 5 

149 Proteasome hsa03050 4 3 

150 Riboflavin metabolism hsa00740 4 3 

151 Base excision repair hsa03410 3 3 

152 Cysteine metabolism hsa00272 3 2 

153 Glutathione metabolism hsa00480 3 1 

154 One carbon pool by folate hsa00670 3 3 

155 Pantothenate and CoA biosynthesis hsa00770 3 2 

156 Phenylalanine, tyrosine and tryptophan biosynthesis hsa00400 3 2 

157 RNA polymerase hsa03020 3 3 

158 Alkaloid biosynthesis I hsa00950 2 1 

159 Atrazine degradation hsa00791 2 2 

160 Biotin metabolism hsa00780 2 1 

161 gamma-Hexachlorocyclohexane degradation hsa00361 2 2 

162 Glycosphingolipid biosynthesis - globoseries hsa00603 2 2 

163 Novobiocin biosynthesis hsa00401 2 1 

164 Streptomycin biosynthesis hsa00521 2 1 
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165 Sulfur metabolism hsa00920 2 2 

166 Valine, leucine and isoleucine biosynthesis hsa00290 2 2 

167 Valine, leucine and isoleucine degradation hsa00280 2 3 

168 3-Chloroacrylic acid degradation hsa00641 1 1 

169 alpha-Linolenic acid metabolism hsa00592 1 1 

170 Cyanoamino acid metabolism hsa00460 1 1 

171 Geraniol degradation hsa00281 1 1 

172 Linoleic acid metabolism hsa00591 1 1 

173 Methane metabolism hsa00680 1 2 

174 N-Glycan degradation hsa00511 1 1 

175 Pentose and glucuronate interconversions hsa00040 1 1 

176 Phenylpropanoid biosynthesis hsa00940 1 1 

177 Protein export hsa03060 1 1 

178 Reductive carboxylate cycle (CO2 fixation) hsa00720 1 1 

179 Renin-angiotensin system hsa04614 1 1 

180 Synthesis and degradation of ketone bodies hsa00072 1 1 

181 Ubiquinone biosynthesis hsa00130 1 1 
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