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Since the discovery of pathogenic mitochondrial DNA (mtDNA) mutations in the
1980’s, these mutations have been shown to be involved in a number of human
diseases and have caught increasing attention. The emergence of next generation
sequencing technology has allowed us to do more comprehensive studies of these
mutations in the mitochondrial genome, especially for low frequency heteroplasmic
mutations. In my research projects, I combined experimental and computational

approaches to investigate mtDNA heteroplasmies in different medical disciplines.

I first conducted a literature review to summarize recent findings on the implications
of mtDNA mutations in human diseases, with a focus on complex diseases such as
cancer, neurodegenerative diseases and aging. My first project was to investigate
mtDNA heteroplasmy and copy number variations in a general healthy population.
This population-based study indicated that both mtDNA quality and quantity
decreased with age. I further found that mtDNA copy number was associated with
serum bicarbonate level and white blood cell counts, while aggregate heteroplasmy
load was associated with blood apolipoprotein B level. These results suggested that
maintaining optimal mtDNA copy number and preventing the expansion of

heteroplasmy could promote healthy aging.

i1



In my second project, I first identified heteroplasmies in 466 pairs of DNA and RNA
sequencing data. I verified that most of the heteroplasmies were transcribed to RNA
regardless of their pathogenic potentials. I then experimentally tested whether the
heteroplasmy frequencies could change over time. My test showed that a heteroplasmy
with ~50% frequency could decrease to ~1% in only 28 days. Moreover, these
observed heteroplasmy dynamics could significantly affect certain gene expression

levels.

My third project focused on mtDNA fragments circulating in blood stream in a cell-
free format. I developed an experiment protocol tailored for sequencing short DNA
fragments from plasma samples. After analyzing the sequencing data, I found that the
fragment length of mtDNA in plasma is much shorter than that of nuclear DNA. We
also demonstrated that mtDNA heteroplasmy was detectable in the plasma sample,

suggesting its potential to serve as a biomarker in different clinical applications.
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Chapter 1 -mtDNA and human disease’

1.1 Abstract

Mitochondria, more than just being the powerhouses of the cell, are involved in a wide
range of cellular and metabolic processes. Besides classic mitochondrial diseases, the
role of mitochondrial dysfunction has been increasingly recognized in many common
and complex human diseases, such as metabolic disorders, neurodegenerative
diseases, and cancers. Mitochondrial DNA mutations are common causes of
mitochondrial dysfunction. Investigating the pathogenic roles of mitochondrial DNA
mutations has been challenging because there are usually hundreds to thousands of
DNA copies in a single cell, with mutant DNA coexisting with wild-type copies. The
recent advance in high-throughput sequencing technologies provides new approaches
to detect low-frequency mitochondrial DNA mutations and to examine their
implications in the onset and progression of complex diseases. The accumulating
knowledge of the normal mitochondrial biology will assist our development of new

health management strategies by maintaining proper mitochondrial function.

! Plan to submit to Advances in Nutrition. Ruoyu Zhang and Yuan Si contribute equally to this work.



1.2 Introduction

Mitochondria are double membrane organelles, presenting in almost all eukaryotic
cells. Different from other organelles, mitochondria host their own genome:
mitochondrial DNA (mtDNA). The primary function of mitochondria is the
production of ATP, supplying over 90% of cellular energy[1]. Mitochondria are also
responsible for a series of cellular processes, including calcium signaling, iron
homeostasis, and cell apoptosis [2, 3]. In addition to the well-established
mitochondrial diseases, such as Leber hereditary optic neuropathy (LHON),
mitochondrial encephalomyopathy, and lactic acidosis and stroke-like episodes
(MELAS), a growing spectrum of human diseases have been found to be associated
with mitochondrial dysfunction, including cancer, neurodegenerative diseases, and
metabolic disorders [3-7]. Multiple molecular mechanisms have been proposed to
explain the precise roles of mitochondria in these pathological processes, such as the
excessive generation of reactive oxygen species (ROS), the accumulation of mtDNA
mutations, and the mitochondria-mediated apoptosis. However, there is still no
consensus on these issues. On the other hand, understanding the contributions of
mitochondrial dysfunction to these common diseases may suggest a new way of
intervention just by preserving mitochondrial functions.

In this chapter, we will do a brief overview of the mtDNA genetics and the
implications of mitochondrial dysfunction in human diseases with a focus on mtDNA

mutations.

1.3 mtDNA genetics, mtDNA heteroplasmy and diseases



1.3.1 Mitochondrial genetics

Compelling evidence suggested that mitochondria were once primitive bacterial cells
and were acquired by the host through endosymbiotic event. Along the way of
endosymbiosis, the bacteria became double membrane organelles and gradually
transferred genes to their symbiotic cell nucleus, with only a few genetic materials
retained as mtDNA [3, 8, 9]. Human mtDNA is a circular double-stranded molecule
comprising 16569 base pairs. The two strands are distinguished by their molecular
weight: a guanine-rich heavy strand and a cytosine-rich light strand. mtDNA encodes
13 peptides, serving as core subunits of the five enzyme complexes in the oxidative
phosphorylation (OXPHOS) system. mtDNA also encodes 2 rRNA and 22 tRNA,
which are essential for intra-mitochondrial protein synthesis (Figure 1-1).

Unlike human nuclear DNA (nDNA), mtDNA is condensed with genes. About 93% of
its entirety encodes genes, which also lack intronic regions. The 13 protein-coding
genes are separated by tRNA or 1~2 non-coding bases. The non-coding region is
mainly located in the displacement loop (D-loop), which hosts the mtDNA replication
initiation site and two H-strand transcription promoters. Because of this functionally
dense organization, nucleotide substitutions in mtDNA are more likely to cause

functional outcomes than nDNA mutations.

1.3.2 mtDNA heteroplasmy

In comparison to only two copies of nDNA within a cell, there are hundreds to
thousands of copies of mtDNA. As a result, the mutation could be present in all copies

of mtDNA (homoplasmy) or only a proportion of them (heteroplasmy), as illustrated
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Figure 1-1. Schematic diagram of the human mitochondrial genome.

Human mtDNA is a 16569 bp double-stranded circular DNA molecule. The 13 protein
encoding genes are shown in yellow blocks, the 22 transfer RNA genes are shown in
blue blocks and the 2 ribosomal RNA genes are shown in red blocks. Figure was
generated with mtviz (http://pacosy.informatik.uni-leipzig.de/mtviz)



in Figure 1-2. The proportion of mtDNA mutant copies is referred as heteroplasmy
frequency. This frequency critically determines the phenotypic effect of a specific
mutation. It has been suggested that there is a “phenotypic threshold effect”. At low
heteroplasmy frequencies, the deleterious effect of mutant mtDNA is masked by
coexisting wild type copies, and once exceeding a threshold value (typically 60%-
80%), mutant mtDNA will result in an altered phenotype (Figure 1-2) [10-12]. This
frequency threshold varies across mutations and tissues [3]. The heteroplasmy
frequency of a specific mtDNA mutation can vary across individuals. Take mutation
3243 A>G as an example, which is the most common pathogenic heteroplasmic
mutation and can cause multiple mitochondrial diseases, including MELAS, chronic
progressive external ophthalmoplegia (CPEO), and Kearns—Sayre syndrome (KSS),
Rajasimha et al. examined the frequencies of this mutation in 275 individuals and
found the frequencies range from a few percent to higher than 80% [13]. It has also
been reported that heteroplasmy frequency has tissue-specific variations within the
same individual [14]. Heteroplasmy 72T>C showed high frequencies in the liver and
kidney, a moderate frequency at skeletal muscle and low frequencies in other tissues
[14]. While variations across individuals and tissues are well-established, the
heteroplasmy frequency variation at the single cell level is still controversial.
Jayaprakash et al. examined mtDNA heteroplasmy in colonies derived from single
cells and found that heteroplasmy frequency was stably maintained in individual
daughter cells [15]. On the other hand, Neupane ef al. reported that in mouse
embryonic stem cells, heteroplasmy frequency could vary up to 61% between

individual cells. This wide variability in stem cells may explain the existence of
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Figure 1-2. mtDNA heteroplasmy and the threshold effects.

The mtDNA within a same cell can be all identical (homoplasmic) or a mixture of
wild type and mutant (heteroplasmic). The cells can harbor different proportions of
mutated and wild type mtDNA (referred as heteroplasmy frequency). The
heteroplasmy frequency is critical for the mutations’ pathogenicity. If the
heteroplasmy frequency is below a certain threshold, the cell can maintain normal
phenotypes. However, once the frequency exceeds the threshold, the cell will show
signs of mitochondrial dysfunctions.



tissues with different heteroplasmy loads in an individual [16].

1.3.3 Heteroplasmy sources and changes during lifetime

Taking advantage of the recent advance in next-generation sequencing (NGS)
technology, several studies have demonstrated that most of the individuals, if not all,
have heteroplasmy in their mitochondrial genomes [17, 18]. Heteroplasmy mutations
may be inherited mutations from maternal mtDNA, or de novo mutations arising
during embryonic development. Unlike nuclear genome which is transmitted by sexual
reproduction, the human mitochondrial genome is strictly maternal transmitted.
Although inherited from a single parent, extensive differences of mtDNA
heteroplasmy frequency between mothers and offspring, and among siblings have
been observed [19, 20]. For example, Li et al. found that the average difference in
heteroplasmy frequency between mothers and offspring was 10.8%, with a maximal of
78.7% in a Netherlands cohort [21]. These variations could be a result of
mitochondrial bottleneck effects: During oocytes development, only a small number of
mtDNA are sampled from primordial germ cells and transmitted to primary oocytes,
which leads to the heteroplasmy frequencies vary drastically among mature oocytes
(Figure 1-3). Because of the bottleneck, low frequency mutant mtDNA has a relative
lower probability to be transmitted to the next generation. But if they were selected
during the bottleneck, the frequency of the mutant mtDNA could dramatically
increase. In extreme cases, this process may also allow the frequency of a disease

mutation to reach the phenotypic threshold within a single generation, resulting in
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Figure 1-3. mtDNA heteroplasmy variations caused by mitochondrial bottleneck.

The transmission of mtDNA heteroplasmy from mother to offspring is affected by
mitochondrial bottleneck effects during egg development. There is a significant
reduction of mtDNA copy number from primordial germ cells to primary oocytes,
meaning that only a small proportion of mtDNA will be sampled and transmitted to
primary oocytes, leading to extensive variation of heteroplasmy frequency in the
mature oocytes.



childhood-onset mitochondrial diseases or even complex diseases, such as autism
spectrum disorder (ASD). Additionally, recent evidence has shown that there 1s a
strong purifying selection of mtDNA in the maternal germline development and
embryogenic development [22, 23], which also help prevent or reduce the
transmission of deleterious mtDNA mutations.

mtDNA heteroplasmy can also be a result of somatic mutations. The triggers of the
mtDNA somatic mutation are still highly debated. According to the original theory, it
is the immensely oxidative microenvironment of mitochondria that cause mtDNA
mutations. However, an emerging hypothesis argues that most mtDNA mutations
originate from replication errors because the mtDNA mutation signatures are
dominated by transition changes [7, 24-26]. mtDNA is replicated constantly through
the lifetime and is independent of the cell cycle. Moreover, mtDNA replication and
repairing system are less accurate than nDNA [27, 28]. Therefore, both dividing cells
and post-mitotic cells can accumulate mtDNA mutations, especially heteroplasmic
mutations over time. A newly introduced mutation in a single mtDNA molecule is
possible to clonally expand to a higher frequency and even to reach the phenotypic
threshold. Computational models are suggesting that mtDNA mutations arose early in
life have sufficient time to reach the phenotypic threshold and to cause mitochondrial

dysfunctions [29].

1.4 mtDNA heteroplasmy implications in diseases

1.4.1 Overview

Mitochondrial dysfunction is implicated in a broad spectrum of human diseases. Apart
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from the classic mitochondrial diseases, such as MELAS and LHON [30-34],
emerging evidence associates mtDNA mutations with common human diseases. In
early studies, technology limitations drastically affect the sensitivity and resolution to
identify mtDNA heteroplasmy, thus the implication of heteroplasmy in common and
complex diseases might be overlooked. The advent of NGS technologies offers a new
opportunity to revisit the connection between heteroplasmy and different diseases. In
the following section, we will provide only a brief recapitulation of the roles of
mtDNA mutations in classic mitochondrial diseases and focus most of our discussion

on the recent insights into their implications in common and complex human diseases.

1.4.2 Mitochondrial diseases

“Classic” or “primary” mitochondrial disease refers to a group of diseases caused by
defects in OXPHOS, which are results of mutations in nDNA-or mtDNA-encoded
mitochondrial genes. Some mtDNA mutations can contribute to several different
mitochondrial DNA diseases. The most common disease-causing mutation 3243A>G
is associated with CPEO, MELAS, maternally inherited diabetes and deafness
(MIDD) [35]. On the other side, a specific mitochondrial disease can be caused by a
set of mutations. To date, mutations located in > 75 genes (in both mitochondrial and
nuclear) have been identified to be involved in Leigh syndrome [36]. mtDNA
mutation 3460G>A, 11778G>A and 14484T>C were found in both homoplasmic and
heteroplasmic status in LHON families [37]. Advances in NGS technology helped the
elucidation of the genetic basis of mitochondrial diseases and their diagnosis, but the

treatment of these diseases remains a challenge, the fast development of DNA editing
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techniques could be a promising direction which has the potential to fix the ETC

defects at DNA level.

1.4.3 Neurodegenerative diseases

The central nervous system is highly energy-demanding and thus heavily depends on
mitochondrial energy production. mtDNA mutations and associated OXPHOS activity
reduction have been observed in several complex neurodegenerative diseases, such as
Parkinson’s Disease (PD), Alzheimer’s Disease (AD) and ASD. Early work revealed
that mitochondrial haplogroups are associated with different disease risks. Researchers
use the certain mtDNA homoplasmic variations to define the mitochondrial
haplogroups, with different letters representing different subpopulations. For example,
haplogroup J represents a subpopulation originated from Eurasia and is reported to
have reduced risk of PD in a meta-analysis study [38], while haplogroup H, U, K, T, 1,
W and X are associated with increased risk of AD [39-43]. However, it is still unclear
about the role of heteroplasmic mutations in these diseases. Here, we will summarize
the recent findings of mtDNA heteroplasmy in complex neurodegenerative diseases.
Lin et al. first found that mtDNA heteroplasmic mutations are significantly elevated in
the substantia nigra of early PD patients [44]. As revealed by Coxhead et al., PD
patient brains are more vulnerable to mtDNA mutation by analyzing different regions
in brain. Heteroplasmic nonsynonymous variants in several mitochondrial genes are
also overrepresented in PD patients [45]. Considering AD, it has been reported that
mtDNA heteroplasmic mutation is overrepresented in the hippocampus of early stage

patients, and the mutation signature is consistent with replication errors rather than
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oxidative damages [46]. These reports support that the accumulation of mtDNA
mutations may contribute to the neurodegeneration in both PD and AD. Unlike PD
and AD, Huntington’s disease (HD) has elucidated genetic causes, the autosomal
dominant repeat expansions in the Huntington gene. However, mitochondria still play
an important role in HD progression. While mtDNA depletion and deletion are
reported in several studies [47-50], there are very few studies about heteroplasmy.
Filosto et al. reported the 5613T>C heteroplasmy could cause chronic progressive
external ophthalmoplegia in HD patients [51]. Our lab is conducting a large-scale
study of mtDNA sequencing in HD patients, which will systemically investigate the
involvement of mtDNA heteroplasmy in this disease and assist the development of
novel strategies to postpone the onset of the disease or even to counteract its
progression. In addition to these age-related neurodegenerative diseases, ASD, which
usually affects pre-pubertal children, is also associated with mitochondrial
dysfunction. Our lab has analyzed 903 ASD children along with their unaffected
siblings and mothers. We found that nonsynonymous and predicted pathogenic
heteroplasmic mutations are enriched in autistic probands. Moreover, a large fraction
of these mutations is inherited [52] , indicating that evaluating mtDNA heteroplasmic

mutations in high-risk families may help early diagnosis and treatment of ASD.

1.4.4 Cancer

Reprogrammed energy metabolism is a hallmark of cancer [53]. Otto Warburg first
observed the rewiring of cancer cell energy metabolism: mitochondrial respiration and

OXPHOS are suppressed, substituted by a strong enhancement of glycolysis even in
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the presence of oxygen. This phenomenon was termed as “aerobic glycolysis” [54-56].
The depression of mitochondrial activity in cancer cells may have various reasons.
Recently, disruption of mitochondrial respiration complexes due to detrimental
mtDNA mutations has been suggested to be one neglected reason.

Several studies have reported that mtDNA somatic mutations are frequently found in
tumor tissues [57-59]. With precise quantification achieved by NGS, in 10 matched
tumor-normal colorectal tissues, He et al. found 90% of the cancer tissues had at least
one cancer-specific mtDNA point mutation (present in cancer tissue, but not present in
the matched normal tissue), and most of these cancer-specific mutations are
heteroplasmic rather than homoplasmic [60]. Davis ef al. also found loss-of-function
heteroplasmic mutations in NADH dehydrogenase subunit by sequencing mtDNA of
66 chromophobe renal cell carcinomas [61]. A more comprehensive study was
conducted later by comparing mtDNA sequences from 1657 cancer and matched
normal tissues in 31 cancer types. This study identified 1907 cancer specific somatic
substitutions, most of which are heteroplasmic [24]. Notably, this study also suggested
that the majority of mutations are generated from mtDNA replication errors rather
than external mutagens such as ROS, cigarette smoking, and UV light. However, the
understanding of how mtDNA mutations affect mitochondrial function and cellular
metabolism is still limited. Hardie et al. investigated the metabolic genotype-
phenotype relationships between mtDNA mutations and pancreatic cancer,
discovering that heterogeneous genomic landscapes of cancer can converge towards
common metabolic phenotypes, including reduced oxygen consumption and increased

glycolysis [62].
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It is apparent that mtDNA mutations, including heteroplasmic mutations, are
widespread in cancer cells. However, the precise role of mtDNA mutations in
oncogenesis 1s currently unresolved. To answer these questions, future investigation

should put effort on elucidating the causal mechanisms of mtDNA in cancer.

1.4.5 Aging

Aging is a degenerative process with the gradually impaired physiological function
that eventually leads to deterioration of cellular function, disease, and death [7].
During last several decades, multiple lines of evidence have shown that impaired
mitochondrial function is implicated in aging and age-associated disease [7, 63-65].
Accumulation of mutations in mtDNA during time can lead to severe impairment of
cellular energy production and mitochondrial dysfunction [64]. In humans, the
accumulation of mtDNA mutations over time has been observed in both dividing cells
and non-dividing (post-mitotic) cells, such as brain, muscle, and colon [66-69]. The
first experimental evidence for the causative link between accumulation of mtDNA
mutations and aging was from the mutator mice model. These mutator mice had
proofreading-deficient mtDNA polymerase (Poly), leading to accumulation of
extensive mtDNA mutations. These mice had reduced lifespan and premature onset of
aging-related phenotypes such as weight loss, hair loss, reduced fertility, etc. [65, 70].
It has been proposed for decades that ROS generated during cellular metabolism can
damage mtDNA, while the resulted mtDNA mutations would further lead to
disruption of the electron transport chain (ETC), which produces more ROS, creating

a vicious cycle. Recent studies have suggested that the age-associated mtDNA
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mutation accumulation is not from ROS damage, but rather from the spontaneous
errors during the mtDNA replication. These replication errors will arise as low-
frequency heteroplasmy and the potential subsequent clonal expansion of these
heteroplasmic mutations would disturb the mitochondrial function [3]. Therefore,

managing the expansion of the mtDNA mutations could be critical for aging.
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Chapter 2 — Impacts of Aging on Mitochondrial DNA Quantity and Quality in

Humans *?

2.1 Abstract

The accumulation of mitochondrial DNA (mtDNA) mutations, and the reduction of
mtDNA copy number, both disrupt mitochondrial energetics, and may contribute to
aging and age-associated phenotypes. However, there are few genetic and
epidemiological studies on the spectra of blood mtDNA heteroplasmies, and the
distribution of mtDNA copy numbers in different age groups and their impact on age-
related phenotypes. In this work, we used whole-genome sequencing data of isolated
peripheral blood mononuclear cells (PBMCs) from the UK10K project to investigate
in parallel mtDNA heteroplasmy and copy number in 1,511 women, between 17-85
years old, recruited in the TwinsUK cohorts. We report a high prevalence of
pathogenic mtDNA heteroplasmies in this population. We also find an increase in
mtDNA heteroplasmies with age (= 0.011, P =5.77e-6), and showed that, on
average, individuals aged 70-years or older had 58.5% more mtDNA heteroplasmies
than those under 40-years old. Conversely, mtDNA copy number decreased by an
average of 0.4 copies per year (f =-0.395, P =0.0097). Finally, mtDNA copy number
was positively associated with serum bicarbonate level (P = 4.46e-5), and inversely
correlated with white blood cell count (P = 0.0006). Moreover, the aggregated

heteroplasmy load was associated with blood apolipoprotein B level (P = 1.33e-5),

2 Published on BMC Genomics.
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linking the accumulation of mtDNA mutations to age-related physiological markers.
Our population-based study indicates that both mtDNA quality and quantity are
influenced by age. An open question for the future is whether interventions that would
contribute to maintain optimal mtDNA copy number and prevent the expansion of

heteroplasmy could promote healthy aging.
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2.2 Introduction

Mitochondria play a central role in cellular energy metabolism, as well as in a range of
other cellular activities, such as calcium signaling, iron homeostasis, hormone
synthesis, and programmed cell death [1-3]. Mitochondria differ from all other
organelles in animals in having their own DNA (mitochondrial DNA, mtDNA), which
in humans encodes 37 genes: 22 tRNAs, 2 rRNAs and 13 protein subunits of the
electron transport chain and Complex V/ATP synthase. Although they contribute only
~1% of the mitochondrial proteome, the 13 mtDNA-encoded proteins are nevertheless
essential for mitochondrial oxidative phosphorylation and cellular energetics [4]. A
single mammalian cell hosts hundreds to thousands of copies of mtDNA, which are
thought to have played a critical role in the evolution of mammalian genomic
complexity [5]. Because of its multi-copy nature, spontaneous mtDNA mutations
often affect only a small proportion of the cell’s mtDNA, a state termed heteroplasmy.
In contrast, if all mtDNA molecules harbor a specific mutation, it is said to be in a
state of homoplasmy. mtDNA heteroplasmy is implicated in several human diseases,
in which the ratio of mutated to wild-type mtDNA is critical in determining whether a
specific mutation is deleterious [2, 6, 7]. In previous studies, we demonstrated that
even in healthy adults, low-frequency heteroplasmies with high pathogenic potential
were common [8].

In addition to mtDNA mutation burden, the number of mtDNA molecules per cell, or
“mtDNA copy number”, is also strictly regulated, ensuring that mitochondria can
generate appropriate levels of energy and intracellular signals to maintain normal

cellular functions. Altered mtDNA copy number has been shown to be involved in
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age-related diseases, including cancer, neurodegeneration disorders, and diabetes [9-
11]. In the general population, mtDNA copy number measured in peripheral blood has
also been shown to be associated with a variety of physiological phenotypes, and to be
linked with aging and mortality [12, 13]. For example, higher mtDNA copy number
was linked with better physical and mental health status in aged populations [12].
There has been speculation that both mtDNA heteroplasmy and copy number may
contribute to the aging process, but the effects of mtDNA heteroplasmy and copy
number were only discussed separately, thus remaining inconclusive in humans [14].
Aging is commonly characterized as a time-dependent progressive loss of
physiological integrity, leading to impaired function and increased vulnerability to
death [14]. One important factor in aging is the accumulation of DNA damage over
time [15]. mtDNA has been considered a major target of aging-associated mutation
accumulation, possibly because it experiences higher oxidative damage, more
turnover, and has lower replication fidelity compared to nuclear DNA (nDNA) [16-
18]. Mice carrying elevated mtDNA mutation burden present premature signs of aging
including hair loss, kyphosis, and premature death (lifespan shortened by up to 50%)
[19, 20]. In human studies, mtDNA heteroplasmy incidence increases with age [21-
23], while lower mtDNA copy number has been reported in aged populations [12, 24].
Ding et.al reported an trend of increased heteroplasmies and decreased mtDNA copy
number with age in their study population [25]. However, previous studies were
limited in one or more ways: 1) limited power in detecting low-to-medium frequency
heteroplasmies in blood due to low sequencing depth; ii) relatively small sample sizes,

limiting statistical power; ii1) small age range; 1v) whole blood as the source of DNA,
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which contains several sources of contaminants for mtDNA analysis; and/or v)
assessing either mtDNA mutation or copy number, but not both in the same biological
samples.

Whole genome sequencing (WGS) data allows us to study mtDNA heteroplasmy and
copy number simultaneously. Previous large-scale studies of mtDNA heteroplasmy or
copy number mostly used sequencing data of total genomic DNA extracted from
transformed cell lines or whole blood. It is possible that during cell line
transformation, both mtDNA heteroplasmy and copy number could undergo marked
changes [26]. Moreover, estimating mtDNA copy number from WGS data relies on
the ratio of sequencing reads for the mitochondrial and nuclear genomes extracted
from the biological samples. There are numerous factors in the whole blood that can
bias the estimation of mtDNA copy number. For example, platelets have high mtDNA
content, but lack nuclear DNA; mtDNA from platelets therefore artificially raises the
estimated mtDNA copy number from the whole blood [27, 28]. In the current study,
we focused our analysis on WGS data of isolated platelet-free peripheral blood
mononuclear cells (PBMCs) DNA obtained from the UK 10K project TwinsUK
cohort, which includes individuals ranging from 17-85 years of age [29]. The
TwinsUK is a cohort with WGS data for more than 1,500 generally healthy female
individuals of European ancestry with phenotypic data. The resulting mtDNA-
phenotypic dataset is one of the largest available in a general human population for
analysis on the relationship between age and mtDNA heteroplasmy and copy number.
Our analyses reveal that these two mtDNA properties are significantly correlated with

age. Our results further indicate that mtDNA copy number and heteroplasmy load
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were significantly associated with age-related physiological parameters in this
population, suggesting potential pathways by which age-related mtDNA alterations

may impact the aging process.

2.3 Methods

2.3.1 Data Access Permission

Data used in this study was obtained from UK 10K project, “UK10K Data Access

Agreement” was approved by UK10K Data Access Officer.

2.3.2 mtDNA variation identification and haplogroup assignment

Whole genome sequencing and subsequent read mapping of the TwinsUK cohorts
were accomplished by the UK10K project [29]. Briefly, DNA (1-3 pg) extracted from
PBMCs was sheared to 100-1000 bp, and sheared DNA was sent to [llumina paired-
end DNA library preparation. After size selection (300-500 bp insert size), the DNA
library was sequenced by the Illumina HiSeq platform with paired-end read lengths of
100 bp. Sequencing reads mapping to the mitochondrial genome were extracted from
indexed bam files to identify heteroplasmy in each individual. Retrieved reads were
re-mapped to the combined human genome, hg19 for the nuclear genome and the
revised Cambridge Reference Sequence (rCRS) for the mitochondrial genome, using
bowtie2 [30]. Read pairs with proper orientation and less than 5 mismatches were
retained from the mapping results. The nuclear genome contains some regions with
high similarity to part of the mtDNA (nuclear mitochondrial DNA, abbreviated as

NUMTs). To minimize the effect of NUMTs for heteroplasmy calling, we further
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required the retained reads to be uniquely mapped to the mitochondrial genome.
Filtered reads were further processed following the GATK best practice workflow,
including Mark duplicates (duplicated reads were removed), Indel realignment, and
Base quality score recalibration steps. Homoplasmies were identified using GATK
HaplotypeCaller and GenotypeGVCFs [31]. Haplogroups were assigned using
homoplasmic variants identified from each sample by HaploGrep2 [32]. To identify
heteroplasmy, sequencing data for each position of the mitochondrial genome was
extracted by Samtools mpileup [33], and bases were further filtered by sequencing
quality (>=20). Heteroplasmy was then identified with the following criteria: 1)
Sequencing coverage > 200. 2) Minor allele frequency >= 2%. 3) Minor allele must be

observed at least twice from each strand.

2.3.3 Potential cross-sample contamination inspection

Potential cross-sample contamination was assessed in the UK 10K project’s original
data processing by VerifyBamID [34] and “fraction skewed hets” [29]. Potential
contaminated samples were already removed from the dataset. However, to be more
conservative, we further tested contamination using mtDNA sequencing data, which
has better sensitivity than nuclear DNA. We evaluated potential contamination by 2
criteria 1) if a sample had extremely high heteroplasmy number (Q3 + 1.5IQR rule);
by this criterion, samples having more than 8 heteroplasmies were suspected to be
contaminated. 2) We constructed two consensus mtDNA sequences for each sample,
one covering the major alleles at heteroplasmic sites, the other covering minor alleles.

A sample was suspected to be contaminated if these two consensus sequences
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belonged to different haplogroups. If a sample met both criteria, we would recognize it

as contamination and remove it from further analysis.

2.3.4 Annotation of mtDNA variants

Heteroplasmy and homoplasmy were annotated by customized scripts. Pathogenic
potential of variants was predicted using Combined Annotation-Dependent Depletion
(CADD) score (version 1.3) [35]. The CADD score integrated many diverse
annotations of variants, including functionality, pathogenicity, experimentally
measured effects etc., into a single score, which has been shown to have better
performance than other predictive methods such as Grantham, SIFT and PolyPhen. As
recommended, a scaled CADD score of 15 was used to define the pathogenic
mutations. To avoid the bias of an arbitrary cutoff, a series of cutoffs from 12 to 22
were also applied to evaluate the variants’ pathogenicity. The disease associated

mtDNA mutations were obtained from the MITOMAP database [36].

2.3.5 mtDNA copy number estimation

Whole genome sequencing data of the study population were retrieved from the
UK10K project [29]. To estimate mtDNA copy number, we further filtered mapped
reads by the following criteria: 1) Mapping quality > 20. 2) Reads were not PCR
duplicates. 3) Mismatches < 5. We proceeded with qualified reads for subsequent
calculation. Sequencing coverage of each site in the reference genome was calculated
by the Samtools mpileup function [33]. The average sequencing coverage was then

calculated for each autosomal DNA and mtDNA locus. mtDNA copy number of each

30



individual was further estimated based on Eq1 and Eq2. It has been shown that
NUMTs have a negligible impact on mtDNA copy number estimation by this method

[37].

mtDNA average coverage _ mtDNA copies ( )

autosomal DNA average coverage autosomal DNA copies

2xmtDNA coverage

DNA = 2
mt copy number 2—122?_21 autosomal coverage 2)

2.3.6 Association testing for mtDNA copy number and heteroplasmy

Linear regression was carried out to test the association of mtDNA heteroplasmy with
age, as well as copy number with age separately. Down sampling was carried out by
randomly sampling 0.06 million mtDNA reads from each individual and identifying
heteroplasmy following the same criteria. The association of mtDNA copy number
with mtDNA heteroplasmy number was assessed by linear regression, with age and
mean nuclear coverage included as covariates. The influence of mtDNA variants
(heteroplasmy, homoplasmy, haplogroup) on mtDNA copy number was tested by
linear regression, with age and mean nuclear coverage included as covariates. For
homoplasmy, variants present in more than 1% individuals were tested. The
significance level was adjusted for multiple testing. Homoplasmic variants with P

value < 2.69e-4 were considered to be significant.
2.3.7 Phenotypic associations of mtDNA copy number and heteroplasmy

We assessed the associations of 32 phenotypes directly measured from blood samples

with mtDNA copy number and heteroplasmy number. The details of phenotypic data
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measurements can be found from the UK10K project [29]. Linear regression models
were applied to test for associations, and age was included as a covariate to adjust for
its effects on these phenotypes. Significance levels were adjusted by Bonferroni

correction. Effects were considered as significant if P value < 0.0016.

2.3.8 Mitochondrial heteroplasmy load and SKAT test

The Sequence Kernel Association Test (SKAT) has been shown to have high
statistical power under a variety of conditions [38]. We used it to test the association
of mtDNA heteroplasmic mutation load with different phenotypes. To do the
association test, we first constructed a genotype matrix containing mtDNA
heteroplasmy information. Assuming that we have mtDNA sequences for n
individuals, and there are, in total, m unique heteroplasmic variants among those
individuals, then the genotype matrix could be constructed an n x m matrix X, where
the entry ajjin X represents the minor allele frequency of individual 1 at heteroplasmic
site j. To calculate ajj, the number of all possible bases (A, T, G, C) with sequencing
quality > 20 were counted for individual 1 at site j. If the minor allele count exceeded
5, minor allele frequency would be calculated by dividing the minor allele count by
total coverage at the given site, otherwise aj; would be set to 0. We also constructed
another genotype matrix X’, whose entries were either 0 or 1. This matrix will only
consider whether a given site is heteroplasmic (as 1) or not (as 0), regardless of the
minor allele frequency. Notably, the genotype matrices only contained the non-
polymorphic heteroplasmies. After constructing the genotype matrix, a linear

regression model can be considered (EqS):
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Y=oqay+ Ca+XB (5

Where C is the covariates matrix, in which we included age, mtDNA copy number,
and the top 2 PCs from principle component analysis of population structure.
Phenotypes were log transformed to achieve normal distributed residuals. The CADD
score of each heteroplasmic variant was used as the weights. This weighting scheme
could upweight heteroplasmic variates which are predicted to be more deleterious. The

tests were performed using the R package SKAT [38].

2.4 Results

2.4.1 Mitochondrial heteroplasmy is prevalent in UK10K TwinsUK cohort

The UK10K-cohorts arm [29] provided WGS data for healthy individuals from two
British cohorts of European ancestry, namely the Avon Longitudinal Study of Parents
and Children (ALSPAC) [39] and TwinsUK [40]. However, the genomic DNA used in
these two cohorts was different. In ALSPAC, DNA was extracted from
lymphoblastoid cell lines established in vitro, while DNA in TwinsUK was extracted
from isolated PBMCs. We compared the mtDNA copy number distribution between
the two cohorts and observed a dramatically higher mtDNA copy number in cell line
DNA (Figure 2-1). The higher mtDNA copy number in the cell line compared to
PBMCs is likely attributable to the difference in biological material, rather than a
genuine cohort difference. Therefore, in the current study, we only focused on
individuals from the TwinsUK cohort for which PBMC DNA was available. In the
UKI10K project’s original study design, in order to increase the genetic diversity and

decrease the sequencing costs, only one individual from each of the twin pairs
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recruited was sequenced at the whole-genome level. After excluding 73 individuals
with potential cross-sample contamination, we retained 1,511 individuals for further
analysis. The average age of these studied individuals was 55.5 years (SD = 12.8
years), ranging from 17.3 years to 84.5 years.

The average sequencing coverage of the mitochondrial genome in these individuals
was ~568X, allowing us to reliably identify mtDNA heteroplasmy at 2% minor allele
frequency (MAF) cutoff. After applying a series of criteria to filter out low-quality
heteroplasmies, we identified 1,348 mtDNA heteroplasmies in 1,511 individuals. 794
(52.5%) individuals harbored at least one heteroplasmy in the mitochondrial genome
(Figure 2-2A). Most heteroplasmies presented at low-to-medium frequency (62.7% of
heteroplasmies have MAF < 5%, Figure 2-2B). The gene-length normalized
distribution of heteroplasmy frequency among mtDNA loci is shown in Figure 2-2C.

The distribution of homoplasmy frequency was also plotted. Heteroplasmies were
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Figure 2-1 mtDNA copy number comparison between cell lines and PBMCs DNA.
mtDNA copy number was estimated in two UK 10K cohorts, ALSPAC (DNA

extracted from cell line) and TwinsUK (DNA extracted from PBMCs). On average,
mtDNA copy number in cell lines was 5~10-fold higher than in PBMCs.
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Figure 2-2. Distribution of heteroplasmy in UK10K TwinsUK cohort.

(A) Counts of individuals harboring a specific number of heteroplasmies (0-12
heteroplasmies at MAF > 2% cutoff). More than half of individuals (52.5%) carried at
least one heteroplasmy in their genome. (B) Histogram for MAF of all heteroplasmies.
62.7% of heteroplasmies had MAF < 5% and 20.1% had MAF > 10%. (C) Normalized
occurrence frequency distribution of heteroplasmies and homoplasmies. The
frequency was normalized by the length of the mitochondrial loci. Dark gray, light
blue and yellow bars indicate the genes in three different functional categories: rRNA,
Protein coding and tRNA, respectively. The distribution of variants was relatively
homogeneous among coding regions, except for some regions, such as higher
frequency in NDS5 (heteroplasmy) and tRNA Thr (heteroplasmy and homoplasmy).
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observed over the entire mitochondrial genome. One exception was the control region,
also known as the “hypervariable region” [41], which harbored the highest occurrence
(normalized by region length) of both homoplasmic and heteroplasmic variants. Other
regions were relatively homogenous with a few exceptions: tRNA-Thr, which is
positioned immediately upstream from the control region, had significantly higher
frequencies than other tRNA genes in both heteroplasmy and homoplasmy (P =
0.00015 and 0.00297, respectively, Chi-squared outlier test). Interestingly, we
observed that ND5 had a moderate occurrence frequency in homoplasmy, but
significant higher frequency in heteroplasmy than other protein coding genes (P =

0.00494, Chi-squared outlier test).

2.4.2 Mitochondrial heteroplasmy has high pathogenic potential

Among the 1,348 heteroplasmies, 192 (14.2%) were previously reported to be
associated with diseases. 11.4% of individuals harboring these diseases-associated
heteroplasmies. To further investigate the pathogenicity of the heteroplasmies,
combined annotation dependent depletion (CADD) scores [35] were used to predict
the potential pathogenicity of nonsynonymous mutations in heteroplasmy and
homoplasmy. We also annotated CADD scores for disease-associated mutations
(retrieved from MITOMAP [36]) as a comparison. Disease-causing nonsynonymous
mutations had a mean pathogenicity score of 17.43; in comparison, the mean CADD
score of the 294 unique nonsynonymous heteroplasmic mutations was 14.32, which is
significant higher than the 359 unique nonsynonymous homoplasmic mutations

(10.84. P=13.967¢-7, Welch two sample t-test, Figure 2-3A). As suggested by the
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Figure 2-3. Pathogenic potential for nonsynonymous heteroplasmies.

(A) The box plot of CADD pathogenic score for disease associated mutations,
nonsynonymous heteroplasmies and nonsynonymous homoplasmies (heteroplasmy
and homoplasmy occurring in multiple individuals were counted only once).
Heteroplasmies had significant higher pathogenic scores than homoplasmies (P =
3.967¢-7) although still lower than disease associated mutations (P < 2.2e-16). (B) The
cumulative distribution of CADD pathogenic scores of disease associated mutation,
homoplasmy, low frequency heteroplasmy (MAF 2%-10%) and high frequency
heteroplasmy (MAF > 10%). The distribution of low frequency heteroplasmy was
close to disease associated mutations, indicating higher pathogenic potential.
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CADD score database, CADD score > 15 can be used as a cutoff to define mutations
with high possibility to be pathogenic [35]. With this cutoff, the proportion of high
pathogenic potential mutations in heteroplasmy was significantly higher than that in
homoplasmy (P = 0.00825, Chi-square test). With the same criterion, 51.4% of
heteroplasmies were high pathogenic potential while only 34.8% of homoplasmic
mutations were high pathogenic potential. To avoid the potential bias of the arbitrary
cutoff, we also applied a series of CADD score cutoffs from 12 to 22, and
heteroplasmy was 1.42 to 1.94 times more likely to be high pathogenic potential than
homoplasmy under different cutoffs, consistent with the notion that more pathogenic
mutations are more likely to be eliminated through purifying selection than less
deleterious ones [8].

To further investigate this hypothesis, we separated nonsynonymous heteroplasmy
into low frequency and high frequency groups using 10% MAF as a cutoff. The low
frequency heteroplasmy group had significantly higher CADD scores than the high
frequency group (P = 0.019, Welch two sample t test). Again, to avoid the potential
bias of arbitrary cutoffs, we applied several MAF frequency cutoffs to separate low
and high frequency groups (from 5% to 9%), and the difference remained significant
until the cutoff was as low as 6%. To visualize this difference, we plotted the
cumulative distribution of CADD scores for each group. The distribution of CADD
scores for low frequency heteroplasmies approached that of disease-associated
mutations, whereas the distribution of high frequency heteroplasmies moved towards

that of homoplasmic mutations (Figure 2-3B).

2.4.3 Mitochondrial heteroplasmy burden increases with age
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The mtDNA haplogroup of each individual was identified using Haplogrep2 [32]. In
this population, 48.5% (733) of the individuals belonged to H haplogroup, and there
were 4 other haplogroups having more than 100 individuals: U (220), K (143), J (135)
and T (125). This distribution is typical for a population of predominantly European
descent. The haplogroups did not significantly contribute to the heteroplasmy variance
(P > 0.05 for each haplogroup), and thus were not considered in subsequent analysis.
mtDNA mutations have been thought to play an important role in aging. To
investigate changes of heteroplasmies with age, we first applied linear regression and
found that heteroplasmy number increased with age (f =0.011, P = 5.77¢-6, linear
regression. Figure 2-4). To better describe the changing heteroplasmy trend during
aging, we further divided the 1,511 individuals into five age groups. We observed a
gradual and consistent increase of heteroplasmy number from the youngest group aged
under 40-years to the oldest group aged over 70-years (Table 2-1). On average,
individuals over 70-years old had 1.11 heteroplasmies, significantly higher than
individuals under 40-years old (0.70 heteroplasmy, P = 0.001593, Welch two sample t
test). We also separated heteroplasmy into low-to-medium MAF (2%-5%) and
medium-to-high MAF (>5%) intervals and found that this increasing trend was
consistent for heteroplasmy in different MAF intervals. Individuals under 40-years old
had 0.41 heteroplasmy with MAF 2%-5% and 0.29 heteroplasmy with MAF >5%,
while individuals over 70-years old had 0.68 and 0.43, respectively.

Next, we evaluated the spectra of heteroplasmy in the five age groups. In all groups,
heteroplasmy was predominantly present in protein coding regions, which was not

surprising since protein coding sequences account for > 67% of mtDNA. However,
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Figure 2-4 Association between mtDNA heteroplasmy number and age.

mtDNA heteroplasmy number was significantly associated with age (f =0.011, P =
5.77e-6,). The blue line represents a linear regression line.
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Table 2-1. Heteroplasmy number in different age groups

Age Group <40 40-50 50-60 60-70 >170

Age Mean 30.12 45.24 55.27 64.28 74.07

Age SD 6.41 2.72 2.92 2.94 3.35

Individual count 166 267 464 447 167

0.70; 0.72; 0.89; 0.98; 1.11;

Heteroplasmy count”

(44.6%) (47.2%) (55.0%) (53.5%) (60.0%)

Heteroplasmy count 0.41; 0.48; 0.56; 0.62; 0.68;
(MAF 2-5 %) (28.3%) (32.2%) (36.9%) (38.7%) (39.5%)

Heteroplasmy count 0.29; 0.24; 0.33; 0.37; 0.43;
(MAF > 5%) (22.9%) (20.6%) (28.4%) (27.7%) (32.3%)

*numbers in parentheses indicate the proportion of individuals harboring heteroplasmy with

specified MAF cutoffs. An individual can have heteroplasmies in both MAF groups.
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there was a tendency for the proportion of nonsynonymous heteroplasmies to increase
with age. 25.9% of heteroplasmies were nonsynonymous in the under 40-years group,
which increased to 28.6% in the over 70-years group, while the proportion of
synonymous heteroplasmies did not significantly change (Table 2-2). Since
nonsynonymous mutations are more likely to cause functional consequences than
synonymous ones, this increased nonsynonymous proportion, together with the
increased absolute heteroplasmy number in older individuals, could suggest that

mtDNA integrity, or “quality” deteriorates with age.

2.4.4 Age has effects on mtDNA heteroplasmy and copy number

Because mtDNA heteroplasmy level can be affected by copies of mtDNA in blood,
the age-related increase of heteroplasmy may reflect the consequences of decreased
mtDNA copy number in older individuals [37]. In normal human cells, there are two
fixed copies of the nuclear genome, and therefore the ratio of average WGS
sequencing coverage for mitochondrial and nuclear genomes can be used to estimate
mtDNA copy number. Assuming that autosomal and mtDNA are processed and
sequenced with no significant difference, average sequencing coverage should be
proportional to DNA copy number for autosomal and mtDNA (Eq1), thus mtDNA
copy number can be estimated using Eq2. By this method, we observed a broad range
of mtDNA copy number among these individuals (Figure 2-5A), from 65 to 573, with

mean 169 and median 188. The distribution of mtDNA
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Table 2-2. Regional distribution of heteroplasmy in different age groups

Control

44

region
18.1%
24.9%
27.3%
22.0%

16.8%

Intergenic
region
0.9%
0.5%
0.5%
0.2%

0.0%

rRNA

12.9%

13.0%

9.9%

12.0%

13.5%

tRNA

5.2%

6.2%

3.4%

2.5%

4.9%

Nonsynon
ymous
25.9%
25.9%
26.8%
28.2%

28.6%

Synonymous

37.1%
29.5%
32.1%
35.0%

36.2%
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Figure 2-5. Distribution of mtDNA copy number in the UK10K Twins cohort and its
association with age.

(A) mtDNA copy number was estimated using WGS data by comparing the mean
sequencing coverage of mtDNA and nDNA. The distribution of mtDNA copy number
was positively skewed, and most individuals had moderate numbers of mtDNA (mean
169 and median 188). (B) mtDNA copy number was negatively correlated with age (5
=-0.395, P =0.00972). Blue line represents the linear regression line. For every 10
years, mtDNA copy number decreases about 4 copies.
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copy number was positively skewed (P < 2.2e-16, D’ Agostino’s test), with a
coefficient of skewness of 1.55. Our results showed that mtDNA copy number and age
were negatively correlated (5 =-0.395, P =0.00972, linear regression, Figure 2-5B).
For every 10 years, mtDNA copy number decreases about 4 copies. Similar to mtDNA
heteroplasmy, mtDNA copy number was also not significantly affected by

haplogroups.
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Table 2-3. Correlation of age with mtDNA heteroplasmy number and copy number

Parameter
Parameter SE P Value
Estimate
mtDNA
heteroplasmy 1.185 0.271 1.27e-5 ***
number
mtDNA copy
-0.010 0.004 0.0228 *
number

Significance level (* P <0.05, ** P<0.01 and *** P <0.001)
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2.4.5 Mitochondrial DNA copy number is associated with number of heteroplasmies

We next tested the correlation between mtDNA copy number and heteroplasmy. Since
most heteroplasmies were unique to only one individual, especially those with high
pathogenic potentials, instead of testing each single mtDNA heteroplasmy, our
analysis was restricted to test the association between mtDNA copy number and the
total number of heteroplasmies within an individual. With increasing heteroplasmy
number, mtDNA copy number significantly decreased (Figure 2-6. f =-4.34, P =
0.007, linear regression, adjusted for age and average nuclear DNA sequencing
coverage).

We also tested whether single mtDNA homoplasmic variants are associated with copy
number. We identified 186 unique homoplasmic single nucleotide variants, each
presented in > 1% of individuals in this study population. The associations between
mtDNA copy number and these variants were tested using a linear model including
age and mean nuclear DNA sequence coverage as covariates. After Bonferroni
correction, none of these homoplasmic variants were significantly associated with
mtDNA copy number (Figure 2-7). Ridge et al. previously reported that 3 mtDNA
variants (A9667G, T5277C and C6489A), belonging to haplogroups T2 and U5A1,
were significantly associated with higher mtDNA copy number [42]. There were 26
individuals in our dataset harboring A9667G, but this variant was not associated with
mtDNA copy number in our test (P = 0.5669). The other two variants were missing or

found at a rare frequency (7 individuals) in our study, and thus were excluded from
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Figure 2-6. Association between mtDNA heteroplasmy number and copy number.

mtDNA copy number was significantly associated with the total heteroplasmy number
within an individual, adjusting for age and mean nuclear sequencing coverage (5 = -
4.34, P =0.007). Individuals harboring higher numbers of heteroplasmies were more
likely to have low mtDNA copy number.
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Figure 2-7. Manhattan plot of associations between homoplasmic variants and mtDNA
copy number.

The Blue horizontal line indicates the mtDNA genome wide significance threshold (P
=2.69¢-4). No significantly associated homoplasmy was detected in this analysis.
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further association analysis.

2.4.6 Phenotypic associations of mtDNA copy number and heteroplasmy load

Age is the most significant risk factor for several diseases. It is possible that the effects
of age on mtDNA copy number and heteroplasmy could mediate these effects via their
effects on physiological variables known to be perturbed in disease states and with
aging. We examined the associations between 32 phenotypic traits provided by
TwinsUK cohort and mtDNA copy number / heteroplasmy load. After correcting for
multiple testing, mtDNA copy number was significantly associated with serum
bicarbonate level (P = 4.46¢-5, Figure 2-8A) and WBC count (P = 0.0006, Figure
2-8B).

Bicarbonate is an essential component of the pH buffering system and is indirectly
related to mitochondrial oxidative reactions. In our analysis, there was a positive
correlation between mtDNA copy number and serum bicarbonate level, such that, for
each increase of 1 SD in mtDNA copy number (75.8 copies), serum bicarbonate level
increased by 0.102 SD (0.27 mmol/L), indicating a potential interplay between the
buffering system and mitochondrial activity. Conversely, WBC showed a significant
negative correlation with mtDNA copy number. With each increase of 1 SD in
mtDNA copy number, WBC count decreased by 0.116 SD (0.2*10° cell/L). WBC
count is related to inflammation and immune senescence, so this observation indicated
that mtDNA copy number could be associated with immune function.

Since the majority of the heteroplasmies were present in < 1% of individuals in the

samples, our ability to test their phenotypic associations were limited. Instead of
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Figure 2-8. mtDNA copy number association with phenotypic traits.

(A) mtDNA copy number was positively associated with serum bicarbonate level (P =
4.46e-5). The reference range for bicarbonate level is 22-29 mmol/L (B) mtDNA copy
number was negatively associated with WBC count (P = 0.0006). The reference range
for WBC count is 4.0-11.0 (x10°/L). The blue lines represent linear regression lines in

each case.
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performing analysis on each single heteroplasmy, we aggregated the heteroplasmic
mutation information across the entire mitochondrial genome for each individual, and
attempted to test the overall cumulative effects of heteroplasmy on different traits. We
used the Sequence Kernel Association Test (SKAT) algorithm, which has been shown
to have high statistical power under a variety of conditions [38]. Under SKAT default
settings, the population frequencies of the variants were used as testing weights, since
rare mutations were more susceptible to being deleterious. Here, because most
heteroplasmies were only found in one person, we used the predicted pathogenicity of
heteroplasmy (CADD scores) as weights. We tried two different genotype matrices,
one taking the heteroplasmy MAF into account, the other only considering whether a
site was a heteroplasmy or not, regardless of the MAF. In both cases, after multiple
test correction, we observed that mtDNA heteroplasmy load was significantly
associated with blood apolipoprotein B (ApoB) level (P = 1.33e-5 and 3.73e-6,
respectively), but not with other phenotypes. Because ApoB is a component of the
lipid transport system linked to cardiovascular disease risk [43-46], this suggested a

potential link between mtDNA integrity and physiological lipid regulation.

2.5 Discussion

In this study, we first identified mtDNA heteroplasmies in 1,511 generally healthy
women using PBMC whole genome sequencing data from the UK10K project
TwinsUK cohort, with an age range from 17-85 years of age. With 2% MAF cutoff,

we demonstrated that more than half of the individuals (52.5%) harbor at least one
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heteroplasmy in their mitochondrial genome, and on average each individual had ~0.9
heteroplasmy. Both the proportion of individuals harboring heteroplasmy and the
average heteroplasmy number per person (using the same MAF 2% cutoff) were lower
compared to our previous heteroplasmy study using sequencing data from the 1000
genome project, which utilized lymphoblastoid cell lines as source of DNA [8]. This
difference could be caused by the difference between the sources of biological
material: PMBCs versus cell lines. In cell line transformation, only a small proportion
of original cells are induced, hence the heteroplasmy identified in a cell line only
represents the heteroplasmy pattern for a few cells instead of the whole cell
populations [26]. Because the cell line and PBMC samples show big differences in
mtDNA characteristics (Figure 2-1), our study reinforces the notion that using DNA
directly extracted from human samples is ideal for studying the impact of aging on
mtDNA heteroplasmy and copy number. It is also important to point out that our
analysis is limited to PBMCs, which are a mixture of different cell types. Further
investigation of mtDNA characteristics in these different cell types and their
relationship with aging will enable a better understanding on how mtDNA changes
during aging.

We observed that heteroplasmy was not distributed uniformly across the
mitochondrial genome, and several regions had enriched heteroplasmy: 1. The control
region had the highest length normalized occurrence frequency; 2. Mutations located
in tRNA-Thr had high occurrence frequency in both heteroplasmy and homoplasmy;
3. Notably, the normalized occurrence frequency of heteroplasmy in the ND5 gene

was significantly higher than other protein coding genes, while the frequency of
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homoplasmy in ND5 was comparable to other genes. mtDNA mutations in the tRNA-
Thr and NDS5 regions have been reported to be implicated in diseases including Leigh
syndrome, mitochondrial myopathy, Parkinson’s disease and thyroid cancer [36]. The
high occurrence of mtDNA heteroplasmy in those regions may be a potential source of
future diseases or could reflect an underlying prodromal disease state that
independently promotes the accumulation of mtDNA defects.

Using CADD score as a measure of pathogenicity, we observed higher pathogenic
potential of mtDNA heteroplasmy compared to homoplasmy, although still lower than
disease-associated mutations. We further grouped heteroplasmies by their MAF, and
found that heteroplasmies with lower MAF were more pathogenic than the ones with
higher MAF, implying that the selective pressure on highly pathogenic heteroplasmies
could be stronger, which could occur during germline selection, and hence reduce
those heteroplasmies to low frequency. Due to mitochondrial threshold effects [47],
highly-pathogenic heteroplasmies can persist in healthy individuals at low frequency;
however, once they reach high frequency, they could potentially contribute to
mitochondrial dysfunction and further lead to the onset and/or progression of various
age-related diseases, as previously suggested [48-50].

It has been proposed that patients with mitochondrial diseases experience a
monoclonal expansion of a single deleterious mtDNA mutation (for example,

3243 A>G), whereas aging is associated with a mosaic of multiple low-level mtDNA
mutations accumulated during a lifetime [51]. mtDNA is replicated throughout the
lifetime of an individual, independent of cell cycle. Both inherited and de novo

mutations that emerged early in life could clonally expand to increase the
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heteroplasmy burden over time in a sub-population of cells. Several studies have
reported that the amount of mtDNA mutation increases with age in several human
tissues, including muscle, colon, putamen and heart [52-55]. Consistent with these
reports, we observed that the heteroplasmy burden was elevated in older individuals.
In the current sample, the absolute heteroplasmy number increased by 58.5% in
individuals over 70-years (mean age 74.04) compared to individuals under 40-years
(mean age 30.12). Meanwhile there was a trend for an increasing proportion of
nonsynonymous heteroplasmy in older individuals. Given that the individuals
involved in this study were generally healthy, it is possible that in aged individuals
with diseases, more pronounced increases of heteroplasmy burden and pathogenicity
would be observed. Future large-scale prospective studies should investigate the
relationship between mtDNA heteroplasmy, disease status, and mortality.

Besides mtDNA quality, mtDNA quantity has also been suspected to be influenced by
age. We estimated mtDNA copy number using WGS data, and found that mtDNA
copy number was negatively correlated with age. These age-related mtDNA copy
number changes were also reported in other studies. Wachsmuth et a/ suggested that
mtDNA copy number decreased with age in human muscle tissue [37] and Sahin et a/
found a similar decrease in mice and rats in myocardial, hepatic, and hematopoietic
cells [56, 57]. In measurements from whole blood, which are potentially confounded
by several factors, Mengel-From et al. also reported a decline of 5.4 copies per decade
of life in individuals above 48 years old [12].

However, no studies have investigated the effects of age on the two mitochondrial

characteristics simultaneously, as it is possible that age can affect mtDNA copy
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number through age-related heteroplasmy changes or vice versa. In this study, we
demonstrated that age could affect both mtDNA copy number and heteroplasmy.
Furthermore, compared to previous studies, we also included WBC count and platelet
count as covariates in the regression model to adjust for potential bias caused by blood
cell contaminations. Mitochondrial biogenesis has been proposed as a marker of many
age-related health outcomes or even the aging process itself [58]. Our results
suggested that both mtDNA heteroplasmy and copy number should be included to
establish this relationship. Mitochondrial mutations that occur early in life can clonally
expand to cause mitochondrial dysfunction and further contribute to aging through a
number of potential mechanisms including decreased oxidative capacity and energy
production capacity, but also nuclear signaling and transcriptional dysregulation [59-
63]. In addition, decreased mtDNA copy number may also lead to decreased energy
production and/or decreased mitochondrial gene expression [57, 64]. Maintaining both
mtDNA quality and quantity together may help to counteract or slow down the aging
process.

Our data are also consistent with the idea that mtDNA copy number and heteroplasmy
can influence each other. We observed a negative correlation between mtDNA copy
number and total number of heteroplasmies in an individual. In mitochondrial disease,
a compensatory increase in mtDNA copy number via mitochondrial biogenesis may
effectively compensate for heteroplasmic mtDNA mutations and mitochondrial
dysfunction [65-67]. Thus, the observed age-related copy number decrease may result
in a weaker copy number buffering effect during aging. In contrast, our results suggest

that mtDNA haplogroups and homoplasmic variants were not strongly associated with
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mtDNA copy number. Although haplogroup T2 has been reported to be associated
with higher mtDNA copy number [42], we did not observe this association in our
dataset. This may be caused by different sample sizes for this specific haplogroup. Our
data had 177 individuals belonging to T2 while the conclusions in the previous study
[42] only included 12 individuals. Another study suggested that haplogroup J had
higher copy number compared to haplogroup H [68]. However, neither Wachsmuth et
al [37] nor our data found this difference. It should be noted that our dataset only
included UK females of European descent. To identify potential haplogroup-related
effects on mtDNA copy number, further studies are needed to include a more
ethnically-diverse range of populations, with both men and women, and larger sample
sizes.

These age-related mitochondrial changes, combined with the fact that age is the main
risk factor of many diseases in the population [69], further directed us to investigate
mitochondrial associations with human physiological traits. After controlling for age,
we found that serum bicarbonate level and WBC count were significantly associated
with mtDNA copy number. The bicarbonate-carbon dioxide buffer system in blood
can influence the pH gradient across the inner membrane of mitochondria, and thus
may provide a link between systemic acid-base balance and regulation of
mitochondrial metabolism [70, 71]. It has also been reported that reducing muscle
hydrogen ion accumulation by sodium bicarbonate during running training was
associated with greater improvements in both mitochondrial mass and mitochondrial
respiration in rat models [72]. Our result is consistent with these reports and suggests a

potential interplay between the bicarbonate buffer system and mitochondrial
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biogenesis with aging.

WBC count is a well-established marker for inflammation [73, 74]. Its negative
correlation with mtDNA copy number indicated a potential change in mitochondrial
biogenesis during the immune response. Decreased peripheral blood mtDNA copy
number is observed in various diseases accompanied with inflammation, for example,
COPD was associated with decreased leukocyte mtDNA copy number [75] .
Decreased mtDNA copy number was also observed to be significantly associated with
adverse clinical outcomes in peritoneal dialysis patients [76]. Mitochondria play an
important role in inflammatory signaling; conversely, inflammation may also damage
mtDNA, promoting a vicious inflammatory cycle [77]. However, because WBCs are a
mixture of different immune cells, a change in the composition of different immune
cells, or all immune cell types undergo similar age-related changes in mtDNA copy
number, may both contribute to the decrease of mtDNA copy number detected here.
Further studies are needed to elucidate this observation. The link to specific pro- and
anti-inflammatory biomarkers will also be important to resolve.

Most heteroplasmic variants had very low frequency in the population, which limited
our ability to test for associations. Inspired by studies on nuclear DNA rare variants
[78, 79], instead of evaluating single variants, we aggregated heteroplasmic mutations
across the entire mitochondrial genome as a “heteroplasmy mutation load”, and tested
the association between this mutation load and different healthy traits. By applying the
SKAT algorithm, we found that mtDNA heteroplasmy load was significantly
associated with blood ApoB level independent of age. Mitochondria play a critical role

in fatty acid metabolism (eg, B-oxidation). Furthermore, ApoB is the main structural
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surface protein found on all beta-lipoproteins, which is important for lipid
transportation. The ApoB level is predictive for atherosclerosis [80], and the onset of
obesity is usually accompanied by overproduction of ApoB [81]. Our result suggests a
potential interaction between mitochondrial function and ApoB metabolism. It has
been reported that the suppression of the PPARa signaling pathway would result in
disrupted mitochondrial integrity and upregulated hepatic apoB gene expression at
both the transcriptional and translational level in liver [82], providing a potential
mechanism for how mitochondrial dysfunction is connected with ApoB metabolism.
Nonetheless, further studies are needed to elucidate this connection.

One limitation of our study is that all participates were female. Given sex differences
in mtDNA copy number measured in whole blood [24, 25, 83], our findings may not
be representative for both men and women. In a study of whole blood, mtDNA copy
number was previously reported to be associated with waist circumference and waist-
hip ratio, suggesting an association between mtDNA copy number and fat distribution
and lipid metabolism [25]. In our study, we did not observe these associations, which
could possibly be caused by sex differences, or by other confounding factors
(platelets, cell-free DNA, or other) in previous studies compared to purified leukocytes

in this study.

2.6 Conclusions

In conclusion, using WGS data from the UK10K project TwinsUK cohort, we
conducted, age has effects on both mtDNA heteroplasmy and copy number. Our

analyses reveal that mtDNA copy number is inversely correlated with heteroplasmy
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number, and associated with serum bicarbonate level and WBC count. Moreover,
heteroplasmy load is associated with blood ApoB level, suggesting future avenues for
research aimed at understanding the role of mitochondrial dysfunction in human
aging. Mitochondria play a central role in cellular energy metabolism and regulate a
broad range of cellular activities, and alterations of mtDNA sequence integrity and
copy number have been implicated in human disease. Therefore, it remains promising
to further investigate whether approaches to maintain mtDNA copy number and
manage the expansion of mtDNA heteroplasmic mutations could help improve health

status, especially in the elderly.
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Chapter 3 — Heteroplasmy concordance between mitochondrial DNA and RNA

3.1 Abstract

Mitochondrial DNA (mtDNA) heteroplasmies are associated with various diseases.
Recent studies suggested that heteroplasmic mutations have high prevalence even in
healthy individuals. However, the transmission of heteroplasmic variations from
mtDNA to mitochondrial RNA (mtRNA) are rarely studied. In this study, we
compared RNA sequences from 446 human lymphoblastoid cell lines to their
corresponding DNA sequence, where RNA sequencing data was retrieve from
Geuvadis RNA-seq project DNA sequencing data was from 1000 genome project. We
identified 2786 heteroplasmies presenting in both DNA and RNA at 1% minor allele
frequency (MAF) cutoff. The heteroplasmy frequencies were highly consistent
between DNA and RNA: in 93.7% of these heteroplasmies, the frequency difference
was less than 5%. We did not observe obvious negative selections for heteroplasmy
during the transcription, indicating that the potential pathogenic heteroplasmies in
DNA can be transcribed into RNA and may further cause deleterious consequences. In
addition, owing to the heteroplasmy frequencies consistency between DNA and RNA,
for future studies, RNA-seq data could be a potential source to infer mitochondrial
heteroplasmic variations. We also investigated RNA editing/modification events in
mitochondrial genome by investigating the heteroplasmies only observed in RNA. We
confirmed the previously reported RNA editing sites in our data set and further
identified novel editing/modification sites. Notably, we found RNA editing events are

more frequent in African population than European populations, suggesting a potential
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mitochondrial transcriptome regulatory transition during human out of Africa process.
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3.2 Introduction

The genetic information from DNA need to be transcribed to RNA and eventually
proteins to achieve biological functions. Therefore, the fidelity of the sequences
transmission from DNA to RNA is critical, since the inconsistency introduced during
the transcription process may contribute to genetic variations, further affect protein
synthesis and/or the gene expression level. In addition, post-transcription RNA
processing, such as RNA editing and modification, adds another layer of RNA
sequence diversity. Studies has shown that there is widespread RNA and DNA
differences (RDDs) in human nuclear genome [1, 2]. However, the knowledge of
mitochondrial RDDs is still limited.

Different from only two copies of nuclear DNA (nDNA), there can be hundreds to
thousands copies of mitochondrial DNA (mtDNA) existing within a single eukaryotic
cell. The nature of multiple copies of mtDNA and their highly variable sequences
make it possible that mutated mtDNA can co-exist with wild type mtDNA, which is
termed as heteroplasmy [3]. Recently, there are many studies to show that
mitochondrial heteroplasmic mutations are associated with broad spectrum of diseases
(Chapter 1) and the allele frequency of a deleterious mutation would be critical for its
pathogenicity [3-11]. Nevertheless, there are few studies to investigate the
transmission of mtDNA heteroplasmic variations to mitochondrial RNA (mtRNA).
Therefore, whether the mutated mtDNA and wild type mtDNA are transcribed
proportionally is largely unknown. Moreover, RNA editing/modification also play a
role of genetic regulation in many organisms [1]. However, these posttranscriptional

processing of mtRNA is still subject to more comprehensive investigations.
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Advances in sequencing technologies enable us to study heteroplasmy at single
nucleotide resolution. By comparing the sequence of mitochondrial RNA and DNA
from the same individual, we are able assess the RDDs in mitochondrial genome. In
this study, we comprehensively analyzed 446 pairs of RNA and DNA sequences from
human lymphoblastoid cell lines, which were a subset of individuals from 1000
genome project [12, 13]. We investigated whether the extensively existing
heteroplasmic variations in mtDNA were also observable in mtRNA, moreover,
whether the heteroplasmy frequency presented in RNA would keep consistent with
that in DNA. Generally, we found that most heteroplasmy frequency difference
between DNA and RNA were less than 5%. We also identified several potential
mtRNA editing sites in these populations and found that genes related to RNA

processing may contribute the individual variations of mtRNA modification/editing.

3.3 Methods

3.3.1 Data Retrieval and Pre-processing

DNA and RNA raw sequencing data was retrieved from 1000 Genome Project

(http://www.internationalgenome.org/data) and Geuvadis RNA Sequencing Project

(http://www.geuvadis.org/web/geuvadis/rnaseq-project), respectively. Totally, there

were 446 pairs of DNA and RNA sequences. To retrieve mtDNA candidates reads,
raw sequencing was first mapped to the mitochondrial genome. The mapped were then
re-mapped to the combined human genome, hg19 for the nuclear genome and the
revised Cambridge Reference Sequence (rCRS) for the mitochondrial genome with

bowtie2 [14]. To remove possible contaminations from nuclear mitochondrial
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sequence (NUMTs), we only retained reads which could be uniquely mapped to
mitochondrial genome. Retained reads were further processed with the GATK best
practice workflow, including Mark duplicates, Indel realignment, and Base quality
score recalibration steps [15]. The sequencing information for each mtDNA sites were

compiled with Samtools mpileup function [16].

3.3.2 Heteroplasmy identification and annotation

We first applied relative conservative criteria to identify heteroplasmies in DNA and
RNA sequencing data separately at 1% minor allele frequency cutoff. The criteria
were as followings: 1) Sequencing coverage > 200. 2) Minor allele frequency >= 1%.
3) Minor allele must be observed at least twice from each strand. We then integrate
heteroplasmy information from both sides to evaluate heteroplasmy concordance
between DNA and RNA. To avoid possible artifacts caused sequencing coverage, we
only consider sites with depth > 200 in both DNA and RNA data. The heteroplasmies
were grouped into the following categories: A heteroplasmy was grouped into
“Observed in both DNA and RNA” (BDR) if it met any of the followings: 1.
Identified as a heteroplasmy at 1% frequency cutoff in both DNA and RNA-seq data
of the same individual. 2. If identified as a heteroplasmy only in DNA-seq data, the
minor allele of this heteroplasmy needs had at least 3 sequencing reads to support in
the RNA-seq data from the same individual. 3. If identified as a heteroplasmy only in
RNA-seq data, the minor allele of this heteroplasmy needs had at least 3 sequencing
reads to support in the DNA-seq data from the same individual. Otherwise, a

heteroplasmy would be grouped into “Observed Only in DNA” (OD) and “Observed
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Only in RNA” (OR) groups if it was identified in either DNA or RNA data.
Heteroplasmies were annotated by customized scripts. Pathogenic potential of variants
was predicted using Combined Annotation-Dependent Depletion (CADD) score
(version 1.3) [17]. The disease associated mtDNA mutations were obtained from the

MITOMAP database [18].

3.3.3 Cell line culture and point heteroplasmy sequencing

Cell lines were purchased from Coriell Institute (https://www.coriell.org/). Cells were

grown at 37°C, 5% COa», in Roswell Park Memorial Institute Medium 1640 with 2mM
L-glutamine and 15% fetal bovine serum. Cells were split every 2-3 days and fresh
medium were replaced. Cells were collected at Day 0, 7, 14, 21 and 28, respectively.
DNA and RNA were extracted from collected cells simultaneously with RNeasy Plus
Mini Kit (Qiagen, catalog no.74134). RNA was reverse transcribed to cDNA with
SuperScript™ III First-Strand Synthesis System (Invitrogen, catalog number:
18080051). Heteroplasmy sites of interest were then PCR amplified and sequenced

using [llumina Miseq sequencing platform with pair-end 250 bp reads.

3.3.4 Genome wide association study to locate SNPs associated with editing events

SNPs from a list of 108 human RNA-binding and transcription-associated
mitochondrial genes [19] were included in the association study. Association testing
was performed with plink 1.9 [20] and the significance level was set at 7.8e-6 due to

multiple testing.

3.4 Result
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3.4.1 Identification of heteroplasmies using DNA and RNA sequencing data

Geuvadis RNA-seq Project [13] provided RNA-seq data for 446 individuals from a
variety of human populations (One African population, and four European descent
population). These individuals were a subset of 1000 Genome Project, thus the DNA-
seq data from the same individual could be retrieved from 1000 Genome Project
[12]. To investigate mitochondrial heteroplasmic variants, the sequencing reads were
first aligned to human reference genome hgl9, and after a series of quality control
steps, we retained high quality mitochondrial DNA sequencing reads for subsequent
mitochondrial heteroplasmy analysis(Methods). We examined two statistics of
mitochondrial genome alignment results: median sequencing coverage and average
cover rate of mitochondrial genome (Figure 3-1 A and B). The median sequencing
coverage of mtDNA and mtRNA were 2077 and 4557 for these samples, respectively.
The sequencing coverage of DNA was lower than that of RNA, but the distribution is
more uniform across the entire mitochondrial genome (Figure 3-1 C). It’s not
surprising that mtRNA has fluctuating coverage distribution, since the coverage was
highly affected by the gene expression level of each mitochondrial gene. The
mitochondrial genome cover rate was calculated as the percentage of mitochondrial
positions with sequencing coverage > 200. The average cover rates by DNA and
RNA-seq data were 99.76% and 97.09%, respectively. These sequencing coverage and
mitochondrial genome cover rate were sufficient to systemically investigate
heteroplasmy at 1% frequency cutoff.

The details of heteroplasmy identification procedure can be found in Methods part.

We first applied relative conservative criteria to call heteroplasmy in either DNA or
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Figure 3-1 mtDNA sequencing statistics in DNA and RNA seq data.

(A) The median sequencing coverage of mtDNA and mtRNA among the 446 samples.
(B) The mitochondrial genome cover rate by DNA and RNA seq data. (C) The
sequencing coverage across the entire mitochondrial genome in DNA and RNA,
respectively.
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RNA sequencing data at 1% minor allele frequency cutoff. We then integrated the
results from both DNA and RNA sides to separate heteroplasmies into “Observed in
both DNA and RNA” (BDR), ‘Observed Only in DNA” (OD) and “Observed Only in
RNA” (OR) groups (Methods). Totally, we identified 2786 heteroplasmies presenting
in both DNA and RNA, 219 only found in DNA and 682 only in RNA, respectively.
Consistent with previous studies [21], most of the heteroplasmies has low frequencies.
In DNA-seq data, 77.5% heteroplasmy has frequency < 5%, and 86.8% has frequency

<10%.

3.4.2 Compare heteroplasmy frequencies between DNA and RNA

According to the heteroplasmy threshold effects [22], heteroplasmy frequencies could
be determinant for the phenotypic variations. Therefore, whether the heteroplasmic
mutations in mtDNA can be transcribed into RNA proportionally could be important
to investigate. In these datasets, we compared the heteroplasmy frequency differences
between DNA and RNA. For each heteroplasmy in BDR group (Methods), we
computed its MAF in DNA, then computed the frequency of the same allele in RNA.
The frequency differences A were calculated as RNA-frequency minus DNA-
frequency (RNA-DNA). In general, the heteroplasmy frequencies were highly
consistent between DNA and RNA, 93.7% heteroplasmies had frequency difference <
5%, and 96.6% had frequency diftference < 10% (Figure 3-2), indicating that most of
the heteroplasmy information can be transmitted faithfully from DNA to RNA. We
also observed that some heteroplasmies had noticeable frequency difference from

DNA to RNA. One possible explanation for the heteroplasmies with high frequencies
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in DNA but low frequency in RNA (HDLR heteroplasmy), is that these mutations
were deleterious thus the mutation transmission from DNA to RNA are suppressed. To
test this hypothesis, we annotated the heteroplasmy with Combined Annotation
Dependent Depletion (CADD) scores [17] as a measurement of their pathogenic
potentials. We compared the CADD scores of HDLR heteroplasmies (DNA frequency
at least 5% greater than RNA frequency) to the rest of heteroplasmies. However, the
CADD scores of the HDLR heteroplasmies were not significantly higher (one-side t-
test, P value = 0.2276, Figure 3-3). We next tested whether the HDLR heteroplasmies
were more like to be diseases associated by chi-squared test, but the result was also
not significant (P value = 0.6877). In addition, we also identified 219 heteroplasmies
in OD group. We then tested whether the CADD scores of these heteroplasmies were
significantly higher than those of BDR group. The result was not significant (one-side
t-test, P value = 0.1). Thus, we didn’t find the evidence for negative selections of

heteroplasmy transmission from DNA to RNA.

3.4.3 RDDs could be caused by heteroplasmy dynamics

In this study, DNA and RNA mtDNA sequencing data were retrieved from two
different large-scale sequencing projects (1000 Genome Project and Geuvadis RNA-
seq Project), and the cell lines for extracting DNA or RNA were grown independently.
If the heteroplasmy frequencies could change during the cell growth and DNA and
RNA were extract at different time points, it was not surprising that we would observe
quite different heteroplasmy frequencies between DNA-seq and RNA-seq data (Figure

3-4). To test this hypothesis, we picked up five heteroplasmy sites with DNA-RNA
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Figure 3-4 RDDs could be caused by heteroplasmy dynamics

Cells used for DNA and RNA sequencing were cultured independently. At day 0, the
heteroplasmy frequencies of both cell cultures were m%. Cells for DNA sequencing
were grown for A days and the heteroplasmy frequency was changed to p% while
cells for RNA sequencing were grown for B days and heteroplasmy frequency was
changed to q%. In the sequencing data, the RNA-DNA heteroplasmy frequency
difference would be around q%-p%.
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frequency differences > 45% from the above analysis (Table 3-1). These
heteroplasmies belonged to two cell lines: GM 12282 and GM18934. We grew these
two cell lines for four consecutive weeks and extracted DNA and RNA simultaneously
from exact same cells every week to track the heteroplasmy frequency dynamics of the
five heteroplasmy sites (Methods). We observed striking frequency changes in three
of the five heteroplasmic sites, while the rest two also had mild frequency alterations
(Figure 3-5). For example, at heteroplasmy site 15153G>A, the frequencies of A allele
were 54.0% and 46.9% in DNA and RNA, respectively, at Day 0, and gradually
decreased in the later time points. In Day 28, they decreased to 2.1% (DNA) and 0.8%
(RNA).

These heteroplasmy sites were selected since they showed noticeable frequency
difference between DNA and RNA in the public available dataset (1000 Genome and
Geuvadis). However, in our experiment data, the heteroplasmy frequencies were
highly consistent between DNA and RNA at each time point (Figure 3-5). For
example, the heteroplasmy difference of 929A>G was 63.1% (DNA 79.8%, RNA
16.7%) in the public dataset. In contrast, the difference was only 1.1% (DNA 21.4%,
RNA 20.3%) at day 0 and 0.2% (0.5% DNA 0.3% RNA) at Day 28 in our experiment.
Taking these results together, the pronounced heteroplasmy frequency differences
observed from the public dataset might be artifacts caused by the dynamics of

heteroplasmy rather than real biological difference.

3.4.4 Potential modification/editing events in mitochondrial RNA

For the same individual, heteroplasmies observed in RNA but not DNA were

80



Table 3-1. examples of heteroplasmy with noticeable frequency difference between

DNA and RNA
Heteroplasmy
frequency Alternative Alternative
] mtDNA . .

Cell line Position Difference Ref frequency frequency Annotation

between DNA DNA RNA

and RNA

NA12282 929 63.1% A G79.8% G 16.7% 12S RNA
NA12282 5794 65.1% T C78.9% C13.8% tRNA-Cys
NA12282 15153 65.7% G A80.3% A 14.6% CYB (NS)
NA18934 5262 68.2% G C20.0% C 88.2% ND2 (NS)
NA18934 9984 47.8% G Al12.6% A 60.4% CO3 (9Y)
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Figure 3-5 Heteroplasmy frequency would change over time

Heteroplasmy frequency changes were tracked in 5 different sites in 2 cell lines. The
frequencies were gradually changing from day 0 to day 28, and keep consistent
between DNA and RNA.
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potentially caused by RNA posttranscriptional modification/editing. There are three
mitochondrial sites (295, 2617 and 13710) were found to be RDD sites in most
individuals [23, 24]. We first evaluated these three sites in our study dataset. To avoid
noise, for each site, we only included the individuals with sequencing coverage > 400
in both DNA and RNA data, and major allele is same as reference allele. Most of the
individuals has modification/editing at these three sites (Table 3-2), and the edited
allele frequency were varied from individual to individual (Figure 3-6).

Besides these three sites, there were another 472 heteroplasmies at 200 unique
mitochondrial sites were only observed in RNA (both DNA and RNA had sequencing
coverage > 400). Among these 472 heteroplasmies, 216 (45.7%) were observed in
YRI population, significant higher than expected (P value < 2.2e-16, Chi-square test,
Table 3-3). We also identified 6 sites have potential editing in more than 10
individuals. Among these sites, major of individuals were from YRI population.

If we divide all the individuals into with editing and without editing groups (183
individuals had 0 editing while 263 individuals have >=1 editing). If we compared the
gene expression level between these two groups, 1540 genes had p value < 0.05, and
372 genes had p value <0.01 (t-test). We did a GO term analysis for the genes with p
value < 0.01, and 174 genes can be mapped to GO biological processes. The top 1
GO term hit was “regulation of mRNA stability” (P value = 4.39¢-6). This functional
pathway may be associated with RNA editing process. Next, we performed a genome
wide association study (GWAS) for the two groups to see whether we could locate any
nuclear variations that may associated with the mitochondrial RNA

modification/editing. Because this dataset only had 446 individuals, to avoid the
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Table 3-2 Three previous reported mtRNA editing sites in this dataset

# of # ofindividuals has # of individuals has | Reference | Editing
individuals heteroplasmy at edited allele allele allele
passed filter given site frequency > 1%
295 319 2 306 C T
2617 445 0 445 A T,G,C
13710 445 0 326 A T,G
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Table 3-3 mtRNA editing events number identified in the study population

Population CEU FIN GBR TSI YRI
# of individuals 89 92 87 91 387
Total editingevents 40 79 51 86 216

Editing at 2129 6 16 15 12 28
Editing at 5746 4 7 3 4 26
Editing at 12146 7 9 6 10 7
Editing at 6691 3 6 5 4 13
Editing at 4104 0 0 0 0 19
Editing at 296 1 1 0 1 10
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statistical power issue, we only screened SNPs on a list of 108 human RNA-binding
and transcription-associated mitochondrial genes [19]. Totally, 6405 variants were
tested, and the significance level was set to 7.8e-6. We located a significant SNP on
homo sapiens transcription factor B2 gene, which may contribute to mitochondrial

RNA posttranscription process.

3.5 Discussion

The sequence information transmission from DNA to RNA is critical for cell’s
function. There are several studies reported widespread DNA/RNA sequence
disconcordance in human nuclear genome. Li et al. uncovered that more 10,000 exonic
sites were inconsistent between DNA and RNA in human B cells resulted from RNA
editing [1]. Park et al. further studied that the A-to-I RNA editing sites may play a
mechanistic role in linking genetic variation to complex traits and diseases [2]. RNA-
DNA differences were also identified in mitochondrial. The first reported
mitochondrial RDD sites were 295 (C>U), 13710 (A>U and A>G) and 2617 (A>U
and A>Q) [23]. Hodgkinson et al. found that mitochondrial tRNA posttranscriptional
modification may affect cellular energy production [24]. They later reported that
variation of mitochondrial RNA processing between normal and tumor tissues may
impact cancer patient survival outcomes [25]. However, these studies only focused on
the RNA editing caused RDDs. The information about heteroplasmy transcription
fidelity were still overlooked. In this study, by comparing the genomic and
transcriptomic data from 446 human lymphoblastoid cell lines, we identified 2786

heteroplasmies presented in both DNA and RNA, 472 only observed in RNA (except
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the 3 common RNA editing sites) and 219 only observed in DNA. Therefore, most of
heteroplasmy observed at DNA level can be transcribed into RNA. Moreover, the
frequency of heteroplasmies could keep consistent from DNA to RNA. For the sites
with noticeable heteroplasmy frequency differences, we experimentally verified that
these were artifacts caused by heteroplasmy dynamics (heteroplasmy dynamics would
be discussed in more detail in next chapter). Our result suggested that there might be
limited negative selection in the mitochondrial transcription step, thus the pathogenic
mutations were likely to be transmitted to RNA and further lead to deleterious
consequence. Due to the sequencing cost, public available RNA sequencing dataset
were much richer than whole genome sequencing data. Our study also provided the
import guidance that RNA sequencing data could be a potential source for
mitochondrial variation data mining.

Using these paired DNA and RNA sequencing data, we also confirmed the three
common mtRNA editing sites were observable in most the individuals. Consistent
with previous studies, we found that the modification/editing levels were high variable
in the population. The editing level could be regulated by nuclear DNA. For example,
Hodgkinson et al reported that the methylation level of mitochondrial tRNA p9 sites
were significantly driven by a missense mutation in MRPP3 gene [24]. We also
located a SNP in TFB2M gene to be associated with mtRNA modification/editing.
TFB2M gene can dimethylate mitochondrial 12S rRNA [26]. TFB2M is also required
by the transcription machinery of mitochondrial DNA, probably via its interaction
with mitochondrial RNA polymerase POLRMT and TFAM [27, 28] and can stimulate

transcription independently of the methyltransferase activity [29]. Notably, the
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mtRNA modification/editing events were more common in African population than
the other four European populations. The mtDNA transcript expression pattern were
also found to be distinct in African population [30]. These unique features of mtRNA
in African population suggested that a transition of regulatory of mtRNA may happen

in ancient human population and populate later as human left Africa.
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Chapter 4 - Mitochondrial DNA heteroplasmy dynamics causes global gene

expression changes.

4.1 Introduction

The term heteroplasmy specify a condition that a mixture of mutant mitochondrial
DNA (mtDNA) and wild type mtDNA presenting in the same cell due to the
multiploid nature of mtDNA [1]. The ratio of mutated mtDNA (heteroplasmy
frequency) can vary from 0% to 100%. For the pathogenic mutations, in many cases,
the phenotypic manifestation occurs only when the heteroplasmy frequency reaches a
certain level, which is the so-called “heteroplasmy phenotypic threshold effects” [2].
Therefore, the frequency of a given heteroplasmy could be very critical for its
pathogenicity. Moreover, the heteroplasmy frequency can vary from tissue to tissue
within a same individual and even vary from cell to cell in a same tissue, making its
pathogenicity more complicated [3]. mtDNA is replicated constantly through the
lifetime and is independent of the cell cycle, therefore, it is possible that the frequency
of an existing heteroplasmic mutation could gradually change after multiple rounds of
replications.

The dynamics of heteroplasmy has been reported for the most common pathogenic
mtDNA mutation 3243 A>G. Several clinical studies showed that 3243A>G
heteroplasmy frequency would decrease slightly overtime [4, 5]. Rajasimha et al.
collected clinical data with multiple heteroplasmy frequency measurements of same
individuals to established a model to simulate the changes of heteroplasmy frequency

[6]. Raap et al. used 3243 A>G cybrid cells to study the segregation of the mutated
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mtDNA, and provided possible explanations for the shifts of heteroplasmy frequency.
In this study, we tracked the frequency changes of three heteroplasmies in a human B-
lymphoblastoid cell line which all had high frequencies at experiment starting point.
We observed that the frequencies of all the three heteroplasmies shifted dramatically
in only 28 days. We then speculated that these noticeable heteroplasmy frequency
changes could have some effects on the cellular functions. As a measurement, we
performed RNA sequencing for the cells at 5 different time points (with different
heteroplasmy frequencies). The RNA-seq results suggested that there was a global

gene expression change with respect to different heteroplasmy frequencies.

4.2 Material and Methods

4.2.1 Cell culture and single heteroplasmy site sequencing

Cell lines were purchased from Coriell Institute (https://www.coriell.org/). Cells were
grown at 37°C, 5% CQO2, in Roswell Park Memorial Institute Medium 1640 with 2mM
L-glutamine and 15% fetal bovine serum. Cells were split every 2-3 days and fresh
medium were replaced. Cells were collected at Day 0, 7, 14, 21 and 28, respectively.
RNA was extracted from collected cells with RNeasy Plus Mini Kit (Qiagen, catalog
n0.74134). RNA was reverse transcribed to cDNA with SuperScript™ III First-Strand

Synthesis System (Invitrogen, catalog number: 18080051).

4.2.2 RNA sequencing and bioinformatics analysis

Total RNA was extracted from each time point and sequencing libraries were

generated with KAPA stranded mRNA-Seq kit (catalog number: KK8420). Libraries
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were sequenced by Illumina Hiseq 2500 platform with single end 50bp reads. Adapter
were trimmed from raw data with Trimmomatic [7]. The trimmed reads were aligned
to human reference genome hg19 with STAR [8]. The number of reads mapped to
each gene were counted by HTSeq [9] and DESeq?2 [10] were used to evaluate the
differentially expressed genes. Heteroplasmies were identified from RNA-seq data as

described in Chapter 3.

4.2.3 Simulation of mtDNA segregation

The model to simulate heteroplasmy dynamics were simplified with a few
assumptions for mtDNA segregation: 1) the mtDNA copy number of each cell is fixed
at 1000. 2) The heteroplasmy frequency (the fraction of mutated copy) at starting point
was f. 3) For each generation, a new set of 1000 mtDNA copies was replicated, the
mutated copy number followed a binomial distribution with p equals to f*fit, where fit
was the selection coefficient of mutated copies, if there was no selection, fit = 1; if
there was positive selection, fit > 1; if there was negative selection, fit < 1. 4) During
segregation, the old 1000 mtDNA copies were mixed with newly replicated mtDNA
copies, then they were randomly distributed into two daughter cells with same copy
number. We also had several assumptions for cell growing: 1) The cell doubling time
was 24h. 2) There were 200,000 cells at starting point. 3) For every 2 generations, a
quarter of the cells were randomly sampled and used for the subsequent experiment. 4)

The cells were grown for 30 days (equivalent to 30 generations).

4.3 Results
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4.3.1 Heteroplasmy frequency can change over time

The dynamics of heteroplasmy frequency has been observed and discussed in several
studies previously [4-6, 11, 12]. Unlike nDNA, mtDNA is continuously replicated and
destructed even in post-mitotic cells. In a cell harboring heteroplasmy, the mutated
molecule might be replicated more frequently or less frequently. Hence, after multiple
replications, this can result in a recognizable heteroplasmy frequency change. In this
study, we grew a B-lymphoblastoid cell line (GM12282) with three heteroplasmies for
28 days and extracted DNA and RNA simultaneously every 7 days to track the
frequency changes of three heteroplasmies. The minor allele frequencies of the three
heteroplasmies at the starting point (Day 0) were as followings: 929A>G (G frequency
15.8%), 5794T>C (C frequency 43.5%) and 15153G>A (A frequency 48.3%). The
frequency would refer to the non-reference allele frequency in the following
discussions. In the following 4 check points (Day 7, 14, 21 and 28), for all the three
heteroplasmies, the frequencies decreased consistently. At Day 28, the frequencies
were 0.2%, 0.6% and 0.8%, respectively. The frequency of minor alleles shifted to

very low levels in the cells (Table 4-1, Figure 4-1).

4.3.2 Heteroplasmy frequency changes can affect gene expression profiles

There were three heteroplasmies identified in the studying cell line GM12282. One
located at 1285 ribosomal RNA (929A>Q), one located at tRNA-Cys (5794T>C) and
the third one was a nonsynonymous mutation in CYB gene (15153G>A). The
frequencies of these three heteroplasmies were all gradually changing during the 28

growing days (Figure 4-1). To confirm that these frequency shifts were reproducible,
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Table 4-1. Heteroplasmy frequency changes during 28 days in cell line GM12282 in

two replicate experiments

Heteroplasmy Day 0 Day 7 Day 14 Day 21 Day 28
Site

929 (G)rep 1 15.8% 11.1% 3.3% 0.7% 0.2%
929 (G) rep 2 12.9% 6.4% 3.1% 0% 0.6%
5794 (C)rep 1 43.5% 38.3% 11.4% 2.9% 0.8%
5794 (C)rep2  39.2% 24.4% 10.2% 0% 2.7%
15153 (A)rep 1  48.3% 32.6% 11.3% 2.5% 0.8%
15153 (A)rep2  42.2% 23.5% 11.0% 0% 3.5%
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Figure 4-1 Heteroplasmy frequency changes during 28 days in the study cell line.

There were three heteroplasmies in GM 12282 cell line. During the cell culture
process, the heteroplasmy frequencies were gradually decreasing in all three
heteroplasmies in two independent replicates experiments.
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we repeated this growing experiment, and found that the general pattern of frequency
changes of the three heteroplasmy sites were comparable to the first experiment (Table
4-1). According to the heteroplasmy threshold theory [13], the frequencies of a
specific heteroplasmy may affect its functional impacts to the mitochondria and
further to the cell function. To investigate the influence of these observed
heteroplasmy dynamics, we analyzed the gene expression profiles of the study cell line
with respect to different heteroplasmy frequencies at each time point. We first
compared the gene expressions between high frequency and low frequency conditions.
Repeat 1 at Day 0 and repeat 2 at Day 0 were used as high frequency replicates while
repeat 1 at Day 28 and repeat 2 at Day 21 were used as low frequency replicates since
they had relative similar frequency at each heteroplasmies site (Table 4-1). After
multiple tests correction, there were 424 genes differentially expressed between these
two heteroplasmy conditions (Methods). Among them, 242 genes were up-regulated
while the other 182 genes were down-regulated. Gene ontology (GO) classified
significant enrichment of genes in several catalogs (Table 4-2, Table 4-3). The up-
regulated genes were enriched in immune response, and the down-regulated genes also
showed some enrichment in immune related terms for instance, platelet activation. The
top 3 down regulated genes were IGHV3-21, IGLV2-23 and IGKV4-1, and the top 3
up regulated genes were TMEM176A, TMEM176B and IL1R2. These genes were
also closed related to cells immune functions.

We next evaluated the expression levels of genes related to cellular energy production.
We first compare the expression level of the 13 mtDNA encoded genes at five time

points (Figure 4-2). The expression levels were stable for these genes, and the
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Table 4-2. Upregulated genes GO enrichment

Go Term Fold Enrichment P Value Adjusted P
Value
immune response 4.34655 1.81E-06 0.002072
Extracellular region 2.238271 1.05E-05 0.001927
Extracellular space 2.369543 1.40E-05 0.001277
Cytokine activity 5.957439 4.64E-05 0.013691
Desmosome 21.45009 7.68E-05 0.004675
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Table 4-3. Downregulated genes GO enrichment

Go Term Fold Enrichment P Value Adjusted P
Value
Plasma membrane 2.0013 7.13E-09 1.76E-06
Focal adhesion 4762932 7.47E-06 9.22E-04
Extracellular exosome 1.940198 2.52E-05 0.00207
Platelet activation 8.464776 4.34E-05 0.046459
Hepatocyte 48.67246 6.11E-05 0.03292

differentiation
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Figure 4-2 The expression profile of the 13 mtDNA protein encoding genes in 28
growing days.
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fluctuation was with 2 folds. For gene CYB, where one of the heteroplasmies located,
the expression level also kept consistent over the 5 time points. These observations
indicated that the heteroplasmy frequency changes did not affect the expression
mtDNA genes directly. We then did the similar comparisons for citric acid cycle
(TCA cycle) and glycolysis related genes (Figure 4-3, Figure 4-4). While most of the
genes had stable expression, we also found several genes with consistent and
significant expression changes. For example, PCK1 gene expression gradually
increased and the expression at day 28 was ~6.9 fold of that at day 0, suggesting that
the heteroplasmy frequency could influence the cellular metabolisms.

To confirm that these transcriptional changes were not caused the cell growth process,
we grew another cell line (GM12751) in parallel, and evaluated the gene expression
changes between Day 0 and Day 28. For the differentially expressed gene identified
from above analysis, we did not observe similar changes in this cell line, which
suggested that these transcriptional alterations were caused by the heteroplasmy

changes rather than the cell growing process.

4.3.3 In-silico simulation of heteroplasmy changes

To help explain the heteroplasmy frequency changes we observed from this study, we
ran several simulations of mtDNA segregations during cell line growth to model the
heteroplasmy dynamics. Using the simplified model (Methods), we simulated the
heteroplasmy dynamics with different selection coefficient of mutation (Figure 4-5).
From the simulation we could see that the complete neutral mtDNA heteroplasmies

could keep a stable frequency over time, while slight negative selection or positive
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Figure 4-5 Heteroplasmy frequency changes from simulation results.

The number in the title of each block represents the selection coefficient of the
mutation (fit). When there is not any selection (fit = 1), the heteroplasmy frequency
will stay stable; when there is positive selection (fit > 1), the heteroplasmy frequency
gradually increase over time; when there is negative selection (fit < 1), the
heteroplasmy frequency gradually decreases.
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selection could efficiently purify or enrich the mutations.

4.4 Discussion

mtDNA heteroplasmy had considerable prevalence even in general healthy population
and most of the heteroplasmies stayed at low frequency status [14, 15]. The
deleterious heteroplasmies among them, once reached high frequency, could be a
potential source of mitochondrial dysfunction. Therefore, it could be important to
investigate the dynamics of heteroplasmy frequency. The changes of heteroplasmy
frequencies were reported in previous studies [4, 5]. In this study, in two independent
growing experiments, we observed that heteroplasmy frequency can change as much
as ~48% in only 28 days. This observation providing the experiment evidence that low
frequency heteroplasmies can eventually reach a high frequency and may further make
impacts for the cell functions.

We then examined the transcriptome changes with respect to different heteroplasmy
frequencies. We detected a group of genes with significant expression changes at
different heteroplasmy frequencies. Through GO analyzed, we found these genes were
enriched in immune related terms. Considering that the cells we used in this study was
B-lymphoblastoid cells, this result suggested that heteroplasmy frequency changes
could affect the specified cell functions. Human cell line is widely used for many
biological studies. Our results suggested mtDNA heteroplasmy frequency changes
could introduce potential noise to the cell line studies, which is overlooked previously.
In the future studies, it could be important to adjust the confounding effects caused by

heteroplasmy dynamics.
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We also did in-silico simulation of mtDNA segregation to model the heteroplasmy
frequency dynamics during the cell line growth. We found that, without any selection
pressure, the heteroplasmy frequency would keep stable during the cell growth, while
very little disturbance can result in substantial changes in heteroplasmy frequencies.
These in-silico simulation results, together with the experiment observations, indicated
that the mtDNA mutations were subjected to the negative selections during cell line

growing process.
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Chapter 5 — Very Short Mitochondrial DNA Fragments and Heteroplasmy in

Human Plasma 3

5.1 Abstract

Cell free DNA (cfDNA) has received increasing attention and has been studied in a
broad range of clinical conditions implicating inflammation, cancer, and aging.
However, few studies have focused on mitochondrial DNA (mtDNA) in the cell free
form. We optimized DNA 1isolation and next-generation sequencing library
preparation protocols to better retain short DNA fragments from plasma, and applied
these optimized methods to plasma samples from patients with sepsis. Our methods
can retain substantially shorter DNA fragments than the standard method, resulting in
an average of 11.5-fold increase in short DNA fragments yield (DNA < 100bp). We
report that cf-mtDNA in plasma is highly enriched in short-size cfDNA (30 ~ 60 bp).
Motivated by this unique size distribution, we size-selected short cfDNA fragments
from the sequencing library, which further increased the mtDNA recovery rate by an
average of 10.4-fold. We then detected mixtures of different mtDNA sequences,
termed heteroplasmy, in plasma from 3 patients. In one patient who previously
received bone marrow transplantation, different minor allele frequencies were
observed between plasma and leukocyte at heteroplasmic mtDNA sites, consistent
with mixed-tissue origin for plasma DNA. This study is the first report of genome-

wide identification of mtDNA heteroplasmy in human plasma.

3 Published on Scientific Reports. Ruoyu Zhang and Kiichi Nakahira contribute equally to this work.
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5.2 Introduction

Circulating cell free (cfDNA) has been proposed as a universal diagnostic and
monitoring biomarker for many clinical applications, including cancer monitoring,
prenatal diagnosis, and transplantation allograft rejection [1-3]. Although a number of
the current studies investigating ctDNA have focused on cell free nuclear DNA
(nDNA) in plasma, emerging evidence suggests that cell free mtDNA (cf-mtDNA) is
also involved in disease progression. For instance, elevated cf-mtDNA concentrations
have been observed in various diseases such as breast cancer, stroke, and myocardial
infarction [4-6]. Furthermore, clinical reports have shown that the release of mtDNA
into plasma is involved in immune responses [7], and increase with aging [8],
suggesting that cf-mtDNA may serve as a biomarker to monitor disease onset and/or
progression.

Although the origin of cf-mtDNA remains unclear, it has been suggested that mtDNA
is released from apoptotic cells or necrotic cells [9, 10]. Interestingly cf-mtDNA levels
are not always correlated with cf-nDNA levels in certain pathological conditions such
as cancer [11], implying that cf-mtDNA may provide its unique patho-physiological
information distinct from nDNA. It has been well reported that the size distribution of
cf nDNA peaks at around 167 bp, suggesting cf nDNA may bind to histones and
circulate as intact nucleosomes in blood [12]. Unlike nDNA, mtDNA lacks the
protection of histones, making it more vulnerable to degradation [13], and possibly
causing cf-mtDNA fragments to be shorter than cf nDNA. Ellinger et. al. [14],
demonstrated that the levels of circulating mtDNA fragments (79 bp and 220 bp) were

higher in patients with testicular germ cell cancer, compared to the control subjects.

110



Importantly the diagnostic information (e.g., receiver operator characteristic (ROC)
curve analysis) of 79 bp mtDNA fragments was relatively higher than that of 220 bp
mtDNA fragments (REF), implying the importance of short fragment cf-mtDNA in
human diseases. However, until now cf-mtDNA has been not fully characterized yet.
Next generation sequencing makes it possible to measure the length of individual
plasma DNA fragments at single nucleotide resolution. Using this sequence technique,
Lo et al [13] showed that the size peak of plasma cf-mtDNA is ~140 bp, shorter than
that of the predominant nDNA molecules in plasma (~167 bp). However, their
strategy for cf-mtDNA size profiling was still technically limited by standard DNA
library preparation methods [15], which contain several purification steps with poor
recovery rates for short DNA fragment (<100 bp). In addition to measuring the length
distribution of cf-mtDNA, deep sequencing also allows us to assess cf-mtDNA
variants, including heteroplasmy. Heteroplasmy is defined as the coexistence of
different mtDNA sequences within an individual, and has been reported to be
implicated in various human diseases [16-18]. While heteroplasmy patterns have been
well studied in different organs or tissues [19-21], their prevalence in cell free format
remain unknown.

In this study, we optimized plasma DNA isolation and library preparation protocols in
order to retain short DNA fragments. By our optimized protocol, we recovered
substantially shorter DNA fragments than reported in previous studies, yielding a
more comprehensive size profile of plasma DNA. Our results indicate that the average
length of cf-mtDNA is much shorter than previously reported[13]. We further

improved the recovery rate of cf-mtDNA by size selecting short DNA fragments in the
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sequencing library. Using this strategy in combination with massive parallel
sequencing, we investigated heteroplasmy patterns in cf-mtDNA and detected
heteroplasmy in 3 individuals’ cf-mtDNA. Interestingly, further investigation
indicated that one individual who had bone marrow transplantation (BMT) previously
was likely to have both donor and recipient-specific DNA in plasma. We observed
very different heteroplasmy patterns between white blood cell (WBC) and plasma in
this individual, which may indicate that cf-mtDNA originates from a mixture of
different organs. Thus, heteroplasmy in cf-mtDNA may have the potential to provide

information on patients’ disease status.

5.3 Materials and Methods

5.3.1 Clinical sample collection and plasma processing

Blood samples were collected from sepsis patients registered in The New York
Presbyterian-Weill Cornell Medicine Hospital Research Registry and Human Sample
Repository for the study of the Biology of Critical Illness (Weill Cornell Medicine
Biobank of Critical Illness (WCM BoCl)). WCMC BoCl is an ongoing registry that
collects demographic and clinical information, and blood specimens from patients
admitted into the medical intensive care unit (MICU). WCM BoCl is approved by
Weill Cornell Medicine Institutional Review Board (IRB) and is carried out in
"accordance" with IRB protocol #1405015116. All adults (age 18 and older) admitted
to the MICU are considered for enrollment. The presence of any of the following
excludes a patient from study enrollment: 1) Subjects with mental handicaps. 2)

Subjects who are unable to provide consent directly and for whom an appropriate legal
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representative cannot be found to provide consent. 3) Subjects who have previously
indicated that they do not wish to be enrolled in this study, (e.g. during a prior
admission to the MICU). 4) Subjects admitted to the MICU purely to facilitate
comfort care and weaning of medical intervention at end of life. 5) Subjects who are
Jehovah’s witnesses or are otherwise unable or unwilling to receive blood transfusions
during hospitalization. 6) Subjects with a hemoglobin level of less than 7 g/dL upon
admission to the MICU or subjects with rare blood groups, or other antigens that
might require minimization of blood draws. 7) Subjects with active bleeding at the
time of MICU admission with hemoglobin levels less than 8 g/dL and subjects
suffering from acute myocardial infarction with hemoglobin levels less than 8 g/dL.
Written informed consent consistent with the research purposes in this proposal is
obtained from all of the subjects prior to study procedures. Sepsis was identified
according to the 2001 SCCM/ESICM/ACCP/ATS/SIS International Sepsis Definitions
Conference guidelines [22]. Blood samples were drawn and transferred into EDTA-
coated blood collection tubes within 24 h of study inclusion as previously described
[23-25] processed within 4 h after venipuncture, and was and stored at —80°C. 50 ul of
plasma was then mixed with 170 ul of sterile PBS, followed by brief vortex. The
diluted plasma was centrifuged at 700g at 4°C for 5 min, and the supernatant (210 pl)
was carefully saved by avoiding touching any pellets and the bottom of the tubes with
pipette tips. The obtained supernatant was further centrifuged at 18,000g at 4°C for 15
min, and the resulting supernatant (200 pl) was carefully saved. Contamination of
cells, cell debris, or pellets into supernatant might lead to a significant change of the

results [24].
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5.3.2 Library preparation for plasma DNA

The obtained plasma samples were processed for DNA isolation using an optimization
of a previously published standard method [24]. In the standard method: DNA was
extracted by DNeasy Blood and Tissue Kit (No. 69504; Qiagen), and indexed DNA
libraries were prepared as described in [15], using the following steps: 1) End repair.
i1) Adenine tailing. 1i1) Adaptor ligation. iv) Library amplification. DNA was purified
by 1.5X SPRI beads after each step. For our optimized method: DNA was extracted by
QIAamp DSP DNA Blood Mini Kit (No. 61104; Qiagen). DNA libraries were
prepared by KAPA Hyper Prep Kits (No. KK8502; Kapa), using the following steps:
1) End repair and adenine tailing combined in a single step. i1) Proceeded directly to
adaptor ligation. ii1) Adaptor ligated DNA was purified by 1.5X SPRI beads and
amplified by indexed primers. For size selection to enrich mtDNA fragments in the
library, the library was size selected from 150 to 190 bp by Pippin electrophoresis
(Sage Sciences Blue Pippen). Libraries were sequenced by the Illumina Hiseq

platform with paired-end read lengths of 150 bp.

5.3.3 Library preparation for white blood cell DNA

DNA from white blood cell was isolated by QIAamp DSP DNA Blood Mini Kit (No.
61104; Qiagen). . MtDNA was amplified as two 9 kb long amplicons (primer
sequence: Pairl Forward: 5’-GATATCATAGCTCAGACCATACC-3’; Reverse: 5°-
CCACATCACTCGAGACGTAAAT-3". Pair2: 5°-
CTGCTGGCATCACTATACTACTA-3’; Reverse: 5’-

GATGTGTAGGAAGAGGCAGATAAA-3’.) and the PCR products were mixed with
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equimolar ratio. Indexed sequencing libraries were prepared by Nextera XT DNA
library preparation kit (Illumina, FC-131-1024). Libraries were sequenced by the

[llumina Hiseq and Miseq platform with paired-end reads.

5.3.4 Analysis workflow for Next-Generation Sequencing data

Raw sequencing reads were trimmed by Trimmomatic [26] to remove adaptor
sequence. Cleaned reads were then mapped to hg19 human reference sequence with
rCRS mitochondrial reference genome by bowtie2 [27]. PCR duplicates were removed
with Picard (http://picard.sourceforge.net.). Read pairs with proper orientation,
mapping quality > 20, and mismatches less than 5% of trimmed read length were
retained for downstream analysis. DNA fragment length was inferred from the
coordinates of the nucleotides at the end of each pair of reads.

Nuclear mitochondrial DNA segments (NUMTSs) in nuclear genome might be
mismapped to mitochondrial genome and counted as mtDNA reads. To minimize the
effect of NUMTs, reads mapped to mitochondrial genome were remapped to the hg19
reference genome, and we only retained reads that uniquely mapped to the

mitochondrial genome for downstream analysis.

5.3.5 Heteroplasmy identification for white blood cell and plasma

Sequencing data for each position of mtDNA was extracted by Samtools mpileup [28],
bases were further filtered by sequencing quality (>=20). Heteroplasmy in WBC was
defined with following criteria: 1) Sequencing coverage > 400. ii) Minor allele

frequency >= 1%. 1i1) Minor allele frequency is no less than 0.6% for both strands, and
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minor allele frequency at both strands is not significantly different (chi-square test).
Heteroplasmy criteria are loosed for plasma DNA due to relative low coverage: 1)
Sequencing coverage > 50. i1) Minor allele counts >=4. iii) Observed at least once in
both strands.

To minimize the false positive heteroplasimes introduced by sequencing error, we
applied a maximum likelihood based algorithm to take the sequencing quality at each
base in each sequence read into account [20, 21]. At an interested heteroplasimic site,
if there were | bases with major alleles and k bases with minor alleles, and the
probability of sequencing error corresponding to the sequencing quality of each base

was ¢gj, the likelihood function of the major allele frequency f can be derived as:

(=TT =Pe+ra-e) [T (- a-)+ fe)

f can be estimated by heteroplasmic model (fiet) and homoplasmic model (fhomo)

respectively, and log likelihood ratio of these two models can be calculated as
LLR =log(L( ﬁet) / L( fhomo)). LLR > 5 indicates a high confidence heteroplasmy

(false positive rate < 10-5). We confirmed that heteroplasmy identified from previous
step all had LLR scores > 5.

The strength of a heteroplasmy signal at an mtDNA site may be different between
WBC and plasma, due to different mapping criteria. In order to compare heteroplasmy
at same sites between WBC and plasma, we defined “heteroplasmy in both WBC and
plasma” by the following criteria: i) LLR score > 5 in either WBC or plasma. ii) Major

and minor alleles need present in both WBC and plasma. ii1) Minor allele count >= 2.
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1v) Minor allele count >= 1 on both strands. Otherwise, the heteroplasmy would be

considered as only in WBC or only in plasma.

5.3.6 Haplotype Analysis

For both WBC and plasma, we constructed two consensus mtDNA sequences, one
covering the major alleles at heteroplasmic sites, the other covering minor alleles. We
then sent two sequences to HaploGrep [29] to classify haplogroups. The resulting
haplogroups were denoted as major allele haplogroup and minor allele haplogroup

respectively.

5.3.7 Data Access

Sequencing data have been archived in the National Center for Biotechnology

Information Gene Expression Omnibus under accession number GSE81178.

5.4 Results

5.4.1 Plasma mtDNA has a distinct size distribution compared to nDNA

While most of recent plasma DNA extraction methods are column-based, in part due
to the need for processing a large number of human samples, short DNA fragment
recovery rates are limited. In addition, current standard library preparation protocols
include several purification steps with either SPRI beads or columns, which also has
poor short DNA fragment recovery rate [30]. Therefore, although these methods are
widely used in a range of applications, they are unlikely to capture the complete

cfDNA size profile. To circumvent these issues, we optimized these steps in order to
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better preserve short fragments (Figure 5-1): First, we used QlAamp DSP DNA Blood
Mini Kit for DNA extraction from plasma, which we verified was able to retain DNA
fragments as short as 50 bp (Figure 5-2). Second, to avoid any further purification
steps before sequencing adaptor ligation, we combined end-repair and dA tailing steps
in a single reaction, and then proceeded directly to the adaptor ligation reaction. We
also avoided the size selection step which is used in current protocols to remove
adapter-dimers, since this may introduce some arbitrary elimination of DNA
fragments. To validate the improvement of our optimized methods, we also extract
DNA by DNeasy Blood and Tissue Kit and performed standard sequencing library
preparation on same plasma sample as a comparison (Figure 5-1).

Pair-end sequencing was used to accurately measure the length of each individual
DNA fragment. Adaptor sequences were trimmed by Trimmomatic [26] prior to
alignment. Trimmed reads were aligned against the human reference genome hgl9,
with mitochondrial reference rCRS, using bowtie2 [27]. DNA fragment lengths were
determined by the paired-end read alignment coordinates. Seven samples were
processed by both optimized and standard methods. Compared to the standard method,
our optimized method preserved many shorter DNA fragments; the proportion of
DNA fragment <100 bp was 19.05% by the optimized method, but only 1.77% by the
standard method. Figure 5-3 shows the fragment length distribution of mtDNA and
nDNA in both methods. Although by the standard method, cf-mtDNA (Figure 5-3B
blue line) already shows a left-shifted peak (around 90 bp), our optimized protocol
revealed that cf-mtDNA (red line) has a length peak at around 42 bp, much shorter

than previously reported [13]. nDNA has a peak at 167 bp (Figure 5-3C), consistent
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Figure 5-1. Comparison of the standard method and optimized method.

The optimized method has the following improvements: 1. using a DNA isolation kit
which can better preserve short DNA fragments 2. combined end repair and dA tailing
in a single step, avoiding purification before sequencing adaptor ligation. Black box
indicates potential short DNA fragment loss during each step in the standard method.
The optimized method produces a 2.41 to 17.88-fold increased in mtDNA
concentration. The optimized method can further involve size selection of the ligated
library product to enrich mtDNA.
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Figure 5-2. Relative recovery rate of DNA fragments with different lengths

Relative recovery rate of DNA fragments with different lengths (recovery rate of 150
bp DNA set as 1). QlAamp has better performance than DNeasy for short DNA

fragments (<50 bp).
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Figure 5-3. Plasma DNA size distribution.

(A) The size distribution of all DNA fragments in plasma. Optimized method and
standard method were indicated in red line and blue line respectively. Both methods
showed a sharp peak at ~ 166-167 bp; in optimized method, 23.2% DNA fragments
have length shorter than 100 bp. while in standard method, there was only 1.7% DNA
fragments <100 bp. (B) The size distribution of plasma mtDNA. The length of
mtDNA peaks at 42 bp in our optimized method, and only small fraction of mtDNA
had length greater than 100 bp. In standard method, mtDNA length was also shorter
than nDNA, but the size peak was ~90 bp, much longer than our optimized method.
(C) The size distribution of the nuclear DNA in plasma. The size peak was at ~ 166-
167 bp, which was consistent with previous reports [12].
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with previous studies [12, 13]. In addition, we noticed that by our optimized method,
nDNA fragments also had a flat peak for shorter fragments around 77 bp (Figure 5-3C
red line), which has not been found in previous studies (Figure 5-3C blue line). These
results suggest that some nDNA also lacks histone protection, resulting in their

degradation and shorter length distribution.

5.4.2 ct-mtDNA recovery rate is improved by new method

We then compared the mtDNA concentration for the same individual resulting from
the optimized and standard methods. We calculated the mtDNA concentration as the
ratio of mtDNA reads to the total number of sequenced reads which can be mapped to

the human genome.

mtDNA reads number
Total mapped reads number

mtDNA fractional concentration =

The improvement of the mtDNA recovery rate was shown in Table 5-1. The fractional
concentration of mtDNA in plasma increased by 2.41 to 17.88-fold among different
individuals (Table 5-1). Previously, mtDNA was reported to make up about 0.003% in
the plasma cfDNA in hepatocellular carcinoma patients[13]. We obtained a similar
average mtDNA concentration of 0.0098% using the standard method. However, in
our optimized method, the average mtDNA fractional concentration increased to
0.1428%. These results showed that our optimized method can recover more mtDNA,

and thus estimate mtDNA fractional concentration in plasma much more accurately
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Table 5-1. mtDNA fractional concentration by different approaches

mtDNA concentration (%)

Fold increase in mtDNA yield

Optimized (Optimized  (Optimized
Standard  Optimized  Method | Optimized/  with Size  with Size
v Method Method with Size | Standard  Selection)/  Selection) /
Selection Optimized  Standard
1 0.00332  0.02114 0.17842 6.36 8.44 53.73
2 0.00307  0.01428 0.05366 4.65 3.76 17.49
17 0.00543  0.01310 0.15901 2.41 12.14 29.27
42 0.05152  0.92133 2.75686 17.88 2.99 53.51
69 0.00188  0.00688 0.10392 3.66 15.10 55.27
78 0.00114  0.01044 0.14689 9.16 14.07 128.93
93 0.00237  0.01256 0.20437 5.30 16.27 86.29
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than previous approaches.

5.4.3 Size selection further improves cell free mitochondrial DNA recover rate

While each cell has two copies of nuclear genome, there are hundreds to thousands of
mtDNA copies in a typical human cell. Mutations can be present in all mtDNA copies
(homoplasmy) or only exist in a proportion of mtDNA (heteroplasmy). Few studies
have investigated mtDNA heteroplasmy in plasma due to the extremely low
concentration of plasma mtDNA.

Unlike total genomic DNA extracted from cells, plasma DNA is fragmented, therefore
it’s difficult to enrich plasma mtDNA by PCR. Since we have discovered that the size
distributions for cf-mtDNA and nDNA are different (Figure 5-3), we then attempted to
use this feature to recover more mtDNA reads. We calculated cf-mtDNA
concentration in a series of size intervals by the sliding window strategy. Fig 3 showed
that mtDNA fractional concentration varied dramatically in different size intervals,
peaking at 43 bp, mtDNA with 0.8%. This number was 10 times higher than the
mtDNA concentration across all size range (0.07%). We then size selected DNA
molecules (with the ligated sequencing adaptors) between 150 to 190 bp including the
ligated sequencing adaptors (corresponding to a DNA insert size of 30 to 60 bp) from
the sequencing library in order to increase mtDNA concentration (Figure 5-4, blue
dash lines).

Our optimized experiment protocols for library preparation improved the mtDNA
recovery rate many-fold (Table 5-1). By size selection, we were able to further

increase mtDNA concentration by another 2.99 to 16.27-fold from results without size
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Figure 5-4. mtDNA fractional concentration in different size windows.

In plasma, most of mtDNA exists as short fragments, while the majority of nDNA has
larger length. mtDNA thus has relatively high fractional concentration in short size
ranges. Blue dashed lines indicate the size region between 30 bp to 60 bp, where
mtDNA has highest concentration. Therefore, size selection for plasma DNA from this
size region produces substantial enrichment of mtDNA.
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selection. Compared to the standard method, the overall fold increase is from 17.49 to
128.93 fold for different individuals (Table 5-1). This improvement of mtDNA

recovery rate made it feasible to assess cf-mtDNA heteroplsamy.

5.4.4 mtDNA heteroplasmy in plasma

Plasma cfDNA can be a mixture of DNA released from different origins origins (cell
types, tissues or organs). In healthy individuals, plasma cfDNA can be derived from
hematopoietic cell lineages [9, 10], but in disease contexts, multiple organs may be
damaged and release cfDNA. Furthermore, since heteroplasmy frequencies can vary
from cells to cells and tissues to tissues within the same individual [19], we suggest
that the distribution mtDNA heteroplasmy in plasma can be informative to infer the
tissue origins of cfDNA, and from this can inter patients’ disease status.

However, as we indicated above, even with our improved methods, mtDNA only
comprises a very small fraction of the total cfDNA in plasma, potentially making it
very costly to retrieve enough sequencing reads to estimate heteroplasmy.
Nevertheless, by using both our optimized method and size selection, we were able to
evaluate heteroplasmy in 3 individuals, (ID: 1, 42, 93, average sequencing coverage
35.9, 503.8, 45.3 respectively). We also sequenced mtDNA in WBC and identified
heteroplasmy in these three individuals for comparison (see Methods). Because the
sequencing coverage for plasma was lower than WBC, we used less stringent criteria
to identify heteroplasmy in plasma (total coverage >= 40, overall minor allele

count >= 4, minor allele count >=1 on each strand).

In patient #1 and 93, we did not identify any heteroplasmy in their WBC using 1%
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frequency cutoff (see Methods), while we found that patient #1 had heteroplasmy at
mtDNA position 11836 and patient 93 had heteroplasmy at position 16111 in their
plasma (Table 5-2). We then manually inspected sequencing details for these
heteroplasmy positions in WBC. We found that the minor alleles were indeed
presenting but were filtered out because they did not pass the 1% frequency threshold
(0.46% and 0.26% respectively). Although the minor allele signals were weaker than
those in plasma, we still considered these heteroplasmy were in both sides (see criteria
in Methods). We then compared minor allele frequencies between plasma and WBC.
The frequencies were 7.1% and 6.9% in plasma, but were lower than 0.5% in WBC
(Table 5-2), indicating heteroplasmy pattern can be different between plasma and
WBC.

In patient #42, we identified 12 heteroplasmy in plasma and WBC. Among them, 8
were commonly presented in both WBC and plasma, and 3 were presented in WBC
and 1 in plasma (Table 5-3, Table 5-4, Table 5-5). Similar as patient #1 and 93, we
also observed different heterolasmy patterns between WBC and plasma. For example,
we only observed T (100%) at position 72 in WBC, but we observed high frequency
of C alleles in plasma (15.2%). Interestingly, C allele has been shown to be very
frequently observed in liver and kidney at this position [19]. Moreover, we noticed
among these common 8§ heteroplasmy sites, 7 of them had different major alleles
between WBC and plasma. For instance, at position 207, major allele was G in plasma
(98.9%, with 1.1% A), but in WBC, major allele was A (96.8% with 3.2%G). These
differences may indicate that cf-mtDNA is released from multiple tissues and each

tissue may contribute to different proportion of cfDNA in plasma. The heteroplasmy
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Table 5-2. mtDNA heteroplasmy in patient 1, 93

Frequency Frequency
ID Position  Type Depth Allelel Allele2
of Allelel of Allele2
Plasma 56 92.9% 7.1%
1 11836 A G
Cell 3714 99.54% 0.46%
Plasma 58 93.10% 6.90%
93 16111 T C
Cell 2663 99.74% 0.26%
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Table 5-3. mtDNA heteroplasmy present in both WBC and plasma in patient 42

Frequency Frequency
Position Type Depth Allelel Allele2
of Allelel of Allele2
Plasma 481 2.1% 97.9%
186 T G
Cell 2325 0.13% 99.87%
Plasma 335 1.8% 98.2%
207 A G
Cell 2040 96.8% 3.2%
Plasma 46 19.6% 80.4%
8425 A G
Cell 3352 99.9% 0.1%
Plasma 193 92.7% 7.3%
12127 A G
Cell 5602 0.4% 99.6%
Plasma 709 0.3% 99.7%
13708 A G
Cell 2015 96.7% 3.2%
Plasma 870 0.7% 99.2%
14364 A G
Cell 4353 95.6% 4.4%
Plasma 264 17.0% 83.0%
16126 T C
Cell 7077 99.8% 0.2%
Plasma 157 72.0% 27.4%
16129 A G
Cell 6878 1.2% 98.7%
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Table 5-4. mtDNA heteroplasmy present only in WBC in patient 42

Frequency Frequency
Position Type Depth Allelel Allele2
of Allelel of Allele2
Plasma 452 100% 0%
477 T C
Cell 942 96.1%% 3.9%
Plasma 865 0% 100%
3010 A G
Cell 7087 2.2%% 97.8%
Plasma 667 0% 100%
14350 T C
Cell 4788 2.5% 97.5%
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Table 5-5. mtDNA heteroplasmy present only in plasma in patient 42

Frequency Frequency
Position Type Depth Allelel Allele2
of Allelel of Allele2
Plasma 1199 84.8% 15.1%
72 T C
Cell 2325 100% 0%
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difference between plasma and WBC could be caused by bone marrow
transplantation.

Interestingly, the medical record indicated that patient #42 had allogeneic BMT due to
hematological malignancy. Thus, plasma cfDNA in this patient could be derived from
either the recipient’s’ or donor’s cells/tissues. To analyze the mtDNA haplogroup of
this patient, we constructed two consensus sequences, covering either the major and
minor alleles at heteroplasmic sites (see Methods). The haplogroup analysis showed
that the major allele haplogroups of WBC and plasma DNA were H18 and H2,
respectively. One possible explanation for this difference is that WBC and plasma
DNA were derived from different subjects (i.e., either the BMT recipient or donor). In
addition, the minor allele haplogroup of plasma mtDNA was H18, suggesting a

proportion of plasma DNA may be released from WBC.

5.5 Discussion

cf-mtDNA has great potential to serve as a biomarker in various clinical situations. A
number of studies have used real-time PCR to show that circulating cf-mtDNA 1is
elevated in various disease conditions. However, our results indicate that these
methods are not capable of detecting the majority of mtDNA molecules in plasma due
to their ultra-short length. In this study, we optimized DNA isolation and library
preparation protocols in order to preserve short DNA fragments in plasma. We
verified that optimized method was able to capture short DNA fragments (<100 bp),
and we found that mtDNA has a very short length in plasma, peaking at 42 bp, which

1s much shorter than previously reported [13]. Our optimized protocol can increase
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mtDNA recovery rate by as much as 19 fold. Compared to real-time PCR based
methods, our method can quantify mtDNA content in plasma much more accurately.
The endosymbiont hypothesis suggested that the mitochondrion evolved from a
bacterial progenitor [31], therefore mtDNA contains bacterial specific sequence motifs
[32, 33]. Thus, the release of mtDNA into the circulation may cause severe immune
consequences, especially when the release is enhanced in specific disease conditions.
For example, mtDNA has been shown to increase in fluids in joints of patients with
rheumatoid arthritis, and induce inflammation in vivo [34]. Furthermore, liver and
kidney which may be responsible for eliminating circulating cf DNA are often
damaged in critically illness such as sepsis due to systemic inflammation or infection
[35, 36]. Such organ dysfunction can further lead to leveraged DNA releasing. Thus
plasma mtDNA would be a better indicator of overall mtDNA status than WBC
mtDNA. Nonetheless, few studies have been conducted to evaluate mtDNA
heteroplasmy in the cell free form. One technical difficulty is the ultra-low
concentration of mtDNA in plasma as well as its unique size distribution. By size
selecting short fragments from the DNA sequencing library, we were be able to further
enrich mtDNA by up to >100 fold compared to standard methods, enabling us to
investigate cf-mtDNA heteroplasmy in three patients.

We observed different heteroplasmy patterns between WBC and plasma in all three
patients. Most of the heteroplasmic positions have different allele frequencies between
WBC and plasma. In patient #42 who had previously received BMT therapy, 7 out of
12 heteroplasmic positions even had flipped major alleles between WBC and plasma.

In general, high doses of chemotherapy and/or radiation are given to patients who plan
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to receive BMT in order to destroy cancer cells or the defective bone marrow (BM) of
the patients. Therefore, after BMT the recipient’s new BM is mostly replaced with the
donor’s, implying that DNA in newly generated WBC of the patients (the recipient) is
likely to be the same as the donor’s. However, in some cases the recipient’s tumor
cells can survive and remain in the BM even after radiation and chemotherapy, which
may lead to co-existence of WBC derived from BM of both the recipient and donor.
Taken this into consideration, it is not surprising that we observed different
haplogroups for WBC and plasma cf-mtDNA. In addition, although the frequencies
were relatively low, we could still detect WBC-derived allele in plasma mtDNA,
which could be donor-derived mtDNA. mtDNA provides a valuable tool to identify
DNA origins, since the high number of nucleotide polymorphisms in mtDNA can
allow discrimination between the donor and recipient. cf-mtDNA has not been deeply
studied in transplantation medicine yet, but our results suggest that mtDNA has great
potential in monitoring allograft health.

Another possible explanation for this inconsistent heteroplasmy between plasma and
WBC is that plasma DNA is a mixture of DNA released from different organs or cell
types. For example, it has been reported that high levels of heteroplasmy are observed
at position 72 in liver and kidney, moderate levels in skeletal muscle, but low levels in
all other tissues [19]. In our analysis, the heteroplasmic C allele at position 72 showed
a 15.4% frequency in patient #42, and we found that this patient had acute kidney
injury when the plasma sample was collected. It is possible that more mtDNA may
have been released from the damaged kidneys, contributing to the high level of the C

allele in the plasma. This result suggests that patterns of heteroplasmy in plasma can
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be used to infer cell death in specific tissues or organs, providing more information
about patients’ disease status.

Our study characterized certain properties of plasma mtDNA, which will give inform
future plasma DNA studies. Using our optimized experimental protocols, the mtDNA
concentration in plasma can be measured more accurately, which can be applied to
study changes in plasma mtDNA concentrations in a wide range of diseases such as
cancer, stroke and cardiovascular diseases. We also showed that plasma mtDNA can
provide information on heteroplasmy that cannot be provided by a single cell type,
which can be extended to infer the tissue origins of ctDNA under specific disease

conditions, and provide more information about patients’ disease status.
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Chapter 6 AFTERWORD

My graduate research focused on using next generation sequencing technology to
identify mtDNA mutations, especially heteroplasmic mutations in human subjects, and
to further investigate the implications of these variants in human diseases or/and their
potential to serve as biomarkers in different medical conditions. My research provided
some evidence for the association of mtDNA mutations with human diseases, and
suggested that increasing knowledge of mitochondria and mtDNA can provide new
opportunities for disease prevention and diagnosis. The potential applications and
future follow-up studies of my research projects are discussed below.

Project 1: Independent impacts of aging on mitochondrial DNA quantity and quality
in humans

This is a data mining project using the public available dataset from the UK10K
project. It has been known that the dysfunction of mitochondria is a hallmark of aging.
Inherited mtDNA mutations, or the depletion of mtDNA within cells, are major causes
of human diseases, demonstrating that mtDNA integrity as well as its cellular content
are critical for proper mitochondrial function. Evidence from small studies indicates
that both mtDNA integrity and content may decrease with age, and that this may be a
harbinger of the aging process in humans. In particular, spontaneous mtDNA
mutations present at low levels, and which coexist with wild-type mtDNA copies (i.e.,
heteroplasmy) may alter cellular function in synergistic or independent ways. In this
project, we analyzed whole genome sequencing data of 1,511 women with healthy
phenotypic data from the UK10K project, and reported for the first time an

independent effect of age on mtDNA heteroplasmy and copy number. Our results
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demonstrate that aging is independently associated with high mtDNA mutation burden
and lower copy number.

One limitation of this study is that we do not have data for both male and female
subjects, so our findings may not be representative for both genders, given that there
are some differences in the energy usage between males and females, and the primary
function of mitochondria is in energy production. Follow-up studies including both
genders are needed to generalize our findings.

Our results also suggested that maintenance of mtDNA copy number and managing
the expansion of mtDNA heteroplasmic mutations could help improve health status,
especially in the elderly. Future studies are required to identify genetic, behavioral and
environmental factors that can prevent or accelerate age-related changes in mtDNA
quality and quantity.

Project 2: mtDNA heteroplasmy concordance between DNA and RNA, and the effect
of heteroplasmy dynamics on gene expression.

In this project, we first conducted data mining on paired DNA and RNA sequencing
data of cell lines from the 1000 genomes project. Our results suggested that most
heteroplasmies presenting in mtDNA can be transcribed to mtRNA, and their
frequencies stayed consistent between DNA and RNA. This is one of the first studies
to show the concordance of heteroplasmies, and it also showed that the RNA
sequencing could be used as a data source to investigate mtDNA heteroplasmy.
Meanwhile, we suspected that the heteroplasmies with big frequency difference
between DNA and RNA could be artifacts caused by heteroplasmy dynamics. We then

experimentally tested this hypothesis. Our data indicated that the heteroplasmy
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frequencies could change very quickly during the cell culture process, and this may
have substantial effects on cellular functions. Therefore, heteroplasmy dynamics could
introduce some confounding factors in cell line based studies.

In this study, we used gene expression profiles to study the disturbance of
heteroplasmy dynamics. We are now collaborating with Dr. Nakahira from Weill
Cornell Medical School to replicate this experiment and perform more measurements
to assess mitochondrial functions under different heteroplasmy status, such as reactive
oxygen species (ROS) levels, mitochondrial membrane potential and cell viability. In
addition, the heteroplasmies we investigated here were not reported in disease patients
from previous studies. The dynamics of confirmed pathogenic mtDNA heteroplasmies
should be investigated in future studies.

Project 3: Very Short Mitochondrial DNA Fragments and Heteroplasmy in Human
Plasma

In this project, we developed a method to sequence mtDNA from plasma, integrating
an improved experimental procedure and computational workflow. This study
provided the first experimental evidence that mtDNA heteroplasmy was detectable in
plasma cell-free DNA, and therefore had the potential to serve as a biomarker for
disease diagnosis and monitoring, which could have promising applications in several
fields such as cancer and transplantation medicine.

Although we successfully identified mtDNA heteroplasmies from the plasma sample,
the sequencing cost for the current approach is still very high, making it infeasible for
large scale studies. Follow-up optimization, including development of novel targeted

sequencing methods, is necessary for future studies. Case control studies with large
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sample sizes are also needed to locate the potential marker mtDNA mutations under

different medical conditions.
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