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ABSTRACT 

DNA methylation, 5-methylcytosine (5-mC), is a key epigenetic modification involved in 

gene regulation found in the nuclear genome of various organisms. Interestingly, mitochondrial 

DNA (mtDNA) has also been found to be modified by 5-mC. Research to determine the functional 

relevance and identify players regulating mtDNA methylation is receiving an ever-increasing 

interest.  

This project is focused on understanding the mitochondrial methylation patterns in the 

normal physiological state using circulating CD4+ and CD8+ T cells as an informative study model. 

This knowledge might prove useful in understanding what arises during the pathological state. 

Moreover, mtDNA cellular content differs across tissue types depending on several factors 

including cellular energy demand which influence mtDNA replication and transcription rate. The 

objective of this study is to determine variations in mtDNA  methylation of CD4+ and CD8+ T 

cells between healthy individuals as well as the ratio of mitochondrial/nuclear DNA in these cells 

to estimate whether the changes in methylation could possibly be contributed to changes in their 

relative mtDNA content.  

In this study, blood samples from healthy donors were collected and CD4+ and CD8+ T 

cells were purified for analyses of 5-mC. The methylated DNA fragments enriched by methyl-

CpG binding domain were sequenced and subsequent bioinformatic analysis involved 

preprocessing of the raw data, alignment of reads to the human mitochondrial genome and 

methylation peak calling. Methylation levels within the mitochondrial D-loop were then 

quantitatively evaluated by bisulfite-pyrosequencing. The results showed variations in the 

distribution of 5-mC in the different cell types and individuals, with the exception of 3’ end in the 

terminal part of D-loop which appeared to be consistently methylated to a certain extent across 
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mtDNA with the average methylation level of ~ 1%. Additionally, quantitative PCR used to 

measure the ratio of mitochondrial/nuclear DNA showed no association between mtDNA 

methylation patterns and their relative mtDNA content. Overall, the low mtDNA methylation level 

detected deems it unlikely to have a major impact on mitochondrial function. Nevertheless, it is 

important to build on this knowledge, know the extent of mtDNA methylation in various cell types 

and design more comprehensive experiments to prove its biological significance. 
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CHAPTER ONE 

1.0 INTRODUCTION 

1.1. Mitochondria and Mitochondrial DNA  

1.1.1. Mitochondrial Structure and Cellular Function 

Mitochondria are complex intracellular membrane-bound organelles found in eukaryotic 

organisms and hypothesized to originate from α-proteobacteria through endosymbiosis in which 

the eukaryotic cell is formed from an archaebacterium engulfing an α-proteobacterium (Martin, 

Garg, & Zimorski, 2015). Mitochondria do not float freely in the cytosol and their position and 

movement are determined by the cytoskeleton mainly the intermediate filaments (Rappaport, 

Oliviero, & Samuel, 1998). Moreover, the number of mitochondria in a cell varies between 

different cell and tissue types depending on their energy demand to enable the fulfillment of 

specialized functions at regions of high-energy demand. Structurally, a mitochondrion is arranged 

into four distinct compartments. There is a matrix space containing mitochondrial ribosomes, and 

hundreds of enzymes of the citric acid cycle, also known as the tricarboxylic acid, and enclosed 

by an inner membrane containing the electron transport chain complexes and specific transporters 

for metabolites. Mitochondria also have a relatively permeable outer membrane and an 

intermembrane space.   

Mitochondria are described to be the powerhouse of the cell due to their most prominent 

function of producing cellular chemical energy in the form of adenosine triphosphate (ATP) 

through aerobic respiration. Acetyl-coenzyme A in the mitochondrial matrix resulting from either  

pyruvate oxidation or fatty acid beta oxidation enters the citric acid cycle which generates the 

reduced cofactors  nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

necessary for the oxidative phosphorylation via the electron transport chain (Wallace, Fan, & 
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Procaccio, 2010). The electron transport chain consists of multi-subunit protein complexes in the 

mitochondrial inner membrane including NADH dehydrogenase (complex I), succinate 

dehydrogenase (complex II), cytochrome c reductase/cytochrome b (complex III), cytochrome c 

oxidase (complex IV) and ATP synthase (complex V). An electrochemical proton gradient is 

generated across the inner membrane through the pumping of protons from the matrix into the 

intermembrane space. Eventually, the synthesis of ATP is powered by the proton potential 

difference (Wallace et al., 2010). Additionally, mitochondria serve as cellular calcium buffers by 

transporting calcium through mitochondrial Ca2+ uniporter on the inner membrane in case of a rise 

in its cytosolic concentration and temporarily storing it to maintain the calcium homeostasis 

(Baughman et al., 2011). In high energy-demand states, mitochondria communicate with the 

cytosol through calcium signaling as the resulting increase in the matrix calcium concentrations 

triggers the activation of the tricarboxylic acid cycle enzymes, eventually leading to an increase in 

ATP synthesis rate (Jacobson & Duchen, 2004). Moreover, mitochondria play a significant role in 

apoptosis through the changes in mitochondrial outer membrane permeability and release of 

apoptotic factors such as cytochrome c into the cytosol which in turn activate caspases (P. Li et 

al., 1997).  

1.1.2. Mitochondrial Network Dynamics 

Mitochondria do not exist as separate independent organelles, but rather as a highly 

connected and dynamic tubular network controlled by mitodynamins family of proteins through 

fusion and fission. Mitochondrial dynamics is critically important in many functions including the 

maintenance and quality control of mitochondria, mitochondrial genome stability, respiratory 

capacity and programmed cell death (Chan, 2012). Fusion involves the formation of a single 

mitochondrion from previously discrete and independent structures while fission results in the 
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separation of a single mitochondrion into two or more daughter organelles. While Mitofusins 

(Mfn1 and Mfn2), which are transmembrane GTPases, mediate mitochondrial outer membrane 

fusion in mammals (Santel & Fuller, 2001), optic atrophy 1 protein (Opa1) mediates mitochondrial 

inner membrane fusion (Delettre et al., 2000) (Figure 1A). Mitochondrial outer membrane fusion 

is almost always coordinated with inner membrane fusion, followed by the mixing of their 

intermembrane space and matrix contents (Karbowski et al., 2004). During fission (Figure 1B), 

dynamin-related protein (Drp1) is recruited from the cytosol to mediate mitochondrial division 

process through its candidate receptor Fis1 on the mitochondrial outer membrane leading to the 

constriction and scissoring of the mitochondrial tubule (Yoon, Krueger, Oswald, & McNiven, 

2003). This protein is regulated by a range of protein modifications, including phosphorylation, 

ubiquitination, and sumoylation (C. R. Chang & Blackstone, 2010). It is important to mention that 

the balance between fusion and fission plays a key role in determining mitochondrial morphology 

and the resulting content exchange event helps maintaining a homogeneous mitochondrial 

population. Moreover, disruption of mitochondrial dynamics gives rise to several diseases. For 

example, Charcot-Marie-Tooth type 2A which is a peripheral neuropathy, and dominant optic 

atrophy are caused by heterozygous mutations in MFN2 (Züchner et al., 2004) and OPA1 (Delettre 

et al., 2000), respectively.  
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A. Mitochondrial fusion machinery includes Mitofusins for outer membrane fusion and Opa1 for 

inner membrane fusion. B. During mitochondrial fission, Drp1 (green ovals) is recruited from the 

cytosol by Fis1 (red projections) on the mitochondrial outer membrane.  Mitochondria undergo 

initial constriction (not shown) and Drp1 localization further constricts the mitochondrial tubules 

leading to their division. Drp1 molecules remain attached to one of the daughter mitochondria and 

are eventually disassembled.  

  

A. B. 

Figure 1. Mitochondrial dynamics. 
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1.1.3. Unique Features of Mitochondrial DNA  

Mitochondria possess their own genome, referred to as mitochondrial DNA (mtDNA) 

(Figure 2). It has a circular, double-stranded structure consisting of heavy (H) strand and light (L) 

strand which can be separated by density centrifugation in alkaline cesium chloride gradients based 

on their base composition, with one strand being rich in guanines (Berk & Clayton, 1974).  

Mitochondrial DNA differs from nuclear DNA (nDNA) in following a non-Mendelian, inheritance 

pattern transmitted exclusively through maternal line (Giles, Blanc, Cann, & Wallace aD., 1980), 

lacking introns and possessing a polyploid nature with range of 2-10 copies per mitochondrion and 

1000-10,000 copies per cell (Robin & Wong, 1988). However, not all mtDNA copies are identical 

or homoplasmic as mtDNA constantly acquire random mutations at a low level. The heteroplasmic 

state is when cells possess a mixture of two or more mitochondrial genotypes and it only leads to 

disease if mutations were above a minimal threshold level (Hayashi et al., 1991). The size of 

mtDNA in humans is 16,569 base pairs, encoding 37 genes, 22 of which are transfer RNAs 

(tRNAs), 2 ribosomal RNAs (rRNAs) and 13 messenger RNAs (mRNAs) of the oxidative 

phosphorylation subunits (S. Anderson et al., 1981). Additionally, it contains a ~1 kb noncoding 

regulatory region known as the displacement loop (D-loop) which harbors the H-strand promoter 

(HSP) and L-strand promoter (LSP) as well as H-strand origin of replication (OH). The termination 

of H-strand replication from OH at the termination-associated sequences (TAS) generates a short 

DNA fragment (~ 650 bp), known as 7S DNA which binds to the L-strand in place of the original 

H-strand (Doda, Wright, & Clayton, 1981).  Consequently, the triple-stranded displacement loop 

structure is formed (Figure 2, top panel).  However, the function and regulation of this event remain 

unknown. It was suggested that mtDNA helicase TWINKLE might be involved in regulating the 

7S DNA levels in response to the cellular demand for mtDNA replication (Jemt et al., 2015). 
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Mitochondrial genome is double-stranded: the heavy (H) strand (the outer purple circle) and the 

light (L) strand (the inner blue circle). It encodes 22 tRNAs (dark strips), 13 mRNAs and 2 rRNAs. 

It also contains a major noncoding region (D-loop) (enlarged at the top panel) which harbors 

promoters of the H-strand (HSP) and L-strand (LSP), the H-strand origin of replication (OH), three 

conserved sequence blocks (CSB1, CSB2, CSB3) (in yellow) and the termination-associated 

sequence (TAS) (in orange). The short 7S DNA fragment is the result of premature termination of 

H-strand replication at TAS and forms the triple-stranded displacement loop structure. 

Figure 2. Human mitochondrial genome. 
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  Mammalian mtDNA is packaged into nucleoprotein complexes called nucleoids with an 

average size of ~ 100 nm in diameter to fit inside the mitochondria (Kukat et al., 2011). Nucleoids 

are attached to the mitochondrial inner membrane through their thin filaments and are not 

enveloped by a membrane that separate them from the mitochondrial matrix (Prachař, 2016). 

Unlike the nuclear chromatin, mitochondrial nucleoids have no histones. Human mitochondrial 

nucleoids are suggested to be organized into an inner core region containing mtDNA and mtDNA-

binding proteins involved in transcription and replication and an outer peripheral region where 

RNA processing and translation take place (Bogenhagen, 2012; Bogenhagen, Wang, Shen, & 

Kobayashi, 2003). The anchoring of the D-loop to the inner mitochondrial membrane allows for 

interactions with those proteins facilitating the formation of nucleoids (Lee & Han, 2017). 

Therefore, mutations in this region can disrupt nucleoid structure and change the binding affinities 

for associated proteins.  The main structural protein component of nucleoid is mitochondrial 

transcription factor A (TFAM) at a ratio of 1 subunit per 16-17 bp of mtDNA (Bogenhagen, 2012) 

and approximately 1.4 mtDNA molecule is estimated to be compacted per nucleoid in human cells 

(Kukat et al., 2011). TFAM appears to compact mtDNA through cross-strand binding and loop 

formation to form irregularly shaped and slightly elongated structures (Kukat et al., 2015). The 

mtDNA compaction level varies between more open mtDNA molecules and fully compacted 

nucleoids and it is heavily regulated by the TFAM to DNA ratio (Kaufman et al., 2007). Possibly, 

the different forms of nucleoids correspond to their accessibility for active replication and/or 

transcription. Farge et al. (2014) reported that the formation of long TFAM filaments on the DNA 

can prevent the melting by helicase TWINKLE and block the progression of transcription and 

replication machineries.  Thus, changes in TFAM levels can have a regulatory effect on mtDNA 

copy number and gene expression.  
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1.1.4. Mitochondrial Transcription, Translation and Replication 

Mitochondrial DNA expression and maintenance are complex processes involving various 

layers of regulation including mtDNA replication, mtDNA transcription, processing of RNA 

transcripts, RNA modifications, translation and positioning of the translated proteins into the inner 

mitochondrial membrane (Gustafsson, Falkenberg, & Larsson, 2016). Mitochondrial DNA is 

transcribed as long polycistronic transcripts and is initiated in the major noncoding region at HSP 

for the heavy strand and LSP for the light strand. The L-strand promoter is responsible for the 

transcription of MTND6 and eight tRNAs, while the H-strand transcription is hypothesized 

(Montoya, Christianson, Levens, Rabinowitz, & Attardi, 1982) to be controlled by two promoters: 

HSP1 which generates a transcript containing tRNAPhe, tRNAVal, 12S rRNA and 16S rRNA and 

HSP2 which controls that transcription of almost the entire length of H-strand. The two-HSP-

promoter model is still debated, and it was initially suggested in an attempt to justify the 50-fold 

increase in the steady state rRNAs levels compared to that of mRNAs. Mitochondrial DNA 

transcription machinery includes three main components: mitochondrial RNA polymerase 

(POLRMT), TFAM and mitochondrial transcription factor B2 (TFB2M). The transcription is 

initiated by the binding of TFAM to its binding site upstream the transcription start site inducing 

a 180° bend in the promoter DNA (Ngo, Kaiser, & Chan, 2011). Subsequently, POLRMT is 

recruited through its interactions with TFAM and DNA which is facilitated by the structural 

change (Yakubovskaya et al., 2014). Then, the initiation complex is fully formed when the 

POLRMT undergoes a conformational change allowing TFB2M’s binding. Next, the 

mitochondrial transcription elongation factor forms a ‘sliding clamp’ around DNA downstream of 

POLRMT interacting with it and stimulating the transcription of long stretches of RNA (Hillen et 

al., 2017). Interestingly, L-strand transcripts are usually prematurely terminated at the conserved 
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sequence block 2 (CSB2) of the D-loop and it was proposed that the resulting short RNA serves 

as part of RNA to DNA transition sites for DNA replication (Xuan et al., 2006). However, the 

mitochondrial transcription elongation factor prevents the premature transcription termination of 

L-strand which can regulate the transition between replication and transcription (Agaronyan, 

Morozov, Anikin, & Temiakov, 2015). Lastly, the mitochondrial transcription termination factor 

1 was identified as a main factor responsible for terminating transcription (Fernandez-Silva, 

Martinez-Azorin, Micol, & Attardi, 1997), however, the detailed mechanism of action remains 

unclear.   

The primary RNA polycistronic transcripts undergo processing to produce the single RNA 

transcripts. The RNA processing event is believed to be predominately cotranscriptional 

considering the low steady state polycistronic RNA levels (Gustafsson et al., 2016). The tRNA 

punctuation model of RNA processing, proposed  by Ojala, Montoya, and Attardi (1981), states 

that the release of single mRNA, rRNA and tRNA transcripts is achieved  by the specific 

recognition and endonucleolytic cleavage of the flanking tRNAs at the 5’- and 3’- end by 

ribonuclease (RNase) P and Z, respectively (Hällberg & Larsson, 2014). Since not all mRNAs are 

flanked by tRNAs, another family of proteins were identified to play a role in RNA processing 

known as Fas-activated serine/threonine kinase (Jourdain et al., 2015). Following excision from 

the primary transcript, the separated transcripts will undergo maturation by polyadenylation, CAA 

addition and chemical modification (Hällberg & Larsson, 2014). With regards to mRNAs, 

polyadenylic acid RNA polymerase is responsible for catalyzing the 3’ polyadenylation of all 

mRNAs, except MTND6 and it was reported to exhibit a mRNA-specific effect (Tomecki, 2004). 

Moreover, leucine-rich penticopeptide rich domain containing protein is involved in controlling 

the stability of H-strand transcripts (Sterky, Ruzzenente, Gustafsson, Samuelsson, & Larsson, 
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2010) and is associated with poly (A) levels (Chujo et al., 2012).  A study observed a loss of HSP 

transcripts and polyadenylation as well as transcriptional dysregulation in mice when leucine-rich 

penticopeptide rich domain containing protein was knocked out (Ruzzenente et al., 2012). It is 

important to note that a great number of noncoding RNAs complementary to mRNAs and rRNAs 

are generated during processing. Therefore, RNA degradation is essential for regulating the level 

of functional RNAs and the removal of processing by-products and aberrant RNA molecules 

(Borowski, Dziembowski, Hejnowicz, Stepien, & Szczesny, 2013). Both polynucleotide 

phosphorylase and human Suv3 protein helicase were identified to form a complex known as 

degradosome mediating RNA decay. In case of mitochondrial tRNAs, they are extensively altered 

during their maturation through chemical modifications and CCA addition (D’Souza & Minczuk, 

2018). The tRNA nucleotides are chemically modified by a variety of enzymes to facilitate the 

codon recognition and interactions during translation. Then, tRNAs are coupled by aminoacyl 

tRNA-synthetases with their corresponding amino acids. Furthermore, mitoribosome maturation 

involves the chemical nucleotide modifications of rRNA and the import of many nuclear-encoded 

proteins needed for mitoribosome assembly. Mitoribosomes are quite unique in their composition 

as they contain numerous mitochondria-specific proteins as well as mitochondrial tRNAVal for 

structural support (Amunts, Brown, Toots, Scheres, & Ramakrishnan, 2015). 

Although that the mitochondria contain their own ribosomes and tRNAs necessarily of 

DNA translation, mtDNA translation is entirely regulated by many nuclear-encoded proteins 

including mitochondrial translation initiation factors mtIF2 and mtIF3 (Gaur et al., 2008). mtIF3 

inhibits the premature association of the large subunit with small subunit and places mRNA 

initiation codons (AUG/AUA) at the peptidyl site in the small subunit (Haque & Spremulli, 2008) 

while mtIF2, due to its increased affinity to the post transcriptionally modified initiator  
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formlymethionine tRNA, leads to the binding  of  formlymethionine tRNA to the cognate start 

codon of mRNA transcript (Spencer & Spremulli, 2004). During translation elongation, aminoacyl 

tRNA is guided to the large subunit’s acceptor site to bind to its complementary codon with the 

help of the mitochondrial translation elongation factor Tu and guanosine triphosphate (D’Souza & 

Minczuk, 2018). Another factor known as elongation factor G 1 facilitates the exit of the 

deacetylated tRNA and the translocation of peptidyl tRNA within the mitoribosome (Hammarsund 

et al., 2001). The elongation step repeats itself until the stop codon is positioned in the acceptor 

site of the large subunit. Eventually, the stop codon (UAA/UAG) is recognized by the 

mitochondrial translation release factor 1a which catalyzes the release of peptidyl-tRNA from the 

acceptor site (Soleimanpour-Lichaei et al., 2007). Following that, the dissociation of mRNA, 

ribosomal subunits and deacetylated tRNAs are induced by the mitochondrial ribosomal recycling 

factor (Rorbach et al., 2008).  

Replication of mtDNA is regulated by a number of nuclear-encoded, mitochondria-specific 

replication factors including DNA polymerase γ (POLγ), mitochondrial TWINKLE helicase and 

mitochondrial single-stranded DNA-binding protein (mtSSB) (Falkenberg, 2018).  A model 

known as the strand-displacement model was proposed to explain the process of mtDNA 

replication in which no Okazaki fragments are synthesized and both strands are replicated 

continuously (Clayton, 1991). Replication is initiated from two different origins: OH for H-strand 

and OL for L-strand, however the H-strand synthesis is needed for the initiation of L-strand 

replication. The short transcripts generated from the premature termination of L-strand 

transcription are used as a primer by POLγ to initiate the H-strand replication at OH  (D. D. Chang 

& Clayton, 1985). TWINKLE travels downstream POLγ unwinding the double stranded DNA 

template while mtSSB binds to the newly formed single-stranded DNA protecting it from nuclease 
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digestion, secondary structure formation and random RNA synthesis by POLRMT (Miralles Fusté 

et al., 2014). As the helicase passes through OL two-thirds down the genome, the H-strand forms 

a stem-loop structure at OL preventing mtSSB from binding and permitting the initiation of ~25 bp 

primer RNA synthesis in the loop region (Fusté et al., 2010). Then, L-strand replication is initiated 

by POLγ and both strands’ replications continue simultaneously. At the end of replication, the 

RNA primers are removed from the newly synthesized DNA strands by ribonuclease H1 (Cerritelli 

et al., 2003) and each of the new strands are then attached by DNA ligase III (Lakshmipathy & 

Campbell, 1999). 

1.2. DNA Methylation 

1.2.1. Mitochondrial DNA Methylation  

Epigenetics refer to the reversible, inheritable modifications that regulate gene expression 

without any alterations in DNA sequence. These modifications include histone modifications, 

DNA methylation and noncoding RNAs and they regulate differential gene expression and 

biological processes in different cell types within an organism. DNA methylation is one of most 

extensively studied epigenetic modifications; however, mtDNA methylation has not been 

researched as extensively as methylation of nDNA despite the growing evidence of its existence. 

DNA methylation, the covalent addition of a methyl group from S-adenosylmethionine (SAM) to 

the cytosine base, is catalyzed by DNA methyltransferase enzymes (DNMTs) and results in the 

formation of 5-methylcytosine (5-mC). nDNA cytosine methylation is predominantly found in 

eukaryotes within cytosine-guanine dinucleotide (CpG)-rich regions. However, CpG islands, 500-

1500 bp stretch of DNA with a G+C content > 55%, are associated with some regulatory regions 

and generally unmethylated. Their methylation is mainly responsible for long-term silencing of 

genes such as imprinted genes. Unlike nDNA, mtDNA does not contain CpG Islands given its 
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small genome size. There are two classes of methyltransferases: the de novo methyltransferase 

DNMT3a and DNMT3b which establishes the methylation mark onto the unmethylated CpG 

region, and the maintenance methyltransferase DNMT1 which maintains the methylation through 

the addition of methyl group to hemi-methylated regions during replication (Lyko, 2018). Shock 

et al. (2011) discovered a mitochondrially targeted isoform of DNMT1 (mtDNMT1), which 

accounts for 1-2% of total DNMT1 transcripts, containing a targeted sequence upstream its 

transcription start site (TSS) which helps its translocation to the mitochondria. Hypoxia-responsive 

transcription factors such as peroxisome proliferator-activated receptor gamma coactivator 1 alpha 

and nuclear respiratory factor 1 were reported to be involved in the regulation of mtDNMT1 

expression (Shock et al., 2011). Moreover, the presence of other DNMTs in the mitochondria was 

found to be inconsistent showing preference depending on the cell type (Bellizzi et al., 2013; Shock 

et al., 2011; Wong, Gertz, Chestnut, & Martin, 2013). For example, the localization of DNMT3a 

was identified to be in a tissue-specific manner and mainly occurs in the mitochondria of excitable 

tissues such as skeletal muscle, brain, heart  and spinal cord (Wong et al., 2013).  

Methylcytosine can be demethylated either passively through replication or actively 

through oxidation by ten-eleven translocation dioxygenase (TET) enzymes producing 5-

hydroxymethylcytosine (5-hmC), which can be further oxidized to form 5-formylcytosine (5-fC) 

and then to 5-carboxylcytosine (5-caC) (X. Wu & Zhang, 2017). Active demethylation can also be 

through deamination by activation-induced deaminase/the apolipoprotein B mRNA editing 

enzyme catalytic polypeptide-like 3 (APOBEC3) (Bochtler, Kolano, & Xu, 2017). The active 

demethylation products can be then recognized and excised by thymidine DNA glycosylase 

followed by base excision repair to restore the unmodified cytosine base. TET enzymes were 

identified within the mitochondria via western blotting and immunofluorescence imaging (Bellizzi 
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et al., 2013; Dzitoyeva, Chen, & Manev, 2012),. Furthermore, the recent detection of APOBEC3 

in the mitochondria (Wakae et al., 2018) suggests that mtDNA might undergo active cytosine 

demethylation through both the deamination by APOBEC3 as well as the oxidation by TET 

enzymes. 

Despite the increasing interest in mtDNA methylation over the last decade, its function has 

not been fully comprehended yet.  In an attempt to understand the functional capacity of mtDNA 

methylation, a group used mitochondria-targeted bacterial CpG methyltransferase (M.SssI) and 

Chlorella virus GpC methyltransferase (M.CviPI) to induce methylation and reported that an 

increase in GpC methylation reduced the HSP-regulated mtDNA transcription; thus, implying that 

mtDNA methylation in the GpC context might be  the one controlling gene expression as opposed 

to CpG methylation (Van Der Wijst, Van Tilburg, Ruiters, & Rots, 2017). However, this study 

induced methylation to far beyond the previously estimated endogenous levels and its 

physiological relevance needs to be further evaluated. Additionally, the upregulation of mtDNMT1 

was found to correlate with non-random, both gene- and strand-specific changes in mitochondrial 

gene expression such as the activation of HSP-regulated MTND1 and repression of LSP-regulated 

MTND6, while MTCO1 and MTATP6  remained unaffected (Shock et al., 2011). Moreover, the 

mtDNA methylation within the non-coding D-loop region drew more attention than other regions 

due to its biological importance in regulating  mtDNA replication and transcription  as it contains 

promoters HSP and LSP as well as origin of replication OH, therefore its methylation is believed 

to potentially play a role in  influencing these process  in the mitochondria  (Bellizzi et al., 2013; 

Van Der Wijst et al., 2017).  

Beside CpG methylation, studies in their efforts to widely explore mtDNA methylation 

have identified both non-CpG and adenine methylation in the mitochondrial genome. Patil et al. 
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(2019) used whole genome bisulfite sequencing in liver and breast cell lines and observed that 

mtDNA is heavily methylated (around 30%) in a predominantly non-CpG context (CpC, CpT, 

CpA) with CpG sites having the lowest methylation levels. Moreover, adenine base can be 

methylated resulting in N6-methyladenine (6-mA). Although adenine methylation is mostly 

common in prokaryotes where it is used to help the organism distinguish foreign DNA from self-

DNA and eliminate it, it was found to be present in higher eukaryotes including humans (Xiao et 

al., 2018).  Koh et al. (2018) reported that mtDNA has > 8,000 times more 6-mAs than nDNA, 

primarily enriched in the heavy strand. It was associated with the regulation of mtDNA replication 

through promoting the melting of double-stranded mtDNA and the recruitment of mtSSB which 

was identified as a putative 6-mA binding protein. The adenine methylation machinery has not 

been fully recognized yet in the mitochondria; however, the enzyme ALKBH1 catalyzing the 

demethylation of methyladenine was identified. 

1.2.2. DNA Methylation Detection Methods  

There are several methods to detect both genome-wide and locus-specific DNA 

methylation (Barros-Silva, Marques, Henrique, & Jerónimo, 2018). There are restriction enzymes-

based methods which are used to identify methylation at single base resolution using both methyl-

sensitive and insensitive enzymes for restriction digestion; however, not all cytosines are covered, 

especially in regions that do not contain the enzyme restriction site. Then, there are the bisulfite 

conversion-based methods which are based on the sodium bisulfite treatment of DNA leading to 

the conversion of unmodified cytosines into uracil while 5-mC remain unchanged (Frommer et al., 

1992). This technique allows the methylation of all the cytosines in different contexts to be 

evaluated at high resolution; however, it is highly priced and requires high DNA input as a 

considerable amount of input is lost due to the strong conditions that the DNA is subjected to 
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during bisulfite treatment. It should be noted that bisulfite conversion does not discriminate 

between 5-mC and 5-hmC and in order to overcome this issue, two methods have been produced: 

oxidative bisulfite sequencing (oxBS-seq) (Booth et al., 2012) and TET-assisted bisulfite 

sequencing (TAB-seq) (Yu et al., 2012). In oxBS-seq, potassium perruthenate is used to oxidize 

5-hmC to 5-fC while leaving unmodified cytosine and 5-mC unchanged (Booth et al., 2012). The 

differences between 5-hmC and 5-mC is demonstrated when bisulfite converts 5-fC and 

unmodified cytosine to uracil and leaves 5-mC unchanged. Alternatively, TAB-seq uses TET 

enzyme to oxidize 5-mC to 5-caC after attaching a glucose molecule to 5-hmC using β-

glucosyltransferase to create β-glucosyl-5-methylcytosine (5-gmC) (Yu et al., 2012). During 

bisulfite conversion, unmodified cytosine and 5-caC are converted to uracil and 5-carboxyluracil 

respectively, but the 5-hmC remains modified as 5-gmC. Another approach for methylation 

detection is the affinity enrichment-based methods which involve purification of the methylated 

DNA fragments following sonication and incubation with either a methyl-CpG binding domain 

(MBD-seq) (Serre, Lee, & Ting, 2010) or a 5-mC antibody (methylated DNA immunoprecipitation 

sequencing (MeDIP-seq)) (Mohn, Weber, Schübeler, & Roloff, 2009). MBD-seq and MeDIP-seq 

are both cost-effective methods and differentiate between 5-mC and 5-hmC. However, they have 

lower resolution of a ~150 bp window. Moreover, MBD-seq is biased toward hypermethylated 

and CpG dense regions. Therefore, non-CpGs and less dense CpG areas may not be covered. 

Despite MeDIP-seq also being biased towards hypermethylated regions, it can, by contrast detect 

cytosine methylation irrespective of context (CpG and non-CpG) and its accuracy depends 

primarily on the specificity and sensitivity of the chosen antibody to avoid nonspecific binding.  

A technical limitation of bisulfite treatment was raised by Liu et al. (2016) when comparing 

the methylation levels of mtDNA in its circular structure with that of linearized structure. They 
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concluded that the CpG methylation is a rare event in the mitochondria as the average methylation 

of 83 CpG sites across 9 regions of mtDNA was below 2%.  The circular structure of mtDNA was 

observed to cause an overestimation of the methylation values due to the inefficient bisulfite 

conversion and they recommended mtDNA linearization before using bisulfite-based method. 

However, it should be noted that the experimental conditions, such as template purity, primer 

quality and amplification success, under which methylation is analyzed by bisulfite-based methods 

also have a major role to play in determining the accuracy of methylation data (Owa, Poulin, Yan, 

& Shioda, 2018). Moreover, nuclear DNA sequences of mitochondrial origin (NUMTs), which are 

nuclear regions that have high-sequence homology with mtDNA (Woischnik & Moraes, 2002) is 

another possible factor that can lead to false positive methylation values of mitochondrial genome.   

1.2.3. Mitochondrial DNA Methylation Conundrum 

There has been a lot of controversy surrounding mtDNA methylation since it was first 

reported almost five decades ago.  One of the earliest studies by Nass  (1973) showed that mtDNA 

methylation exists in mouse and hamster cell lines and is significantly less than that of nDNA 

when measured using radioactive labelling. Subsequently, Shmookler Reis & Goldstein (1983) 

reported that 2-5% of mtDNA was fully methylated at the specific restriction site (-CCGG-) 

regions in human fibroblast cells when analyzed by Southern blot hybridization after digestion 

with methylation-sensitive restriction enzymes. Additionally, mitochondrial methylation was 

studied by Pollack, Kasir, Shemer, Metzger, and Szyf (1984) in mouse by restriction digestion 

techniques and found it to be a nonrandom event with very low CpG methylation levels of  3 - 5%. 

Later, mtDNA methylation continued to be detected via different methods in various cell types 

such as mouse brain tissue using enzyme-linked immunosorbent assay (Dzitoyeva et al., 2012), 

human colorectal cancer cells (Shock et al., 2011) and brain tissue (Devall et al., 2017) using 
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MeDIP and human blood cells by bisulfite sequencing (Bellizzi et al., 2013). Furthermore, several 

reports in mouse and human have assessed mtDNA methylation levels to range from 2% to 18% 

in D-loop or 12 rRNA or 16S rRNA (H.-M. Byun et al., 2013; H. M. Byun & Barrow, 2015; B. G. 

Janssen et al., 2014; Wong et al., 2013). Despite these findings and many others supporting the 

presence of mtDNA methylation in the D-loop and several mitochondrial genes, it remains debated 

and studies continue to report its absence and/or the lack of its biological significance given the 

very low level detected (Hong, Okitsu, Smith, & Hsieh, 2013; Mechta, Ingerslev, Fabre, Picard, 

& Barrès, 2017). 

1.2.4. Factors Affecting Mitochondrial DNA Methylation 

With the potential role of mitochondrial methylation in the mtDNA regulation, aberrant 

methylation patterns may, therefore, result in mitochondrial dysfunction and increased risk of 

disease. The epigenetic patterns, especially of DNA methylation, can be impacted by a variety of 

external factors such as environmental exposures, pharmaceutical drugs and diet particularly in 

early life.  Maternal diet has been consistently shown to alter nDNA methylation of offspring in 

both human cord and peripheral blood which may predict their health later in life (James et al., 

2018). Micronutrients in the diet such as folate, methionine, chlorine, vitamin B6 and vitamin B12 

influence methylation through mediating the one-carbon metabolism pathways and maintaining 

SAM levels (O. S. Anderson, Sant, & Dolinoy, 2012). The methyl-tetrahydrofolate is used to 

donate a methyl group for the formation of methionine from homocysteine. Then, methionine is 

converted to SAM which serves as the major methyl donor for DNMT-catalyzed methylation of 

cytosine. Interestingly, Jia et al. (2015) showed that maternal nutrition during pregnancy could 

also impact mtDNA methylation where maternal betaine (a product of chlorine degradation) 

supplementation throughout pregnancy reduced D-loop methylation enhancing the mitochondrial 
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gene expression including MTND5, MTCO1 and MTCO2 in offspring piglets’ skeletal muscles. 

Moreover, the effect of high- and low-lipid diet on mtDNA methylation was examined in the liver 

of large yellow croaker fish (Liao, Yan, Mai, & Ai, 2016). While a significant increase in D-loop 

methylation among the high-lipid diet group compared to controls was observed without any 

changes in gene expression, the low-lipid diet group showed an increase in mtDNA copy number 

as well as an upregulation of  MTCO1, MTCO2, MTATP6,  MTRNR1, and MTRNR2 which might 

be a form of adaptive metabolic mechanisms for ATP production  in response to low-lipid diet.  

Exposure to smoking and air pollution is reported to induce changes in methylation which 

can underlie the increased risk of disease.  A study aiming to investigate the effect of maternal 

smoking during pregnancy on mtDNA methylation in a birth cohort reported an increased 

methylation  D-loop region of the placental and neonatal tissue; however, whether these 

differences have an impact on fetal development or long-term health is not well known (Armstrong 

et al., 2016). Moreover, similar placental mtDNA methylation changes were found in the D-loop 

as well as MTRNR1 of  pregnant women exposed to air pollution in the form of PM2.5  airborne 

particulate matter (< 2.5 µm diameter) which might mediate the observed decrease in placental 

mtDNA content (Bram G. Janssen et al., 2015).  Byun et al. (2013) has tested the sensitivity of  

peripheral blood mtDNA methylation to three airborne pollutants and reported  that  steel workers 

who were exposed to high metal-rich particulate matter exposure showed increased methylation  

in MTRNR1 and MTTF than low-exposed controls, while  traffic-derived Elemental Carbon and 

air benzene did not have any effect on mtDNA methylation.  In contrast, metal exposure, such as 

arsenic and chromium via water pollution or workplace was found to be associated with a decrease 

in the mtDNA methylation of several mitochondrial genes including D-loop and MTND6 (Sanyal, 
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Bhattacharjee, Bhattacharjee, & Bhattacharjee, 2018) as well as MTTF and MTRNR1 (Linqing et 

al., 2016).  

Pharmaceutical drugs are another factor that was examined in several studies as the altered 

mtDNA methylation in patients might be the underlying cause for drug-induced mitochondrial 

pathogenesis. For example, valproic acid is an anticonvulsant drug commonly used for epilepsy 

treatment and seizure management and may lead to liver toxicity and steatosis (Silva et al., 2008). 

In a study, primary human hepatocytes were treated with valproic acid and the MeDIP-seq results 

suggested a potential crosstalk between the nucleus and mitochondria. The reduction in 

methylation of seven mtDNA genes, including MTCO1 and MTCO2, was concurrent with the 

hypermethylation of nuclear DNA-encoded DNMT and methionine adenosyltransferase , the 

enzyme catalyzing the production of SAM (Wolters et al., 2017). MTCO1and MTCO2 encode for 

cytochrome c oxidase subunits comprising complex IV of the electron transport chain and one of 

the major sites for reactive oxygen species formation (Cadenas & Davies, 2000). Hence, its 

dysregulation promotes the release of reactive oxygen species and induces oxidative stress which 

might be the cause of liver toxicity.    
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CHAPTER TWO 

2.0 RATIONALE, HYPOTHESIS AND RESEARCH AIMS 

2.1. Rationale   

DNA methylation is a key epigenetic modification involved in gene regulation and 

predominately found in the nuclear genome of various organisms. Interestingly, mtDNA has also 

been found to be modified by 5-mC and it is receiving an increasing interest, particularly in 

diseases characterized by mitochondrial dysfunction such as neurodegenerative diseases (Wong et 

al., 2013) and Diabetes Mellitus (Mishra & Kowluru, 2015). However, more understanding of the 

interindividual methylation variation, especially that of the mitochondrial genome, in the normal 

physiological state is needed. This knowledge is integral in understanding what arises during the 

pathological state and most importantly needed to control for basal background in analyses 

involving exposure-associated DNA methylation differences. 

Peripheral blood leukocytes are the most frequently used cell types to monitor changes in 

their nDNA methylation in response to disease (Di Francesco et al., 2015; Javierre et al., 2010).  

They are easily accessible, and reflective of the individual’s systemic health state as they 

communicate and exchange signals with all the peripheral tissues through their receptor binding 

to numerous signaling molecules. Therefore, the variation in their mitochondrial methylation status 

could potentially be useful as an indicator of the physiological status in future diagnostic tools.  

Most studies of DNA methylation in blood involve the isolation and analysis of total 

leukocytes with mixed cellular populations (Terry, Delgado-Cruzata, Vin-Raviv, Wu, & Santella, 

2011). Different leukocytes with distinct functions exhibit differential gene expression which 

could be accounted for by the differential DNA methylation within cell types in individual samples 

(H. C. Wu et al., 2011). Thus, it would be challenging to interpret results and distinguish between 
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changes in methylation that are due to health or environmental conditions and those resulting from 

the cellular population heterogeneity in blood samples which raises the importance of cell type 

purification (H. C. Wu et al., 2011). Moreover, Hohos et al. (2016) showed that different classes 

of leukocytes differentially regulate nDNA methylation where CD4+ helper T cells and CD8+ 

cytotoxic T cells found to be the “most distinctly poised for rapid methylome response to 

physiological stress and disease”, with CD8+ T cells having elevated levels of 5-mC relative to 

other peripheral blood mononuclear cells (PBMCs). Therefore, for the study being proposed, 

circulating CD4+ and CD8+ T cells collected from healthy individuals are used as a study model 

to investigate the basal mitochondrial methylation of these specific cell types. Knowing the extent 

of these variations in the healthy individuals is needed to understand perturbations in DNA patterns 

that are a consequence of altered physiological states.   

2.2. Hypothesis 

There are variations in the mtDNA methylation patterns in both CD4+ and CD8+ T cells 

among individuals.  

2.3. Research Aims 

2.3.1. Aim 1: Determining the mtDNA methylation patterns of CD4+ and CD8+ T 

cells from healthy individuals. 

In order to analyze the mtDNA methylation of CD4+ and CD8+ T cells, blood samples of 

ten self-declared healthy individuals will be collected and PBMCs will be separated through 

density gradient centrifugation. The samples will be then sorted into CD4+ and CD8+ T cells by 

immunomagnetic negative selection to avoid any possible activation of these cells. The isolated 

genomic DNA (gDNA) will be sonicated, and the methylated fragments will be pulled down by 

MBD-coupled magnetic beads. Subsequently, the eluted DNA samples will be sequenced and the 
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mtDNA methylation data analysis will be performed by the bioinformatician Dr. Tobias Karakach. 

Finally, the methylation level of CpG sites within the mitochondrial D-loop control region will be 

quantitatively measured by bisulfite pyrosequencing to get a sense of the degree of methylation in 

mtDNA.  

2.3.2. Aim 2: Determining the effect of the mitochondrial/nuclear DNA ratio on the 

mtDNA methylation in CD4+ and CD8+ T cells.  

 mtDNA cellular content differs across tissue types depending on several factors including 

the cellular energy demand which influence various mitochondrial processes. By estimating the 

mitochondrial/nuclear DNA ratio, we get an idea of the relative amount of mtDNA and whether 

the mtDNA cellular content could possibly be linked to the mtDNA methylation patterns detected 

in a cell type. Quantitative PCR (qPCR) will be performed using nuclear primer for glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and mitochondrial primer for cytochrome B (MTCYB) to 

measure the mitochondrial/nuclear DNA ratio in CD4+ and CD8+ T cells. 
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CHAPTER THREE 

3.0 MATERIALS AND METHODS 

3.1.  Blood Sample Collection and CD4+ and CD8+ T Cells Isolation  

Ten nonfasted, self-declared healthy participants free from infectious diseases were 

recruited. The University of Manitoba Biomedical Research Ethics Board approved the study and 

all study participants provided written informed consent after being made aware of the design of 

the study. Venous whole blood samples (10 ml each) were collected in ethylenediaminetetraacetic 

acid (EDTA) coated tubes (BD Vacutainer®). Peripheral blood mononuclear cells were isolated 

by centrifugation at 800 x g for 20 minutes at room temperature over a density gradient medium 

(Lymphoprep™, STEMCELL). PBMCs were then sorted into purified CD4+ and CD8+ T cells and 

a fraction of unsorted PBMCs for analyses of 5-mC. The T cells were isolated using EasySep™ 

Human CD4+ T Cell Enrichment and EasySep™ Human CD8+ T Cell Enrichment Kits 

(STEMCELL) as per the manufacturer’s instructions. The purity of isolation was checked by flow 

cytometry. The isolation protocol was based on immunomagnetic negative selection where 

unwanted cells were pulled down by a mixture of antibody-magnetic complexes while cells of 

interest remained free in the supernatant to avoid their activation or any changes in their nature.  

The blood collection and mononuclear cells isolation were performed by Dr. Ruey-Chyi Su’s lab 

at the JC Wilt Infectious Diseases Research Centre.   

3.2. Total Genomic DNA Extraction  

Total gDNA was purified from the CD4+ T cells, CD8+ T cells, and PBMCs by using 

QIAamp DNA Mini Kit (Qiagen) as per the manufacturer’s instructions. The DNA was eluted in 

200 µl of the provided elution buffer and stored at -20°C. The concentrations of eluted DNA were 

measured by using the Qubit 2.0 Fluorometer (Life Technologies). 
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3.3. Isolation of Methylated DNA by MethylMiner  

3.3.1. Validation of MethylMiner Kit 

The MethylMiner Methylated DNA Enrichment Kit (Invitrogen) was used to pull down 

the methylated DNA fragments. The use of MethylMiner kit was validated prior to running the 

experiment on the study samples. Two 80 bp-long synthetic methylated and non-methylated 

duplex DNAs (1 ng/µl) and pre-fragmented DNA from cultured K-562 cells (50 µg/ml) were 

included in the kit to be used as controls in an external control reaction. The methylated synthetic 

duplex was used as a positive control containing 8 fully methylated CpG sites along its length 

whereas the non-methylated duplex was used as a negative control with 9 non-methylated CpG 

sites along its length. The synthetic duplexes were diluted to 10 pg/µl, and 10 pg of each diluted 

duplex DNA was spiked into 1µg of the K-562 DNA control sample in 20 µl of 5X Wash / Bind 

buffer. The control sample mixture was brought up to a total volume of 100 µl with DNase-free 

water. Coupling of 7 µl (3.5 µg) of MBD-Biotin Protein to 10 µl of Dynabeads M-280 Streptavidin 

was done according to the manufacturer’s instructions through a series of washes with 1X Wash / 

Bind buffer and a one-hour rotation at room temperature. Then, the MBD-Biotin-Streptavidin 

beads were washed three times with 5-minute rotation each and resuspended in 100 µl of 1X Wash 

/ Bind buffer before adding it to the control sample mixture for the capture reaction.  The capture 

reaction was performed by incubation with the MBD-coupled magnetic beads on a rotating mixer 

for an hour at room temperature. The beads in capture reaction tube were washed three times 

afterwards with 1X Wash / Bind buffer and 3-minute rotation each, and the captured methylated 

DNA fragments were eluted twice as a single fraction with 200 µl of high-salt elution buffer (2000 

mM NaCl). The fraction was precipitated  using two sample volumes (800 µl) of 100% ethanol, 1 

µl glycogen (20 µg/µl) and  one-tenth sample volume  (40 µl) of 3 M sodium acetate (pH 5.2) 
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followed by two-hour incubation at – 80°C and a series of centrifugation steps. Finally, the 

methylated DNA pellet was resuspended in 60 µl 1X TE buffer (10 mM Tris-HCL pH 7.5 and 1 

mM EDTA) and stored at -20 °C.  

Endpoint PCR was performed to detect the eluted methylated DNA fragments following 

the control capture reaction. The control sample mixture (input), the collected supernatant 

following the incubation with beads (unbound) and the eluted DNA were amplified using the PCR 

primer sets provided in the kit which are specific for each synthetic duplex. Both the pre-

fragmented K-562 DNA and a mixed DNA sample of diluted non-methylated and methylated 

synthetic duplexes were also included in the PCR. The PCR reactions were prepared in 0.2 ml 

tubes to a total volume of 20 µl by adding 1 µl of each DNA, 10 µl of the SYBR green master mix 

(Bio-Rad), 2 µl of primer mix (10 µM) and 7 µl of RNase free water (Thermo Fisher Scientific). 

The thermocycling conditions for PCR were as follows: 94°C for 2 minutes, 27 cycles of 94°C for 

15 seconds, 55°C for 15 seconds and 68°C for 30 seconds, followed by 68°C for 5 minutes and 

4°C hold. Subsequently, twenty percent of the resulting amplicons were loaded onto a 4% agarose 

gel with a 50 bp DNA ladder (Thermo Fisher Scientific). The agarose gel was prepared by 

dissolving 2 g of agarose (Invitrogen) in 50 ml 1X TBE buffer (100 mM Tris base, 100 mM Boric 

acid and 2 mM EDTA, pH 8.3) and heating it for 2 minutes in the microwave. Then, 10 µl of 1X 

GelStar nucleic acid gel stain (Lonza) was added to the liquid agarose once it cooled down. The 

gel was cast, left to solidify, and placed in 1X TBE buffer as the running buffer for the agarose gel 

electrophoresis. A 6X DNA gel loading dye (Thermo Fisher Scientific) was added to each 

amplicon sample before loading them and running the gel for 45 minutes at 150V.  The gel was 

then removed to be viewed using GelDoc-it2 Imager (UVP). Once the kit was validated, 

MethylMiner was performed on test samples.  
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3.3.2. Isolation of Methylated DNA from Study Samples by MethylMiner  

One  microgram of gDNA of  CD4+ T cells, CD8+ T cells, and PBMCs isolated from each 

of the 10 participants was sonicated to ~250-bp fragments using the Covaris S220 System in a 120 

µl total volume with 1x low TE buffer (10 mM Tris-HCl, pH 8.0, 0.1 mM EDTA). The sonicated 

gDNA mixture was prepared by mixing 1 µg of sonicated gDNA with 20 µl of 5X Wash / Bind 

buffer and bringing the volume to 100 µl with DNase-free water. The capture reaction was 

performed (as described previously in section 3.3.1) and the methylated DNA pellet was 

resuspended in 60 µl 1X TE buffer and stored at -20 °C.   

3.4. Library preparation 

The quantity of methylated DNA fragments was measured using the Qubit 2.0 Fluorometer 

(Life Technologies). The quality and size of methylated DNA were checked using the Bioanalyzer 

(Agilent Technologies). Twenty nanogram of methylated DNA was used, and the libraries were 

prepared with the NEB Ultra II DNA Library Prep Kit according to the manufacturer’s 

instructions. Both the quality check and library preparation were done by Ifeoluwa Adewumi of 

the Manitoba Next Generation Sequencing Platform. The samples were sent to Genome Quebec 

for sequencing by the Illumina HiSeq 4000 PE 100 sequencer with the depth of 33 million reads 

per sample. The bioinformatics data analysis was done, as shown below in Figure 3, by Dr. Tobias 

Karakach, a bioinformatician at the Children’s Hospital Research Institute of Manitoba. The 

analysis involved preprocessing of the raw data, alignment of reads to the human mitochondrial 

genome from Human Genome Assembly GRCh37 (hg19), and methylation peak calling.  
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Figure 3. Workflow of the bioinformatic analysis pipeline. 
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3.5. DNA Methylation Analysis using Bisulfite -Pyrosequencing 

Bisulfite-Pyrosequencing was used to quantitively estimate methylation levels at 6 

CpG sites within the mitochondrial D-loop region of CD4+ and CD8+ T cells from 10 

participants with the help of Dr. Jones lab in the Department of Biochemistry and Medical 

Genetics. Pyromark Assay Design Software 2.0 (Qiagen) was used to design bisulfite-

pyrosequencing assays and generate the forward, reverse, and sequencing primers. Primer 

sequences are listed in  Table 1 and their location is shown in Figure 4. Genomic DNA (200-

500 ng) was bisulfite-converted using the EZ DNA Methylation Kit (Zymo Research) as per 

manufacture’s protocol. The eluted bisulfite-converted DNA samples were quantified by 

NanoDrop 2000 (Thermo Fisher Scientific) and then diluted down to 15 ng/µl for PCR 

amplification. The region of interest was amplified by PCR with the forward biotinylated 

primer and reverse primer using the HotStar Taq DNA Polymerase Kit (Qiagen). The PCR 

reaction conditions used were as follows: 95°C for 15 minutes, 45 cycles of 95°C for 30 

seconds, 58°C for 30 seconds, and 72°C for 30 seconds, then 72°C for 5 minutes. The PCR 

products (243 bp) were then examined by agarose gel electrophoresis. They were loaded onto 

a 1.5 % (1.5 g of agarose in 100 ml 1X TBE buffer) agarose gel with a 100 bp DNA ladder 

(GeneDireX) and viewed using GelDoc-it2 Imager (UVP). Next, the biotinylated PCR 

products were then immobilized on streptavidin-coated Sepharose beads (Streptavidin 

Sepharose High Performance, GE Healthcare) and prepared into a single-stranded DNA and 

released into the PyroMark Q96 HS Plate (Qiagen) using the PyroMark Vacuum Prep 

Workstation (Qiagen). The sequencing was done on the PyroMark Q96 MD Pyrosequencer 

(Qiagen) and the percent  methylation at each of the targeted CpG sites of interest was 

calculated with the Pyro Q-CpG software (Qiagen) by measuring the relative peak height of T 
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versus C at a given CpG site. For bisulfite-conversion efficiency and quality control, Human 

Methylated and Non-methylated DNA Set (Zymo Research) was used to prepare a range of 

0%, 25%, 50%, 75%, and 100% methylated sample controls for a standard curve and were 

included on each assay plate. Graphs were generated with R Statistical Software.   

 

 Table 1. List of the primers for the CpG sites in the mitochondrial D-loop region for 

pyrosequencing. 

 

 

 

 

 

 

 

 

Region 
CpG 

Location 

PCR 

Primers 

Amplicon 

Size (bp) 
Sequencing Primers 

D-loop 

Six CpG 

sites: 

16328, 

16360, 

16411, 

16427, 

16449, 

16454 

Forward: 5’-

Biotin- GTT 

TTA TGA 

TTT TGA 

AGT AGG 

AAT TAG 

ATG-3’ 
243 bp 

1. Sequencing of two CpG 

sites (16328, 16360): 5’- 

ACA TAA TAC ATA 

AAA CCA TTT ACC -3’ 

Reverse: 5’- 

ACC TAC 

CCA CCC 

TTA ACA 

AT -3’ 

 

2. Sequencing of four 

CpG sites (16411, 

16427, 16449, 16454): 

5’- CTT AAC CAC CAT 

CCT -3’ 
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The green box shows the location of the region (16321-16460 bp) amplified by the biotinylated 

PCR primer set. Sequencing primer 1 (red box) and sequencing primer 2 (blue box) correspond to 

regions that were pyrosequenced covering two CpG sites (16328, 16360) and four CpG sites 

(16411, 16427, 16449, 16454), respectively as shown in the Integrative Genomics Viewer (IGV) 

software. 

 

 

 

 

 

 

 

 

 

Sequencing 

primer 1 

 

Sequencing 

primer 2 

Figure 4. Location of the primers for pyrosequencing of six CpG sites within the 

mitochondrial D-loop. 

 

PCR primer set 
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3.6. Cell Culture  

3.6.3. Cell Culture Conditions 

The human embryonic kidney HEK293T cell line was obtained from the American Type 

Culture Collection (ATCC). The cells were grown in Dulbecco’s Modified Eagle’s Medium 

(DMEM) (Gibco®) inside 37°C incubator containing 5% carbon dioxide (CO2). The base medium 

was supplemented with 10% Fetal Bovine Serum (FBS) and 1% Antibiotic-Antimycotic (Gibco®) 

at a pH of 7.2.  The cells obtained for experiments in this study were at passage number 24. 

3.6.4. Cell Passaging 

Once the cells reached a confluency of 70-80%, they were subcultured. The culture 

medium was removed from the cell culture plate and discarded. Then, 1X sterile Phosphate 

Buffered Saline (PBS) was added to wash the cell monolayer and remove any traces of FBS which 

contains trypsin inhibitor. Following that, 1-4 ml of TrypLE Express Enzyme (Gibco®) was added 

depending on the size of the plate and cells were placed back in the 37°C incubator for 2-5 minutes 

until the cell layer was dispersed. To deactivate the enzyme, double its volume of growth medium 

was added and the detached cells were collected in a 15 ml centrifuge tube (CorningTM FalconTM). 

The cells were centrifuged at 300 x g for 3 minutes, and the cell pellet was resuspended in an 

appropriate volume of medium. The cell suspension was then aliquoted into new culture plates. 

3.6.5. Cell Storage and Recovery 

For cell cryopreservation, cells were cultured to 70-90% confluency. They were then 

washed with 1X sterile PBS and detached using TrypLE Express Enzyme. The cell suspension 

was collected in growth medium and the cell count and their viability were assessed using the 

TC20TM Automated Cell Counter (Bio-Rad) and Trypan Blue Stain (1:1) (Sigma).  Afterwards, the 

cells were centrifuged at 300 x g for 3 minutes, and the cell pellet was resuspended in a freezing 
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medium composed of 95 % (v/v) DMEM with 5% (v/v) dimethyl sulfoxide (DMSO) (Sigma). The 

cells (≥ 3 x 106 cells/ml) were aliquoted into cryovials (Thermo Fisher Scientific), labeled and 

stored in a -80°C freezer or a liquid nitrogen tank for long-term storage. 

For cell revival, the cryovials of frozen cells were placed in a 37°C water bath until the 

cells were mostly thawed. The surface of vials was then decontaminated with 70% ethanol and the 

cells were transferred into a 15 ml centrifuge tube containing 5 ml DMEM and centrifuged at 300 

x g for 3 minutes. The supernatant (media and DMSO) was discarded, and the cell pellet was 

transferred in 5 mL growth medium to 100 mm cell culture plates. The cells were allowed to adhere 

to the plate through overnight incubation at 37°C and medium was replaced by a fresh one the 

following day. The cells were checked daily until they reached the required confluency for 

passaging. The cells needed to be passaged a minimum of three times before being used for 

experiments. 

3.7. Nuclear DNA Extraction  

HEK293T cells were cultured to 70-80 % confluency. The medium was removed, and the 

cells were washed twice with ice cold 1X PBS, then collected by centrifugation at 6200 x g for 5 

minutes at 4°C. Cells (5 x 106)  were resuspended in a 15 ml centrifuge tube with  5 ml cell lysis 

buffer (5 mM PIPES (pH 8 with KOH), 85 mM KCl, 0.5% NP-40) supplemented with protease 

inhibitors. The cells were incubated for 10 minutes at 4°C with rotation. The cell suspension was 

then passed through a syringe with a 22-guage needle 10 times, then centrifuged at 2000 x g for 5 

minutes at 4°C to obtain the nuclei. The nuclear pellet was resuspended and lysed with 0.5% 

sodium dodecyl sulfate (SDS) in MNase digestion buffer (10 mM Tris-HCl pH 7.5, 0.25 M 

sucrose, 75 mM NaCl) for an hour rotation at room temperature. The sample was then centrifuged 

at 13,000 rpm for 10 minutes at room temperature. The supernatant was treated with RNase A 
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(0.02 µg/ml final concentration for 30 minutes at 37°C) and Proteinase K (0.5 µg/ml final 

concentration for 1 hour at 55°C). Finally, the nuclear DNA was purified using the QIAquick PCR 

Purification Kit according to the manufacturer’s instructions (Qiagen). The DNA was eluted in 50 

µl of TE buffer and stored at -20°C and its concentration measured by using the Qubit 2.0 

Fluorometer (Life Technologies). 

3.8. Mitochondrial DNA Extraction 

Mitochondrial DNA was isolated using Mitochondrial DNA Isolation Kit (Abcam). Cells 

(5 x 106) were collected by centrifugation at 600 x g for 5 minutes at 4° C and washed with ice-

cold 1X PBS. They were resuspended in 1X cytosol extraction buffer and incubated on ice for 10 

minutes. Ice-cold Teflon homogenizer was used to homogenize the cells (50-100 passes) until 70-

80 % of nuclei lost their cytoplasmic membranes. The efficiency of homogenization depends on 

the cell type, therefore the number of passes needed were optimized for HEK293T cells by viewing 

the homogenized suspension with Trypan blue dye under the EVOSTM XL core microscope 

(Thermo Fisher Scientific) after different number of passes to avoid excessive homogenization. 

The homogenate was then centrifuged at 700 x g for 10 minutes at 4°C to remove nuclei and intact 

cells in the pellet. The cytoplasmic supernatant was centrifuged at 10,000 x g for 30 minutes at 

4°C, and the pellet was resuspended in 1X cytosol extraction buffer and centrifuged again. The 

resulting pellet was isolated mitochondria which was lysed using the mitochondrial lysis buffer. 

Afterwards, the enzyme mix was added, and the sample was incubated in a 50°C water bath for 60 

minutes until the solution became clear. Then, it was centrifuged at maximum speed 17,000 x g 

for 5 minutes at room temperature following the addition of absolute ethanol at -20°C for 10 

minutes. Finally, the mitochondrial DNA pellet was washed with 70 % ethanol and stored in 20 µl 
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of TE buffer at – 20°C. The quantity of eluted DNA was measured by using the Qubit 2.0 

Fluorometer (Life Technologies). 

3.9. Western Blot Analysis of Isolated Mitochondrial Fraction  

Western blotting of HEK293T subcellular fractions obtained during the mitochondrial DNA 

isolation protocol (Abcam) was performed using Cell Fractionation Antibody Sampler Kit (Cell 

Signaling Technology) to check the purity and enrichment of the mitochondrial fraction. Primary 

antibodies against histone deacetylase 2 (HDAC 2), MAPK or Erk kinases 1/2 (MEK 1/2), and 

apoptosis-inducing factor (AIF) were used to target proteins that are localized in the nucleus, 

cytoplasm and mitochondria, respectively. The analyzed samples included total cell lysate, nuclei 

and intact cells fraction, cytoplasmic fraction, and mitochondrial fraction. The total cell lysate was 

prepared using HEK293T cells. The cells were washed and harvested from cell culture plates in 

ice-cold 1X PBS by centrifugation at 300 x g for 3 minutes at 4° C. The cell pellet was resuspended 

in cold lysis buffer (50 mM Tris-HCl pH 8, 1 mM EDTA, 150 mM NaCl and 0.5% NP-40) 

containing protease and phosphatase inhibitors and left on ice for 10 minutes. Next, it was 

sonicated three times (10 seconds each) at a power of 2, with 30-second intervals on ice between 

sonication cycles, then centrifuged at 4°C and 17,000 x g for 10 minutes. The supernatant was 

collected in a fresh tube as a total cell lysate and the pellet was discarded. Beside total cell lysate, 

cellular fractions were collected from HEK293T during successive centrifugation steps previously 

described in section 3.8 and lysed according to the manufacturer’s instructions. The protein 

concentration of all samples was quantified using the Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific) and BSA as a standard, according to the manufacturer’s instructions. The protein 

samples were denatured by 5-minute boiling after the addition of the reducing SDS loading buffer 

(62.5 mM Tris-HCl pH 6.8, 25% glycerol, 2% SDS, 0.01% bromophenol blue and 5% β-
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mercapthoethanol) and then loaded onto a 10% polyacrylamide gel. The SDS polyacrylamide gel 

electrophoresis (PAGE) was run at 150V for an hour. The proteins were transferred from the 

polyacrylamide gel to a 0.45 µm nitrocellulose membrane (Bio-Rad) using the Trans-Blot Turbo 

Transfer System (Bio-Rad) according to the manufacturer’s instruction. The membrane was 

stained with Ponceau S (0.5% Ponceau S and 5% acetic acid) for 5 minutes to check the transfer 

efficacy and then washed for 5 minutes with ddH2O. Next, the membrane was baked for 15 minutes 

at 65°C and blocked with 5% skim milk (5 g skim milk powder in 100 ml of 0.1% TBST (50 mM 

Tris-HCl pH 7.6, 150 mM NaCl and 0.1% Tween-20)) for an hour on a rocking platform shaker 

(VWR) at room temperature. After that, the primary antibodies were prepared (1:1000) in 5% skim 

milk (0.1% TBST) according to the manufacturer’s instructions. The membrane was incubated 

with the selected primary antibody at 4°C overnight on an Orbitron rotator (Boekel Scientific). 

The following day, the membrane was washed three times with 0.1% TBST (10 minutes each) on 

the rocking platform shaker at room temperature. Then, a one-hour secondary antibody incubation 

with the appropriate horseradish peroxidase-conjugated anti-IgG diluted in 5% skim milk was 

done at room temperature. Following that, the three-washes step with 0.1% TBST was repeated. 

Finally, the protein bands on the membrane were detected and visualized using Western Lightning 

Plus-Enhanced Chemiluminescence (ECL) Reagents (Perkin Elmer) on Amersham Hyperfilm 

ECL (GE Healthcare) according to the manufacturer’s instructions. 

3.10. Mitochondrial DNA to Nuclear DNA Ratio 

Quantitative PCR is an efficient quantitative technique for estimating the relative amount 

of known DNA in a given sample. Here, qPCR analysis  was performed on  QuantStudioTM 3 Real-

Time PCR System  (Thermo Fisher Scientific) using a primer designed for nuclear GAPDH and 

another designed for mitochondrial gene MTCYB  (Table 2 and Figure 5) to measure the mtDNA 
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to nDNA ratio through calculating the threshold cycle Ct values and  comparing the mtDNA copy 

number relative to the  nDNA copy number. Conditions for the qPCR were as follow: 

(preamplification step) 50°C for 2 minutes and 95°C for 2 minutes, (amplification steps) 40 cycles 

of 98°C for 15 seconds, 64.5°C for 30 seconds and 72°C for 15 seconds. Lastly, the melting curve 

steps: 95°C for 15 seconds, 60°C for 1 minute and 95°C for 1 second. The qPCR reactions were 

prepared to a total volume of 20 µl in each well of 96-well plates on ice. Each reaction was 

performed in triplicate and  composed of 10 ul of the PowerUp SYBR Green Master Mix (Applied 

BiosystemsTM), 0.2 µl of the forward primer (10 μM), 0.2 µl of the reverse primer (10 μM), 1 ng 

gDNA of CD4+ and CD8+ T cell (set 1,6-10) (for the standard curve using HEK293T cell line: a 

constant amount (1 ng) of nDNA + dilutions (0, 0.2, 0.4, 0.6, 0.8, 1 ng) of mtDNA) and  volumes 

were brought up to 20 µl with RNase free water (Thermo Fisher Scientific).  

Analysis of mtDNA to nDNA ratio was calculated by following the ΔCt method. Ct values 

were generated using the qPCR machine software and the mean of the triplicate values of Ct for 

each DNA sample was calculated. The ΔCt calculated using the following formula: ΔCt = Ct 

(mtDNA gene) −Ct (nDNA gene). Then, the fold change of each sample was measured as 2−ΔCt. 
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Table 2. List of primers used for determining the mitochondrial to nuclear DNA ratio.  

Gene Primer Sequence Amplicon size (bp) 

MTCYB 

Forward: 5’- GCG TCC 

TTG CCC TAT TAC TAT 

C -3’ 
123 bp 

Reverse: 5’- CTG CGG 

CTA GGA GTC AAT 

AAA -3’ 

GAPDH 

Forward: 5’- GTA TGA 

CAA CGA ATT TGG 

CTA CAG -3’ 
115 bp 

Reverse: 5’- CTC TCT 

TCC TCT TGT GCT CTT 

G -3’ 

 

Primer location of A. mitochondrial MTCYB gene and B. nuclear GAPDH gene. The green box 

shows the exact location of the amplicon in ENCODE.   

 

B. 

 

A. 

Figure 5. Primer location of MTCYB and GAPDH used for determining the mitochondrial to 

nuclear DNA ratio. 
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CHAPTER FOUR 

4.0 RESULTS 

4.1. Detection of Mitochondrial DNA Methylation  

The presence and patterns of mitochondrial DNA methylation were determined in CD4⁺ 

and CD8⁺ T cells. For this purpose, whole blood samples were collected from 10 healthy 

individuals and PBMCs were purified by density-gradient centrifugation by Dr. Ruey Su’s lab. 

Then, T cells of interest were isolated by immunomagnetic negative selection to avoid the 

activation of CD4+ and CD8+ T cells. Following total DNA extraction and sonication (~250 bp), 

MBD-seq was performed using MethylMiner Methylated DNA Enrichment Kit which is 

dependent on MBD2 binding to the methylated regions. The MethylMiner kit was first validated 

for DNA methylation detection using control DNA samples included in the kit: two synthetic 

(methylated and non-methylated) duplex DNAs and pre-fragmented K-562 DNA. The control 

capture reaction was followed by endpoint PCR and gel electrophoresis. The results showed that 

the unbound fraction was only amplified by the non-methylated primer set with no signal detected 

when methylated primer set was used indicating that all of methylated duplex DNA was captured 

by MBD beads and leaving only the non-methylated DNA in the supernatant (Figure 6).  



 
 

40 
 

  

 

 

Figure 6. Validation of MethylMiner kit.  

Control DNA samples were amplified and loaded onto a 4% agarose gel in parallel with a 50 bp 

DNA ladder. The size of the control amplicons is 80 bp. The lanes are as follows: 1. 50 bp DNA 

ladder, 2. Fragmented K-562 DNA, 3. Mix of non-methylated and methylated synthetic DNA, 4. 

Input DNA (K-562 DNA + mix of non-methylated and methylated synthetic DNA), 5. Unbound 

(non-methylated) DNA fraction, and 6. Eluted (methylated) DNA fraction. A. Bands represent 

control samples amplified by a primer set specific for non-methylated duplex DNA which include 

duplex DNA mix, input and unbound DNA.  B. Bands represent control samples amplified by a 

primer set specific for methylated duplex DNA which include duplex DNA mix, input and eluted 

DNA.   

 

 

 

 

B. Methylated DNA Primer Set 

A. Non-Methylated DNA Primer Set  

1     2      3      4       5     6   

100 bp  

100 bp   

50 bp  

50 bp  
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Once the MethylMiner kit was validated, isolated DNA from the study samples was 

sonicated and MBD-coupled magnetic beads were used to enrich for their methylated DNA 

fragments. The quality check and library preparation for the eluted methylated DNA fragments 

were completed by Ifeoluwa Adewumi before they were sent to Genome Quebec for sequencing 

by the Illumina HiSeq 4000 PE 100 sequencer with the depth of 33 million reads per sample. The 

analysis of MethylMiner sequencing data was done by Dr. Tobias Karakach which involved first 

the preprocessing of methylation data through PCR duplicate removal and adaptor and quality 

trimming, then the alignment of reads to the human mitochondrial DNA from Human Genome 

Assembly GRCh37 (hg19), and the peak calling for methylation by MACS2. The sequencing 

results of the methylated total DNA fragments isolated from CD4+ and CD8+ T cells confirmed 

the presence of methylation in the mitochondrial DNA. The distribution of mapped mitochondrial 

methylation was visualized by the Integrative Genomics Viewer (IGV) revealing variations in the 

methylation patterns of CD4⁺ T cells (Figure 7A) and CD8⁺ T cells (Figure 8A) across 

participants. Interestingly, the part of D-loop located at the 3’ end of the mitochondrial genome 

was shown to be methylated in a consistent fashion across these T cells (Figure 7B, Figure 8B). 

Moreover, a number of mitochondrial loci covering genes: MTND5 for NADH dehydrogenase 5, 

MTCO1 for Cytochrome C Oxidase 1 and MTTS1 for tRNA Serine 1 were found to be significantly 

methylated in half of the participants (Table 3). Also, CD4⁺ T cells appeared to have a higher 

number of significantly methylated regions compared to CD8⁺ T cells in this study group. 

     

 

 

 



 
 

42 
 

 

A. Variations in mitochondrial methylation patterns were shown across CD4⁺ T cells between 

study participants (set 1-10). B. A zoomed-in (1,729 bp) image of 3’end of mtDNA revealing the 

overall relative consistency in methylation within the D-loop region. Methylation tracks were 

generated from MBD-seq and viewed by IGV with the Gencode Genes (v18) reference of mtDNA. 

 

A. 

B. 

Figure 7. Mitochondrial methylation patterns in CD4+ T cells. 
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A. Variations in mitochondrial methylation patterns were shown across CD8⁺ T cells between 

study participants (set 1-10). B. A zoomed-in (1,729 bp) image of 3’ end of mtDNA revealing the 

overall relative consistency in methylation within the D-loop region. Methylation tracks were 

generated from MBD-seq and viewed by IGV with the Gencode Genes (v18) reference of mtDNA. 

 

A. 

B. 

Figure 8. Mitochondrial methylation patterns in CD+8 T cells. 
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Table 3. List of mitochondrial genes within the significantly methylated loci of CD4+ and 

CD8+ T cells across study participants (set 1-10).  

 

 

 

 

 

 

Set T Cell Genes 

Set 1 
CD4 ND5 

CD8 ND5 

Set 2 
CD4 CO1, ND5 

CD8 ND5 

Set 3 
CD4 ND5 

CD8 ND5 

Set 4 
CD4 TW, TA, TN, TC, TY, CO1, TS1, TD, CO2, TK, ATP8 

CD8 CO1, TS1, TD 

Set 5 
CD4 CO1, TS1 

CD8 --- 

Set 6 
CD4 ND4, TH, TS2, TL2, ND5 

CD8 ND5 

Set 7 
CD4 ND5 

CD8 --- 

Set 8 
CD4 --- 

CD8 --- 

Set 9 
CD4 CO1 

CD8 CO1, TS1, TD, CO2 

Set 10 
CD4 ND6, TE, CYB 

CD8 --- 
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4.1. Estimation of DNA Methylation Levels within the Mitochondrial D-loop Region 

Following results obtained with the MethylMiner protocol showing consistent methylation 

pattern within the mitochondrial control region across individuals, bisulfite-pyrosequencing was 

performed to quantitively estimate methylation of D-loop at single-base resolution. 

Pyrosequencing is a sequencing-by-synthesis method where regions of interest in the bisulfite-

converted DNA are amplified using biotinylated primers and then sequenced. It uses a chemical 

light reaction to detect the incorporation of deoxynucleotide triphosphates during sequencing and 

the light signals generated are eventually visualized as peaks. In this study, the primers and assays 

were designed covering 6 CpG sites positioned at 16328, 16360, 16411, 16427, 16449, 16454 bp 

respectively within D-loop (Figure 4) with the help of Dr. Jones lab. The biotinylated PCR 

products of bisulfite converted DNA were examined by gel electrophoresis to check the quality of 

the primer set used. The gel showed successful amplification and no sign of contamination or 

primer dimer formation (Figure 9). The pyrosequencing was done and the percent methylation at 

each of the targeted CpG sites of interest was calculated by measuring the relative peak height of 

T versus C at that CpG site. According to the  pyrosequencing data  generated by the Pyro Q-CpG 

software, the average methylation level of  the six investigated CpG sites in CD4+ and CD8+ T 

cells was ~ 1% showing a similar pattern in that region of the D-loop in both T cell types  across 

all participants with exception to one outlier  (set 10) (Figure 10). 
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DNA samples were amplified with the forward biotinylated primer and revere primer following 

bisulfite conversion. The amplicons were loaded onto 1.5% agarose gel in parallel with a 100 bp 

DNA ladder to test the quality of primer set used. The size of PCR products is 243 bp. A. 

Amplicons from CD4+ and CD8+ T cells (set 1-5) along with 0%, 25%, 50%, 75%, and 100% 

methylated DNA controls B. Amplicons from CD4+ and CD8+ T cells (set 6-10) along with 0%, 

25%, 50%, 75%, and 100% methylated DNA controls were examined by agarose gel 

electrophoresis. A non-template control (NTC) was included both experiments to monitor 

contamination and primer-dimer formation.     

 

 

Figure 9. Quality check for PCR amplicons of bisulfite converted DNA samples. 

CD4+ CD8+   CD4+ CD8+ CD4+ CD8+   CD4+ CD8+ CD4+ CD8+    0%   25%   50% 75%  100%  NTC 

 

   set 6          set 7         set 8            set 9            set 10 

CD4+ CD8+   CD4+ CD8+ CD4+ CD8+   CD4+ CD8+ CD4+ CD8+    0%   25%   50% 75%  100%  NTC 

 

   set 1           set 2         set 3            set 4            set 5 

100 bp 

200 bp 

300 bp 

100 bp 

200 bp 

300 bp 

A. 

B. 



 
 

47 
 

 

 

 

 

 

 

A. 

CpG-16328 CpG-16454 CpG-16449 CpG-16427 CpG-16411 CpG-16360 
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A. Average methylation levels of 6 CpG sites positioned at 16328, 16360, 16411, 16427, 16449 

and 16454 bp within the mitochondrial D-loop of CD4⁺ and CD8⁺ T cells from the study 

participants (set 1-10). Boxplots graph generated using R software. All samples were run in 

triplicates. B. Table summarizing the average methylation percentages of T cells at all 6 sites. 

 

 

 

Set T Cell 

Methylation Levels (%) 

D-Loop 

CpG_16328 CpG_16360 CpG_16411 CpG_16427 CpG_16449 CpG_16454 
Average 

 all sites 

Set 1 
CD4 0.3 2.6 0.9 0.0 0.5 1.6 1.0 

CD8 0.8 2.7 1.2 0.0 0.0 2.2 1.2 

Set 2 
CD4 0.6 1.7 0.8 0.4 0.9 1.6 1.0 

CD8 0.6 1.8 0.7 0.3 1.1 1.0 0.9 

Set 3 
CD4 0.6 1.8 0.6 0.3 0.8 1.4 0.9 

CD8 0.9 2.0 0.7 0.5 2.9 1.2 1.4 

Set 4 
CD4 0.6 1.8 0.4 0.6 0.6 1.4 0.9 

CD8 1.1 1.9 0.6 0.3 0.9 1.2 1.0 

Set 5 
CD4 0.9 2.2 0.4 0.2 1.5 1.7 1.2 

CD8 2.1 2.3 0.6 0.6 0.8 1.5 1.3 

Set 6 
CD4 0.5 1.7 0.3 0.9 1.1 1.4 1.0 

CD8 0.5 1.9 0.6 1.0 1.6 1.6 1.2 

Set 7 
CD4 0.6 1.8 0.6 0.9 1.2 1.4 1.1 

CD8 0.7 2.0 0.9 1.4 2.2 1.7 1.5 

Set 8 
CD4 0.5 1.6 0.6 5.9 1.0 2.9 2.1 

CD8 0.5 1.5 0.6 0.8 1.1 1.9 1.1 

Set 9 
CD4 0.4 2.4 0.4 1.0 1.2 1.9 1.2 

CD8 0.3 2.2 0.2 1.1 1.3 1.4 1.1 

Set 10 
CD4 10.6 11.0 11.7 11.8 12.2 11.7 11.5 

CD8 26.0 23.1 26.1 25.2 25.5 26.1 25.3 

B. 

Figure 10. Pyrosequencing results of CD4+ and CD8+ T cells. 
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4.2. Mitochondrial DNA Content in CD4+ and CD8+ T Cells 

The purpose of estimating the mitochondrial to nuclear DNA ratio was to get an idea of the 

relative amount of mitochondrial DNA which could influence the methylation level in a cell type. 

Prior to running the qPCR for mitochondrial to nuclear DNA ratio, mitochondrial DNA isolation 

protocol was optimized. The Abcam protocol instructed homogenizing cells with 50-100 strokes 

depending on cell type until 70-80% of nuclei lose their cell membrane. HEK293T cells were used 

for their rapid reliable growth and their homogenization was optimized for. The homogenized 

suspension was viewed under the microscope at different points after 50, 70 and 90 strokes and 

their resulting mtDNA yield was compared (Figure 11). The optimal number of strokes was 

determined to be 70 as it resulted in the highest mtDNA yield without excessive loss and damage 

of mitochondria.  
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HEK 293T (~ 5 x 106) cells were collected and resuspended in cytosol extraction buffer. 

Microscopic images (X10 with Trypan blue dye) were taken of cells (from left to right) before 

homogenization, and after 50, 70 and 90 strokes with Teflon homogenizer. The shiny ring around 

the nuclei indicate intact cell membrane, thus with 70 strokes, 70-80 % of nuclei appeared to lose 

the shiny ring while with 50 and 90 strokes, they either mainly intact or lose it all. The mtDNA 

yield was measured with the Qubit 2.0 Fluorometer (Life Technologies) and higher amount of 

mtDNA was obtained with 70 strokes. 

 

 

 

 

mtDNA yield 

70 strokes 50 strokes 0 strokes 90 strokes 

74.2 ng/µl 52.6 ng/µl 57.4 ng/µl 

Figure 11. Optimization of mitochondrial DNA isolation protocol. 
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Nuclear DNA was isolated using a nuclear isolation protocol which involved cell lysis 

using cell lysis buffer and a syringe, then further with SDS as well as treatment with RNase and 

Protease enzymes. Mitochondrial DNA was isolated using Mitochondrial DNA Isolation protocol 

(Abcam) through homogenization with cytosol extraction buffer followed by a series of 

centrifugation steps. The mitochondria were then lysed and mtDNA was purified with the addition 

of enzyme mix and ethanol. Western blot analysis of cellular fractions obtained during the 

mitochondrial DNA isolation protocol was performed to check the mitochondrial fraction. It 

showed an effective enrichment of the mitochondrial fraction; however, the weak signal detected 

by HDAC2 and MEK1/2 antibodies indicate a mild contamination of the mitochondrial pellet with 

nuclear and cytoplasmic supernatant during isolation (Figure 12). Finally, qPCR was performed 

to measure the mitochondrial to nuclear DNA ratio using a nuclear GAPDH and mitochondrial 

MTCYB primers and gDNA of CD4+ and CD8+ T cells (set 1,6-10). The resulting linear standard 

curve (Figure 13A) was run using a constant amount (1ng) of nDNA and dilutions (0, 0.2, 0.4, 

0.6, 0.8, 1 ng) of mtDNA.  The mitochondrial to nuclear DNA ratio analysis showed variability 

between CD4⁺ and CD8⁺ T cells across individuals reflecting disparity in their relative endogenous 

mitochondrial DNA content even within the same cell type (Figure 13B).  
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Western blot analysis was done for subcellular fractions obtained during the mitochondrial DNA 

isolation protocol (Abcam) to check the purity and enrichment for the mitochondrial fraction. The 

HEK293T cell line was used. Fraction samples were as follows: total cell lysate (T), nuclei and 

intact cells fraction (N+IC), cytoplasmic fraction (C), and mitochondrial fraction (M). The use 

primary antibodies were against histone deacetylase 2 (HDAC 2), MAPK or Erk kinases (MEK 

1/2), and apoptosis-inducing factor (AIF) which serve as markers for the nucleus, cytoplasm, and 

mitochondria, respectively. β-actin was used as a loading control for western blot.  

 

 

   T                N                  C             M 

HDAC 2 (~ 60 kDa) 

MEK 1/2 (~46 kDa) 

AIF (67 kDa) 

β-actin (42 kDa) 

Figure 12. Verification of mitochondrial fraction enrichment. 
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A. Quantitative PCR resulted in a linear standard curve for MTCYB with increasing amount of   

mtDNA.  B. Mitochondrial to nuclear DNA ratio results for CD4⁺ and CD8⁺ T cells of sets 1, 6, 7, 

8, 9, and 10 was calculated using ΔCt method and plotted in a bar graph. All samples were run in 

triplicates. Error bars represent standard error of mean. 

A. 

Figure 13. Mitochondrial to nuclear DNA ratio results. 

B. 
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CHAPTER FIVE 

5.0 DISCUSSION 

5.1. Human Mitochondrial DNA Methylation in CD4⁺ and CD8⁺ T cells 

The present study, to the best of our knowledge, is the first to use MBD-seq to study 

mitochondrial genome wide coverage of 5-mC. Although MBD-seq provides ~150 bp resolution 

rather than single base pair resolution, MBD proteins are very specific to methylated cytosines and 

do not interact with hydroxymethylated cytosines. In addition, this method requires relatively less 

time and money compared to other techniques (Aberg, Chan, Xie, Shabalin, & van den Oord, 

2018). To establish baseline methylation patterns within the mitochondrial genome, normal CD4⁺ 

and CD8⁺ T cells derived from human blood were assessed.  Immunomagnetic negative selection 

method was used to isolate these cells to avoid any possible activation and maintain their function 

unaltered.  In line with previous observations from literature (Pirola et al., 2013; Shock et al., 

2011), this methodology proved that human mitochondrial genome is indeed methylated. 

Considering the different variations in mitochondrial methylome patterns observed in CD4⁺ and 

CD8⁺ T cells across different individuals, these results demonstrated the generality and cell-type 

specificity of baseline mtDNA methylation. Interestingly, the findings also revealed that the 3’ end 

in the terminal part of D-loop region displayed consistency in its methylation across all samples. 

Moreover, a few significantly methylated regions were identified in CD4⁺ and CD8⁺ T cells. In 

half of the participants, these regions were found to harbor MTND5, MTCO1 and MTTS1 which 

encode for NADH dehydrogenase 5, Cytochrome C Oxidase 1 (both involved in oxidative 

phosphorylation), and TRNA Serine 1 (involved in mtDNA translation), respectively.   

Subsequently, bisulfite pyrosequencing was conducted to quantitatively further estimate the 

methylation degree of 6 CpG sites positioned at 16328, 16360, 16411, 16427, 16449, 16454 bp 
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respectively within that part of D-loop region. The average methylation value of the six CpG sites 

in the D-loop across all participants, with exception to set 10 (11.5% for CD4+ and 25.3% for 

CD8+) was estimated to be ~1%. However, the possibility that other CpG sites that were not 

analyzed might be methylated at higher level cannot be excluded. Further investigation with other 

methods may help confirm those findings and eliminate any possible bias in methodologies used 

for this study.  

The accuracy of mtDNA methylation depends primarily on the methodology used. The 

existing methylation analysis techniques have been designed with the purpose of investigating the 

nuclear DNA. Given the structural and functional differences between nDNA and mtDNA, 

modification of these techniques is needed. There are some aspects to the methodologies used in 

this study specific for mtDNA. Total gDNA (nDNA+ mtDNA) was isolated from cells instead of 

just mtDNA followed by the extraction of mitochondrial genome reads during the bioinformatic 

analysis step. Although, Liu et al. (2016) reported that the circular structure of mtDNA reduces 

the bisulfite conversion efficiency, leading to overestimation of mtDNA methylation values, no 

linearization of the mtDNA was done prior to bisulfite conversion for this analysis with 

pyrosequencing. The previously mentioned study listed the failed inner quality control due to 

incomplete bisulfite conversion, the signal loss due to insufficient PCR product and uncertain 

reference sequence pattern as main reasons for the lower success rate of bisulfite pyrosequencing 

using the circular mtDNA when compared to the BamHI-linearized mtDNA (Liu et al., 2016). 

During bisulfite treatment, all unmodified cytosines are converted to uracil while the modified 

cytosines remain unchanged, then the methylation can be quantified by calculating the C to T ratio. 

In case of incomplete bisulfite conversion, the ratio will be increased due to unmodified cytosines 

left unconverted, thus counted as cytosine. Surprisingly, none of the issues discussed by the paper 
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(Liu et al., 2016) were encountered in this study as the sample group had passed the inner quality 

control, adequate PCR product was achieved, and no signal loss was reported. Despite the 

difference in approach, the present study showed very low methylation levels (~1%) in D-loop of 

CD4+ and CD8+ T cells similar to the methylation value (1.16 %) reported for linearized mtDNA 

D-loop in human blood. One possible explanation is that the harsh conditions that the DNA is 

subjected to during bisulfite treatment resulting in the fragmentation and degradation of treated 

DNA, might have possibly led mtDNA to lose its circular structure.  It should also be noted that 

the inability of bisulfite conversion-based methods to differentiate between 5-mC and 5-hmC 

could possibly impact the methylation levels, however it is yet to be determined the extent to which 

this fact contribute to the overestimation of methylation values and whether it should considered 

a reliable method for future studies. 

Further complications could be potentially raised when analyzing mtDNA methylation 

given the triple-stranded nature of the D-loop which could affect the reliability of bisulfite 

pyrosequencing results. The D-loop is formed by the incorporation of a linear third DNA strand 

7S DNA of approximately 650 bp which originates from a premature termination of H-strand 

replication (Nicholls & Minczuk, 2014). However, the factors controlling D-loop synthesis and 

turnover are hardly known. Previous reports have indicated the possibility of 7S DNA 

amplification instead of H-strand as a third strand of template by primers designed to target the D-

loop depending on the fraction of mtDNA used for the study (B. Li et al., 2018). This would be 

misleading in cases such as mitochondrial copy number studies resulting in as a false positive. 

However, the effect of 7S DNA amplification on the D-loop methylation levels estimated by 

bisulfite pyrosequencing remains to be investigated. 



 
 

57 
 

A recent study revealing higher mitochondrial methylation in a non-CpG (CpA, CpT, CpC) 

context than that of CpG (Patil et al., 2019) might provide an explanation to the lower methylation 

level when detected by the CpG dinucleotide-biased methylation techniques. The observed non-

CpG methylation was reported to follow a predominantly conserved pattern of methylation in cell 

types where 5-mCpC > 5-mCpA / 5-mCpT > 5-mCpG; however, the functional significance of 

this consistency remains unknown. The study further showed a potential link between methylation 

in the L strand promoter and a reduction of MTND6 expression in different cell types, suggesting 

a strand-specific regulatory role of methylation in gene expression. Moreover, Van Der Wijst et 

al. (2017) proposed that mtDNA methylation in the GpC context rather than CpG within the 

promoter region might be the one influencing the mitochondrial gene expression. However, it 

should be noted that an exogenous methyltransferase was used in the study to induce methylation 

and its biological validity is in question. An interesting discovery was made by Koh et al. (2018) 

where another form of methylation at the adenine base as found to be enriched (>8000x) in mtDNA 

than in nDNA using 6-mA-crosslink-exonuclease sequencing. The proposed functional role of 6-

mA was linked to mtDNA replication through mediating the melting of double stranded mtDNA 

and recruitment of mtSSB. Taking into account the endosymbiotic origin of mitochondria, this 

holds out the possibility that, unlike the nDNA, mtDNA methylation might be predominantly on 

the adenine leading the way to another exciting area for future investigation. 

Another key point to mention is that the homology between mitochondrial DNA and 

NUMTs may cause misleading results when analyzing mitochondrial sequencing data. In case of 

next generation sequencing data analysis, mtDNA and NUMTs reads cross-alignment can occur, 

resulting in  the detection of false positive reads where NUMTs short reads aligning to 

chromosome M or false negatives where mtDNA reads are lost for their alignment to NUMTs 
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sequences (Maude et al., 2019). However, it is still highly unlikely for NUMTs to significantly 

contribute to methylation or get amplified in the first place due to the excessive amount of mtDNA 

(1000-10,000 copies per cell) compared to nDNA (2 copies per cell) (Lightowlers, Chinnery, 

Turnbull, Howell, & Turnbuu, 1997). Moreover, data from this study were uniquely mapped to 

the human mitochondrial DNA from Human Genome Assembly GRCh37 (hg19) and NUMTs 

were filtered. 

Finally, this study is limited by the unavailability of sufficient sample size to precisely 

estimate the extent of methylation and identify significant relationships between the data. 

Furthermore, the study design could have been enhanced by establishing stricter inclusion criteria 

when selecting participants to ensure reaching to a more solid and informative conclusion which 

can be generalized to a larger population. Another limitation is the inability to compare the 

methylation patterns obtained in this study using total gDNA with that generated from exclusively 

purified mitochondrial DNA to confirm and test the reliability of results due to the fact that a  

sufficiently large  number of CD4+ and CD8+  T cells  from  blood samples was not available for 

mitochondrial DNA extraction. 

5.2. The Effect of Mitochondrial DNA Content in CD4⁺ and CD8⁺ T cells on Methylation 

In this study, the link between mtDNA methylation and mtDNA content in CD4⁺ and CD8⁺ 

T cells was also investigated. There are multiple copies of mtDNA in each cell depending on their 

cellular energy requirement. Cells with high demand for oxidative phosphorylation-generated ATP 

have higher copy number than those with lower demand. The mtDNA content is strictly regulated 

by specific nuclear-encoded replication factors with the key factor being POLγ which is in turn 

regulated by DNA methylation (Kelly, Mahmud, McKenzie, Trounce, & St John, 2012). Notably, 

research has suggested that mtDNA gene expression may be indirectly (Williams, 1986) 
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influenced by its methylation through regulation of mtDNA replication (Bellizzi et al., 2013; 

Bianchessi et al., 2016). Alternatively, mtDNA copy number was shown to be able to modulate 

the methylation of nDNA genes, some of them involved in regulation of oxidative stress-induced 

apoptosis (Smiraglia, Kulawiec, Bistulfi, Gupta, & Singh, 2008). Hence, mtDNA methylation 

might be recognized as an important player in the nuclear-mitochondrial crosstalk to maintain 

cellular functions. Nevertheless, the possible effect of mtDNA copy number on mtDNA 

methylation requires further investigation and remains largely unexplored. Our findings showed 

no evidence supporting any potential effect of mtDNA cellular content on mtDNA methylation 

patterns. The inconsistency in the relative mitochondrial content of CD4⁺ and CD8⁺ T cells across 

individuals (set 1,6-10) made it difficult to identify any sort of pattern when compared to their 

methylation distribution. Moreover, the pyrosequencing data made it unlikely for the equally low 

methylation levels observed across individuals to be influenced by their mtDNA content. 

5.3. Conclusion and Significance 

In summary, this study is the first to analyze the cytosine methylation in the human 

mitochondrial genome of CD4+ and CD8+ T cells from healthy individuals using MBD-seq. The 

mitochondrial DNA is in fact methylated and the level of methylation is very low. The pattern and 

distribution of methyl cytosines are relatively variable in the different cells and individuals, with 

the exception of the 3’ end in the terminal part of D-loop which appear to be constant to a certain 

extent across the mitochondrial genome with the average methylation level of ~ 1%. Additionally, 

no association observed between the mtDNA methylation distribution in CD4+ and CD8+ T cells 

and their relative mtDNA content.  

The observed variability in methylation of cells might potentially influence variable genetic 

regulation and associated phenotypic variation. Also, the mitochondrial primary function of 
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maintaining the cellular energy demand has made it highly responsive to external conditions, thus 

methylation can be a potential mechanism used by the mitochondria to transiently regulate gene 

expression and modulate its responses. Since the functional importance of D-loop as a control 

region containing promoters and origin of replication, its methylation may have regulatory 

consequences on mitochondrial replication and transcription in a cell-specific manner. However, 

the detected low level of methylation by this study in that region deems it unlikely that methylation 

will have any major impact on mitochondrial function and maintenance. Similarly, given the 

amount of variations on both inter- and intra-individual level, mitochondrial DNA methylation 

does not have the required criteria to be used as a standard “diagnostic” biomarker. Additionally, 

studies have characterized the influence of sex and age on methylation patterns in nuclear genome 

(Unnikrishnan et al., 2019). As such, it should be noted that both sex and age could possibly impact 

mtDNA methylation and have also influenced the results found in this study. Nevertheless, it might 

be more informative if the mitochondrial methylation was studied on an individual basis for a 

particular cell type prior and after their disease development, environmental exposure or drug 

treatment. Therefore, further comprehensive experimental studies aimed at proving the biological 

significance of mtDNA methylation and its potential clinical applications are required for normal 

physiological and pathological states.  

5.4. Future Directions 

To further investigate the mtDNA methylation of CD4+ and CD8+ T cells, several 

experiments are proposed, and a larger sample size of healthy participants will need to be recruited. 

A sufficient number of T cells will be collected to be able to exclusively isolate mitochondrial 

genome which in turn makes the process of filtering mtDNA sequencing data easier than that of 

total gDNA. Moreover, expanding the quantitative estimation of methylation using bisulfite-
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pyrosequencing to cover the entire D-loop, especially the promoter regions HSP and LSP as well 

as origin of replication OH will be done to identify any significant levels of 5-mC there. Also, it is 

important to keep in mind the differences between the mtDNA and nDNA and to look at mtDNA 

methylation from a new angle. Thus, the CpC, CpA and CpT methylation as well as adenine 

methylation will be investigated. Adenine methylation will be measured using 6-mA-crosslink-

exonuclease sequencing which provides a genome-wide mapping of 6-mA with single nucleotide 

resolution. MBD-seq is not suitable to study the non-CpG methylation since it only captures 5-mC 

at CpG dinucleotides. Given the fact that bisulfite-based sequencing does not distinguish between 

5-mC and 5-hmC, investigators (Booth et al., 2012) have altered the bisulfite chemistry to get 

around this problem and produced oxBS-Seq. The oxBS-Seq uses potassium perruthenate to 

oxidize 5-hmC to 5-fC while leaving unmodified cytosine and 5-mC unchanged. The differences 

between 5-hmC and 5-mC is demonstrated when bisulfite converts 5-fC and unmodified cytosine 

to uracil leaving 5-mC untouched.  

Another exciting experiment to consider is the purification of CD4+ and CD8+ T cells and 

culturing them in vitro laboratory conditions. Then, they will be used to examine the methylation 

machinery components including the methyl donor and methyltransferases and their translocation 

to the mitochondria via western blotting and confocal fluorescent microscopy. Once the enzymes 

are detected, their effect on methylation will be tested by knocking them down using small 

interfering RNAs. 
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