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Point mutations, deletions, and duplications of mitochondrial DNA (mtDNA) can
cause mitochondrial disease and are associated with Parkinson’s disease and ageing.
Cells from patients with mitochondrial disease often contain a mixture of mutant and
wild type mtDNA, a state termed heteroplasmy. A heteroplasmic cell can maintain
normal respiratory function until the proportion of mutant mtDNA reaches a critical
threshold, above which respiratory decline is exhibited. The study of pathological
mtDNA mutations has been aided by the development of cybrid cell lines. A cybrid is
created by fusion of an enucleated cell to an immortal cell depleted of its mtDNA.
Cybrids enable the study of mtDNA mutations in a controlled nuclear background.
Previous studies have found that the proportion of mutant mtDNA can increase or
decrease depending on the nuclear background in a phenomenon termed biased
segregation. In the case of the m.3243A>G point mutation, which can cause
mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes, the
proportion of mutant mtDNA was found to increase in a sub-population of 143B
osteosarcoma cells,

whereas it

decreased

in

a sub-population

of

A549

adenocarcinoma cells.
The NCBI Gene Expression Omnibus is a database for global gene expression data
and includes datasets for cell lines studied in the context of biased mtDNA
segregation. These datasets were curated and utilised for global expression analysis in
an effort to identify a molecular basis for biased segregation of mtDNA. Comparison
of datasets from A549 cells with datasets from cell lines known to select at least one
form of mutant mtDNA revealed enrichment for transcripts linked to the endoplasmic
reticulum (ER) stress response in A549 cells. Stimulation of the ER stress response
with 2-deoxy-D-glucose (2DG) reduced the proportion of mutant mtDNA in multiple
clones and populations of A549 cybrid cells, whereas stable heteroplasmy persisted in
replica cells cultured without 2DG.

1

A549 cybrids do not represent a homogenous population as only a fraction select WT
mtDNA. Detailed analysis of datasets from A549 cells revealed they could be divided
into two sub-populations characterised by differential expression of PPARGC1A, a
key regulator of mitochondrial biogenesis. Moreover, PPARGC1A expression was
associated with genesets linked to the ER stress response.
Mapping of the ER stress response to an unbiased architecture of the cell derived
from NCBI GEO revealed enrichment for the stimulation of innate immunity and the
interferon-response. However, interferon treatment inhibited the spontaneous
reduction in the proportion of mutant mtDNA in an A549 cybrid clone. Global
expression analysis of interferon treated primary human hepatocytes revealed marked
down-regulation of PPARGC1A with interferon treatment. Taken together, these
results suggest that a 2DG-stimulated ER stress response can promote segregation to
wild-type mtDNA in adenocarcinoma cells; however this behaviour is contingent on
other factors, which might include elevated PPARGC1A expression.
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Glossary
ρ0 cell: A cell devoid of mtDNA
A549↑: A549 microarray datasets in which expression of PPARGC1A is high.
A549↓: A549 microarray datasets in which expression of PPARGC1A is low.
Clone C4: HEK293T m.3243A>G cybrid Clone C4
HepG2: Human hepatoma cell line
HT1080: Human fibrosarcoma cell line
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Introduction

Mitochondria are membrane-enclosed cellular organelles whose primary function is
adenosine triphosphate (ATP) synthesis via oxidative phosphorylation. Mitochondria
generate ATP using an electron transport chain (ETC) that couples electron flow to
proton pumping, establishing a proton-motive force that drives production of ATP.
The ETC consists of four protein complexes (Complex I-IV), which through
sequential redox reactions undergo conformational changes that pump protons across
the inner mitochondrial membrane into the intermembrane space. NAD+ and FAD are
reduced in the matrix by the tricarboxylic acid cycle and donate electrons to
Complexes I and II respectively, whilst molecular oxygen serves as the terminal
electron acceptor at Complex IV. The proton gradient generated by Complex I-IV is
utilised by the F-ATP synthase (Complex V), which couples dissipation of the
gradient to phosphorylation of adenosine diphosphate (ADP) to generate ATP (Figure
1.1 B). The quantity of ATP generated for each glucose substrate by aerobic oxidative
phosphorylation is 19-fold higher than anaerobic glycolysis.
Mitochondria are dynamic organelles that undergo continual cycles of fission and
fusion in proliferating cells1. Fission is mediated in part by Drp12 and Fis13 and
occurs at points of endoplasmic reticulum (ER) contact4. Fusion is mediated in part by
Opa15 and Mfn1/26,7. Mitochondrial morphology is linked to multiple cellular
processes including the G1-S transition of the cell cycle8 and autophagy9, whose
stimulation converts mitochondria from isolated fragments to a ‘hyper-fused’
network.
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Figure 1.1. A schematic of human mtDNA (A) and the ETC (B) (Schon et al., 2012).

This network may contribute to energy distribution, with mitochondrial branches
acting as power transmitting ‘cables’10. In contrast, apoptotic stimuli promote
conversion of mitochondria to isolated fragments11.
According to the endosymbiotic theory, mitochondria are descended from αproteobacteria engulfed by a eukaryotic progenitor and stably maintained as an
endosymbioant12. Subsequently, most genes were transferred from α-proteobacteria to
the nucleus of the host, now expressed in the cytoplasm and imported in to the
mitochondria via protein translocases of the outer and inner mitochondrial
8

membranes13,14. Despite the transfer, mitochondria stubbornly maintain an
independent genome of 16569 base pairs (bp) termed mitochondrial DNA
(mtDNA)15. MtDNA encodes 13 proteins critical to the functioning of the ETC,
aswell as 22 tRNAs and two rRNAs required for their expression in mitochondria
(Figure 1.1 A). MtDNA and nuclear encoded proteins combine to form ‘mosaic’
respiratory chain complexes (Figure 1.1 B). MtDNA is inherited exclusively from the
mother in humans16 and most multicellular organisms17. Maternal mtDNA inheritance
has been proposed to optimise ‘Mitonuclear match’ of respiratory chain subunits,
minimising mtDNA heteroplasmy (a mixture of mtDNA haplotypes) to enable
selection of mtDNA haplotypes that combine optimally with nuclear-encoded
subunits to maximise respiratory function18.
Considerable resources are required to maintain a second genetic system for the
synthesis of a mere 13 proteins, suggesting there is a strong selection pressure to
maintain these genes in mitochondria. One hypothesis is that mtDNA is an
evolutionary relic. Mitochondrial DNA may be maintained because some
mitochondrial proteins are too hydrophobic for import into the organelle. This is
supported by the fact that all genes encoded by mtDNA are hydrophobic, cytochrome
c oxidase subunit I and cytochrome b, which have never transferred to the nucleus
during evolution are highly hydrophobic19 and that mitochondrial import of
apocytochrome b expressed in the cytoplasm is limited by the number of hydrophobic
transmembrane helices in yeast20. An alternative hypothesis is that mtDNA is retained
for evolutionary advantage. Mitochondrial DNA may serve as a long-term redox
damage sensor, with cumulative mutation serving as a proxy for bioenergetic and
genomic competence in cell lineages21. At a critical mutation threshold, mtDNA is
proposed to initiate retrograde signalling to the nucleus in order to trigger anterograde
protective and cell death pathways. This serves to select the energetically ‘fittest’ cells
and remove cells that compromise the survival of the organism.
Mitochondrial DNA replication proceeds via a mechanism, distinct from bacterial
chromosome and nuclear DNA replication, in which leading strand synthesis proceeds
two-thirds of the way around the molecule before lagging strand synthesis initiates22.
During the delay between initiation of leading- and lagging- strand synthesis, it was
9

Figure 1.2. A mtDNA replication model. Replication initiates at the origin of replication
(OR) and leading strand synthesis proceeds with concurrent incorporation of RNA on the
lagging strand. At some point lagging strand synthesis initiates (frequently OL) and RNA is
replaced or converted to DNA (Holt and Reyes., 2012).

long-believed that the lagging strand remained single stranded23, yet later analyses of
replication intermediates detected only duplex molecules24-26. Treatment of replication
intermediates with RNaseH, which degrades RNA/DNA hybrid, generated extensive
single stranded regions indicating that mtDNA replication intermediates contain long
stretches of RNA/DNA hybrid. Further analysis of replication intermediates
suggested that during leading strand synthesis, RNA derived from preformed
transcripts, is incorporated throughout the lagging strand and is later replaced by
DNA (Figure 1.2)

26,27

. However, a minority of mtDNA replication intermediates are

resistant to both RNase H and single strand nuclease and can be enriched under
specific experimental conditions28,29. This suggests that an alternative replication
mechanism generating duplex DNA may operate in some circumstances.
Many pathological rearrangements of mtDNA contain a deletion junction with a
residual direct repeat, which may form via replication slippage30. Such
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rearrangements are thankfully rare in human populations and RNA incorporation on
the lagging strand template may be important to minimise their occurrence31, since
exposing direct repeats as single stranded DNA increases the frequency of deletion in
bacterial plasmids32. Alternatively, incorporation of RNA could reduce the risk of
DNA damage imposed by the formation of single stranded DNA required during
conventional DNA replication, by obviating the need to loop out the lagging strand
for Okazaki fragment synthesis31. Moreover, without RNA on the lagging strand,
repairing single-strand DNA breaks would be problematic. Lastly, incorporated RNA
might inhibit mitochondrial transcription on actively replicating mitochondrial DNA
molecules to prevent the deleterious consequences of collisions between replication
and transcription complexes33.
Human cells in culture each maintain 1000-5000 copies of mtDNA packaged into
nucleoprotein complexes called nucleoids. Earlier reports determined that each
nuceloid contains 2-10 copies of mtDNA34,35,36, but a recent study utilising superresolution microscopy revealed that the nucleoid frequently contains only a single
copy of mtDNA (mean of ~1.4 mtDNA molecules per nucleoid)37. Nucleoid proteins
are encoded by the nucleus and protect mtDNA from reactive oxygen species (ROS)
generated by the ETC, regulate mtDNA expression and ensure faithful replication and
maintenance of mtDNA38. A major nucleoid component is the DNA-binding protein
Tfam, which according to a report is expressed at levels sufficient to coat the entire
mitochondrial genome39. Tfam expression correlates with mtDNA copy number40,
and is required for both mtDNA transcription and replication41.
Another protein associated with mitochondrial nucleoids is ATAD3. ATAD3A,
ATAD3B and ATAD3C are three adjacent nuclear genes that presumably arose from
gene duplication events and specify very similar proteins, although expression of
ATAD3C has not been observed. Several findings suggest that ATAD3A and
ATAD3B might be involved in nucleoid formation or segregation. The N-terminal
region of ATAD3B has a marked preference for binding synthetic displacement loops
(D-loops), similar to those found in a triple stranded segment of the major noncoding
region (NCR) of mtDNA40. Both proteins localise to a sub-population of nucleoids
and simultaneous silencing of both genes reduces the number of protein dependent
mtDNA multimers, whilst having a modest impact on mtDNA copy number42.
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A549 adenocarcinoma (A549) cells express no ATAD3B and lower levels of
ATAD3A than 143B osteosarcoma (143B) cells and have larger and fewer
nucleoids43. Furthermore, ATAD3 had been observed to form ‘filaments’ between
nucleoids43.
MtDNA is dependent on the nucleus for its maintenance and replication; therefore
mitochondrial disease may arise from mutations in either the mitochondrial or the
nuclear genomes44. Point mutations, deletion and duplication of the mtDNA have
been reported45-47. Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like
episodes (MELAS) is one of the most prominent mitochondrial diseases, frequently
caused by an adenine to guanine point mutation in the mitochondrial tRNALeu(UUR)
gene at bp 324348. Mutation at m.3243 reduces tRNALeu(UUR) aminoacylation49,
causing a mitochondrial translation defect that manifests in patients as severe
respiratory chain activity deficiency, with complexes I and IV the most affected50.
MtDNA deletions may occur de novo51 or as a consequence of primary mutations in
nuclear genes including POLG, TWINKLE and ANT1, which cause autosomal
dominant progressive external ophthalmoplegia52. Nuclear mutations may also cause
gross mtDNA depletion, respiratory chain subunit deficiency or defects in iron or
coenzyme Q metabolism52.
Cells from patients with mtDNA mutations causing mitochondrial disease often
contain a mixture of mutant and wild type (WT) mtDNA, a state termed
heteroplasmy. A heteroplasmic cell can maintain normal ETC function until the
proportion of mutant mtDNA exceeds a critical threshold. Above this threshold, ETC
activity rapidly declines, which can be identified by reduced cytochrome c oxidase
activity in muscle53-55. In myotubes from patients with myoclonus epilepsy and
ragged red fibers (MERFF), carrying an adenine to guanine mutation at nucleotide
position 8344 in the tRNALys gene, COX activity remained at normal levels up to 85%
mutant mtDNA53, above which a marked decline was exhibited.
Mutation of mtDNA is associated with Parkinson’s disease (PD), an age-associated
neurodegenerative disease characterised by degeneration and accumulation of COX
deficient dopaminergic neurons in the substantia nigra56. High levels of deleted
mtDNA accumulate in COX-deficient substantia nigra neurons of aged controls, and
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this phenomenon is amplified in individuals with PD57,58. The deletions are variable
between cells, but individual cells contain a specific mtDNA rearrangement,
indicating a primary mutational event followed by clonal expansion57. Patients with
idiopathic PD have complex I deficiency59, and several nuclear mutations associated
with familial PD reside in proteins that are targeted to the mitochondrion or interact
with the organelle. Two of these proteins, Parkin and Pink60-62, are thought to
underpin a mitochondrial quality control system. Pink1 is rapidly degraded in
functional mitochondria, but accumulates on the outer membrane of mitochondria
with deficient membrane potential (Δψm), where it recruits Parkin to mediate their
removal by autophagy63,64.

Figure 1.3. Aging-related phenotypes observed in mtDNA-mutator mice. MtDNA
mutator-mice (mut) exhibit reduced body size, kyphosis, reduced hair density and different
stages of alopecia (delineated by dashed line) in comparison with littermate WT mice (wt) at
the age of 40–45 weeks (Trifunovic et al., 2004).
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Therefore, loss of function mutations in either gene might be expected to lead to the
accumulation of dysfunctional mitochondria, including those harbouring mutant
mtDNA.
MtDNA mutations accumulate during ageing in humans57,58,65, monkeys66 and mice67.
A causative link between mtDNA mutations and ageing was established with the
creation of the mtDNA ‘Mutator mouse’. The Mutator mouse is homozygous for a
defective mtDNA polymerase68 (Polgmut/mut), which causes ~2500-fold higher levels
of random mtDNA point mutations according to a random mutation capture assay72,
as well as increased amounts of a linear 11kb fragment of mtDNA68,69. This fragment
was later shown to be a product of stalled replication70. The Mutator mouse exhibits a
median lifespan of 11 months compared to 26 months for WT littermates, together
with premature onset of ageing-related phenotypes including alopecia, kyphosis,
osteoporosis, anemia and reduced fertility68 (Figure 1.3). A mtDNA ‘Deletor mouse’,
carrying predominant amounts of mtDNA with a ~5kb deletion with some mtDNA
duplications, also exhibits kyphosis and reduced life span71. However, mice
heterozygous for the defective mtDNA polymerase (Polg+/mut) do not exhibit a
reduction in lifespan despite ~500 times higher levels of random mtDNA mutation
than age-matched WT mice72. Therefore, the relationship between random mutations
and ageing is not linear. Although this study was unable to detect large deletions that
accumulate in Polgmut/mut mice71, transgenic mice expressing mutant twinkle have an
organism-wide increase in the accumulation of large deletions and have a normal
lifespan73.
It is unlikely that the threshold for which random mtDNA mutations become limiting
for lifespan (~2500-fold increase) will be reached in WT mice.

However, time

dependent selection of specific pathogenic mtDNA mutants may be the primary cause
of aging in WT and Polg+/mut mice, whilst the ~2500-fold higher mutation load in
Polgmut/mut mice may be sufficient to short-circuit this process through increased de
novo generation of pathogenic mtDNA mutants. Alternatively, the highly-elevated
random mtDNA mutation levels observed in Polgmut/mut mice may impact aging
indirectly by effecting processes in early life such as development.

14

The study of mtDNA mutations has been aided by the development of cybrid cell
lines. A cybrid is created by the fusion of an enucleated cell to a cell depleted of its
mtDNA (ρ0 cell)74. By enucleating cells with mutant mtDNA from mitochondrial
disease patients, it is possible to transfer mutant mtDNA to a control nuclear
background. If such cybrids are respiratory deficient, and the deficiency correlates
with mutant load, the defect can be confidently attributed to the mtDNA mutation. An
unexpected finding from the cybrid system was that the proportion of mutant mtDNA
could change during continuous culture, a phenomenon termed biased segregation.
This was first observed with an increase in the proportion of deleted mtDNA in
cybrids with a HeLa nuclear background75 and an increase in the m.3243A>G
mtDNA mutation in cybrids with an osteosarcoma nuclear background76.
Later cybrid studies found that the proportion of m.3243A>G mtDNA could decrease
in another nuclear background, indicating that the nucleus influences the direction of
biased segregation
.

Days after fusion

Figure 1.4. Biased segregation in a sub-population of cybrid clones. The heteroplasmy of
143B m.3243A>G cybrid (A) and A549 m.3243A>G cybrid (B) clones is plotted with respect
to time (Dunbar et al., 1995).

In cell lines heteroplasmic for the MELAS m.3243A>G point mutation, the
proportion of mutant mtDNA was found to increase in 1/33-143B m.3243A>G cybrid
clones and decrease in 5/25-A549 m.3243A>G clones77 (Figure 1.4 A/B).
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Moreover, in cybrids heteroplasmic for partially duplicated mtDNA, rapid loss of
partially duplicated mtDNA is observed in the A549 nuclear background, whilst
maintenance or further rearrangement of duplicated mtDNA to generate partially
triplicated mtDNA is observed in the 143B nuclear background78.
These results indicate that the A549 nuclear background can reduce the proportion of
multiple types of mutant mtDNA. Conversely, the 143B nuclear background can
increase the proportion of multiple types of mutant mtDNA and generate further
rearrangements. Characterisation of A549 and 143B cells revealed that A549 cells
express no ATAD3B, lower levels of ATAD3A and have fewer and larger nucleoids
than 143B cells43. However, the relevance of these differences to biased segregation
was not established. Table 1.1 provides a summary of the results from studies
investigating changes in the proportion of mutant mtDNA and mtDNA copy number
for different types of nuclear backgrounds and mtDNA mutation.

Table 1.1. Biased segregation and depletion of mtDNA in different cell lines. Cell lines
with abbreviated names include ADC (A549 adenocarcinoma), HeLa (Henrietta Lacks), HOS
(143B osteosarcoma) and NT2 (Neuron committed teratocarcinoma), (Holt., 2010).

Cybrids provide a convenient model for the study of mitochondrial disease because
they can be maintained indefinetly in cell culture, but the relevance of the cybrid
model to mitochondrial disease patients remains open to question. This is because
cybrids are derived from aneuploid cancer-cell lines, and are routinely maintained in
non-physiological cell-culture conditions74.
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Early studies of mtDNA segregation in the germ-line of heteroplasmic mice found
that it was random79,80. However, investigation of a range of tissues in adult mice
carrying a mixture of the mtDNA haplotypes BALB and NZB revealed biased
segregation in several tissues; BALB mtDNA was selected in hematopoietic cells,
whereas in kidney and liver there was selection for the NZB haplotype81.
Thus, nuclear background influences biased segregation in vivo, as well as in cellculture models. Furthermore, nuclear background can also influence the phenotypic
outcome of mtDNA mutations. Mutator or deletor mice with the B6J nuclear
background do not exhibit the greying and alopecia observed in the C57BL/6 nuclear
background, whilst Mutator or deletor mice with either background exhibit kyphosis
and a shortened life span69.
DRP1 and FIS1, whose protein products promote mitochondrial fission, were the first
nuclear genes to be linked to biased segregation. Drp1 and Fis1 knockdown in human
cells heteroplasmic for the m.3243A>G mutation increased the proportion of mutant
mtDNA by 15% and 11% respectively, suggesting that mitochondrial fission favours
WT mtDNA82. PARK2, whose protein product Parkin is mutated in familial early
onset PD, was also found to participate in biased segregation.
Parkin expression in 143B cells decreased the proportion of mtDNA mutated in the
cytochrome c oxidase gene83. However, Parkin expression did not decrease the
proportion of mtDNA mutated in the cytochrome b gene, suggesting the ability of
Parkin to affect biased segregation is haplotype-specific. The outer mitochondrial
membrane GTPase GIMAP3 was identified as a critical regulator of biased
segregation in leukocytes from mice heteroplasmic for the neutral mtDNA haplotypes
BALB and NZB, by genome wide linkage scan of mice with and without the capacity
for selection of the BALB haplotype84.
The human ortholog of GIMAP3, GIMAP5, also localises to the outer mitochondrial
membrane85, suggesting functional conservation. The mechanism by which GIMAP3
regulates biased segregation remains unknown, but it was suggested that involvement
in mitochondrial peptide export would allow the cell to recognise particular mtDNA
17

haplotypes84. Together, these findings indicate that genes with a link to mitochondria
participate in biased segregation.
A mechanism predicated on the idea of ‘selfish’ DNA has been proposed to explain
selection of mutant mtDNA. In yeast, the WT 75kb circular mitochondrial genome
(ρ+) undergoes massive deletion at high frequency, giving rise to respiratory-deficient
mutant genomes (ρ-). Matings between ρ+ and some ρ- mutants can give rise to >95%
ρ- zygotic diploid clones86. The ρ- mutant is said to be >95% suppressive or
‘hypersuppresive’ since it severely suppresses the ρ+ genome, supposedly by
monopolising the replication or segregation apparatus.
Hypersuppressive ρ- mutants contain tandem repeats of a 300bp stretch called the rep
sequence, which is believed to serve as a replication origin86 and could provide
replicative advantage to ρ- mtDNA. The segregation advantage of hypersuppresive ρmtDNA is abolished by mutations in the Holliday junction resolvase CCE1/MGT187,
a key component of the DNA recombination machinery in yeast mitochondria. This
implies that replicative advantage of ρ- mtDNA could be mediated by a form of DNA
replication utilising homologous recombination.
In humans, the amplified region in partially duplicated and triplicated mtDNA
includes the NCR, which contains one or more origins of replication. Thus, the
maintenance or increase in the proportion of duplicated mtDNA in the 143B nuclear
background, and its displacement by partially triplicated mtDNA, suggest that
additional origins confer a direct replicative advantage78. Although the m.3243A>G
mutation is located far from all the proposed origins of replication, a replication pause
site maps to the 3243-region due to the binding of the mitochondrial transcription
termination factor (mTERF)88. The m.3243A>G mutation decreases mTERF-binding
affinity in vitro, suggesting that the mutation alleviates replication pausing in vivo,
and further supporting replicative advantage as a physical basis for biased mtDNA
segregation.
In mice, selection of NZB mtDNA in kidney and liver, and selection of BALB
mtDNA in hematopoietic tissue81, has been linked to ROS production. ROS
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production is higher and respiratory capacity is lower for NZB mtDNA compared to
BALB mtDNA. Cells containing NZB mtDNA also maintain a higher copy number
than BALB mtDNA due to ROS induced mitochondrial biogenesis89, although the
mechanism is unknown. However, ROS production has been mechanistically linked
to mitochondrial biogenesis in yeast. ROS induces mitochondrial biogenesis by
oxidising NTG1. Oxidised NTG1 introduces a double strand break at the mtDNA
replication origin, which serves to initiate rolling circle mtDNA replication by the
homologous DNA pairing protein Mhr190. NTG1 does not have a homologue in
animals, but an unrelated protein might provide a functional substitute.
The study of biased mtDNA segregation in a greater variety of contexts would help to
generate increased insight. One approach would be to express a gene linked to biased
segregation, such as PARK283, across a panel of mtDNA mutant and nuclear
backgrounds to isolate common features of those backgrounds in which Parkin
expression is sufficient to induce biased mtDNA segregation. However, current
methods for creation of cybrid cell lines are laborious and have a high failure rate.
An alternative approach would be to create a facility to modulate expression of a
panel of candidate genes in a control mtDNA mutant haplotype and nuclear
background to determine their effect on biased segregation. RNA interference (RNAi)
is a method that can enable this approach and has been used to modulate candidate
gene expression in previously established cybrid cell lines82. However, there are two
limitations to RNAi. Firstly, although the method has been used to up-regulate
expression of selected genes91,92, it is restricted to gene silencing in most cases.
Secondly, persistent knockdown is frequently difficult to achieve93.
The Flp-In T-REx 293 cell line (HEK293T), a derivative of the human 293 embryonic
kidney cell line, is based on a system that allows inducible expression of a candidate
gene from a specific transcriptionally active genomic locus94. Not only does this cell
line provide the facility to increase and decrease candidate gene expression, selection
of cells that repress or remove the transgene is avoided because the transgene is
dormant during creation of the transgenic cell lines.
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By enabling the transgenic expression of a range of gene products in a heteroplasmic
cybrid, a HEK293T m.3243A>G cybrid (HEK cybrid) would provide the opportunity
to explore the genetic contribution to biased segregation. Prior to this study, attempts
to create a ρ0 variant of the HEK293T cell line for creation of heteroplasmic cybrids
were unsuccessful (Spelbrink and Holt, personal communications). Overcoming this
technical barrier would enable the expression of a panel of candidate genes with
plausible links to biased segregation, including genes involved in mitochondrial
nucleoid formation, network morphology, mitochondrial biogenesis and mitophagy.
An alternative approach to the study of biased segregation would be to identify global
differences in gene expression between nuclear backgrounds associated with an
increase or decrease of mutant mtDNA with time. However, identifying which
differences in gene expression are related to biased segregation remains problematic.
Helpfully, recent advances in bioinformatics have enabled the study of global gene
expression differences at the functional level95, allowing changes in underlying
biological processes to be recognised more readily. Furthermore, the emergence of
public databases containing thousands of global gene expression datasets such as
NCBI gene expression omnibus (GEO), and the free availability of powerful
bioinformatics software, has largely removed the resource barrier to global gene
expression analysis.
The overarching aim of this study was to identify genes, genesets or cellular processes
associated with selection of WT mtDNA, and to validate them by manipulation of
gene expression to induce biased segregation of mtDNA in at least a sub-population
of heteroplasmic cybrids. This aim was divided into a series of subsidiary aims;
1. The identification of genes, genesets or cellular processes associated with
selection of WT mtDNA by curation and bioinformatic analysis of global
gene expression datasets.
2. To investigate the capacity of chemicals and drugs impacting cellular
processes identified in aim ‘1.’ to induce selection of WT mtDNA.
3. To create cell lines carrying both m.3243A>G mtDNA and inducible
transgenes in order to test the ability of specific genes to induce selection
of WT mtDNA in at least a sub-population of heteroplasmic cybrids.
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2.1

Materials and methods

Primers

NT2F: TCAACAATAGGGTTTACGACCTCG
NT2R: AGGGGGGTTCATAGTAGAAGAGCG
DigControlF: CTTAAAACTCAAAGGACCTGGC
DigControlR: GTTTGGCTAAGGTTGTCTGGTAG

2.2

Primer design

Primers were designed using the MacVector software package.

2.3

Probes and plasmids

D-loop (H1) and 18S rRNA probes were kindly gifted (Aurelio Reyes).
D-loop (H1) probe (16241-141) primers;
Forward - TTACAGTCAAATCCCTTCTCGT
Reverse - GGATGAGGCAGGAATCAAAGACG
18S rRNA probe primers;
Forward - GTTGGTGGAGCGATTTGTCT
Reverse - GGCCTCACTAAACCATCCAA
SF-Park plasmid was kindly gifted (Catherine Nezich).

2.4

Reagents

TaKaRa LA TaqTM (without Mg2+), 125 Units (TaKaRa)
Phusion High-Fidelity DNA Polymerase (Finnzyme/Thermo)
Doxycycline hyclate (Sigma)
2-deoxy-D-glucose (Sigma)
Interferon-α protein (Abcam)
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Interferon-γ, human (Roche)
Dulbecco’s modified eagle’s medium (DMEM) (+) Na pyruvate, (-) glucose, (-)
amino acids (Dundee Cell)
Fetal bovine serum (Invitrogen)
Tetracycline free fetal bovine serum (Thermo Fisher)
Dialysed serum (Dundee Cell)
Uridine (Sigma)

2.5

Solutions

Lysis buffer; 75 mM NaCl, 50 mM EDTA, 20 mM hepes-NaOH pH 7.4, 0.5% SDS,
0.2 mg/ml proteinase K.
1X SSC; 15 mM Na3C6H5O7, 0.15 M NaCl, pH 7.0.
SOC; 2.0% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10mM MgCl2,
20 mM glucose, pH 7.0.
1X TBE; 89 mM tris, 89 mM boric acid, 2 mM EDTA, pH 8.0.

2.6

Vessels

6-well cell-culture-treated plates (Corning)
24-well cell-culture-treated plates (Corning)
96-well cell-culture-treated plates (Corning)
100 mm cell-culture dishes (BD Falcon).
Nunc biobanking and cell-culture cryogenic tubes (Thermo Scientific).

2.7

Cell lines

The Flp-In T-REx 293 cell line (Invitrogen) is a derivative of the human 293
embryonic kidney cell line96 containing two stably and independently-integrated
plasmids. The first plasmid introduces a single FRT recombination site into a
transcriptionally active but unmapped genomic locus whilst stably expressing the
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lacZ-zeocin fusion gene from a constitutive promoter. The second plasmid expresses
the Tet repressor gene and a blasticidin resistance cassette from a constitutive
promoter. Integration of pCDNA5 expression plasmid into the FRT site allows
inducible gene expression by addition of DOX, which de-represses gene expression
by binding and inhibiting the action of the Tet repressor on an upstream promoter.
A549 m.3243A>G cybrids were generated previously by fusion of A549 ρ0 cells to
enucleated myoblasts heteroplasmic for the m.3243A>G mutation77.

2.8

Maintenance of cells

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM)
(Invitrogen) supplemented with 10% Fetal Bovine Serum (FBS), 15 µg/ml blasticidin
and 100 µg/ml zeocin (standard medium) at 37°C and 5% CO2. ρ0 HEK293T cells
were maintained in standard medium supplemented with 50 µg/ml uridine (ρ0
medium). HEK cybrid cells were isolated in DMEM supplemented with 10%
Dialysed Serum (DS), 15 µg/ml blasticidin and 100 µg/ml zeocin (isolation medium).
A549 m3243A-G cybrid cells were maintained in DMEM supplemented with 10%
tetracycline free FBS (Tet- FBS).

2.9

Freezing cells

Cells were grown to 70% confluency in a 100 mm cell-culture dish, trypsinised,
centrifuged at 1100 g for two minutes, resuspended in 2 ml cell stock solution (50%
DMEM, 40% Tet- FBS, 10% DMSO) and 1 ml transferred to each of two cryotubes.
Cryotubes were immediately transferred to a ‘Mr Frosty’ (Thermo) and placed at
-80°C overnight. Cryotubes were then transferred to a -80°C freezer or liquid nitrogen
for long term storage.
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2.10 Creation of a ρ 0 HEK293T cell line.
Isolation of a ρ0 variant of the HEK293T cell line is an essential prerequisite for
creation of a heteroplasmic cybrid derivative74. Incubation of culture medium with
low concentrations of ethidium bromide (EB) has previously been used to isolate ρ0
variants of 143B97, GM70198, HeLa75, A54999 and Namalwa100 cell lines. To isolate a
ρ0 variant of the HEK293T cell line, cells were grown for an extended period of time
in standard medium supplemented with 50 ng/ml EB and 50 µg/ml uridine.
EB treated HEK293T cells were tested for mtDNA depletion by growth on galactose
medium. Galactose medium contained glucose-free DMEM, 1 mM (0.5 mg/l)
pyruvate and 5 mM (0.9 mg/ml) filter-sterilised D-(+)-galactose (Sigma). Cells were
further tested for total mtDNA depletion by Southern blot of total DNA with D-loop
(H1) probe. Prior to Southern blot, total DNA was extracted by isoproponal
precipitation, digested overnight with PvuII at 37°C, heat denatured at 70°C for 10
minutes and separated on a 1.0% TBE agarose gel at room temperature for 3 hours at
100 volts.

2.11 Creation of a HEK293T m.3243A>G cybrid cell line.
Cybrids are generated by fusion of an enucleated cell (cytoplast) to a ρ0 cell74. The
cytoplast and ρ0 cell serve as mitochondrial and nuclear donors respectively.
Cytoplasts were isolated from both A549 m.3243A>G cybrid (B2) and 143B
m.3243A>G cybrid (206) cells by cytoskeletal disruption with cytochalasin B
(Calbiochem) and centrifugation using the ficoll gradient technique74. A continuous
ficoll gradient was prepared in 11 x 60 mm Beckman ultra-clear centrifuge tubes
(Beckman Coulter). First, 50% w/w Ficoll PM 400 (Sigma) stock was autoclaved.
Ficoll solutions were then prepared in DMEM containing 10 µg/ml cytochalasin B.
0.92 ml 25% ficoll solution was pipetted into each of two centrifuge tubes. 1.18 ml
12.5% ficoll solution was then carefully pipetted on top of the 25% ficoll layer. Tubes
were capped and transferred to a Biocomp gradient station (Biocomp), the ‘12-25%
Ficoll’ program selected, and the gradient stored at 37°C in a CO2 incubator.
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~1.3x107 A549 m.3243A>G cybrid (B2) and 143B m.3243A>G cybrid (206) cells
were each resuspended in 0.9 ml 12.5% ficoll solution, layered on the ficoll gradient
and DMEM layered on the cells to bring the contents within 5 mm of the top of the
tube. A SW60 Ti 99E 1802 rotor (Beckman Coulter) and Beckman optima LE-80K
ultracentrifuge were pre-warmed to 37°C and run at 99976 g for one hour prior to
centrifugation. The centrifuge tubes were balanced and transferred to the rotor for
centrifugation at 99976 g for one hour at 37°C. Sterile 1000µl filter tips (Starlab)
were modified by sterile blade to increase the bore size and used to collect cytoplast
and nucleated cell fractions from the tubes (upper and lower bands respectively).
Cells were washed with DMEM, pelleted for five minutes at 1100 g, the supernatant
was removed and the procedure was repeated once more, leaving 50-100 µl of
supernatant over the pellet. ~1.3x107 ρ0 HEK293T cells were harvested, resuspended
at 5x106 cells/ml in ρ0 medium and layered on the pellet.
Cytoplasts were fused to ρ0 HEK293T cells with fusogen polyethylene-glycol-1500
(PEG1500). Cells were pelleted for three minutes at 1100 g, supernatant was carefully
aspirated, 0.1 ml of sterile 50% PEG1500 (BDH) solution was added and cells were
slowly suspended. With suspension near complete, the pellet was carefully suspended
for 30 seconds then left to stand for 30 seconds. 10 ml of ρ0 medium was added,
gently mixed and the solution was plated at various dilutions (8/10, 1/10, 1/20, 1/40)
on 100 mm cell-culture dishes. HEK293T m.3243A>G cybrid cells were isolated by
prolonged incubation in isolation medium, which replaced ρ0 medium 24 hours after
the plating. Isolation medium lacked uridine, but contained blasticidin and zeocin.
Blasticidin and zeocin select against nucleated A549 m.3243A>G cybrid (B2) and
143B m.3243A>G cybrid (206) cells, whereas HEK293T m.3243A>G cybrid or ρ0
HEK293T cells carry blasticidin and zeocin resistance cassettes and so are resistant to
the drugs. The absence of uridine selects against ρ0 HEK293T cells, which are uridine
auxotrophic due to the inhibition of the mitochondrial enzyme dihydroorotate
dehydrogenase, a crucial enzyme in pyrimidine biosynthesis and DNA replication
whose activity requires a functional ETC101.
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m.3243A>G heteroplasmy in HEK cybrid clones was quantified by restriction
fragment length polymorphism (RFLP) utilizing last-cycle PCR. The m.3243A>G
mutation creates an ApaI cleavage site, hence, amplification of a region of mtDNA
encompassing this site by PCR, incorporation of radioactive marker into the PCR
product and digestion by ApaI can be used to quantify the percentage of mutant and
WT mtDNA.
MtDNA depletion was determined by Southern blot of total DNA with the D-loop
(H1) and 18S rRNA probes. The major mtDNA fragment at 16.5 kb was used
exclusively for quantification. Prior to Southern blot, 3.0 µg of total DNA was
digested with 10U of PvuII in a 30 µl total volume. Reaction was separated on a 0.7%
TBE agarose gel at room temperature for 20 hours at 50 volts, and transferred to a
nylon membrane.

2.12 Bacterial transformation
Competent Escherichia coli (DH5α) were transformed by heat shock102. 10 ng
purified plasmid was incubated with 50 µl of competent cells on ice for 30 minutes,
transferred to a water bath at 42°C for 45 seconds, then transferred to ice for two
minutes. 250 µl of 37°C pre-warmed Super Optimal broth with Catabolite repression
(SOC) medium was added and the cells were placed horizontally in a 37°C incubator
on a shaker set to 225 rpm for one hour. 300 µl of cell mixture was spread on a Liquid
Broth (LB)-agar plate containing 100 µg/ml ampicillin and incubated overnight at
37°C.

2.13 DNA minipreps

Transformed DH5α colonies were picked using an inoculation loop, transferred to 5
ml of LB with 100 µg/ml ampicillin, and incubated overnight in a 37°C incubator on a
shaker set to 225 rpm. Plasmid DNA was isolated using a QIAprep spin miniprep kit
(Qiagen) according to the manufacturers instructions.
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2.14 Cell transfection

Clone C4 was co-transfected with 150 ng of SF-Park plasmid and 1350 ng of pOG44
plasmid (Invitrogen) using Lipofectamine 2000 (Invitrogen). Transfected sub-clones
were selected by culture in DMEM supplemented with 10% Tet- FBS, 15 µg/ml
blasticidin, 100 µg/ml hygromycin and 10 ng/ml DOX (standard culture conditions).

2.15 A549 m.3243A>G cybrid sub-cloning

A549 m.3243A>G cybrid cells were grown to confluency in a 100 mm cell-culture
dish. Cells were trypsinised and counted twice with a Countess automated cell counter
(Invitrogen). The mean cell number was adjusted to 1x105 cells/ml in 3 ml of media.
Cells were sequentially diluted 10-fold in 3 ml of media from 1x105 cells/ml to 1x102
cells/ml. Cells were diluted 10-fold from 1x102 cells/ml to 1x 101 cells/ml in 20 ml of
media, then diluted two or four fold in 20 ml of media to five cells/ml and 2.5 cells/ml
respectively. 200µl/well of diluted cells were transferred to a 96 well plate by multichannel pipette (Thermo Fisher) to give one cell/well or 0.5 cells/well.

2.16 Clone C4 sub-clone treatment regime

Amino acid starvation, 2DG, or IFNα and IFNγ (IFNα/γ), in combination with 10
ng/ml DOX treatment, was initiated three days following transfection of Clone C4.
Transfected sub-clones were subjected to one, two or three days amino acid
starvation, 24 hours 10 mM 2DG treatment or six hours 1000 U/ml IFNα/γ treatment
followed by recovery in standard culture conditions. Sub-clones were identified
visually by microscope, isolated by pipette and expanded in 24-well cell-culture
plates in 1 ml culture medium. At confluence, cells were disrupted by pipette and
samples were collected for DNA extraction. 2.5 x 104 cells were seeded for further
passage. After two days, cells were subjected to a new round of treatment. Sub-clones
that exhibited less than a 15% change in heteroplasmy over a minimum of four time
points or 30 days were discarded.
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2.17 A549 m.3243A>G cybrid sub-clone treatment regime
1x104 or 5x103 cells were seeded for treatment or no treatment respectively in 24-well
cell-culture dishes. After two days, cells seeded for treatment were subjected to 2DG,
IFNα/γ, or combined 2DG and IFNα/γ treatment for 24 hours, six hours and 24 hours
respectively in 0.5 ml of medium, followed by recovery in the absence of treatment in
1.0 ml of standard culture conditions medium. At confluence, cell samples were
collected by trypsinisation and seeded for a new round of treatment. Sub-clones
exhibiting less than a 15% change from initial heteroplasmy over a minimum of six
time points or 26 days were discarded.

2.18 Low-throughput DNA extraction

Cells were washed once with PBS, incubated for three minutes at room temperature in
lysis buffer (section 2.5), then for 30 minutes at 4°C and for 10 minutes at 50°C. An
equal volume of phenol was added to the tube, which was then mixed on a rotator for
15 minutes at room temperature. The tube was spun at 6800 g for 15 minutes at room
temperature, aqueous phase was transferred to a new tube, an equal volume of
chloroform isoamyl was added and the tube was mixed on a rotator for 15 minutes at
room temperature. The tube was spun at 6800 g for 15 minutes at 4°C, the aqueous
phase transferred to a new tube, an equal volume of isoproponal and 175 mM NaCl
added and the DNA precipitated for 10 minutes at 4°C.

The tube was spun at 6800 g for 15 minutes at 4°C, the supernatant was discarded, the
pellet was transferred in 1 ml of 70% EtOH to a new tube and spun at 13000 g for five
minutes at 4°C. The DNA pellet was air dried and resuspended in 50 µl EB-buffer
(Qiagen).
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2.19 Medium-throughput DNA extraction

Cell suspension was transferred to a 1.5 ml tube and spun at 6128 g for one minute at
room temperature. Supernatant was aspirated, leaving ~50 µl above the pellet. 300 µl
of Cell lysis solution (Qiagen) and 100 µl of Protein precipitation solution (Qiagen)
were added and the pellet was suspended for 5-10 seconds by pipette. Lysed cells
were spun at 15932 g for seven minutes at room temperature. Supernatant was
transferred to a new 1.5 ml with 500 µl isopropanol, inverted 50 times and spun at
15932 g for five minutes at room temperature. Supernatant was removed, 500 µl of
70% EtOH added, and the tube inverted three times then spun at 15932 g for five
minutes at room temperature. Supernatant was removed and the pellet was air-dried
until translucent. The translucent DNA pellet was resuspended in 30 µl EB-buffer.

2.20 High-throughput DNA extraction

All steps were carried out in accordance with manufacturers protocols. Materials
included;
Vac-man laboratory vacuum manifold (Promega)
Vacuum pump (Welch)
Wizard SV genomic DNA purification system (Promega)
Eppendorf multipette plus pipette (Fisher Scientific)
10 ml Combitips pipette tips (Fisher Scientific)

2.21 DNA processing for pyrosequencing

DNA concentration was measured on a NanoDrop 8000 spectrophotometer
(NanoDrop/Thermo) and adjusted to 10 ng/µl with Nuclease-free water (Life
Technologies) in a 96 Well PCR segmented plate (Axygen) capped with PCR strip
caps (Axygen), or a MicroAmp optical 96-well reaction plate (Applied
Biosystems/Life Technologies) capped with MicroAmp optical 8-cap strips (Applied
Biosystems/Life Technologies).
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2.22 Last-cycle Polymerase Chain Reaction
100 ng of template was amplified by PCR with 1U of LA-Taq polymerase, 100 nM of
primers NT2F and NT2R, 1x Mg free Taq buffer, 2.5 mM MgCl2 and 16 µM dNTPs
in a 50 µl total volume. Reactions were subjected to 22 cycles of 95°C for 50 seconds,
60°C for 30 seconds and 72°C for 45 seconds, followed by addition of 1:10 dilution
[32P] dCTP and a last cycle of 95°C for three minutes, 60°C for one minute and 72°C
for 10 minutes. 2.5 µl of PCR product was digested with 10U ApaI for one hour in 20
µl total volume. Reaction volume was separated on a 6% non-denaturing
polyacrylamide gel at room temperature for 90 minutes at 150 volts. Last-cycle PCR
of sequence spanning a native ApaI site with the primers DigControlF and
DigControlR was used as a positive control to ensure complete digestion.

2.23 Pyrosequencing

Pyrosequencing was used for the high-throughput quantification of heteroplasmy at
the m.3243 position. Briefly, biotinylated PCR product was generated using primers
spanning the m.3243 position (F1 and R1). PCR product was then bound to
Streptavidin sepharose beads (GE Healthcare) and heat denatured to release the nonbiotinylated strand. Sequencing primer (S1) was added and bound to the biotinylated
strand to allow pyrosequencing at the m.3243G position. Release of pyrophosphate by
incorporation of nucleotide triphosphate to the 3'-end of the sequencing primer allows
identification of nucleotide sequence; pyrophosphate is converted by sulfurylase to
ATP, which drives the production of light by luciferase, detected as a peak on the
pyrogram. PSQ 96 MA 2.1 software was used for generation of pyrograms, pyrogram
quality control and automatic allelic quantification. Paul Hawtin (Qiagen) assisted
with primer design.
m.3243A>G heteroplasmy of DNA samples from five cybrid cell lines with between
63.5% and 90.2% mutant mtDNA was measured, both by pyrosequencing and lastcycle PCR, to validate pyrosequencing for heteroplasmy quantification (see
Appendix, Figure 6.1). DNA samples from HEK293T and ρ0 HEK293T cells were
also measured by pyrosequencing to determine the accuracy of heteroplasmy
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measurment in samples with 0% mutant mtDNA or no mtDNA respectively. A
standard deviation range of 0.0006-0.0464, or a 0.06-4.64% change in heteroplasmy,
was obtained across 359 samples measured in triplicate by pyrosequencing. All steps
were carried out in accordance with the manufacturers protocols. Materials included;
PSQ 96MA pyrosequencer (Biotage/Qiagen)
Pyromark vacuum prep workstation (Biotage/Qiagen)
Pyromark vacuum prep filter probe (100) (Qiagen)
Dri-block DB2D (Techne)
Pyromark gold Q96 reagents (5x96) (Qiagen)
Pyromark Q96 plate low (100) (Qiagen)
Pyromark Q96 cartridge (3) (Qiagen)
Pyromark binding buffer (200 ml) (Qiagen)
Pyromark denaturation solution. (500 ml) (Qiagen)
Pyromark wash buffer (200 ml) (Qiagen)
Pyromark annealing buffer (250 ml) (Qiagen)
Pyromark PCR kit (800) (Qiagen)
PCR with biotinylated forward primer (Sigma);
F1: [Btn]TTATACCCACACCCACCCAAGAA (HPLC purified)
R1: GCGATTAGAATGGGTACAATGAGG
S1: ATGCGATTACCGGGC

2.24 Southern blotting

TBE agarose gels were incubated in depurination solution (250 mM HCl) for 20
minutes at room temperature, incubated with denaturation solution (0.6 M NaCl, 0.2
M NaOH) for five minutes, then 20 minutes with new solution, incubated with
neutralisation solution (0.6 M NaCl, 0.24 M Tris-HCl pH 7.4) for five minutes, then
20 minutes with new solution, and dry blotted to a nylon membrane with 3MM paper
and paper towels overnight. DNA was cross-linked to the membrane by 120 mJ/cm2
of ultra-violet (UV) light exposure.
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50 ng of DNA probe in 10 µl of ddH2O was denatured at 95°C for three minutes and
transferred to ice. A Ready-to-go DNA-labeled bead (GE Healthcare) was
resuspended in 35 µl of nuclease-free water (Life Technologies) and transferred to
ice. 3 µl of
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P α-dCTP and the re-suspended Ready-to-go DNA-labeled bead were

then added to the probe. The mixture was then incubated at 37°C for 30 minutes,
99°C for five minutes, and transferred to ice water at 4°C for three minutes.
The cross-linked membrane was incubated with hybridisation buffer (0.25 M
Na2HPO4, 7% SDS) for 30 minutes at 65°C in a hybridisation tube, rolling, then again
for 30 minutes with new buffer. 32P α-dCTP labeled probe was then added to the tube,
which was incubated overnight, rolling. The membrane was then washed three times
with 1X SSC for 20 minutes, followed by a single wash with 1X SSC 0.1% SDS for
20 minutes at 65°C, rolling. The membrane was wrapped in cling film and exposed to
phosphor screens for 2-16 hours. The screens were visualised on a TyphoonTM 9410
variable mode imager (GE Healthcare).

2.25 Microarray data curation and compression

CEL files were downloaded from the National Centre for Biotechnical Information
Gene Expression

Omnibus (NCBI

GEO),

which

is

available online

at

http://www.ncbi.nlm.nih.gov/geo/. Curated datasets were compressed using the
application Yemuzip with the ‘PC compatible’ option selected. Yemuzip is available
to download online at http://www.yellowmug.com/yemuzip/.

2.26 Babelomics 4.0

Babelomics is a platform for the analysis of transcriptomic, proteomic and genomic
data103, which is accessible online at http://babelomics.bioinfo.cipf.es/.
The ‘Upload data’ tab was selected for upload of compressed datasets. Data was
normalised by selection of the

‘Processing’ tab, followed by the ‘Normalise >
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Expression > One-channel > Affymetrix’ thread. On the ‘Affy normalisation’ page,
no parameters were modified in the ‘Analysis’ box.
Differential expression of the normalised data was performed by selection of the
‘Expression’ tab, followed by the ‘Differential expression > Class comparison’
thread. On the ‘Differential expression: class comparison’ page, ‘T-test’, ‘Limma’ and
‘Fold-change’ options were sequentially specified in the ‘Select test’ box. No other
parameters were modified.
Genes enriched by differential expression analysis of A549 cells versus cell lines with
a known segregation bias toward mutant mtDNA were filtered for those genes with a
link to mitochondria based on the domain expertise of lab members, MitoCarta, an
inventory of 1013 human genes with evidence of mitochondrial protein localisation104
or those genes with a link to mitochondria based on hypothesis. Filtered genes were
assigned a score of three if differential expression was identified as significant by
Fold-change, T-test and Limma methodologies in a biased analysis. Genes were
assigned a score of two or one if identified as significant by only two or one of these
methodologies respectively. Scores were multiplied by a factor of three if differential
expression was identified as significant by Fold-change, T-test and Limma
methodologies in an unbiased analysis. Scores were multiplied by a factor of two or
one if identified as significant by only two or one of these methodologies
respectively.

2.27 GenePattern

Genepattern is a platform for gene-expression analysis, proteomics, single nucleotide
polymorphism analysis, flow-cytometry and RNA-sequencing analysis105, which is
accessible online at http://genepattern.broadinstitute.org/gp/pages/login.jsf.
The ‘ExpressionFileCreator’ module was selected for the upload and normalisation of
compressed datasets. No parameters were modified.
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The ‘ComparativeMarkerSelection’ module was selected for the differential
expression analysis of normalised data. No parameters were modified.
The ‘Comparitive-MarkerSelectionVisualiser’ module was selected for the extraction
of differential expression data generated by the ‘ComparativeMarkerSelection’
module.
The ‘ExtractComparitiveMarkerResults’ module was selected for the transformation
of differential expression data for GSEA. The ‘statistic’ parameter was set to
FDR(BH) and ‘min’ and ‘max’ parameters set to 0 and 0.05 respectively.
The GSEA module was selected for Gene Set Enrichment Analysis (GSEA)95 analysis
of transformed data. The chip platform ‘HG_U133_Plus_2.chip’ was selected and no
parameters were modified.
‘javaGSEA desktop application’ software was used for the leading-edge analysis of
genesets enriched using GSEA. The 20 most up and down-regulated genesets were
each used to determine the top 20 highest scoring up-regulated and down-regulated
leading-edge genes respectively, from each of the C2 (curated), C3 (motif), C4
(computational) and C5 (Gene Ontology) geneset collections.

2.28 Connectivity map

Connectivity map (CMAP) is a bioinformatic tool that uses pattern-matching
algorithms to identify Food and Drug Administration (FDA) approved small
molecules that induce global transcriptional changes that are most similar to those
identified between two experimental conditions106,107. CMAP is accessible online at
http://www.broadinstitute.org/cmap/. A list of the 200, 100, 50 and 30 most
differentially expressed genes extracted from output of the ‘ComparitiveMarkerSelectionVisualiser’ module of GenePattern was used as input for CMAP.
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2.29 ProfileChaser

ProfileChaser is a bioinformatic tool that searches NCBI GEO for experiments whose
differential expression looks similar to a query experiment108. ProfileChaser is
accessible online at http://profilechaser.stanford.edu/. Log2-transformed

gene

expression data was extracted as an expression matrix from the output of the
‘ExpressionFileCreator’ module of GenePattern. Probe Identification Descriptions
(ID’s) of the Affymetrix human genome U133 plus 2.0 array were converted to
Entrez gene IDs using the AILUN server, which is accessible online at
http://ailun.stanford.edu/. The transformed expression matrix used as input for
ProfileChaser.

2.30 Unbiased biological process mapping

Genesets that were enriched in GSEA analysis were mapped to 115 unbiased
biological processes (UBPs) derived from an unbiased architecture of the cell109. Only
UBPs in which the mapped genesets were consistently up or down-regulated were
considered for further analysis. The median or mean normalised enrichment score
(NES) of mapped genesets was used as a UBP enrichment score.

2.31 Enrichment map
Enrichment map is a Cytoscape plugin for functional enrichment visualisation110,
which is accessible online at http://www.baderlab.org/Software/EnrichmentMap.
Using the GenePattern platform, log2-transformed gene expression data was extracted
as an expression matrix from the output of the ‘ExpressionFileCreator’ module and
converted with the ‘CollapseDataset’ module to be used as input in the ‘Expression
tab’ of the Enrichment Map plugin. Other files required as input were obtained from
the output of GSEA analysis.
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2.32 Statistical analysis

Statistical analysis of group differences was examined using the BINOMDIST
function of Microsoft excel. Differences were considered significant at the 95%
confidence level (P < 0.05).
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3

3.1

Results

Isolation of a ρ 0 HEK293T cell line.

To derive a ρ0 variant of the HEK293T cell line, cells were grown for an extended
period of time in medium supplemented with 50 ng/ml of ethidium bromide (EB).
After 95 days of treatment, cells were tested for mtDNA depletion by growth on
galactose medium. In medium containing galactose in place of glucose, cells are
forced to rely almost exclusively on oxidative phosphorylation to produce ATP111.
Cells depleted of mtDNA are deficient for oxidative phosphorylation and therefore
lose viability in galactose medium. EB treated cells exhibited extensive cell death on
galactose medium (data not shown). The procedure was repeated after 116 days of EB
treatment, with the same outcome. These results were consistent with mtDNA
depletion, but did not preclude maintenance of some residual mtDNA in the cells.
To establish the extent of mtDNA depletion, total DNA was extracted from EB
treated and untreated HEK293T cells and screened by Southern hybridisation after
digestion with PvuII and fractionation by agarose gel electrophoresis. Using a
radiolabelled amplified fragment of human mtDNA as a probe, bands of ~16 kb and
650 bp corresponding to mtDNA and D-loop (7S DNA) respectively, were detected in
untreated HEK293T cells, but not in cells treated for 95 or 116 days with EB (Figure
3.1.1). This result suggested that prolonged EB treatment had successfully depleted
HEK293T cells of their mtDNA. This was confirmed when the putative ρ0 cells were
grown in the absence of EB for a period of several months and still found to lack any
detectable mtDNA (Dr Jiuya He, personal communication).
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Figure 3.1.1. Total depletion of
mtDNA in HEK293T cells. Total
DNA was extracted from cells,
digested with PvuII and imaged by
16kb
12kb

exposure to ultra-violet (UV) light,
or blotted and probed for mtDNA
and exposed to a phosphor screen
for two hours (2 hour) or 16 hours
(16 hour) respectively. (A) 1 kb
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Creation of the HEK293T m.3243A>G cybrid cell line

The creation of a HEK293T m.3243A>G cybrid cell line (HEK cybrid) was an
essential prerequisite for implementation of a plan to determine the effect of candidate
gene overexpression on biased segregation of mtDNA.
At the first attempt, seven HEK cybrid clones were isolated, six from the fusion of
A549 m.3243A>G cytoplasts with ρ0 HEK293T cells, the seventh where the
mitochondrial donor was a 143B m.3243A>G cytoplast.
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The heteroplasmy level of each clone was determined by last-cycle PCR and mtDNA
copy number was determined by Southern blotting. Cybrid clones exhibited a range of
heteroplasmy, from 68.4% (C4) to 90.2% (B2) mutant with a mean heteroplasmy of
77.4% mutant (Figure 3.2.1).

-
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HEK 206(D) 206 B2(D) B2 C2

C4 C5
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606bp

329 bp
277 bp
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Figure 3.2.1. Heteroplasmy of HEK293T m.3243A>G cybrid clones. (A/B) Last-cycle
PCR was used to quantify heteroplasmy in seven HEK cybrid clones (206, B2, C2, C4-7),
A549 m.3243A>G cybrid (B2(D)), 143B m.3243A>G cybrid (206(D)) and parental
HEK293T (HEK) cells. Mutant mtDNA generates two bands at 329 bp and 277 bp whilst WT
mtDNA generates a single band of 606 bp. PCR of sequence spanning a native ApaI site in
mtDNA followed by incubation in the presence (+) or absence (-) of ApaI was used as
digestion control.
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All clones contained mtDNA (Figure 3.2.2). Heteroplasmy levels were similar to
those of mitochondrial donor cybrids at the time of cytoplast generation, which were
71.5% and 82.2% for A549 m.3243A>G and 143B m.3243A>G cybrids respectively.

A

16.5 kb

B

12.0 kb

Figure 3.2.2. The repopulation of HEK293T cells with m.3243A>G mtDNA. Seven
HEK293T m.3243A>G cybrid clones (206, B2, C2, C4-7) isolated from the cybridisation of
ρ0 HEK293T cells to cytoplasts derived from a A549 m.3243A>G cybrid (B2 donor) or 143B
m.3243A>G cybrid (206 donor). Mitochondrial DNA copy number was measured by the ratio
of the major ~16 kb mtDNA fragment (A) to 12 kb 18S rDNA (B).
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3.3

Curation of microarray datasets for A549, HEK293, HeLa, NT2 and
fibroblast cell lines from NCBI GEO.

NCBI GEO is a database repository for global gene expression data. Control datasets
from studies submitting data to NCBI GEO can be curated and utilised for global
expression analysis on a scale unfeasible to a single laboratory, in a so-called ‘metaanalysis’. A meta-analysis helps to overcome false positives associated with an
elevated false discovery rate in global expression data112, which for a microarray data
consists of tens of thousands of intensity measurements, as well as false positives or
outliers associated with a particular study. Furthermore, large numbers of datasets
allow the reliable determination of expression differences for genes with a low
dynamic range of mRNA expression, where interpretation of differences between
conditions would otherwise be compromised due to the increased influence of noise.
Of critical importance to this study, several cell types studied in the context of biased
segregation have also been widely utilised for global expression analysis by
microarray.
Those cell types with both a known segregation bias and datasets in the NCBI GEO
include A549 (31 datasets), fibroblast (34 datasets), HeLa (29 datasets) and NT2 (3
datasets). However, with the exception of fibroblasts, datasets correspond to the
parental cell lines, whereas studies of biased segregation were performed in cybrid
derivatives, which have been found to exhibit some differences in gene expression113.
Therefore, a caveat in the use of microarray datasets to study segregation bias is that
they do not necessarily represent cybrid global gene expression profiles.
An argument frequently leveled against the use of microarray data is that differences
at the mRNA level correlate poorly with differences at the protein and functional
level, and therefore provide limited insight into changes in cellular phenomena114.
This is because absolute mRNA level does not distinguish mRNA synthesis and
degradation, or capture protein synthesis, degradation or post-translational
modification. All of these processes contribute to gene expression and are controlled
by gene regulatory events115,116. Changes at the functional level that are undetectable
to microarray include translational control by selective expression of ribosomal
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proteins117, and a switch to internal-ribosomal-entry-site dependent initiation under
conditions of global translational down-regulation118. However, it has been found that
on average, at least 40% of the variance in protein level is determined by mRNA
level119. In addition, cellular changes at the functional level create ‘gene-expression
signatures’ at the transcriptional level that can be detected using bioinformatic
tools106,107. Therefore, microarray data still presents an opportunity to generate insight
into many cellular phenomena and processes.

3.4

Differential expression analysis

Differential expression analysis can be used to determine which genes exhibit the
greatest difference in expression between two conditions, and are therefore most
correlated with a particular condition. Prior to differential expression analysis,
datasets for each cell line were filtered for those genes with a link to mitochondria
based on the cumulative domain expertise of group members (see Appendix, Table
6.1). This included genes linked to mitochondrial biogenesis, autophagy, dynamics,
nucleoid and PD associated genes. Datasets for a single cell line were then clustered
on the Babelomics 4.0 platform to allow selective removal of a minority of datasets,
visualised as outliers on a dendrogram (data not shown), which exhibited expression
differences in genes linked to mitochondria compared to the majority of datasets. It
was hypothesised that inclusion of these datasets could obscure differences in gene
expression between cell lines that may be linked to biased segregation.
During this procedure it was observed that A549 datasets could be divided into two
sub-populations characterised by differential expression of the gene PPARGC1A
(Figure 3.4.1), whose protein product PGC-1α is a regulator of mitochondrial
biogenesis and function120. This was surprising since other genes with a link to
mitochondria did not show such a high degree of polarised expression, and all
datasets were taken from cells cultured in identical conditions. However, because the
significance of polarised PPARGC1A expression was not known, A549 datasets were
pooled irrespective of PPARGC1A expression for comparison to other cell lines.
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Figure 3.4.1. PPARGC1A expression is polarised in A549 datasets. Datasets were taken
from A549 cells cultured in equivalent culture conditions.

PPARGC1A up and down-

regulation is proportional to the intensity of red and blue respectively.

Using multiple cell lines and many datasets is a much more powerful means of
identifying differences between cells that can or cannot select WT mtDNA than a
simple pairwise comparison (e.g. A549 cybrid versus 143B cybrid). Nevertheless, a
weakness of the analysis was the availability of only one cell line known to select WT
mtDNA, and the tens of thousands of gene products in the screen inevitably meant
that many of the differences were unrelated to mtDNA segregation.
One approach to parsing the data is to restrict the analysis to genes with a link to
mitochondrial function, although because of the complex integrated circuitry of the
cell, this is a much larger geneset than the ~1500 proteins of the mitochondrial
proteome. Although this approach limits understanding of biased segregation to the
context of previously characterised genes, it may help to exclude genes unrelated to
the phenomenon, and therefore provide increased insight. Alternatively, an unbiased
analysis offers the possibility of identifying genes with a previously unrecognised link
to mitochondria, but prioritises genes based on differences in mRNA expression
alone, which may create bias towards genes with a high dynamic range of mRNA
expression.
Both biased and unbiased approaches were pursued, since insight can be generated
from both. Genes with a link to mitochondria based on cumulative domain expertise
of lab members (see Appendix, Table 6.1), genes from MitoCarta, an inventory of
1013 human genes with evidence of mitochondrial protein localisation104 and any
other gene with a link to mitochondria based on hypothesis were used for biased
analysis.
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Three methods are commonly used to determine the significance of differential
expression. The simplest method is to measure the fold-change difference in gene
expression between cell lines and impose an arbitrary threshold of significance.
Alternatively, the t-test and limma methods take both the magnitude of differential
expression and the variability of expression values into account, in order to reduce the
influence of noise. Despite this, the fold-change method generates the most
reproducible results between experiments121,122. The MicroArray Quality Control
(MAQC) group, established to develop guidelines for microarray data analysis,
recommends the combining of fold-change and probabilistic t-test and limma methods
to detect changes in gene expression between datasets, and this recommendation was
followed here.
A549 datasets were sequentially compared to HeLa, NT2 and fibroblast datasets,
because limitations of the Babelomics 4.0 platform prevented comparison of A549 to
all the other cell lines grouped together. Both unbiased and biased analysis of each
comparison was performed. Ranks were awarded to each gene based on the
magnitude of differential expression according to the fold-change, t-test and limma
methods, before combining these ranks to generate a compound score (section 2.25).
The sum of compound scores, from sequential comparisons of A549 datasets to HeLa,
NT2 and fibroblast datasets, was used to measure association of gene expression with
the A549 cell line.
Extracting insight from unbiased analysis proved challenging. Nonetheless, 48 genes
that exhibited differential expression in biased analysis also exhibited significant
differential expression in at least one comparison in unbiased analysis, defined as the
top 5% of all differentially expressed genes (Table 3.4.1). The most up-regulated gene
across comparisons was MCT4, which mediates lactate and ketone body transport
across the plasma membrane123. The most downregulated gene was HK2, which
catalyses the first step in glycolysis. MCT4 up-regulation could increase the
availability of respiratory substrates besides glucose, whilst HK2 down-regulation
suggests an increased dependence on aerobic respiration. Both changes suggest an
increased dependence upon mitochondrial function, which could aid the
discrimination and removal of dysfunctional mitochondria containing mutant mtDNA,
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which in turn could promote biased mtDNA segregation. SQSTM1 up-regulation and
SNCA down-regulation might also be relevant to biased segregation of mtDNA
because SQSTM1 is required for Parkin-induced mitochondrial clustering124 and
SNCA down-regulation induces mitochondrial fusion125.

Table 3.4.1. Genes that are up or down-regulated in A549 cells compared with three
other cell types. A549 datasets were compared to datasets from cell lines with a known
segregation bias towards mutant mtDNA including fibroblast (FIB), HeLa (HELA) and NT2
cells. Cumulative scores were calculated from individual scores for each of the three
comparisons (TOTAL). Genes that may be relevant to biased segregation shown in bold
typeface and highlighted green.
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3.5

Geneset enrichment analysis

Differential expression analysis can generate a list of genes whose expression is
correlated with a particular condition, but extracting insight from this list is often
problematic. Furthermore, differential expression of a single gene may not have
significance at the functional level. Gene set enrichment analysis (GSEA) overcomes
these problems by comparing differential expression of sets of genes, or ‘genesets’,
defined by function or previously published knowledge95. GSEA leverages previously
published knowledge to provide functional insight and can detect differences at the
functional level that are not evident from expression changes of individual genes at
the mRNA level. This is achieved through the use of a cumulative score derived from
the combined scores of individual genes in a geneset. GSEA utilises gene sets from
the Molecular Signatures Database (MSigDB), which are divided into five major
collections: positional, curated, motif, computational and Gene Ontology (GO)
defined gene sets. Furthermore, GSEA provides the facility to upload user-defined
genesets, allowing incorporation of unpublished knowledge into the analysis. GSEA
also includes a tool called ‘Leading-edge analysis’, which searches for those genes
that feature most frequently in the enriched genesets. This allows a user to isolate the
genes most likely to control the functional differences observed between two
conditions.
GSEA is a module within the GenePattern genomic analysis platform, which provides
the capability to compare A549 datasets to datasets from multiple cell lines grouped
together. Exploiting this capability, A549 datasets were compared to datasets from
cell lines with a known segregation bias towards mutant mtDNA including fibroblast,
HeLa and NT2 cells. Furthermore, A549 datasets were compared to a group of
datasets taken from the NCI60 study, which generated global expression data for a
panel of 60 cancer cell lines including the A549 adenocarcinoma cell line126. This
comparison provided an opportunity to discover gene expression patterns unique to
the A549 cell line. Although A549 is the only cell line with an established segregation
bias within the group, learning what is unique about the A549 cell line may provide
clues to the nature of biased segregation.
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Analogous to differential expression analysis, GSEA generates a list of ranked
markers, but in GSEA the markers are not genes but genesets, and are ranked by
normalised enrichment score (NES) instead of fold-change difference or P-value.
Although the transition to genesets provides increased insight, higher organisation of
these genesets is lacking, which obscures an overall interpretation of the enrichment.
One approach is to organise the genesets based on subjective understanding of the
phenomena under study. However, this approach serves to introduce a bias, but the
scope for bias is bounded if applied to an unbiased list of enriched genesets.
Enriched genesets were organised into categories whose annotations may be linked to
biased mtDNA segregation, based on personal domain expertise. Comparing A549
datasets to a group of datasets from cell lines with a known segregation bias towards
mutant mtDNA revealed up-regulation of genesets with a link to mitochondria,
metabolism and response to stress, and down-regulation of genesets with a link to cell
growth (Figure 3.5.1 B). Comparison of A549 datasets in which PPARGC1A is
expressed at high levels (A549↑) to those datasets in which it is expressed at low
levels (A549↓) revealed a similar profile, suggesting that the A549↑ subset of
datasets was responsible for enrichment of features in the multiple-cell-line
comparison (Figure 3.5.1 A).
Supporting this hypothesis, substitution of A549↑ for A549 in the multiple-cell-line
comparison augmented the enrichment of features in the original profile (Figure 3.5.1
C). Comparison of A549↑ datasets to a group of datasets taken from cell lines of the
NCI60 study (with exception of A549) caused further enrichment of features in this
profile (Figure 3.5.1 D). Taken together, this suggests that features associated with the
A549 cell line, and by extension, a reduction in the proportion of mutant mtDNA, are
enriched in the A549↑ subset of datasets and are unique to the A549 cell line.
Amino acid starvation of HEK293T cells was found to reproducibly boost respiratory
chain activity and reduce growth (Dr. A. Spinazzola, personal communication).
Genesets associated with both these features are enriched in the profile of A549↑
datasets (Figure 3.5.1 A/C/D).
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Figure 3.5.1. Organisation of selected genesets from multiple comparisons. Genesets with
a possible link to biased segregation based on subjective understanding were organised into
categories and sub-categories for comparisons A549↑ versus A549↓ (A), A549 versus cell
lines with known segregation bias towards mutant mtDNA (B), A549↑ versus A549↓ and cell
lines with a known segregation bias towards mutant mtDNA (C) and A549↑ versus remaining
NCI60 cell lines (D). The strength of colour represents the amplitude of up-regulation (red)
and down-regulation (blue) of geneset expression according to NES.
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Amino acid starvation causes accumulation of uncharged tRNAs and unfolded
proteins in the endoplasmic reticulum, leading to ER stress. Uncharged tRNAs
activate protein kinase Gcn2127, which phosphorylates serine 51 on the α-subunit of
eukaryotic translation initiation factor 2 (eIF2α)128. Phosphorylation of eIF2α reduces
global translation yet induces expression of transcription factor ATF4. ATF4
stimulates expression of genes involved in amino acid import, glutathione
biosynthesis and resistance to oxidative stress128. Genesets with these annotations are
all enriched in the A549↑ profile (Figure 3.5.1 A/C/D). Moreover, a geneset
corresponding to the targets of ATF4 is one of the most enriched genesets across
comparisons (Figure 3.5.1, category-Other). Collectively, this data suggests that the
cells with an A549↑ profile are exhibiting an ER stress response.

3.6

Heteroplasmic spread and a low level of spontaneous biased segregation in
HEK293T m.3243A>G cybrid sub-clones

Heterogeneity has been observed between single cells129, clonal cell lines77 and
pooled populations (section 3.4, Figure 3.4.1) cultured under identical conditions.
This heterogeneity influences the capacity for biased segregation77, so can be
exploited by studying the effect of candidate interventions across multiple clonal cell
lines. This increases the probability that interventions may stimulate biased
segregation, which may otherwise be masked by the study of pooled populations.
However, it is first necessary to characterise the heteroplasmy level of clonal cell
lines over time under standard growth conditions. This provides a baseline, which
must be exceeded before an intervention can be considered to have had an impact on
the levels of mutant and WT mtDNA.
Transfection of HEK cybrids with empty vector (plasmid pCDNA5) can be used to
isolate clonal lines for determination of heteroplasmy levels over time in the absence
of any intervention. HEK293T m.3243A>G cybrid Clone C4 (Clone C4) with 68%
mutant mtDNA was transfected with pCDNA5 and sub-clones isolated in ‘standard
culture conditions’ (section 2.14), to determine whether cell heterogeneity or the
transfection and drug selection process influences heteroplasmy levels or the
maintenance of heteroplasmy over time.
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Any cells remaining after the isolation of sub-clones were pooled to create ‘pooled
populations’. Sub-clones and pooled populations were maintained in culture for at
least 28 days or the time required to collect four consecutive DNA samples. 55 subclones and seven-pooled populations were isolated from two transfections.
Pyrosequencing was used to determine heteroplasmy, with a standard deviation range
of 0.0006-0.0464, or 0.06-4.64% change in heteroplasmy, obtained across 359
samples measured in triplicate. Sub-clones and pooled populations exhibited a
heteroplasmic spread, ranging from 28% to 90% mutant mtDNA with a mean
heteroplasmy of 65.6% mutant. Dividing the initial heteroplasmy level of sub-clones
into 3% intervals, the modal interval was 69-72% mutant mtDNA (Figure 3.6.1). One
of 55 (1.82%) sub-clones exhibited a spontaneous decrease in the proportion of
mutant mtDNA from 50% mutant to 9% over 93 days (Figure 3.6.2 C). Remaining
sub-clones and pooled populations maintained stable heteroplasmy, defined as less
than a 15% change in the proportion of mutant mtDNA over 28 days or 4 consecutive
time points in HEK293T m.3243A>G cybrids (Figure 3.6.2 A/B).

Figure 3.6.1. Heteroplasmic spread from 28.0% to 89.8% mutant mtDNA. Clone C4 was
transfected with plasmid pCDNA5 to generate 55 sub-clones (blue) and seven pooled
populations (red) with a variable initial heteroplasmy level.
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Figure 3.6.2. Heteroplasmy is stable in the vast majority of HEK cybrids with
m.3243A>G mtDNA. (A/B) 55 HEK cybrid sub-clones (blue) and seven pooled populations
(red) isolated from two transfections of Clone C4 were maintained in standard culture
conditions for up to 119 days, following transfection with plasmid pCDNA5 conferring
resistance to hygromycin. DNA was harvested and the proportion of mutant mtDNA
determined by pyrosequencing (•/•). (C) A spontaneous decrease in the proportion of mutant
mtDNA was exhibited in a single sub-clone. Single (•) and mean (•) heteroplasmy
measurements are plotted for each time point.

This result demonstrates that stable heteroplasmy is the norm in HEK293T
m.3243A>G cybrids. Nevertheless, clonal cell line heterogeneity or the transfection
and drug selection process can influence both heteroplasmy levels and the proportion
of mutant mtDNA over time. Furthermore, there appears to be an upper limit of ~90%
mutant mtDNA for HEK293T m.3243A>G cybrids in standard culture conditions,
which has not been observed for 143B m.3243A>G or A549 m.3243A>G cybrids.
Stable heteroplasmy and a low frequency of spontaneous change in the proportion of
mutant mtDNA make the HEK cybrid a suitable model to study the effect of
candidate interventions. However, the considerable heterogeneity in heteroplasmy and
low level of spontaneous change in the proportion of mutant mtDNA in clonal cell
lines suggest that is essential to study the effect of candidate interventions on biased
mtDNA segregation in multiple clonal cell lines.

3.7

Intermittent amino acid starvation is not associated with biased
segregation in HEK293T m.3243A>G cybrid sub-clones and pooled
populations.

To test the hypothesis that a decrease in the proportion of mutant mtDNA is
associated with the cellular response to ER stress, HEK cybrid sub-clones were
subjected to cycles of amino acid starvation followed by recovery in standard culture
conditions. To isolate sub-clones, Clone C4 was transfected with doxycycline hyclate
(DOX) inducible Parkin overexpression plasmid ‘SF-Park’.
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Figure 3.7.1. Parkin expression in mouse liver and HEK293T m.3243A>G cybrid clones.
20µg of protein from total cell lysate of HEK cybrid clones transfected with Parkin
overexpression vector SF-Park (C4-E7 SF-Parkin, C4 B12 SF-Parkin, B2-G9 SF-Parkin) or
pCDNA5 (B2 B2 vector), which were cultured in the presence or absence of DOX for 24
hours, was harvested for western blot. 20µg of protein from mouse liver, which expresses
high levels of Parkin, was harvested for western blot as a positive control. High (A) and low
(B) exposures of a single blot are shown (Catherine Nezich). GAPDH is used as a loading
control.

Sub-clones were induced with DOX, because Parkin expression was previously found
to contribute to a decrease in the proportion of mutant mtDNA in the 143BCOXICA65 cybrid cell line83, but is not sufficient to stimulate this change in the HEK
cybrid cell line (Catherine Nezich, personnel communication). Transgenic expression
of Parkin induced by DOX has previously been demonstrated in the HEK cybrid cell
line (Catherine Nezich, Figure 3.7.1). Three of 86 (3.48%) HEK cybrid sub-clones
exhibited a progressive decrease in the proportion of mutant mtDNA (Figures 3.7.2
C/D). This was higher than the frequency of segregation in cells continuously
supplied with amino acids (1.82%) but not statistically significant (P = 0.206).
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Figure 3.7.2. Heteroplasmy is stable in the vast majority of HEK293T m.3243A>G
cybrids expressing Parkin and subjected to intermittent amino acid starvation. (A/B) 86
HEK cybrid sub-clones (blue) and five pooled populations (red) isolated from two
transfections of Clone C4 were subjected to cycles of amino acid starvation followed by
recovery in standard culture conditions for up to 243 or 129 days after transfection with
plasmid SF-Park, expressing Parkin and conferring resistance to hygromycin. DNA was
harvested and the proportion of mutant mtDNA determined by pyrosequencing (•/•). (C/D)
Segregation to WT mtDNA was exhibited in three sub-clones and opposing segregation of
mutant mtDNA in single pooled populations with intermittent amino acid starvation. Single
(•/•) and mean (•) heteroplasmy measurements are plotted for each time point.

Segregation occurred in two of five pooled populations (40%) subjected to
intermittent amino acid deprivation, but in opposite directions (Figure 3.7.2 C/D).
Although stable heteroplasmy was maintained in all seven pooled populations
cultured under standard conditions, the number of samples is too small to draw firm
conclusions. Remaining sub-clones and pooled populations maintained stable
heteroplasmy (Figure 3.7.2 A/B). The findings suggest that intermittent amino acid
starvation and elevated Parkin expression may increase the proportion of segregation
occurring. However, this treatment does not favour mutant or WT mtDNA.

3.8

Intermittent 2DG treatment is not associated with biased mtDNA
segregation in HEK293T m.3243A>G cybrid sub-clones and pooled
populations.

The ER stress response is engaged by amino acid starvation, but other features of
amino acid starvation may be involved in changes in the proportion of mutant
mtDNA. To determine whether the ER stress response is associated with biased
mtDNA segregation, the alternative ER stressor 2-deoxy-D-glucose (2DG) was used
in surrogate. Clone C4 was transfected with SF-Park plasmid and induced to express
Parkin, whilst sub-clones were subjected to cycles of 2DG treatment followed by
recovery in standard culture conditions.
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Figure 3.8.1. Heteroplasmy is stable in the vast majority of HEK293T m.3243A>G
cybrids expressing Parkin and subjected to intermittent 2DG treatment. (A/B) 86 HEK
cybrid sub-clones (blue) and 15 pooled populations (red) isolated from two transfections of
Clone C4 were subjected to cycles of 24 hours 2DG treatment followed by recovery in
standard culture conditions for up to 121 or 122 days after transfection with plasmid SF-Park,
expressing Parkin and conferring resistance to hygromycin. DNA was harvested and the
proportion of mutant mtDNA was determined by pyrosequencing (•/•). (B/C) Two sub-clones
and two pooled populations exhibited a reduction in the proportion of mutant mtDNA, two
sub-clones exhibited an increase in the proportion of mutant mtDNA, and a single sub-clone
segregated to WT mtDNA initially, but the segregation bias reversed and heteroplasmy
returned to initial levels. Single (•/•) and mean (•) heteroplasmy measurements are plotted for
each time point.

Two of 86 (2.33%) 2DG-treated sub-clones exhibited a decrease in the proportion of
mutant mtDNA (Figure 3.8.1 B/C). This was only marginally higher than the
frequency of segregation in the absence of 2DG treatment (1.82%) and was not
statistically significant (P = 0.465). Two of 15-pooled populations (13.3%) exhibited
a decrease in the proportion of mutant mtDNA, whereas seven pooled populations not
exposed to 2DG have already been shown to maintain stable heteroplasmy
(Figure 3.8.1 A/B). Furthermore, two of 86 (2.33%) sub-clones treated with 2DG
exhibited an increase in the proportion of mutant mtDNA, which does not occur
spontaneously (Figure 3.8.1 C). One of the sub-clones that segregated to WT mtDNA
initially, reversed its segregation bias after 65 days, and after a further 32 days it had
returned to its initial level of ~70% mutant mtDNA (Figure 3.8.1 C).
Together with the results from intermittent amino acid starvation of HEK cybrids
expressing Parkin, this suggests that the ER stress response and elevated Parkin
expression might increase the proportion of segregation occurring, but does not
introduce a bias for mutant or WT mtDNA.

Amino acid starvation and 2DG

treatment of sub-clones and pooled populations has been observed to stimulate both
an increase and decrease in the proportion of mutant mtDNA, suggesting that both
types of behaviour are variations of the same underlying phenomena. The transition
from a decrease to an increase in mutant mtDNA in a single sub-clone with 2DG
treatment supports this idea.
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3.9

ER stress has no appreciable effect on the segregation of m.3243A>G
mtDNA in HEK cybrids without transgenic Parkin.

To determine whether transgenic Parkin contributed to the segregation of m.3243A>G
mtDNA in HEK cybrids subjected to intermittent 2DG treatment, Clone C4 was
transfected with an empty vector (pCDNA5). After establishing sub-clones and
pooled populations, the cell lines were subjected to intermittent cycles of 2DG
treatment followed by recovery in standard culture conditions.
One of 41 (2.44%) sub-clones isolated from a single transfection exhibited an increase
in the proportion of mutant mtDNA (Figure 3.9.1). This was similar to the two of 86
(2.33%) sub-clones expressing Parkin that exhibited an increase in the proportion of
mutant mtDNA (P = 0.380). Remaining sub-clones and pooled populations exhibited
stable heteroplasmy.

Figure 3.9.1. Intermittent 2DG treatment does not significantly change the proportion of
mutant mtDNA in HEK293T cybrid sub-clones and pooled populations. HEK cybrids
were subjected to cycles of 24 hours 2DG treatment followed by recovery in standard culture
conditions for up to 121 days, after transfection with plasmid pCDNA5 conferring resistance
to hygromycin. DNA was harvested and the proportion of mutant mtDNA determined by
pyrosequencing (•/•/•). Of 41 sub-clones (blue/green) and 12-pooled populations (red), a
single sub-clone exhibited an increase in the proportion of mutant mtDNA (green).
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Although in experiments with 2DG, two of 98 clones carrying the Parkin transgene
exhibited segregation to WT mtDNA and none of 41 clones with only endogenous
Parkin did likewise (Figure 3.9.1), this cannot be taken as evidence that elevated
Parkin expression favours selection of WT mtDNA in HEK cybrids. Not only is the
number of clones sampled too small, one of 55 (1.82%) sub-clones without transgenic
Parkin or 2DG treatment segregated to WT mtDNA. Thus, the spontaneous rate of
segregation is unchanged by elevated Parkin expression or 2DG treatment of HEK
cells.

3.10 Intermittent 2DG treatment induces a decrease in the proportion of mutant
mtDNA in A549 m.3243A>G cybrid sub-clones and pooled populations
that is not observed in the absence of treatment.

In a previous study, 20% of A549 m.3243A>G cybrid clones were found to
spontaneously segregate to WT mtDNA following cybridisation77. This compares
with 1.82% of HEK cybrids recorded in this study. A549 cells have also been found
to express high levels of Parkin compared to HEK293 and 143B cell lines (Catherine
Nezich, personal communication,), which has been found to contribute to a reduction
in mutant mtDNA83. This suggests A549 cells have a much greater propensity to
segregate mutant and WT mtDNA. Thus, if 2DG treatment of HEK cells was
responsible for the apparent small increase in the frequency of mtDNA segregation,
then this effect should be more evident in A549 cells. That is, intermittent 2DG
treatment of A549 m.3243A>G cybrids (A549 cybrids) would be expected to promote
a decrease in the proportion of mutant mtDNA in a larger proportion of sub-clones
than in HEK cybrids. To test this hypothesis, limiting dilution was used to isolate 16
sub-clones and a pooled population from the A549 cybrid cell line. The sub-clones
and the pooled population exhibited a range of initial heteroplasmy, with a maximum
of 100.0% and minimum of 10.2% mutant mtDNA (Figure 3.10.1 A/B). They were
subjected to intermittent cycles of 2DG treatment followed by recovery in standard
culture conditions, whilst untreated duplicates of each sub-clone and the pooled
population were cultured in parallel for the purposes of comparison. In a first
experiment performed by my colleague Catherine Nezich, one of 16 sub-clones
(6.25%) and the pooled population exhibited segregation to WT mtDNA dependent
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on intermittent 2DG treatment (Figure 3.10.1 A). One other sub-clone exhibited
segregation to WT mtDNA both with and without 2DG treatment, although this was
accelerated with 2DG treatment at earlier time points (Figure 3.10.1 B). Remaining
sub-clones exhibited stable heteroplasmy irrespective of 2DG treatment, defined as
less than a 15% change in the proportion of mutant mtDNA over 26 days or 6
consecutive time points in A549 m.3243A>G cybrids (Figure 3.10.1 A/B). In a repeat
experiment of mine, 13 sub-clones and a pooled population were monitored. Subclones and the pooled population exhibited a range of initial heteroplasmy with a
maximum of 95.0% and a minimum of 34.2% mutant mtDNA (Figure 3.10.2 A/B).
Two of the 13 sub-clones (15.4%) and the pooled population segregated to WT
mtDNA, dependent on intermittent 2DG treatment (Figure 3.10.2 B). Remaining subclones exhibited stable heteroplasmy (Figure 3.10.2 A/B).
Combining the data from the two experiments, the mean change in heteroplasmy for
clones exhibiting stable heteroplasmy (defined above) irrespective of 2DG treatment,
was 0.7%, whilst the mean change in heteroplasmy for clones and pooled populations
exhibiting a change in heteroplasmy dependent on 2DG treatment was 21.6%, which
is statistically significant by the Welch’s T-test (p=0.0056). The frequency of 2DGinduced segregation to WT mtDNA in A549 cybrid sub-clones was 10.3% (3/29) and
100% in pooled populations (2/2). Although HEK cybrid sub-clones and pooled
populations transfected with empty vector (pCDNA5) were not monitored
concurrently in both the presence and absence of intermittent 2DG treatment, the
absence of segregation with 2DG treatment in 41 sub-clones and 12 pooled
populations implies a maximum frequency of less than 2.5% (1/40) and less than
8.3% (1/12) respectively for 2DG induced segregation to WT-mtDNA. These
frequencies are at least four-fold and 12-fold lower than those for A549 cybrid subclones or pooled populations respectively. Moreover, the frequency of spontaneous
segregation to WT mtDNA in HEK293 m.3243A>G cybrid sub-clones, of 1.8 %
(1/55), was almost two-fold lower than that observed among A549 cybrid sub-clones
(3.5%, 1/29). Thus, the data support the hypothesis that A549 cybrids have a greater
propensity to segregate to WT mtDNA than HEK293T cybrids. Moreover, it supports
the contention that ER stress, in the form of intermittent 2DG treatment, promotes
segregation of mutant and WT mtDNA in otherwise stable heteroplasmic cell lines.
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Figure 3.10.1. 2DG treatment decreases the proportion of mutant mtDNA in an A549
m.3243A>G cybrid sub-clone and pooled population. (A/B) 16 A549 cybrid sub-clones
and a pooled population were subjected to cycles of 24 hours 2DG treatment followed by
recovery in standard culture conditions for up to 117 days, whilst duplicates were maintained
in the absence of treatment. DNA was harvested and the proportion of mutant mtDNA was
determined by pyrosequencing.
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Figure 3.10.2. 2DG treatment decreases the proportion of mutant mtDNA in two A549
m.3243A>G cybrid sub-clones and a pooled population. (A/B) 13 A549 cybrid sub-clones
and a pooled population were subjected to cycles of 24 hours 2DG treatment followed by
recovery in standard culture conditions for up to 39 days whilst duplicates were maintained
without treatment. DNA was harvested and the proportion of mutant mtDNA determined by
pyrosequencing.
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3.11 Unbiased biological process mapping
NCBI GEO contains 947654 datasets (23rd June 2013) corresponding to genetic,
pharmaceutical and environmental perturbations of the cell. If a geneset achieves
significant regulation across the NCBI GEO database, as evidenced by significant
correlation among its genes during perturbation of the cell, then it may represent an
underlying functional process109. Based on this hypothesis, J. Chang created an
unbiased architecture of the cell composed of 115 unbiased biological processes
(UBPs), which each contain genesets that share a similar transcriptional profile.
The UBP architecture serves as an unbiased higher organising principle for genesets,
and therefore offers a route to increased insight from a list of enriched genesets
identified by GSEA. The annotation of genesets from enriched UBPs may also
provide insight beyond the annotation of the mapped genesets. Moreover, since UBPs
are derived from the cellular responses to genetic, pharmaceutical and environmental
perturbations, mapping the gene expression response of unknown phenomena to
UBPs can provide a route to genetic, pharmaceutical and environmental perturbations,
in isolation or combination, that induce the same phenomena. This method could
overcome the main technical hurdle to the development of combinatorial
interventions that are not approachable by traditional screening methods due to
combinatorial explosion.
To identify functional processes stimulated by 2DG treatment, and therefore
associated with a decrease in the proportion of mutant mtDNA, GSEA of datasets
from fibrosarcoma (HT1080) cells treated with 2DG versus untreated cells was
performed, followed by mapping of enriched genesets to UBPs. Multiple UBPs with
immunological annotations were enriched with 2DG treatment (23, 28 and 16), aswell
as a UBP consistent with the ER stress response (UBP15) (Figure 3.11.1 2DG).
Inspection of genesets from enriched UBPs revealed ‘Interferon-response’ as a
common annotation in both UBP23 and UBP28. Moreover, the identity of multiple
genesets within the enriched UBP profile is consistent with an interferon, or
downstream response.
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Figure 3.11.1. UBPs with immunological annotations are enriched with 2DG treatment
or amino acid starvation. Genesets annotated with the ‘Interferon-response’ (Yellow),
genesets for signalling pathways consistent with an interferon-response (Orange), genesets for
metal ion transporters (Green) associated with an interferon-response and other pathways
associated with a response to pathogens (blue) are highlighted in enriched UBPs. The strength
of colour represents the amplitude of geneset up-regulation (red) according to NES.

Interferon is a cytokine secreted in response to bacterial or viral infection that inhibits
the infection of neighboring cells by binding to interferon receptors at the cell surface
to activate cell-autonomous immunity130. Cell autonomous immunity is mediated in
part by the ‘Resistome’131, a set of genes most stimulated by interferon, but also
stimulated by TNFα (UBP16, UBP23) or extracellular pathogens themselves
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(UBP16). One feature of the resistome is the up-regulation of metal ion transporters
that promote the efflux of metal ions from the cytosol to the extracellular space. This
helps to combat pathogens, whose enzymes are more dependent upon these ions
(UBP101). The UBP profile is consistent with the finding that 2DG has antiviral
activity towards a variety of enveloped viruses132.
GSEA of datasets from amino acid starved human hepatoma (HepG2) compared to
cells with sufficient amino acids, followed by mapping of enriched genesets to UBPs,
revealed up-regulation of UBP23, containing two genesets annotated with the
‘Interferon-response’ (Figure 3.11.1 NoAA). This suggests that the capacity of 2DG
to stimulate an ER stress response is also the activity responsible for the subsequent
activation of an interferon-response.
Interferon-inducible genes are members of a group identified as essential to Parkin
mediated mitophagy by an siRNA screen133. This group of genes is enriched with
both 2DG treatment of HT1080 cells and A549 cells, compared to other NCI60 cell
lines (data not shown). Interferon has also been found to reduce somatic mutation of
mtDNA in liver tissue from chronic viral hepatitis patients134. It is tempting to
speculate that stimulation of Parkin mediated mitophagy by a 2DG-induced
interferon-response stimulates segregation to WT mtDNA in HEK and A549 cybrids.
To test this hypothesis, Clone C4 was transfected with SF-Park plasmid and induced
to express Parkin, whilst sub-clones were subjected to cycles of combined Interferon
α and Interferon γ treatment (IFNα/γ) followed by recovery in standard culture
conditions.

3.12 IFNα/γ treatment has no appreciable effect on the segregation of
m.3243A>G mtDNA in HEK cybrids expressing transgenic Parkin.

One of 36 (2.78%) sub-clones exhibited a decrease in the proportion of mutant
mtDNA with intermittent IFNα/γ treatment followed by recovery in standard culture
conditions (Figure 3.12.1), which was elevated relative to the spontaneous frequency
(1.82%) but not statistically significant (P = 0.483). Remaining sub-clones and pooled
populations exhibited stable heteroplasmy (Figure 3.12.1).
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Figure 3.12.1. Intermittent IFNα/γ treatment does not change the proportion of mutant
mtDNA in HEK293T cybrid sub-clones and pooled populations. HEK cybrids were
subjected to cycles of 6 hours IFNα/γ treatment followed by growth in standard culture
conditions for up to 122 days following transfection with plasmid SF-Park, expressing Parkin
and conferring resistance to hygromycin. DNA was harvested and the proportion of mutant
mtDNA was determined by pyrosequencing (•/•/•). Of 36 sub-clones (blue/green) and eightpooled populations (red), a single sub-clone exhibited a decrease in the proportion of mutant
mtDNA (green). Single (•/•/•) and mean (•) heteroplasmy measurements are plotted for each
time point.

This result suggests that intermittent IFNα/γ treatment and Parkin expression do not
affect the capacity to decrease the proportion of mutant mtDNA in sub-clones and
pooled populations.

3.13 The only effect of intermittent IFNα/γ treatment is to inhibit the
segregation to WT mtDNA in a single A549 m.3243A>G cybrid sub-clone.

The data here support the hypothesis that A549 cybrids have a greater propensity to
segregate to WT mtDNA than HEK293T cybrids.
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Figure 3.13.1. IFNα/γ treatment does not influence the proportion of mutant mtDNA.
(A/B) A549 cybrid sub-clones and a pooled population were subjected to cycles of 6 hours
IFNα/γ treatment followed by recovery in standard culture conditions for up to 26 days whilst
duplicates were maintained in absence of treatment. DNA was harvested and the proportion
of mutant mtDNA determined by pyrosequencing.
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Figure 3.13.2. IFNα/γ treatment inhibits a spontaneous decrease in the proportion of
mutant mtDNA. Of 16 sub-clones and a pooled population, a single sub-clone subjected to
IFNα/γ treatment (C14 IFN) prevented a spontaneous decrease in the proportion of mutant
mtDNA observed in the absence of treatment (C14 Vh). Heteroplasmy values were confirmed
by triplicate measurement.

Therefore, the A549 cell line would be expected to have a greater propensity to
segregate to WT mtDNA with IFNα/γ treatment, should this treatment be capable of
stimulating biased segregation. Based on this hypothesis, A549 cybrid sub-clones and
a pooled population were subjected to cycles of six hours IFNα/γ treatment followed
by recovery in standard culture conditions. Surprisingly, IFNα/γ treatment of 15 subclones and a pooled population not only failed to stimulate segregation to WT
mtDNA (Figure 3.13.1 A/B), but prevented the spontaneous segregation to WT
mtDNA observed without treatment in a single sub-clone (Figure 3.13.2).
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3.14 Intermittent combined 2DG/IFNα/γ treatment may permit spontaneous
biased segregation in an A549 m.3243A>G cybrid sub-clone that previously
maintained stable heteroplasmy with intermittent IFNα/γ treatment.

Stimulation of the interferon-response, as suggested by UBP analysis of 2DG-treated
HT1080 cells, represents only one facet of the cellular response to 2DG. In isolation
this may not be sufficient to stimulate a decrease in the proportion of mutant mtDNA.
However, combining IFNα/γ with 2DG treatment may augment the ability of 2DG to
stimulate segregation to WT mtDNA. To test this hypothesis, 15 sub-clones and a
pooled population of A549 cybrids, previously subjected to cycles of six hours
IFNα/γ treatment followed by recovery in standard culture conditions for 29 days,
were transitioned to cycles of 24 hours combined 2DG/IFNα/γ treatment followed by
recovery in standard culture conditions. Combined 2DG/IFNα/γ treatment failed to
stimulate segregation to WT mtDNA (Figure 3.14.1 A/B) but may have permitted
spontaneous segregation to WT mtDNA in a single sub-clone that was also observed
in the absence of treatment (Figure 3.14.1 C).
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Figure 3.14.1. Combined 2DG/IFNα/γ treatment does not induce a decrease in the
proportion of mutant mtDNA. (A/B) Following 29 days of cycles of 6 hours IFNα/γ
treatment followed by recovery in standard culture conditions, A549 cybrid sub-clones and a
pooled population were transitioned to cycles of 24 hours combined 2DG/IFNα/γ treatment
followed by recovery in standard culture conditions for up to 74 days. Duplicates were
maintained in the absence of treatment. DNA was harvested and the proportion of mutant
mtDNA was determined by pyrosequencing. (C) Of 15 sub-clones and a pooled population, a
single sub-clone exhibited segregation to WT mtDNA following the transition, which was
also observed in the absence of treatment. Heteroplasmy values (•) were confirmed by
triplicate measurement.
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3.15 Enrichment map
Enrichment map is a bioinformatic tool that organises genesets enriched from GSEA
analysis into a network, where each geneset is a node and edges represent the overlap
between genesets110. An automated network layout group’s genesets with common
genes into clusters, aiding the identification of functional ‘themes’. To identify
functional processes stimulated by 2DG treatment, which stimulates segregation to
WT mtDNA in a sub-population of A549 cybrid sub-clones and pooled populations,
GSEA of 2DG treated versus control HT1080 cells was performed, followed by
analysis of enriched genesets with Enrichment Map. GO genesets formed multiple
clusters (Figure 3.15.1 A). Major functional themes included the inhibition of cell
cycle progression (Figure 3.15.1 B), amino acid transporter up-regulation (Figure
3.15.1 C), endoplasmic reticulum biogenesis (Figure 3.15.1 D) and inhibition of
splicesome assembly (Figure 3.15 E). Clusters with themes of innate immunity
(Figure 3.15.1 F) and lysosome biogenesis (Figure 3.15.1 G) are less prominent but
potentially more significant to biased mtDNA segregation. Intriguingly, the geneset
‘MITOCHONDRIAL _PART’ formed part of a major cluster with the functional
theme ‘endoplasmic reticulum biogenesis’, but showed marked down-regulation in
contrast to other members of the cluster (Figure 3.15.1 D).
Curated genesets formed multiple clusters (Figure 3.15.1 H), some with themes
identical or similar to those previously identified, including inhibition of the cell cycle
(Figure 3.15.1 I), lysosome biogenesis (Figure 3.15.1 K) and amino acid or small
molecule transporter up-regulation (Figure 3.15.1 M). Inhibition of transcription was
a theme not previously identified (Figure 3.15.1 J), whilst inhibition of mitochondrial
gene expression (Figure 3.15.1 L) confirmed a theme less evident with GO genesets.
Cis-regulatory-motif-defined genesets formed a single major cluster composed of
genesets regulated by the transcription factor E2F (Figure 3.15.1 N), whose downregulation is consistent with inhibition of cell cycle progression. Computationally
defined genesets formed clusters whose themes were not identified (Figure 3.15.1 O).
A caveat of Enrichment Map is that the number of genesets in an enriched cluster is a
combination of the genesets enriched with a particular condition and the redundancy
of those genesets.
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Figure 3.15.1. Enrichment map analysis of 2DG treated versus non-treated HT1080
cells. Nodes represent the genesets, the strength of edges indicate overlap between the
genesets and the strength of the colour represents the amplitude of up-regulation (red) or
down-regulation (blue) of geneset expression. An automated network layout groups
functionally related genesets into clusters.

Therefore, prominence of an enriched cluster may be a partial artifact of redundancy
amongst its constituent genesets, which can be recognised by strong edges between
nodes in a cluster. An example of high geneset redundancy, with thick edges between
nodes in a cluster, is enrichment for genesets showing inhibition of cell cycle
progression (Figure 3.15.1 I). In contrast, an example of low geneset redundancy,
with thin edges between nodes in a cluster, is enrichment for genesets showing
inhibition of mitochondrial gene expression (Figure 3.15.1 L).

3.16 Connectivity map, ProfileChaser, UBP and leading-edge analysis of A549↑
versus A549↓ datasets.

In a previous study, 20% of A549 cybrid clones spontaneously segregated to WT
mtDNA following cybridisation77 and here I discovered that A549 microarray
datasets derived from cells cultured in equivalent conditions can be divided into two
sub-populations characterised by differential expression of PPARGC1A (section 3.4,
Figure 3.4.1). Given the well-recognised role of PGC-1α in mitochondrial biogenesis,
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it is tempting to speculate that one of the sub-populations, but not the other, represent
a cellular state that permits segregation to WT mtDNA. GSEA analysis of A549↑
versus A549↓ datasets revealed a profile consistent with response to ER stress in
A549↑ (section 3.5, Figure 3.5.1 A). However, efforts to recapitulate this profile by
treatment of A549 cybrid sub-clones with the ER stressor 2DG only stimulated
segregation to WT mtDNA in a fraction of sub-clones (3/29 or 10.3%). If we make
the assumption that 2DG stimulates similar levels of ER stress in all sub-clones, then
the response to ER stress provides only a partial explanation for segregation to WT
mtDNA.
Connectivity map (CMAP) is a bioinformatic tool that identifies Food and Drug
Administration (FDA) approved drugs that induce global gene expression differences
similar to those observed between two experimental conditions106,107. CMAP was
used to identify candidate drugs for neuroblastoma and hepatocellular carcinoma that
were subsequently validated in cell-culture135,136.

Table 3.16.1. CMAP analysis of A549↑ versus A549↓ datasets. The output of CMAP
analysis is ranked by connectivity score. Blue rows indicate a common annotation.
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Table 3.16.2. ProfileChaser analysis of A549↑ versus A549↓ datasets. The output of
ProfileChaser analysis is ranked by confidence score. Blue rows indicate the common
annotation of ‘TGF-β signalling’ whilst the green row indicates the unique annotation of
‘Interferon signalling’.

Moreover, the annotation of an enriched drug may provide insight into the functional
changes accompanying mRNA expression differences, allowing deduction of
functional and post-transcriptional changes from transcriptional information. CMAP
requires a list of those genes most differentially expressed between two conditions as
input, with a ‘signature’ of between ten and five hundred genes found to perform
well106,107. Using a signature of the 100 most differentially expressed genes from
A549↑ versus A549↓ datasets as input revealed enrichment for autophagy inhibitors
LY-294002 and wortmannin (Table 3.16.1). This suggests that A549↑ represents a
state of reduced autophagic flux.
ProfileChaser is a bioinformatic tool that allows the identification of any genetic,
pharmaceutical or environmental perturbation submitted to the NCBI GEO database
that induces global gene expression differences similar to those identified between
two experimental conditions108.
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ProfileChaser is more powerful than CMAP, since its output is not restricted to FDA
approved drugs. However, successful application of the tool has yet to be reported in
the literature. Analysis of A549↑ versus A549↓ datasets revealed enrichment for early
versus late TGF-β response (Table 3.16.2), or more broadly, reduced TGF-β
signalling. Intriguingly, there was also weak enrichment for a 24-hour versus six-hour
interferon-response.
A major limitation of CMAP and ProfileChaser is that they try to match global
expression changes between two conditions to single interventions, which is
analogous to representing a complex image with a single pixel. This restricts insight
into underlying biological events, and provides a poor platform to design targeted
interventions. To characterise biological changes at higher resolution, enriched
genesets from GSEA of A549↑ versus A549↓ datasets were mapped to 115 UBPs
(Figure 3.16.1). This revealed up-regulation in A549↑ for UBPs associated with
peroxisome biogenesis (UBP 102), lipid metabolism (UBP 51), aerobic respiration
and the mitochondrial respiratory chain (UBPs 86 and 103). Furthermore, UBPs
consistent with hypoxia were up-regulated (UBPs 11 and 12).
To determine if PPARGC1A expression is responsible for these biological changes,
leading-edge analysis of A549↑ versus A549↓ datasets was performed. Leading-edge
analysis identifies genes that occur with the highest frequency in enriched genesets,
which may represent the ‘core’ of a geneset that drives the enrichment signal95. For
enriched genesets upregulated in A549↑ versus A549↓ datasets, PPARGC1A was the
first and third highest scoring leading-edge gene using the C3 (motif) and C5 (GO)
geneset collections respectively (Table 3.16.3). Intriguingly, ribosomal protein
subunit encoding genes were the highest scorers in leading-edge analysis of C2
(curated gene sets) and C4 (computational gene sets), consistent with the finding that
ribosome content is proportional to mitochondrial mass (Francisco J. Iborra,
personnel communication). Moreover, only two genes are more differentially
expressed than PPARGC1A (data not shown). The first is CEACAM6, which encodes
a glycoprotein involved in cell adhesion137 and the second is COX7C, which encodes
a subunit of Complex IV.
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Figure 3.16.1. UBPs enriched in A549↑ versus A549↓ datasets. UBPs correlated with
PPARGC1A expression in A549↑ versus A549↓ datasets and IFNα treated primary human
hepatocytes are highlighted blue. The strength of colour represents the amplitude of geneset
up-regulation (red) and down-regulation (blue) according to NES.
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Table 3.16.3. PPARGC1A is enriched in leading-edge analysis of A549↑ versus A549↓
datasets. Leading-edge genes (LEADING EDGE) are ranked by frequency of occurrence
(FREQ) in enriched up-regulated genesets from C2 (curated), C3 (motif), C4 (computational)
and C5 (GO) geneset collections. PPARGC1A is highlighted blue and ribosomal proteins in
green.
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Table 3.16.4. PPARGC1A is enriched in leading-edge analysis of IFN-α treated
primary-human-hepatocyte datasets compared to untreated datasets. Leading-edge
genes are ranked by frequency of occurrence in enriched down-regulated genesets from C2
(curated), C3 (motif), C4 (computational) and C5 (GO) geneset collections. PPARGC1A is
highlighted blue.
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Neither gene product is known to be associated with regulation of gene expression. In
contrast, PPARGC1A encodes PGC-1α, which has been recognised as a regulator of
mitochondrial biogenesis and function120.
It is noteworthy that PPARGC1A is a leading-edge downregulated gene in response
to IFNα treatment, based on analysis of enriched genesets within six hours of IFNα
treatment of primary human hepatocytes (Table 3.16.4). Thus decreased PPARGC1A
expression might explain why IFNα (in combination with IFNγ) inhibited the
spontaneous segregation to WT mtDNA in an A549 cybrid sub-clone (section 3.13,
Figure 3.13.2). Moreover, UBPs annotated with peroxisome biogenesis, lipid
metabolism, aerobic respiration, mitochondrial respiratory chain and hypoxia, which
are up-regulated in A549↑ versus A549↓ datasets, are down-regulated in IFNα treated
primary human hepatocytes, suggesting their activity may be stimulated by
PPARGC1A expression and could influence segregation to WT mtDNA (Figure
3.16.1). PPARGC1A is also a leading-edge gene from enriched genesets upregulated
in A549 datasets versus a group of datasets from cell lines with a known segregation
bias towards mutant mtDNA (data not shown). Together, these findings suggest that
PPARGC1A expression, directly or through its stimulation of specific UBPs may be
associated with a decrease in the proportion of mutant mtDNA.
Enrichment Map analysis of A549↑ versus A549↓ datasets was performed but did not
reveal any results of apparent significance.

3.17 The hypersensitivity of PPARGC1A expression to amino acid starvation in
the A549 cell line.

Although PPARGC1A expression is associated with the biological changes observed
in A549↑ versus A549↓ datasets, the cause of its differential expression in equivalent
culture conditions remains unknown. Measurement of PPARGC1A mRNA levels by
quantitative PCR (qPCR) in multiple cell lines with amino acid starvation revealed
that PPARGC1A expression is markedly up-regulated in A549 cells compared to
143B or HEK293T cells.
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Figure 3.17.1. Amino acid starvation increases PPARGC1A expression in A549 and
143B cells. PPARGC1A mRNA expression levels were determined by qPCR in A549 (blue),
143B (red) and HEK293T (green) cells cultured in the absence of amino acids for one (1d
NoAA), two (2d NoAA) or three (3d NoAA) days, in the presence of amino acids for one (1d
AA) or two (2d AA) days or in the absence of amino acids for one day followed by one day
recovery in the presence of amino acids (1d NoAA+Rec). n = 1 experiment. (Catherine
Nezich).

After two days starvation, PPARGC1A was up-regulated 27-fold in A549 cells
compared to 7.4 or 1.9-fold in 143B and HEK293T cells respectively (Catherine
Nezich, Figure 3.17.1). Surprisingly, 24-hour treatment with 2DG had negligible
effect on PPARGC1A expression, suggesting up-regulation is unrelated to stimulation
of the ER stress response.
The hypersensitivity of PPARGC1A expression to amino acid availability suggests
that its differential expression in equivalent culture conditions could be related to
differences in amino acid homeostasis between pooled populations. Indeed, the
27-fold up-regulation of PPARGC1A with amino acid starvation is comparable to
11-fold up-regulation in A549↑ versus A549↓ datasets. However, this conclusion is
based on results from a single experiment and therefore must be taken with caution
until the same result is reproduced.
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4

Discussion

It is 22 years since Hayashi’s group reported the first instance of replicative advantage
for pathological mutant mtDNA in human cells75 and 18 since the selective advantage
of mutant mtDNA was first attributed to the host nuclear DNA genotype77. In the
subsequent two decades, replicative advantage has been linked to additional origins78,
or altered replication pausing88, in the latter case implicating a specific protein
(mTERF). However, only three proteins have been shown to alter the levels of mutant
and WT mtDNA in human cells, Drp1, Fis1 and Parkin82,83, which are all involved in
mitochondrial dynamics and turnover. In mice, one gene, GIMAP3, has been
identified that co-segregates with the tendency to select one of two mitochondrial
genotypes in hematopoietic cells84.
The mechanism is currently obscure and may not apply to pathological mtDNA
variants. Hence, there remains an urgent need to understand the molecular basis of
mtDNA segregation to aid the design of interventions that can restrict or reverse the
selection of mutant mtDNA.
The aim of this study was to use bioinformatic tools to identify differences between
cells that select mutant or WT mtDNA, and to demonstrate one or more of these
differences was relevant to mtDNA segregation. Initially, the plan was to identify
‘lead-genes’ and express them in cells carrying mixtures of mutant and WT mtDNA
to determine their effect on mtDNA heteroplasmy. The HEK293T m.3243A>G cybrid
cell line was created for this purpose. It was deemed suitable for the study of
candidate interventions and specifically candidate genes, because it allows the
incorporation of any gene at a fixed locus, where its expression is under the control of
a doxycycline-inducible promoter. However, there are two fundamental requirements
for mtDNA segregation bias towards WT mtDNA, first that the gene expression
profile is appropriate to segregation favouring WT over mutant mtDNA, second that
the cell is able to segregate mtDNA at all, given that many cells in culture maintain a
constant level of heteroplasmy for indefinite periods. The majority of HEK293T
cybrids displayed stable heteroplasmy and analysis of 55 clones indicated that
spontaneous mtDNA segregation occurred at very low frequency (~2%). These
characteristics were suitable in the sense that there was plenty of scope for an
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intervention to produce a highly significant effect. However, HEK293T cybrids
clearly tend towards persistent heteroplasmy despite candidate interventions. This
problem could be circumvented for chemical interventions by utilising A549
m.3243A>G cybrid cells, which had previously been shown to segregate
spontaneously to WT mtDNA at a much higher frequency (20%)77.

4.1

PPARGC1A is a candidate for influencing mtDNA segregation

Many cybrids maintain stable heteroplasmy indefinitely. Thus one or more key
factors for mtDNA segregation cannot be expressed sufficiently (in an active form) in
all clones. A549 cybrids have a greater propensity to segregate to WT mtDNA than
other cell lines and A549 cells cultured in equivalent conditions can be divided into
two sub-populations characterised by differential expression of PPARGC1A (section
3.4, Figure 3.4.1). This suggested to me that high levels of PPARGC1A might be
needed to permit mtDNA segregation to occur. A priori, PPARGC1A was a credible
candidate as it stimulates mitochondrial biogenesis120, which in turn must impact on
mitochondrial turnover, a process that has been implicated in biased mtDNA
segregation82. Moreover, GSEA analysis identified PPARGC1A as a leading-edge
gene distinguishing A549 cells from those that select mutant mtDNA (section 3.16,
Figure 3.16.1). Towards the end of this study, PPARGC1A was also identified as a
downregulated leading-edge gene by GSEA analysis of IFNα treated versus untreated
HepG2 cells, which in combination with IFNγ, inhibited a spontaneous decrease in
the proportion of mutant mtDNA in an A549 m.3243A>G cybrid sub-clone (section
3.13, Figure 3.13.2). Lastly, a 2.7 kb viral RNA interacts with complex I to stabilise
Δψm for ATP production138, suggesting that down-regulation of PPARGC1A could
be part of a cellular defence response to minimise ATP production by mitochondria,
which could otherwise be hijacked for viral replication.
On the basis of leading-edge analysis (section 3.16), a HEK293T cybrid cell line was
generated that carried a PPARGC1A transgene (data not shown). The intention was to
assess the effect of elevated PPARGC1A expression on m.3243A>G segregation in
HEK293T cells.
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However, GSEA analysis of A549 datasets versus a group of datasets from cell lines
with known segregation bias towards mutant mtDNA highlighted pathways and
processes, rather than individual genes, which might influence mtDNA segregation
bias. This reduced the impact of the PPARGC1A findings, although it remains a
worthwhile experiment in the future.

4.2

CMAP and ProfileChaser suggest the reciprocal co-regulation of
PPARGC1A expression and autophagy

CMAP analysis of A549↑ versus A549↓ datasets revealed the greatest enrichment for
autophagy inhibitors LY-294002 and Wortmannin (section 3.16, Table 3.16.1),
consistent with a state of reduced autophagic flux in A549↑. Enrichment for two
autophagy inhibitors increases confidence that this process is specifically and
significantly affected. This appears somewhat paradoxical as PGC-1α stimulates
mitochondrial biogenesis, and it is difficult to see how this would reduce the
requirement for ‘mitophagy’ in particular, or autophagy generally. Nevertheless, it has
been shown that stimulation of autophagy with rapamycin in human skeletal muscle
decreases PPARGC1A expression139, which is also consistent with reciprocal
regulation of autophagy and PPARGC1A expression. Further support for this
hypothesis comes from ProfileChaser analysis of A549↑ versus A549↓ datasets,
which revealed reduced TGF-β signalling in A549↑ (Section 3.16, Table 3.16.2). This
is because TGF-β activates autophagy in human hepatocellular carcinoma cells140,
suggesting that reduced TGF-β signalling in A549↑ cells in turn reduces autophagic
flux, compared to autophagic flux in A549↓ cells.

4.3

Modelling the effects of autophagic flux on mtDNA segregation

Reduced autophagic flux could promote a decrease in the proportion of mutant
mtDNA by permitting the time-dependent expression of a dysfunctional phenotype in
mitochondria homoplasmic or heteroplasmic for mutant mtDNA (Figure 4.3.1). This
hypothesis rests upon three assumptions.
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A
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Figure 4.3.1. A model of mutant mtDNA selection by reduced autophagic flux. Following
biogenesis, functional mitochondria that are homoplasmic for WT mtDNA (green line)
exhibit a loss of Δψm with time, which is accelerated in dysfunctional mitochondria that are
homoplasmic or heteroplasmic for mutant mtDNA (red line). (A) At basal autophagic flux,
functional and dysfunctional mitochondria both maintain a Δψm above threshold at early time
points. The autophagic machinery does not discriminate between functional and dysfunctional
mitochondria, so mitochondria are indiscriminately removed by autophagy (B) Lower
autophagic flux prevents indiscrimate autophagy of mitochondria at early time points and
permits a ‘selection window’ where dysfunctional mitochondria exhibiting a Δψm below
threshold and are targeted for autophagy, whilst functional mitochondria exhibit a Δψm above
threshold and escape autophagy. Targeting of dysfunctional mitochondria for removal by
autophagy promotes a decrease in the proportion of mutant mtDNA. The grey zone represents
Δψm values inaccessible to mitochondria due to their removal by autophagy.
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The first is that mitochondria are only selected for autophagy below a threshold Δψm.
This is supported by recent elucidation of a mitochondrial quality control pathway, in
which Pink1 is rapidly degraded in functional mitochondria, but accumulates on the
outer membrane of Δψm deficient mitochondria, where it recruits Parkin to mediate
removal of mitochondria by autophagy63,64.
The second assumption is that following biogenesis mitochondrial function follows a
protein activity decay curve. Since mitochondrial function is dependent on protein
activity, this assumption seems warranted. However, mitochondria are not static
organelles, rather they experience cycles of fission and fusion with the mitochondrial
network. For the inner mitochondrial membrane, this might serve to maintain Δψm by
functional

complementation

despite

decreases

in

local

protein

activity141.

Nevertheless, isolation of mitochondria from the network by fission would be
expected to prevent complementation and reveal local protein activity. Therefore, the
genotype, via the functional phenotype of mtDNA, would be unmasked intermittently.
The third assumption is that mitochondria heteroplasmic for mutant mtDNA exhibit
an accelerated decay of mitochondrial function. Since mitochondrial function is
dependent on protein activity and integrity, which can both be disrupted by
mitochondrial mutations, this assumption seems warranted.
In the ‘Delayed-Autophagy’ model, basal autophagic flux would permit the
indiscrimate autophagy of both functional and dysfunctional mitochondria at early
time points, where both maintain a Δψm above threshold (Figure 4.3.1 A). A lower
autophagic flux would spare mitochondria from indiscriminate autophagy at early
time points and permit, at later time points, a ‘selection window’ where dysfunctional
mitochondria unable to maintain Δψm above threshold are targeted for autophagy,
whilst functional mitochondria able to maintain a Δψm above threshold and are
spared (Figure 4.3.1 B). If autophagic flux is lower still, Δψm for both functional and
dysfunctional mitochondria falls below the threshold, and autophagy once again
becomes indiscriminate. However, autophagic flux in a cell would have to be high
enough to prevent partial or total loss of Δψm, which can trigger apoptosis142.
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4.4

ROS response and glutathione metabolism

GSEA analysis of A549 datasets versus a group of datasets from cell lines with a
known segregation bias towards mutant mtDNA revealed the significant up-regulation
of genesets involved in response to ROS, and glutathione metabolism (section 3.5,
Figure 3.5.1). Moreover, these genesets were also upregulated when A549 datasets
were compared to a group of datasets taken from other cell lines in the NCI60 study,
suggesting this is a feature specific to the A549 cell line.
Studies in mice also suggest a link between the response to ROS and biased
segregation. Mice heteroplasmic for BALB and NZB mtDNA haplotypes select
BALB in hematopoietic tissue and NZB in kidney and liver81. Both haplotypes are
indistinguishable with the exception that mtDNA copy number and ROS production
are higher in cells with NZB mtDNA89. Differential response to ROS in
hematopoietic tissue and kidney/liver could influence biased segregation according to
the following model.
In hematopoietic tissue, elevated expression of genes involved in the defence and
detoxification of ROS would prevent premature stimulation of mitochondrial
biogenesis by elevated ROS from NZB mtDNA. This would promote preferential
removal of NZB mtDNA by the Parkin/Pink1 pathway (or an alternative pathway),
since NZB mtDNA has a lower respiratory capacity per mtDNA and will therefore
maintain a lower Δψm. This would increase the proportion of the BALB mtDNA
haplotype.
In kidney and liver tissue, reduced expression of genes involved in ROS defence and
detoxification would permit the premature stimulation of mitochondrial biogenesis,
due to elevated ROS from NZB mtDNA. Cells with an increased percentage of NZB
mtDNA could arise through mitotic drift coupled to regenerative proliferation. Due to
a reduction in respiratory capacity and an increase in ROS associated with the NZB
haplotype, these cells would increase their mtDNA copy number by ROS induced
mitochondrial biogenesis and increase the percentage of the NZB mtDNA haplotype
at the cell population level.
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A caveat of the ‘Delayed-Autophagy’ model is that it rests upon the speculation that
A549↑ represents a cellular state synonymous with a spontaneous decrease in the
proportion of mutant mtDNA. A caveat of the ROS-based model is that it rests upon
the idea that hematopoietic and kidney/liver tissue exhibit differential expression of
genes involved in ROS defence/detoxification and that regenerative proliferation in
kidney/liver is sufficient to permit mitotic drift of mtDNA haplotypes. Results from
Enrichment Map analysis of 2DG treated versus non-treated HT1080 cells, a
treatment associated with segregation to WT mtDNA in a sub-population of clones,
suggest a third model that does not rely on such speculation.

4.5

MtDNA turnover

2DG treatment of HT1080 cells, which is associated with segregation to WT mtDNA
in A549 sub-clones, induces down-regulation of mitochondrial gene expression based
on Enrichment Map analysis. This is synonymous to reduced autophagy in respect to
establishing a cellular environment where Δψm of dysfunctional mitochondria is
permitted to decay to sub-threshold levels. With continuous biogenesis, Δψm of
individual functional and dysfunctional mitochondria tracks the green and red lines
respectively with time (Figure 4.5.1 A).
Biogenesis of daughter mitochondria and removal of parent mitochondria by
autophagy resets the Δψm ‘clock’, such that Δψm is restored to maximum in new
mitochondria before the Δψm of its parent has the opportunity to decay below the
threshold. Hence, high ‘turnover’ may allow a dysfunctional mitochondrial lineage to
maintain a Δψm above the threshold and persist.
Conversely, inhibition of mitochondrial biogenesis would reduce turnover. Owing to
the aforementioned accelerated protein activity decay in mutant mtDNA containing
mitochondria, such organelles would manifest a markedly lower Δψm at later time
points compared to mitochondria with WT mtDNA.
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Figure 4.5.1. A model of mutant mtDNA selection by inhibition of mitochondrial
biogenesis. (A) The Δψm of functional (green) and dysfunctional (red) mitochondria track
the green and red lines respectively with time, but do not reach the ‘selection window’ due to
the biogenesis of daughter mitochondria and the non-selective autophagy of parental
mitochondria, or ‘turnover’. (B) Inhibition of mitochondrial biogenesis by the ER stressor
2DG allows mitochondria to reach the selection window, where dysfunctional mitochondria
are targeted for removal by selective autophagy due to a Δψm value below threshold. (C)
Upon removal of 2DG and resumption of mitochondrial biogenesis, the proportion of
functional mitochondria is increased. Mitochondria that have survived previous 2DG
treatment are circled black. The grey zone represents Δψm values that are inaccessible to
mitochondria.

Not only would this allow an increase in selective autophagy of dysfunctional
mitochondria, in extremis, it would reduce the ability of dysfunctional mitochondria
to contribute to renewed biogenesis, since biogenesis requires Δψm-dependent
mitochondrial protein import143 (Figure 4.5.1 B).
A caveat of the ‘turnover’ model is the assumption that during 2DG treatment
mitochondria are spared from non-selective autophagy. A finding that supports this
assumption is that following stimulation of autophagy by nutrient starvation in HeLa
cells, mitochondria elongate and are spared from degradation by autophagy9. 2DG
also stimulates autophagy in human pancreatic tumor cells144 and endothelial cells145,
suggesting mitochondria may also elongate to escape autophagy in these contexts.
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4.6

ER stress response and biased mtDNA segregation

In this study, A549 m.3243A>G cybrid sub-clones exhibited a ~2-fold higher rate of
spontaneous segregation to WT mtDNA and at least a ~4 fold higher rate of
segregation to WT mtDNA with intermittent ER stress stimulated by 2DG, compared
to HEK293T m.3243A>G cybrid sub-clones expressing Parkin (Table 4.6.1).

Cell line
HEK293T

Spontaneous

2DG

Sub-clone

Pool

Sub-clone (+P)

Pool (+P)

1.82% (1/55)

0% (0/7)

2.33% (2/86)

13.3% (2/15)

m.3243A>G
A549 m.3243A>G

2.33% (2/86)
3.45% (1/29)

0% (0/2)

10.3% (3/29)

100% (2/2)

Table 4.6.1. The frequency of spontaneous and 2DG induced mtDNA segregation in
HEK293T m.3243A>G and A549 m.3243A>G cybrid cell lines. Green text indicates
segregation to WT mtDNA whereas red text indicates segregation to mutant mtDNA. (+P)
indicates Parkin expression.

These results confirm a single previous report that A549 cells have an innate tendency
to segregate to WT mtDNA77, whose findings were critical to the identification of
2DG as a chemical agent for stimulation of this phenomena. 2DG stimulates an ER
stress response by inhibiting glycolysis and N-glycosylation of proteins146,147. This
causes protein misfolding, detected by the ER localised transmembrane protein kinase
PERK, which phosphorylates serine 51 on the α-subunit of eukaryotic translation
initiation factor 2 (eIF2α)128.
Phosphorylation of eIF2α reduces global translation yet induces expression of the
transcription factor ATF4, which in turn stimulates expression of genes involved in
amino acid import, glutathione biosynthesis and resistance to oxidative stress128. 2DG
has multiple activities besides activating a response to ER stress including stimulation
of autophagy144,145, inhibition of glycolysis147 and inhibition of viral infection132.
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The contribution of each activity to a reduction in the proportion of mutant mtDNA
remains unknown. Supporting a role for ER stress in the segregation to WT mtDNA,
the impetus for 2DG treatment of cells was the bioinformatic identification of a gene
expression profile synonymous with the response to ER stress in A549 cells, which
exhibit a high frequency of segregation to WT mtDNA. Significant enrichment for
genesets involved in glutathione metabolism and ROS response with ER stress links
this process to a model for biased segregation (section 4.4). Furthermore, reduction of
global translation with ER stress could promote the inhibition of mitochondrial gene
expression revealed by Enrichment Map analysis of 2DG treated HT1080 cells. This
would link ER stress to the ‘turnover’ model of biased mtDNA segregation (section
4.5). However, another form of ER stress, amino acid starvation, failed to stimulate
segregation to WT mtDNA in 13 A549 m.3243A>G sub-clones and a pooled
population (data not shown).
Marked down-regulation of the glycolytic enzyme HK2 in A549 cells compared to
cells with a known segregation bias towards mutant mtDNA (section 3.4, table 3.4.1)
suggest that inhibition of glycolysis by 2DG147 may be responsible for stimulation of
segregation to WT mtDNA. This hypothesis is supported by the finding that glucose
limitation in standard culture conditions promotes segregation to WT mtDNA in HEK
m.3243A>G cybrids in a reproducible manner (Catherine Nezich, personal
communication).
Alternatively, the inhibition of viral infection by 2DG132 suggests it might stimulate
biased mtDNA segregation via up-regulation of genes involved in viral interference or
the ‘Interferon-response’ (section 3.11, Figure 3.11.1), many of which participate in
Parkin-mediated mitophagy133. Stimulation of this pathway could increase the
turnover of sub-optimal mitochondria and thereby promote a decrease in the
proportion of mutant mtDNA.
This is supported by UBP analysis of 2DG treated HT1080 cells, which revealed
significant enrichment for UBPs associated with an interferon-response. Moreover,
GIMAP3, which co-segregates with the selection of one of two mitochondrial
genotypes in hematopoietic cells from mice84, is from a family of nucleotide binding
proteins associated with immune functions and conserved in plants, mice rats and
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humans. This suggests involvement in conserved defence mechanisms85. However,
IFNα/γ treatment did not increase segregation to WT mtDNA in HEK cybrids and
inhibited spontaneous segregation to WT mtDNA in an A549 cybrid sub-clone.
Therefore, stimulation of the ‘Resistome’ may be necessary but not sufficient to
reduce the proportion of mutant mtDNA. Alternatively, features of the A549 cell line
response to interferon may inhibit segregation to WT mtDNA. The ‘Autophagic flux’
model for biased segregation (section 4.3) requires reduced autophagy to promote
segregation to WT mtDNA. Since 2DG has been found to stimulate autophagy144,145,
it is unlikely that induction of biased segregation occurs via 2DG’s effect on this
process.
2DG did not stimulate a significant increase in the segregation to WT mtDNA in
HEK cybrid sub-clones expressing Parkin relative to spontaneous segregation.
However, 2DG stimulated an increase in WT mtDNA in 13.3% (2/15) of pooled
populations expressing Parkin, whereas heteroplasmy was stable in all 12 pooled
populations maintained without Parkin expression and seven pooled populations
maintained without 2DG or Parkin expression (Table 4.6.1). More strikingly, whilst
segregation to WT mtDNA was observed in 10.3% (3/29) of A549 cybrid sub-clones,
it was observed in both pooled populations tested. Although a larger sample size is
required to confirm this behaviour, these results suggest that biased segregation to
WT mtDNA is enriched in pooled populations.
One explanation for this behaviour is that biased mtDNA segregation may confer a
growth advantage to a particular sub-clone, permitting both intracellular and
intercellular selection of WT mtDNA in pooled populations. Although differences in
growth rate have not been observed between A549 sub-clones with and without the
capacity for segregation to WT mtDNA77, co-culture of different sub-clones may be
required to permit a growth advantage. Alternatively, the capacity to segregate may
be a dominant transferable phenomenon, which could be communicated by a
diffusible factor.
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4.7

ER stress and the interferon-response

Interferon is an annotation of some of the most enriched UBPs for both 2DG
treatment of HT1080 cells and amino acid starvation of HepG2 cells. An outstanding
question is why does ER stress induce features of the interferon-response? One
explanation is that ER stress induces the expression of endogenous retroviruses
(ERVs). ERVs are inherited cellular genes that encode retroviral gene products or
replication-competent retroviruses148. ERVs originate from retroviral infection of the
germline in a human ancestor, an event that has occurred multiple times149.
Infectious ERVs have not been identified in human DNA, suggesting that
accumulated mutations have rendered them inactive, and ERV products are not
normally expressed due to defences in the cell that repress proviral expression150.
However, multiple stresses including UV light151, γ radiation152, serum starvation or
infection by exogenous viruses153 can activate ERV elements. It is tempting to
speculate that ER stress may activate ERV elements, whose gene products could
trigger the interferon-response observed in both the UBP profile of 2DG-treated
HT1080 cells and amino acid starved HepG2 cells.
Alternatively, ER stress could directly induce features of the interferon-response by
up-regulation of TNFα, which stimulates the ‘Resistome’131 and interferon
pathway154. This is because under conditions of ER stress, translational suppression of
inhibitory kappa B activates nuclear factor kappa B, stimulating expression of target
genes including TNFα155.
Activation of the interferon-response by ER stress may also provide an explanation
for why selection of mtDNA is only observed in a sub-population of clones, and why
it is enrichment in pooled populations. Measurement of interferon-ß expression in
single Newcastle disease virus (NDV) infected human monocyte-derived dendritic
cells (MSCCs) revealed that only a small subset of cells produce and secrete
interferon-ß (IFN- ß) in response to NDV infection, whilst the majority of cells are
unresponsive156.
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Secretion of IFN-ß in early responders activates the interferon pathway in the whole
population by binding to interferon receptors on cells unresponsive to NDV. A model
consistent with IFN-ß measurement in a population of cells over time requires that
~5% are early responders. This is similar to the fraction of HEK cybrid sub-clones
that exhibit biased mtDNA segregation with ER stress (~2-3%). Therefore, ER stress
may activate the expression of ERV products in all sub-clones, but only a small subset
of early responders would mount an interferon-response to promote a reduction in the
proportion of mutant mtDNA.
The presence of early responders in a pooled population and their isolation upon subcloning also provides an explanation for the elevated frequency of heteroplasmy
change in pooled populations; early responders can communicate an interferonresponse to other cells in a pooled population but not as an isolated sub-clone.
However, a minimum percentage or density of early responders may be required for
heteroplasmy change since this phenomenon is not observed in all pooled
populations.
The hypothesis that activation of the interferon pathway is responsible for inducing
heteroplasmy change cannot explain stable heteroplasmy in the majority of HEK
cybrid sub-clones with IFNα/γ treatment, or the inhibition of a spontaneous decrease
in the proportion of mutant mtDNA in an A549 cybrid sub-clone with IFNα/γ
treatment, observed in the absence of treatment. Therefore, activation of the interferon
pathway may be necessary but not sufficient to induce segregation of mutant and WT
mtDNA in HEK293T m.3243A>G cells, while the elements of the interferonresponse needed for mtDNA segregation may be constitutively active in the A549
cells, with further stimulation merely repressing other factors needed for the effect,
with PPARGC1A being an obvious possible example.
Intriguingly, ProfileChaser analysis of A549↑ versus A549↓ datasets revealed a low
level enrichment for a 24-hour versus six-hour type I and II interferon-response,
suggesting 24 hour IFNα/γ treatment induces a cellular state similar to A549↑, which
may be associated with decrease in the proportion of mutant mtDNA, whilst six hour
IFNα/γ treatment induces a cellular state similar to A549↓.
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Out of 15 sub-clones and a pooled population, the transition from cycles of six hour
IFNα/γ treatment to cycles of 24 hour combined 2DG/IFNα/γ treatment followed by
recovery in standard culture conditions may have permitted the spontaneous decrease
in the proportion of mutant mtDNA in a single sub-clone, also observed in the
absence of treatment (section 3.14, Figure 3.14.2). Although the presence of 2DG in
the 24-hour treatment complicates the interpretation of the results, 2DG treatment is
dispensable for the selection of WT mtDNA in this sub-clone, suggesting that
duration of IFNα/γ treatment may be significant.
The limited resources available for this study meant that many assumptions were
made in experimental design and interpretation. Firstly, it was assumed that all
treatments had the expected effect, for example, that 2DG stimulated ER stress and
that IFNα/γ stimulated an interferon-response. The possibility remains that failure to
stimulate segregation to WT mtDNA in a particular cell line or sub-clone reflects
failure to stimulate the desired pathway.
It was also assumed that the global expression profile of 2DG treated HT1080 cells is
recapitulated in HEK293 and A549 cybrids. Therefore, features of the global
expression profile of 2DG treated HT1080 cells were assumed to have caused
successful stimulation of segregation to WT mtDNA in A549 cybrid sub-clones and
pooled populations, which led to the decision to implement IFNα/γ treatment in
HEK293 and A549 cybrids. In turn, the ability of IFNα/γ to inhibit the spontaneous
segregation to WT mtDNA in an A549 cybrid sub-clone was assumed to be due to
down-regulation of PPARGC1A expression, a feature observed in the global
expression profile of IFNα treated HepG2 cells but not experimentally verified in
A549 cybrids.
The single-cell study of 143B m.3243A>G cybrid clonal cell lines revealed that
increased variation in heteroplasmy between progeny of a single clone preceded a
shift from ~100% mutant mtDNA to near ~100% WT mtDNA157. To explain the
segregation to WT mtDNA, the authors propose a metastable mtDNA segregation
unit, which through infrequent disruption and reorganisation creates segregation units
with modified heteroplasmy in a ‘re-arranged cell’.
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Segregation units with modified heteroplasmy then become fixed in descendent cells
by random mitotic drift whilst growth advantage in a particular descendent causes a
shift towards the heteroplasmy of its segregation unit.
According to this model, the decreases in the proportion of mutant mtDNA effected
by 2DG treatment would occur by stimulating the disruption and reorganisation of
segregation units to generate a ‘rearranged cell’, followed by reduction in the
proportion of mutant mtDNA due to growth advantage of a descendent containing a
segregation unit with reduced mutant mtDNA. Therefore, treatment of cells with a
single pulse of 2DG would be expected to recapitulate results obtained with
intermittent 2DG treatment followed by recovery in standard culture conditions.
These meta-stable segregation units could well be physical entities, if not nucleoids,
then ‘membrane-compartments’ bounded by the inner mitochondrial membrane157.
Electron tomography (ET) of nerve terminal mitochondria revealed lamellar cristae,
which are not interconnected and fill the interior of the mitochondria (Figure 4.7.1)158.
The spaces between these lamellar cristae are a plausible candidate for the ‘membrane
compartment’ posited as a segregation unit. High-resolution microscopy or ET could
be used to assess the effect of treatments, such as 2DG and IFNα/γ, on these
mitochondrial ultra-structures.
Comparison of A549↑ versus A549↓ datasets by GSEA analysis revealed a functional
profile consistent with the response to ER stress, but a profile distinct from the ER
stress response induced by 2DG treatment of HT1080 cells or amino acid starvation
of HepG2 cells. Since hypersensitivity of PPARGC1A expression to amino acid
starvation in A549 cells is not observed in HEK293T or 143B cell lines, it is likely
that HepG2 cells lack this hypersensitivity. Therefore, differences between A549 and
HepG2 cells undergoing amino acid starvation may simply reflect an absence of
PPARGC1A stimulation in HepG2 cells.
This hypothesis is supported by leading-edge analysis of A549↑ versus A549↓
datasets, which indicates that PPARGC1A expression is responsible for many of the
functional features enriched in A549↑, including reduced autophagy.
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Figure 4.7.1. Electron tomography of nerve terminal mitochondria. (A) A top-view of the
surface rendered volume of mitochondria superimposed on to an electron micrograph
representing a roughly central slice of the reconstruction. The outer mitochondrial membrane
(OMM) is shown in translucent blue and each crista in a different colour. (B/C) A side-view
of the surface rendered volume of mitochondria, with and without the outer mitochondrial
membrane. (D/E) Examples of two crista with ‘fingers’ that connect to the periphery via
circular openings (arrowheads) termed crista junctions. (F/G) View of the inner
mitochondrial membrane with the OMM removed. Scale bar (A), 100nm (Perkins et al.,
2010).

Therefore, amino acid starvation of A549 m.3243A>G cybrids could be used to
induce both PPARGC1A expression and a functional profile synonymous with
A549↑, which could induce a decrease in the proportion of mutant mtDNA. However,
amino acid starvation failed to stimulate segregation to WT mtDNA in 13 A549
m.3243A>G sub-clones and a pooled population (data not shown).
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2DG has multiple known activities including stimulation of ER stress144, stimulation
of autophagy144,145 inhibition of glycolysis147 and inhibition of viral infection132. The
contribution of each activity to a reduction in the proportion of mutant mtDNA in
A549 m.3243A>G cybrid sub-clones and pooled populations remains to be
determined, but could be uncovered by stimulation of cells with alternative agents
possessing each, or a combination of 2DG activities.
The failure to induce mtDNA segregation in any HEK cybrids with a variety of
mitochondrial respiratory chain inhibitors and poisons (Catherine Nezich, personal
communication) suggests that 2DG does not influence biased segregation by directly
effecting mitochondrial respiration. The ability to induce segregation in A549 cybrids
at a frequency of ~10% of 2DG treated sub-clones will enable A549 cells with and
without the capacity for segregation to WT mtDNA to be characterised in detail.
Study of biased segregation within a single nuclear background will help to ensure
that differences observed in the presence and absence of the phenomenon are
mechanistically relevant, and differences unrelated to the phenomenon are minimised.
This study contributes to the ultimate goal of providing a detailed mechanistic
understanding of biased segregation to enable the development of new therapies to
reduce the proportion of mutant mtDNA in cells and tissues of patients with
mitochondrial disease, PD or the aged. Because a relatively small increase in WT
mtDNA can boost the respiratory function of cells considerably53,159, harnessing
biased segregation could provide an effective approach to alleviate symptoms or even
cure these diseases.
This study also showcases the power of global expression databases, in combination
with bioinformatic tools, to extract insight from biological systems. NCBI GEO was
utilised directly to acquire and compare global expression datasets from different cells
lines with a characterised segregation bias, but was also utilised indirectly to generate
an unbiased architecture of the cell109. This architecture was subsequently harnessed
to generate increased insight, and in future could be used to guide combinatorial
intervention.
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Bioinformatic tools such as GSEA95, Connectivity Map106,107, ProfileChaser108 and
Enrichment Map110 were critical to the extraction of meaning from lists of
differentially expressed genes, without which biological understanding would be
seriously limited. These tools revealed a number of genes, genesets, processes and
pathways that potentially impinge on mtDNA segregation bias, many of which are
susceptible to pharmacological intervention. These include ER stress and interferonresponses, PPARGC1A and autophagy. The ER stress response was identified as the
most promising intervention, the ER stressor 2DG was trialed for stimulation of
biased mtDNA segregation, and successful stimulation was demonstrated in A549
m.3243A>G cybrids.
The capability to stimulate an increase in the frequency of biased mtDNA segregation
will allow a more extensive characterisation of the phenomena, as it markedly reduces
the number of cell lines that have to be followed. This will permit the transition from
high throughput characterisation techniques, which at present can answer only a
limited number of scientific questions, to the large repertoire of low throughput
characterisation techniques that allow most if not all questions to be asked. The
finding that active segregation is observable and potentially transmissible in pools of
clones will further facilitate this transition, and aid the identification of new
interventions that are efficacious.
The recent isolation of iPSCs derived from MELAS patients160 presents the
opportunity to study the effects of interventions in a non-aneuoploid system.
Moreover, differentiation of iPSC to multiple cell types could be used to explore
whether interventions are efficacious in somatic tissues.
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Appendix

Table 6.1 Genes with a link to mitochondria based on the cumulative domain expertise
of group members.
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Figure 6.1. m.3243A>G heteroplasmy of seven samples measured by pyrosequencing
and simulataneous measurement by RFLP in five samples.
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