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 Abstract 

 
The maternally inherited mitochondrial DNA (mtDNA) is a multi-copy genome that encodes several 

mitochondrial proteins essential for energy production. Heteroplasmy, the state of possessing multiple 

variants of mtDNA, is very common in humans. The levels of these mtDNA variants are subject to 

genetic drift and selection during development and ageing. Disease symptoms will manifest when a 

detrimental mtDNA variant reaches a high level. To date, over 350 pathogenic mtDNA mutations have 

been identified as causing mtDNA-associated diseases, for which there are no cures. Given the role that 

mtDNA plays in disease, there is an increasing pressure to better understand the mechanisms underlying 

mtDNA selection. 

Previous studies of heteroplasmy dynamics during development have demonstrated tissue-specificity 

and age-dependence, but no clear mechanistic explanation has emerged, mainly due to a lack of animal 

models for systematic and gene-focused studies. Here, I developed a cell culture-based system for 

investigating mtDNA selection, based on a Drosophila melanogaster line that transmits a temperature-

sensitive mtDNA variant alongside a functional mtDNA variant at a stable ratio. I generated multiple 

cell lines from embryos of the heteroplasmic flies and showed that they could maintain a balance of the 

two mtDNA variants which I could manipulate. The established heteroplasmic cell lines allowed me to 

perform high-throughput RNAi and compound screens to identify factors that affect the heteroplasmic 

ratio. By doing so, I demonstrated that the knockdown of a number of genes and the application of 

certain small molecules changed the heteroplasmic ratio over a few cell divisions. In particular, I 

revealed that RNAi-mediated knockdown of Regulatory particle triple-A ATPase 2 or Regulatory 

particle non-ATPase 11, two conserved components of the proteasome, was sufficient to increase the 

proportion of detrimental mtDNA. This indicated that 26S proteasome activity is involved in 

maintaining functional mtDNA levels and has important implications for neurodegenerative diseases, 

which are often associated with proteasome impairment.  

In this work, I also investigated mtDNA selection at the organismal level. A deficiency screen using 

the stable heteroplasmic fly line identified genes such as mtDNA polymerase PolG1 that influence the 

ratio of mtDNA variants over generations, providing an understanding of germline selection acting at 

the mitochondrion level mediated by PolG1 availability. I explored the role of individual genes in 

selective transmission of mtDNA by employing CRISPR/Cas9-mediated mutagenesis and found that 

whilst PolG1 can influence the ratio, there is no evidence that mtDNA replisome components PolG2 or 

mtDNA-helicase do so.  

Taken together, my work demonstrates that the nuclear genome plays a complex role in determining 

the outcome of mtDNA selection in cultured cells as well as in vivo. Furthermore, the small molecules 

I identified have the potential to be developed into novel therapeutic methods for lowering the level of 

detrimental mtDNA in patients. mtDNA selection within our bodies is not an inscrutability: it can be 

modelled in flies and, hopefully, soon manipulated in patients. 
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1 INTRODUCTION 

1.1 Mitochondria  

Mitochondria are double-membraned organelles present in most eukaryotic cells that generate the 

ATP required for various biological processes. They arose from endosymbiosis of a free-living cell 

over a billion years ago, a major evolutionary transition that produced complex eukaryotic cells from 

simpler cells (Margulis, 1970). Mitochondria are also key to many other cellular processes such as 

apoptosis, calcium homeostasis and the generation of reactive oxygen species (ROS) (Chan, 2006). 

Mitochondria are composed of about 1500 proteins, which are largely encoded by genes in the 

nucleus and synthesised in the cytoplasm (Wolff et al., 2014). However, mitochondria also contain 

their own circles of double-stranded DNA (mtDNA), present in many copies in their matrix (Figure 

1-1). In animals, mtDNA is almost exclusively maternally inherited through the egg to the offspring. 

Most of the 3000 to 4000 original genes of the endosymbiont have been transferred to the nuclear 

genome over evolutionary time, leaving a tiny, co-dependent mitochondrial genome (Friedman and 

Nunnari, 2014). In a sense, mtDNA can be compared to bacterial plasmids: cytoplasmic gene clusters 

reliant on their host, whilst still a distinct genetic element (Summers, 2009).  

 

 

Figure 1-1: The multicopy nature of mitochondria and mtDNA. Cartoon representing a cell and a 

mitochondrion. 
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1.1.1 Aerobic Respiration 

The energy production process begins outside mitochondria with glycolysis when a glucose molecule 

is broken down into two pyruvate molecules and yields two ATP molecules. Pyruvate molecules then 

enter mitochondria where they are further degraded before entering the tricarboxylic acid (TCA) 

cycle. This series of reactions produces two molecules of ATP directly, but more importantly 

produces the compounds needed for oxidative phosphorylation (OXPHOS), the last stage of cellular 

respiration. Here, the compounds donate electrons to a series of complexes in the mitochondrial inner 

membrane, called the electron transport chain (ETC). The ETC is composed of four transmembrane 

protein complexes and the mobile electron transfer carriers ubiquinone and cytochrome c (Zhao et al., 

2019). Complex I, also called NADH-ubiquinone oxidoreductase, transfers electrons from NADH in 

the matrix to ubiquinone in the inner membrane. This oxidation-reduction reaction releases energy for 

Complex I to pump protons into the intermembrane space. Complex II, succinate dehydrogenase, is 

the only complex that is exclusively encoded by the nuclear genome. It is a component of the Krebs 

cycle as well as the entry point for electrons donated from FADH2, which it transfers to ubiquinone. 

Complex III, or CoQ-cytochrome c reductase, transfers the electrons carried by ubiquinone to 

cytochrome c and pumps protons across the membrane. Cytochrome c in the inner membrane carries 

electrons from Complex III to Complex IV, which is also known as cytochrome c oxidase and 

transfers the electrons to oxygen to generate water, and in doing so pumps protons across the 

membrane. These complexes create a proton gradient across the inner membrane, causing the protons 

to flow back into the mitochondrial matrix through ATP synthase. This molecular machine uses the 

energy to generate 34 ATP molecules per glucose molecule. In this way, mitochondria are specialised 

to efficiently produce large amounts of ATP and support eukaryotic life. 

1.1.2 Mitochondrial Dynamics  

Eukaryotic cells contain up to thousands of mitochondria, which can fuse and divide in a dynamic 

network, mediated by proteins in the Dynamin family. The balance of fusion and fission determines 

the mitochondrial structure and mixes the mitochondrial content of a cell (Mishra and Chan, 2014). 

Mitofusins, such as Marf in Drosophila melanogaster, mediate the fusion of outer mitochondrial 

membranes. This is coupled with inner mitochondrial membrane fusion by Opa1. Fusion is stimulated 

by stress and allows functional mitochondria to share their components with dysfunctional 

mitochondria (Youle and van der Bliek, 2012). On the other hand, mitochondrial fission generates 

new mitochondria and is important for mitochondrial quality control to separate functional and 

dysfunctional mitochondria. During cell division, it is important that both daughter cells receive 

mitochondria. Mitochondrial fission is enhanced during mitosis to produce discrete mitochondria 

which associate with the cytoskeleton and endoplasmic reticulum throughout the cell and partition 

equally on cell division. Fission is mediated by Drp1 which cycles between the cytosol and the 

mitochondrial outer membrane where it constricts mitochondria (van der Bliek, Shen and Kawajiri, 
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2013). The dynamism of the mitochondrial network is also due to the transport of mitochondria along 

microtubules by motor proteins and this can be very important in cells such as neurons for cellular 

function (Melkov and Abdu, 2017).  

1.1.3 Mitochondrial Quality Control 

Damage to mitochondria, such as that from deleterious mtDNA mutations or high levels of ROS, 

causes dysfunctional OXPHOS. Whilst aerobic glycolysis may continue to generate ATP, this process 

is much less efficient, and mitochondria are also key to many other important cellular processes. 

Thus, multiple quality control mechanisms exist to maintain mitochondrial function. When 

mitochondria initially experience dysfunction, damaged components of mitochondria may be 

selectively removed by mitochondria-derived vesicles, targeted to lysosomes for degradation. This has 

been shown in mammalian cells, where elevated levels of ROS trigger the selective ubiquitination of 

mitochondrial components (McLelland et al., 2014). In this way, only once the mitochondria suffer 

severe damage is the whole mitochondrion degraded and recycled via a process called mitophagy, the 

engulfment of mitochondria by phagophores.  

Mitophagy is triggered by global mitochondrial depolarisation and operates over several hours or days 

to degrade dysfunctional mitochondria. Mitophagy has been observed in many healthy tissues in 

Drosophila and is particularly important in postmitotic tissues with high energy demands (Lee et al., 

2018). E3 ubiquitin ligases such as Mitochondrial E3 Ubiquitin Ligase 1 (Mul1) ubiquitinate outer 

mitochondrial membrane proteins, tagging them for proteasomal degradation. Ubiquitination of 

mitofusins aids mitophagy by isolating individual mitochondria and so preventing them from fusing 

with healthy mitochondria (Twig et al., 2008). The most studied mitophagy pathway is the Pink1-

Parkin pathway (Park et al., 2006; Narendra et al., 2008), although not all cells express Parkin and 

neither Pink1 nor Parkin is essential for mitophagy in Drosophila (Lee et al., 2018). Pink1 stabilises 

on the outer membrane of depolarised mitochondria, then recruits Parkin, an E3 ubiquitin ligase. The 

ubiquitin-proteasome system is thus coupled with mitophagy, mediated by a set of proteins including 

small ubiquitin-like proteins (Kocaturk and Gozuacik, 2018). Mitophagy can also be activated by 

receptor-dependent mitophagy pathways through receptors such as BNIP3 rather than by 

ubiquitination (Fritsch et al., 2020). Mitophagy then proceeds as the phagophores mature into 

autophagosomes and fuse with lysosomes for enzymatic degradation. The products of degradation can 

then be used by the cell for biogenesis and repair. To maintain the overall mitochondrial population, 

mitophagy induces mitochondrial biogenesis via mitonuclear signalling (Ivankovic et al., 2016). 

When mitophagy cannot rescue the cell, severe mitochondrial dysfunction can lead to programmed 

cell death by apoptosis. 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/ligase
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1.2 mtDNA 

Human mtDNA codes for 13 polypeptides of the electron transport chain and Drosophila 

melanogaster, the fly model that is used in this thesis, also encodes 13 polypeptides on their mtDNA 

(Figure 1-2). mtDNA also encodes tRNAs and rRNAs which allow mitochondria to make these 

proteins in their matrix. These polypeptides physically interact with proteins encoded in the nucleus to 

form the respiratory chain. The compatibility of these two groups of proteins is maintained by 

mitonuclear coevolution; when one genome changes, corresponding changes in the other ensure that 

the interacting products of the two genomes are complementary (Blier, Dufresne and Burton, 2001). 

Additionally, mtDNA contains a non-coding sequence called the D-loop or control region, which 

holds the origins of replication and promoters for mtDNA transcription (Klucnika and Ma, 2019). 

Although small, the mitochondrial genome encodes vital proteins and plays an important role in 

health and disease. 

 

 

Most cells contain hundreds or thousands of mtDNA molecules, distributed throughout the 

mitochondrial network. mtDNA copy number is regulated by balancing replication and degradation 

and is specific to the tissue and developmental stage (Clay Montier, Deng and Bai, 2009). mtDNA, 

Figure 1-2: A schematic map of D. melanogaster mtDNA. The 13 polypeptides of the electron 

transport chain encoded by mtDNA and the rRNA units are labelled as well as the replication 

origins of the heavy (OH) and light chains (OL). 

 



6 

 

either individually or in groups, is packaged with a variety of proteins such as mitochondrial 

transcription factor A (TFAM) to form nucleoids, important for mtDNA stability and the regulation of 

mtDNA transcription and replication (Matsushima, Goto and Kaguni, 2010). mtDNA is replicated as 

mitochondria are turned over by a small set of proteins at the replication fork, all of which are 

encoded by the nucleus. The first is DNA polymerase gamma, POLG, which consists of a catalytic 

subunit (PolG1) with both a polymerase and an exonuclease function and an accessory subunit 

(PolG2) that aids processive DNA synthesis (Chan and Copeland, 2009). The second is the mtDNA 

helicase, which unwinds and separates the two strands of DNA. Mitochondrial single-strand binding 

proteins (mtSSBs) protect the single-stranded DNA and complete the essential mtDNA replisome 

(Clayton, 2000; Garesse and Kaguni, 2005). Other complexes important for mtDNA replication and 

copy number control include TFAM, mitochondrial transcription factor B2 (TFM2), topoisomerases 

and RNaseH1 (Larsson et al., 1998; Kasiviswanathan, Collins and Copeland, 2012). There are 

competing models of animal mtDNA replication, built mostly using vertebrate systems. The 

traditional strand-displacement model posits that the synthesis of the leading mtDNA strand begins in 

the D-loop and at about two-thirds around the genome it exposes the origin of lagging strand synthesis 

and allows the replication of the second strand to begin (Clayton, 2000; Phillips et al., 2017). A more 

recent, contradictory model suggests that both strands are replicated from the D-loop in a coupled, 

bidirectional manner. It has now been suggested that the method by which the mtDNA is prepared for 

observation can affect the RNA/DNA structure (Pohjoismäki et al., 2010). Regardless of the mode of 

replication, when mtDNA is replicated, occasionally, replication errors or damage produce mutations, 

and it is argued that mtDNA has a higher nucleotide substitution rate than nuclear DNA and fewer 

DNA repair mechanisms (Brown, George and Wilson, 1979).  

1.3 mtDNA Heteroplasmy 

Due to the multicopy nature of mtDNA, a mutation will produce a mixed population of mtDNA 

molecules in cells, called heteroplasmy (Aryaman, Johnston and Jones, 2019). Heteroplasmy has been 

observed in a variety of plant and animal species and next-generation sequencing has found that 

heteroplasmy for low frequency mtDNA variants is very common in human cells (Naue et al., 2015; 

Wei et al., 2019). Homoplasmy can be considered as a population of mtDNA with undetectable levels 

of genetic variation. Heteroplasmy is caused by multiple processes (Gyllensten et al., 1991). Firstly, 

de novo somatic mtDNA mutations may occur in tissues or stem cell lineages and may accumulate 

over time. Secondly, a heteroplasmic mtDNA population may be inherited through the oocyte. 

Thirdly, paternal leakage of mtDNA through the sperm during fertilisation is possible, though rare as 

a result of multiple stages of mtDNA elimination. For example, in D. melanogaster, mtDNA is 

destroyed in spermatid formation as well as after fertilisation (Patel, 2017; Yu et al., 2017). 
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Recombination between different mtDNA haplotypes can also occasionally change the heteroplasmy 

composition (Ma and O’Farrell, 2015).  

Heteroplasmy has consequences for organismal fitness. Both theoretical and empirical studies in mice 

indicate that heteroplasmy could be under selection (Christie, Schaerf and Beekman, 2015). Mice 

homoplasmic for one of two mtDNA variants were healthy, but mice heteroplasmic for both variants 

had impaired metabolism (Sharpley et al., 2012). On the other hand, heteroplasmy may be useful to 

prevent Muller’s ratchet, which predicts an accumulation of deleterious mutations in asexually 

reproducing entities such as mtDNA. Recombination or complementation between different mtDNA 

variants is possible under heteroplasmy and could rescue organisms from Muller’s ratchet (Takai, 

Isobe and Hayashi, 1999; Gilkerson et al., 2008; Nakada, Sato and Hayashi, 2009; Sato, Nakada and 

Hayashi, 2009). A tissue can usually tolerate quite a high level of mutant mtDNA due to 

compensation by healthy mtDNA and fusion of mitochondria, but when a biochemical threshold level 

of mutant mtDNA is exceeded, a defect is produced (Schon, Dimauro and Hirano, 2012). Further 

research is required to understand whether low levels of heteroplasmy can be characterised as a 

beneficial trait. 

1.4 Mechanisms of Heteroplasmy Dynamics 

1.4.1 Genetic Drift 

The level of an mtDNA variant in a heteroplasmic mtDNA population can vary, from very low to 

very high, and can change not only between generations or cell divisions but also within a non-

dividing cell and according to many factors, discussed later (Greaves et al., 2006). The process of 

mtDNA evolution is therefore very different to that of the nuclear genome. However, similarly to 

nuclear alleles, mtDNA variant frequencies can change by mutation, genetic drift, or selection. 

Genetic drift occurs because mtDNA is replicated independently of the cell cycle, and mtDNA 

molecules are thought to segregate randomly between cells on division (Birky, 1983). The 

heteroplasmic ratio can change randomly over cycles of mtDNA replication, whilst often maintaining 

total mtDNA copy number, creating different heteroplasmic ratios in different tissues (Wonnapinij, 

Chinnery and Samuels, 2008). In proliferating cells, mitotic segregation of mitochondria can lead to 

dynamic levels of a neutral mtDNA variant by chance. In post-mitotic cells such as neurons the loose 

control of mtDNA replication during the cell cycle, called relaxed mtDNA replication, can also lead 

to the chance increase of some variants. Genetic drift will be more powerful when the mtDNA copy 

number is lower. For instance, in mammals, mitochondria pass through a genetic bottleneck in the 

primordial germ cells of the developing female germline as the mtDNA copy number is reduced, 

often producing a clonal population of mtDNA molecules in oocytes (Ashley, Laipis and Hauswirth, 

1989; Cotterill et al., 2013; Haig, 2016; Pezet et al., 2021). This can lead to offspring with 
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significantly different levels of heteroplasmy than their mother via genetic drift (Hauswirth and 

Laipis, 1982). 

1.4.2 Selection in the Germline 

Besides genetic drift, heteroplasmy levels can be changed by selection as the result of fitness 

differences between mtDNA variants (Figure 1-3). There are instances of positive selection when 

mtDNA mutations increase the fitness of the organism. For example, positive selection is seen in 

Tibetan populations, with mtDNA providing adaptation to the high altitudes (Gu et al., 2012). 

However, mtDNA mutations are more likely to be deleterious. Selection acts on both mtDNA and 

nuclear DNA to confer high fitness on their common host organism so that both genomes are 

transmitted to future generations. Due to the interaction between the mtDNA-encoded subunits and 

nuclear-encoded subunits on the ETC, selection should lead to the optimal combination of alleles on 

both genomes. Thus, strong purifying selection acts against detrimental mtDNA mutations in the 

female germline, as shown in humans as well as model organisms, which indicates the existence of a 

robust mechanism ensuring both the detection of mutant mtDNA and the selective inheritance of 

wildtype mtDNA (Li et al., 2016; de Fanti et al., 2017; Wei et al., 2019). A thorough study of the 

inheritance patterns of the pathogenic m.5024C>T variant in mice showed that at high levels, the 

mutant variant is selected against in the germline (H. Zhang et al., 2021). However, this selection was 

not observed at lower heteroplasmy levels, where the reverse was true and mothers with low levels of 

the m.5024C>T variant had offspring with higher levels, demonstrating how selection pressures vary 

with the heteroplasmic ratio. When a mutant mtDNA variant such as m.5024C>T has a replicative 

advantage despite being detrimental to the organism, this is called selfish selection.  
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Figure 1-3: Genetic drift and selection are the major causes of changes in the heteroplasmic 

ratio. Cartoon representing the change in the level of an mtDNA mutant (red) compared to wildtype 

mtDNA (black) in mitochondria. 

 

The selection of mtDNA can occur at multiple levels: at the population level, where mtDNA variation 

allows species to adapt to their environment; at the organismal level, where natural selection increases 

the proportion of individuals with healthy mtDNA; and at the intra-organismal level. At the intra-

organismal level, selection could act at the cellular level due to competition between cells with 

different heteroplasmic ratios, at the mitochondrial level between mitochondria with different 

heteroplasmic ratios, and lastly at the mtDNA level between the mtDNA variants within a 

mitochondrion. Below, I will describe selection at these three intra-organismal levels in the germline, 

where mtDNA selection has mainly been studied, as opposed to selection in somatic cells. 

1.4.2.1 Selection at the Cellular Level  

In mammals, the germline begins development in primordial germ cells, which rapidly proliferate and 

migrate to form thousands of oogonia, which are largely lost in development to leave a smaller 

number of oocytes in the adult. The rapid proliferation in the development of oogonia lends itself to 

the idea of mitochondrial selection at a cellular level, where cells with higher OXPHOS proliferate 

faster (Stewart et al., 2008). However, there is a lack of experimental support for this as a mechanism 

of purifying selection in the germline and competition between cells may be more important in 

somatic cells (discussed later). Furthermore, evidence shows that purifying selection in the female 

germline can sometimes act against mutations at low levels which would not be sufficiently 

detrimental to the cell for selection at the cellular level. This suggests that there is a more sensitive 
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selection process occurring and has led to the suggestion of selection at the mitochondrial level (Fan 

et al., 2008; Stewart et al., 2008). 

1.4.2.2 Selection at the Mitochondrial Level 

At the level of mitochondria, selection may progress through the preferential replication of 

mitochondria possessing functional mtDNA. This is called purifying selection via a replication-

competition process. In Drosophila, where germline selection has been studied with great success, 

preferential replication of functional mtDNA occurs during mid-oogenesis (Hill, Chen and Xu, 2014). 

Oogenesis in Drosophila occurs in ovarioles, starting at their anterior tip in the germarium, containing 

germline stem cells (derived from primordial germ cells) as well as somatic stem cells. These stem 

cells give rise to follicles: germline cysts of interconnected cells, surrounded by follicle cells. One of 

the interconnected cells differentiates into the oocyte, leaving the remainder as nurse cells, which 

marks the first stage of the egg chamber development. The oocyte is supplied with mitochondria and 

other organelles from the nurse cells by a structure called a Balbiani body. The following model has 

emerged of germline mtDNA selection in Drosophila, occurring at the level of mitochondria. Firstly, 

from region 1 to region 2A of germarium development, the mitochondria shift morphology from large 

and elongated to small and spherical, most containing only one nucleoid (Chen et al., 2020). This 

fission of mitochondria leads to their individualisation and lowers the mtDNA copy number per 

mitochondrion and prevents mtDNA complementation from masking the effects of deleterious 

mtDNA mutations (Lieber et al., 2019). Knockdown of mitochondrial fission genes thus prevents 

purifying mtDNA selection. Secondly, the upregulation of ETC genes in germarium region 2B (the 

last before oocyte determination) by transcription factors such as myc leads to increased mitochondrial 

respiration and increased replication of mtDNA (Chen et al., 2020). This enables the selection of 

healthy mitochondria based on mitochondrial activity and is consistent with the observation that 

knockdown of COX5A, an ETC component, impaired the selective transmission of mtDNA (Chen et 

al., 2020). Furthermore, many proteins required for mtDNA replication are translated on the outer 

surface of mitochondria before their import. The sensor of mitochondria membrane polarisation, 

Pink1, accumulates on the surface of dysfunctional mitochondria and phosphorylates Larp, preventing 

it from promoting protein synthesis on the mitochondrial outer membrane (Zhang et al., 2019). This 

starves the mitochondria of mtDNA replication factors, such as PolG1, limiting mtDNA replication, 

and results in the reduced transmission of mutant mtDNA. Work by our lab also showed that a 

decrease of PolG1 is sufficient to remove the mutant mtDNA variant over a matter of generations 

(Chiang et al., 2019). MDI helps recruit Larp to mitochondria in the oocyte and in mdi mutant ovaries, 

mtDNA replication is severely impaired, leading to the inheritance of mutant mtDNA (Zhang et al., 

2019). However, the mdi mutant flies are otherwise healthy, suggesting that this could be a germline-

specific mechanism.  
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Selection for functional mtDNA in the germline may also progress through the preferential 

degradation of dysfunctional mitochondria. Knockdown of mitophagy receptor BNIP3 prevented 

selection in the germline, suggesting a role of mitophagy (Lieber et al., 2019). However, selection in 

these flies does not involve parkin (Ma, Xu and O’Farrell, 2014) or autophagy-related 8, which is key 

to the formation of autophagosomes around mitochondria (Lieber et al., 2019). Further evidence of 

the role of mitophagy in the germline may reveal that it complements the replication-competition 

process. 

An additional mechanism in Drosophila to ensure the inheritance of a healthy mtDNA population 

may involve selective transport. A role has been suggested for the Balbiani body, which supplies a 

subset of mitochondria to the pole plasm of mature oocytes, which is the cytoplasm of the future 

embryos’ primordial germline cells (Cox and Spradling, 2003). However, selective inheritance can be 

observed within just one generation, rather than after the two that this mechanism would imply. Thus, 

selective transport may only play a minor role, supported by the observation of a small difference in 

mutant mtDNA levels between primordial germ cells and somatic cells (Chen et al., 2020).  

1.4.2.3 Selection at the mtDNA Level  

There is also evidence that specific variants can propagate during oogenesis based on selfish selection 

at the mtDNA level. An example of a selfish variant is seen in heteroplasmic Drosophila subobscura 

where an mtDNA deletion covering many genes is transmitted with wildtype mtDNA (Beziat et al., 

1993). Two mtDNA variants can be stable over time if the selfish and purifying selection pressures 

balance, and perhaps in the wild this heteroplasmy could confer evolutionary plasticity (Hale and 

Singh, 1986; Ma, Xu and O’Farrell, 2014). In mice too, a detrimental mtDNA mutant may be able to 

persist over generations, seemingly evading purifying selection in the germline (Freyer et al., 2012).  

The causes of selfishness have often been attributed to smaller mutant mtDNA replicating faster, for 

example, yeast petite mtDNA (Blanc and Dujon, 1980; Diaz et al., 2002). However, there are many 

instances in humans where the selfish mtDNA is not smaller than the wildtype, such as mtDNA 

variants formed by duplications of mtDNA which result in two origins of replication (Poulton, 

Deadman and Mark Gardiner, 1989; Campbell et al., 2014). There is evidence from observations of 

specific variants that selfishly propagate during oogenesis which suggests that the control region of 

mtDNA plays a role in selfishness (Ma and O’Farrell, 2016). Analysis of mammalian mtDNA 

selective transmission has identified features in the control region that may influence the balance 

between mtDNA transcription and mtDNA replication, favouring mtDNA replication and providing a 

mechanism for selfishness at the lowest level (Røyrvik and Johnston, 2020).  

There is ongoing debate as to which level is most important for selection of mtDNA across 

generations in different species, but it likely varies based on the mtDNA variant (Stewart et al., 2008). 

For instance, purifying selection against severe mtDNA mutations may act at the mitochondrion level 
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in the germline, but selection against mild mtDNA mutations affecting mitochondrial functions other 

than respiration could be more subject to natural selection at the organismal level (Wallace and 

Chalkia, 2013). Overall, heteroplasmy transmission is a highly complex, context-dependent process 

that requires much more investigation. Furthermore, whilst we know that selection occurs at the level 

of mitochondria in the germline, some argue that there is currently no evidence to support this in 

somatic cells. 

1.4.3 Selection in Somatic Cells 

1.4.3.1 Evidence of Selection in Somatic Cells 

Most research on mtDNA selection focuses on the mechanisms by which heteroplasmy levels change 

during germline development. Indeed, some researchers assert that selection is ineffective in somatic 

tissues and that heteroplasmy dynamics in the soma are determined by genetic drift alone. Lieber et 

al., 2019 argues that in heteroplasmic Drosophila ovaries the ratio changes in the germline due to 

selection but not in the somatic follicle cells surrounding it. Also, a study of aged heteroplasmic male 

flies suggested that there is only significant variation between the testis and the rest of the organism 

rather than between somatic tissues (Z. Chen et al., 2015). However, these observations are limited to 

certain developmental stages and mtDNA variants, and in many other studies, tissue-specific variation 

has been observed by looking at a high spatial resolution, suggesting that changes in expression of the 

nuclear genome are important in determining the outcome of mtDNA competition in somatic cells. 

One example of tissue-specific heteroplasmy dynamics is the selection against a pathogenic mt-tRNA 

mutation in proliferative tissues seen in a heteroplasmic mouse model (Kauppila et al., 2016). In a 

different heteroplasmic mouse model, an mtDNA variant from one strain was strongly selected in 

blood and spleen, and a variant derived from another strain in the kidney and liver, despite no 

apparent difference in respiratory activity of the mtDNA variants and neutral transmission in the 

germline (Jenuth et al., 1996; Jenuth, Peterson and Shoubridge, 1997; Battersby and Shoubridge, 

2001). This model was used to map nuclear modifiers of mtDNA segregation through genetic crosses 

and led to the identification of Gimap3 and Gimap5 as regulators of heteroplasmy in mouse blood 

cells, indicating that nuclear factors can influence the outcome of mtDNA competition within certain 

somatic tissues (Battersby, Loredo-Osti and Shoubridge, 2003; Jokinen et al., 2010, 2015). Gimap3 is 

located in the endoplasmic reticulum membrane and Gimap5 in the lysosomal membrane but how 

they are involved in a selective mechanism remains to be understood. Variation in the heteroplasmic 

ratio between tissues is also seen in a wide variety of mtDNA diseases (Wallace and Chalkia, 2013). 

Heteroplasmy levels can change within an individual over their lifetime, for instance, the A3243G 

mtDNA pathogenic mutation, the most prevalent pathogenic mtDNA mutation, decreases over years, 

specifically in blood samples (Mehrazin et al., 2009). This phenomenon is reliably observed in 

patients and can be modelled with a logistic function: an S-shaped increase in healthy mtDNA over 

time (Veitia, 2019). Whilst tissue variation could be the result of random segregation, when a 
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consistent pattern such as this is observed it must be due to directional selection. One proposed 

explanation for the purifying selection against the A3243G mtDNA variant is that cells with a high 

mutant load experience a replicative disadvantage, which leads to purifying selection in fast 

replicating tissues such as blood (Monnot et al., 2011). An alternative hypothesis is that selection acts 

in the hematopoietic stem cell mtDNA population (Rajasimha, Chinnery and Samuels, 2008). Lastly, 

strong evidence for somatic selection comes from studies of PolG1 mutator mice, which accumulate 

mtDNA mutations in both the germline and soma (Maclaine et al., 2021). Lower missense mutations 

were measured than expected within individuals, and mutations in the third codon position increased 

to higher levels than at other positions, providing evidence of purifying selection against somatic 

mutations that alter protein function. Overall, as in the germline, heteroplasmy levels can change 

during development as a result of genetic drift, mutation or selection. 

1.4.3.2 Mechanisms of Selection in Somatic Cells 

In this thesis, not only do I seek to understand more about the mechanism of mtDNA competition 

during inheritance between generations, but also the mechanisms underpinning heteroplasmy 

dynamics during development. Whilst the field is still exploring the mechanisms of selection in 

somatic cells, there are indications of various mechanisms that could play a role. The first potential 

selection mechanism that could act between cells of differential fitness is apoptosis. The 

mitochondrial apoptotic pathway involves intracellular signals of cell damage, such as ROS, that 

trigger cell death. The signals prompt mitochondria to release cytochrome c into the cytosol which 

activates caspase 9, causing cleavage of proteins, the shrinkage of the cell and finally its phagocytosis 

(Hotchkiss et al., 2009). Apoptosis is regulated by the Bcl-2 family of intracellular proteins which 

have tissue-specific levels of expression (Hockenbery et al., 1991). Some cell populations routinely 

turn over by apoptosis, such as the hematopoietic lineages and intestinal epithelial cells. Logically, 

mtDNA mutants that cause severe cell damage in these cell populations will be removed by apoptosis.  

When cell-intrinsic pathways such as apoptosis are unable to remove damaged cells, another 

mechanism that could be involved in proliferating somatic cells is cell competition. This is the 

mechanism by which cells that are less fit than their surrounding cells are eliminated. It is distinct 

from a passive increase in the proportion of cells with a replicative advantage, which can be thought 

of as Darwinian selection, because it actively selects for the fitter cells (winners) and removes 

damaged or mutated cells (losers) (Bowling, Lawlor and Rodríguez, 2019). It was first described in 

Drosophila (Morata and Ripoll, 1975) and has since been shown to act through a variety of cell 

competition markers (Kucinski et al., 2017). Recently, mitochondrial function has been identified as 

key to cell competition. A single-cell RNA sequencing study of post-implantation mouse embryos 

demonstrated that mitochondrial dysfunction and mutant mtDNA were key markers of loser cells 

(Lima et al., 2021). Purifying selection could therefore act through cell competition to alter mtDNA 
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levels during development. It would be important to investigate deeper the mechanisms by which cells 

sense relative fitness and eliminate the losers.  

Mechanisms of selection could also occur within cells via mitophagy. Mitophagy has been shown to 

be important for removing deleterious mtDNA in certain tissues. In a study of heteroplasmic human 

cell lines, overexpression of Parkin was sufficient to reduce the proportion of a pathogenic mtDNA 

variant, suggesting that mitophagy can change the heteroplasmic ratio (Suen et al., 2010). A study of 

heteroplasmic muscle tissues of Drosophila also showed that overexpression of the orthologues 

parkin and Pink1 promoted the removal of a large-deletion mtDNA variant (Kandul et al., 2016). This 

indicates that whilst at normal levels mitophagy might not be able to eliminate mutant mtDNA, it 

could be a therapeutic target. The decreased mitochondrial membrane potential was key to the 

removal of the deleterious mtDNA, demonstrating that in this instance the membrane potential was 

the signal of differential fitness. However, Parkin-dependent mitophagy may not be sufficient to 

maintain healthy mtDNA in all cases. For example, work using a Drosophila line with decreased 

mtDNA proofreading ability showed that mitophagy via parkin was not sufficient to eliminate somatic 

mtDNA mutations (Samstag et al., 2018). A study of mouse neurons showed that Parkin could reduce 

the pathogenicity of mtDNA mutations, but not decrease the actual level of the mtDNA mutation 

(Pickrell et al., 2015). It may be that in this case Parkin is involved in another mechanism. Further 

research is needed to understand how mitophagy may still play a role in somatic mtDNA selection 

through a Parkin-independent pathway via other E3 ubiquitin ligases. In general, mitophagy depends 

on fission preventing the healthy and unhealthy mitochondria mixing. Mitochondrial fusion can allow 

mitochondria with mutant mtDNA to maintain a sufficient membrane potential and escape mitophagy. 

In the Drosophila germline we see fission, but in somatic cells, it is only under certain conditions, 

such as prolonged starvation, that mitochondria fragment.   

Other processes of quality control at the mitochondrial level have an unclear role in mtDNA selection. 

They include the intrinsic selectivity of the import of mitochondrial proteins. The translocation of a 

protein across the two membranes of the mitochondria is highly dynamic and can depend on the 

mitochondrial membrane potential (Chacinska et al., 2009). If a mitochondrion has a high level of 

deleterious mtDNA, and thus a poorly functioning ETC, its membrane potential will be lowered, and 

the import of proteins will be impaired, starving it of the components it needs for mtDNA replication. 

Another quality control mechanism is the mitochondrial unfolded protein response (UPRmt), which 

actively promotes the expression of chaperone proteins and proteases to repair dysfunctional 

mitochondria. However, the UPRmt has been shown to facilitate the increase of a mutant mtDNA 

variant in C. elegans by increasing the total mtDNA copy number and reducing mitophagy, 

suggesting that it is a short-term response to dysfunction (Gitschlag et al., 2016). Lastly, changes in 

the heteroplasmic ratio could also occur via selective partitioning of the mtDNA population during 

cell division. In budding yeast, for example, where cell division is asymmetric, the cytoskeleton 
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actively ensures that the proper number of mitochondria are delivered to the daughter bud (Rafelski et 

al., 2012). It has traditionally been thought that nucleoids are passively distributed within cells that 

divide symmetrically by mitochondrial fusion, but recent work indicates that active transportation of 

mtDNA nucleoids may aid segregation (Qin et al., 2020). Future work will determine whether this 

could be a mechanism of selection in somatic cells.  

Purifying selection pressures on mtDNA variants in somatic cells may be modulated by factors 

including the rate of cell proliferation and the bioenergetic demands (Røyrvik and Johnston, 2020). In 

theory, deleterious mtDNA will be more likely to be transmitted when these are low, since lower 

energy requirements will decrease the difference in fitness between mtDNA variants. Selection 

pressures might also be affected by environmental factors such as nutrient status, oxygen, and 

temperature (Ma, Xu and O’Farrell, 2014; Gitschlag, Tate and Patel, 2020; Pezet et al., 2021). 

Together with passive Darwinian selection, these factors could hypothetically account for some 

tissue-specific heteroplasmy dynamics. Also, the mitochondrial proteome differs between tissues, 

which could be expected to alter the relative fitness of mtDNA variants (C. L. Chen et al., 2015).  

Despite these mechanisms of purifying selection, there may be mechanisms in somatic cells which 

selfish mtDNA variants can exploit in order to propagate. For instance, in contrast with studies of 

PolG1 mutator mice, a mutator fly line with increased levels of mtDNA mutations showed that 

deleterious mutations were overrepresented, indicating selfish selection (Samstag et al., 2018). The 

authors of this study suggest some possible explanations aside from it being an artefact of the 

experiment. First, mitochondria with reduced OXPHOS due to mtDNA mutations may produce less 

ROS, and so are targeted less by quality control mechanisms. Second, cells with defective 

mitochondria can compensate with increased mitochondrial biogenesis, leading to an increase in the 

proportion of mutant mtDNA as well as an increase of wildtype mtDNA (Bai and Wong, 2005). 

Further research is needed to identify the conditions needed for selfish selection and the mechanisms 

by which it acts in order to help develop treatments for mtDNA-associated diseases.  

In conclusion, although selection in somatic tissues is likely less robust than in the germline, there is 

much evidence supporting its existence, and it is more a question of by which mechanisms does 

somatic selection act (van den Ameele et al., 2020). Specifically, whether apoptosis, cell competition 

or mitochondrial quality control mechanisms such as mitophagy are involved in purifying selection, 

or whether other processes maintain a healthy mtDNA population in somatic cells. When answering 

this, it will be necessary to consider that different tissues and different mtDNA variants will 

necessarily involve different mechanisms because of factors such as the cell turnover rate and the 

severity of an mtDNA mutation.  
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1.4.4 Nuclear Regulation of mtDNA Selection 

The nuclear genome is highly important for determining the outcome of mtDNA selection in the 

germline and soma. Cytoplasmic transplantation between Drosophila embryos with different mtDNA 

variants is a technique to induce heteroplasmy (Matsuura, Chigusa and Niki, 1989) and has been used 

to demonstrate that the selective inheritance of mtDNA variants in a heteroplasmic organism is 

contingent on the nuclear background (Nigro, 1994). As already mentioned, heteroplasmic mice 

models have shown that as well as the specific mtDNA mutation and tissue type (determined by the 

nuclear transcriptional profile), the nuclear background can account for some of the changes in the 

heteroplasmic ratio in somatic cells (Battersby, Loredo-Osti and Shoubridge, 2003). In addition, 

genome-wide association studies of humans have mapped nuclear loci to heteroplasmy transmission. 

One large study identified 20 nuclear loci that were associated with the level of heteroplasmy, 

including mtDNA-helicase and TFAM (Nandakumar et al., 2021).  

Since mtDNA is generally maternally inherited, selection of mtDNA favours reproduction in females 

but not males. The result is that mtDNA mutants are often male sterile, known as the ‘mother’s curse’ 

(Gemmell, Metcalf and Allendorf, 2004; Patel et al., 2016). This harms the ability of the nuclear 

genome to replicate and the nucleus can often suppress these selfish mutations over only a few 

generations (Castellana, Vicario and Saccone, 2011). Due to the higher mutation rates in mtDNA, 

compensatory adaptive changes in the nuclear genome are critical to maintain mitochondrial function 

(Osada and Akashi, 2012). When Drosophila mtDNA variants were placed within a foreign nuclear 

background, the males were less fertile compared to the coevolved nuclear line, emphasising that 

mitonuclear coevolution is highly important for maintaining fitness (Yee, Sutton and Dowling, 2013). 

As the nuclear genome encodes the proteins for replication and transmission of mtDNA, it has more 

power than the mitochondrial genome to influence the fitness and hence transmission of mtDNA 

variants, such as via regulators of mitophagy or mitochondrial biogenesis. The mechanisms by which 

the nuclear genome can influence the purifying and selfish selection of mtDNA will reflect 

mechanisms of selection. Genetic tools to manipulate the nuclear genome allow us to investigate its 

role further, and in this thesis, I will outline two approaches to do so. 

1.5 mtDNA-Associated Disorders 

Mitochondrial disease is much more commonly caused by mutations in mtDNA than mutations in 

nuclear DNA (Gorman et al., 2015). Until relatively recently, mitochondrial disorders were thought to 

be rare, but we now know that about one in 5000 adults has mtDNA-associated disorders, with over 

350 pathogenic mtDNA mutations identified (Gorman et al., 2016). mtDNA variants are associated 

with a broad variety of multisystem diseases, including many late-onset degenerative disorders 

(Stewart and Chinnery, 2015). Often, tissues with high energy demands, such as the muscles and the 
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nervous system, are affected (DiMauro and Schon, 2003). The most severe mtDNA mutations affect 

many tissues, perhaps because of the varied functions of mitochondria, such as in Mitochondrial 

Encephalopathy with Lactic Acidosis and Stroke-like Episodes (MELAS). mtDNA variants that are 

associated with common, milder disorders such as Parkinson’s disease are often homoplasmic, whilst 

mtDNA mutations that cause severe disease are generally heteroplasmic (Gorman et al., 2016). 

Mitochondrial dysfunction can lead to a progressive decline of function with age, as the mutant 

mtDNA level increases or dysfunction causes further mtDNA damage and changes to mtDNA 

replication and mitophagy (Wallace and Chalkia, 2013). In addition, energy deficiency can prevent 

the proper degradation of mitochondrial components in apoptosis, releasing damage-associated 

molecular patterns which result in inflammation. 

It is very common for the heteroplasmic ratio to change over time, such as the proportion of mutant 

mtDNA increasing due to selfish selection (Burgstaller, Johnston and Poulton, 2015), and there is a 

correlation between the proportion of pathogenic mtDNA and the severity of disease (Taylor and 

Turnbull, 2005). Thus, studying the factors affecting the level of an mtDNA variant is critical to 

understanding mitochondrial disease and the development of therapeutic interventions. The same 

mtDNA mutation may cause varying penetrance, meaning different clinical outcomes in different 

patients, possibly as a result of the phenotype of an mtDNA mutation depending on the nuclear 

background (Wolff et al., 2014). This additional complexity makes understanding the role of the 

nuclear background in mtDNA selection important. We need to investigate how the nucleus can 

suppress detrimental mitochondrial mutations and how it can synergise with them, lowering fitness. 

Also, pathogenic mtDNA variants may be inherited or originate during development, such as chronic 

progressive external ophthalmoplegia (CPEO), where the mutant mtDNA variant is only found in 

muscle tissue (Mishra and Chan, 2014). Severe mtDNA deletions more commonly arise by somatic 

mutation rather than through inheritance, highlighting the need for further study of mtDNA selection 

processes in somatic cells (Schon, Dimauro and Hirano, 2012).  

There are currently no cures for mtDNA diseases. A technique for removing detrimental mtDNA from 

the germline is mitochondrial replacement therapy, involving the transfer of a maternal nucleus from 

the patient into a donated enucleated egg with healthy mtDNA (J. Zhang et al., 2016). However, 

carryover of low levels of pathogenic mtDNA may allow a selfish increase in proportion and lead to 

disease during development (Yamada et al., 2016). Future efforts might try to use gene therapy in 

patients, such as mitochondrially-targeted nucleases to eliminate deleterious mtDNA (Nissanka and 

Moraes, 2020). However, it is important that the total mtDNA copy number is not greatly decreased in 

these interventions, as mtDNA depletion leads to disease (Clay Montier, Deng and Bai, 2009). 

Investigating the nuclear-encoded mechanisms that influence heteroplasmy dynamics may provide us 

with additional methods to increase the proportion of healthy mtDNA without significantly reducing 

mtDNA copy number.  
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Studying mtDNA selection could also aid in understanding other diseases associated with mtDNA 

mutations, including cancer, which is thought to exploit the mitochondrial genome to promote 

proliferation. The increase of mutant mtDNA variants in tumours in some cases can be explained by 

random segregation (Coller et al., 2001). In other studies, tumour environments appear to change the 

fitness of mtDNA variants and selection for some protein-altering mutations aids tumorigenesis in a 

tissue-specific manner (Grandhi et al., 2017). In cancer cells, mitochondrial dysfunction leads to an 

overproduction of ROS but the cells are able to avoid activating cell death. ROS can damage mtDNA, 

leading to further mitochondrial dysfunction (Pelicano, Carney and Huang, 2004). However, cancer 

cells rely on energy production and when a mutation threshold is reached, tumour suppression 

follows, again showing the physiological significance of heteroplasmy dynamics (Gasparre et al., 

2011). 

1.6 Heteroplasmic Drosophila Model 

The use of Drosophila is limited for the study of human mtDNA transmission due to their differences 

in development, including the mammalian mitochondrial bottleneck in the female germline (Floros et 

al., 2018). However, the basic features of mtDNA are generally conserved throughout animals, 

permitting the use of Drosophila as a model for answering fundamental questions about how mtDNA 

variants are selected (Garesse and Vallejo, 2001). Competition between diverged mtDNA variants 

have been studied using several heteroplasmic fly lines (Stordeur, 1997; Ma and O’Farrell, 2016). D. 

melanogaster mtDNA mutants, generated by expression of mitochondria-targeted restriction enzymes, 

also allow us to study mtDNA-associated disorders (Xu, DeLuca and O’Farrell, 2008).  

The heteroplasmic model on which this thesis is based was generated by cytoplasmic transplantation: 

mtDNA was introduced from Drosophila yakuba embryos into D. melanogaster embryos containing a 

temperature-sensitive (ts) mtDNA variant (Ma, Xu and O’Farrell, 2014; Ma and O’Farrell, 2016). At 

the restrictive temperature (29°C), both mtDNA variants were maintained, with the proportion of D. 

yakuba mtDNA (functional mtDNA) maintained at ~5% and D. melanogaster ts mtDNA at ~95% for 

over 70 generations in adults. The ts mtDNA variant is a double-mutant, with the first mutation, 

mt:ND2del1, a 9bp deletion in the NADH dehydrogenase 2 subunit of Complex I. Homoplasmic 

mt:ND2del1 flies are healthy at 25°C but display mild phenotypes that progress with age, and exhibit 

stronger phenotypes at 29°C (Ma, Xu and O’Farrell, 2014). The ts mutation, mt:CoIT300I, is in the 

cytochrome c oxidase subunit I gene, a component of Complex IV of the OXPHOS pathway in the 

inner mitochondrial membrane. The mutation causes a decrease in cytochrome c oxidase activity, to 

about 30% of the wildtype activity at 25°C and less than 5% after just 40 mins at 29°C, which leads to 

a reduction in mitochondrial membrane potential, having a particularly deleterious effect on the 

nervous system, and is lethal at 29°C when homoplasmic (Hill, Chen and Xu, 2014; Ma, Xu and 
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O’Farrell, 2014; Z. Chen et al., 2015). Despite these two mutations, ts mtDNA has a selfish 

transmission advantage which can be balanced by purifying selection maintaining just a small 

proportion of functional mtDNA at 29°C. However, at the permissive temperature (25°C), the ts 

genome outcompetes the functional genome due to its transmission advantage. This demonstrates that 

the heteroplasmic ratio depends on environmental conditions which determine the relative fitness of 

the mtDNA variants. Flies homoplasmic for the functional mtDNA were as fit as wildtype, indicating 

that mt:D. yakuba is compatible with the D. melanogaster nuclear genome, despite the species’ 

divergence (Ma and O’Farrell, 2016). This demonstrates that it is competition between the mtDNA 

variants that determines the heteroplasmic ratio, rather than mitonuclear incompatibility. In eggs, the 

proportion of functional mtDNA is higher compared to that in adults, reflecting strong purifying 

selection during oogenesis. This was mapped to occur around the late germarium stage (2B) when the 

egg chamber is organised and there is a high level of mtDNA replication (Hill, Chen and Xu, 2014; 

Ma, Xu and O’Farrell, 2014). This stable heteroplasmic line (D. melanogaster (mt:ND2del1 + 

mt:CoIT300I; mt:D. yakuba)) provides a particularly useful tool for researching the factors affecting the 

selective transmission of mtDNA variants. When the mtDNA variants are placed in a different nuclear 

background, their ratio stabilises at a different level, due to the nuclear influence on mtDNA 

competition (Chiang et al., 2019).  

1.7 Thesis Outline 

Whilst advances have been made in our understanding of mitochondrial dysfunction, our knowledge 

of its genetic basis remains limited. One of the most important questions regarding the selective 

transmission of mtDNA variants is how it is affected by the nuclear genome, and so by which cell 

biology mechanisms are the dynamics of heteroplasmy regulated. Genetic tools to manipulate the 

nuclear genome and qPCR techniques to quantify changes in the heteroplasmic ratio together allow us 

to study this. There is competition within our own mtDNA population, maternally inherited or 

generated by mutations within ourselves. What are the mechanisms which largely keep check of 

mitochondrial mutations in the germline but allow mtDNA-associated disease during later 

development? Knowledge of these mechanisms would inform us of possible methods of 

mitochondrial disease prevention and treatment. We know far more about natural selection at the 

individual level, but zooming in to look at selection within organisms and cells shows us a very 

different version of evolution. 

To study how the nuclear genome influences mtDNA transmission in Drosophila melanogaster, I 

used two complementary methods. The first method involved mapping nuclear regions that influence 

the heteroplasmic ratio in flies by using the stable heteroplasmic line and deficiency lines available in 

the fly community. This deficiency screen allowed us to elaborate on the genetic basis of mtDNA 
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selection in the Drosophila germline. This method has been employed by the Ma lab to identify that 

PolG1 plays a role in selective mtDNA transmission and has the benefits of an in vivo model (Chiang 

et al., 2019). For the second method, I established a Drosophila cell culture model of heteroplasmy 

from the stable heteroplasmic flies and identified nuclear genes and molecules that influence 

heteroplasmy dynamics by RNAi and small molecule screening. This is a novel, promising avenue of 

investigation that provides a model system for future studies. The potential mechanisms which 

regulate heteroplasmy dynamics are numerous, and a high-throughput screen is well-suited to address 

these questions. The Drosophila cell culture system also has many benefits. In particular, RNAi can 

be applied to cells by simply pipetting dsRNA into culture rather than requiring transfection as in 

other cell culture systems. These screens allow me to suggest possible mechanisms that are involved 

in influencing heteroplasmic dynamics during somatic cell division. 
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2 MATERIALS AND METHODS 

2.1 Cell Culture Techniques 

2.1.1 Generation of D. melanogaster Cell Lines  

D. melanogaster cell lines transmitting two mtDNA variants were generated from embryos of a stable 

heteroplasmic fly line following a modified protocol for the establishment of cell lines (Debec, 

Megraw and Guichet, 2016). D. melanogaster flies heteroplasmic for mt:ND2del1 + mt:CoIT300I and 

mt:D. yakuba at 29°C were transferred to a collection cage at 25°C with apple juice plates topped with 

autoclaved yeast paste. The embryos were collected between 8 and 16 hours old and washed from the 

plate into a sieve. They were next transferred into a 15 ml Falcon tube of 40% bleach and 0.025% 

Triton X and incubated for 15 min, with the tube inverted every few minutes, then washed without 

disturbing the pellet of embryos, firstly three times with sterile water then once with medium. The 

medium consisted of Shields and Sang M3 Insect Medium (S8398, Sigma) supplemented with 20% 

heat-inactivated fetal bovine serum (FBS) (Brazil origin, Gibco), and a solution of penicillin, 

streptomycin and L-glutamine (100 units/ml, 100 µg/ml, and 292 µg/ml respectively) (10378016, 

Gibco). After washing, 2 ml of medium was added and the embryos were dispensed into the mortar of 

a 2 mL Tenbroeck tissue grinder (K885000, Dixon Science). The embryos were dissociated with six 

pestle strokes and the mixture was transferred into six to ten closed-cap 12.5 cm2 tissue culture flasks 

and incubated at 25°C for one month or more, with occasional checks for colony formation. After this 

period, the flasks with colonies of cells were transferred with a cell scraper to closed 25 cm2 flasks. 

The primary cultures were passaged regularly, depending on their growth rate. 

2.1.2 Passaging Cell Lines  

Cells were generally grown in M3 medium supplemented with 20% FBS and antibiotics as described 

above, in closed-cap flasks (10490033, Thermo Scientific) at 25°C. When cells reached roughly 90% 

confluency, they were detached from the flask by cell scrapers and a fraction was transferred into a 

new flask. 

2.1.3 Freezing and Thawing Cell Lines  

Established heteroplasmic cell lines were frozen based on the Drosophila Schneider 2 (S2) Cells User 

Guide (Zanoni, Ostuni and Granucci, 2009). In brief, cells were scraped from a flask and centrifuged 

at 1500 rpm for 5 min. The cell pellets were resuspended in freezing medium, which consisted of the 

culture medium with 10% DMSO. The cells were transferred in cryotubes to a -70°C freezer and 

subsequently to liquid nitrogen storage.  
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To thaw cells, immediately after taking the cryotubes from the freezer or liquid nitrogen they were 

incubated in a 30°C water bath until nearly thawed. The cells were then centrifuged at 1500 rpm for 5 

min, resuspended in fresh culture medium and transferred to flasks.  

2.1.4 Measurement of Temperature Effects on Heteroplasmy 

Cells of a single, confluent flask were scraped and counted with a Neubauer haemocytometer. Cells 

were added to eight 25 cm2 flasks to achieve the desired cell density and three samples of cells (500 

μl) were collected. To investigate the effect of temperature on the mtDNA ratio, four of the flasks 

were kept at 25°C and the other four at 29°C. Once cells reached a high confluence, cells were 

counted to record growth rates and the same number of cells (800 cells/ µl) of each flask were 

transferred to new flasks. Three samples of cells (500 μl) were collected from each flask at each 

passage. The DNA was isolated from the samples and qPCR was performed as described below.  

2.1.5 DNA Isolation 

A previously described protocol was followed for DNA isolation (Ma, Xu and O’Farrell, 2014). First, 

cell culture was collected, generally 500 µl at confluence, and the samples were centrifuged at 3000 

rpm for 3 min. The pellet was resuspended in 100 μl of homogenisation solution (0.1M Tris-HCl (pH 

= 8.0), 0.01M EDTA, 1% SDS) and the sample was incubated at 70°C for 20 min. Potassium acetate 

was added to a final concentration of 1 M and the sample was incubated on ice for 30 min. The 

sample was centrifuged at 20,000 g for 10 min at room temperature. The supernatant was mixed with 

0.5 volume isopropanol and centrifuged at 20,000 g for 5 min. The precipitated DNA pellet was 

washed with 70% ethanol and dissolved in 100 μl of 0.1M Tris-HCl (pH = 8.0). 

2.1.6 Confocal Imaging  

To image cultured cells, 8-well glass bottom slides (IB-80821, Thistle Scientific) were coated with 

0.01% poly-L-lysine solution (A-005-C, Sigma Aldrich). Cells were split, counted, and seeded 

(300,000 cells/μl). Confocal microscopy was performed on a Leica SP5 using an X63 objective and 

brightfield light. Images were processed and analysed using the Fiji software (Schindelin et al., 2012). 

To image egg chambers and to stain mitochondria, MitoTracker Green FM (1 in 10,000 vol) was 

added and incubated for 20 min. To stain DNA, Hoechst solution (1 in 10,000 vol) was added 

immediately before imaging. 

2.2 Transcriptomics 

2.2.1 Total RNA Isolation 

Cells at 25°C were passaged one day before collection. Cells were scraped and 500 µl transferred to 

an RNAse free tube and centrifuged at 5000 g for 3 min to remove the medium. 300 µl of TRIzol 

(15596026, ThermoFisher) was added and the sample was incubated for 5 min at room temperature. 



24 

 

Phenol was removed from samples by multiple rounds of chloroform extraction. An equal volume of 

100% ethanol was added and the solution was transferred to an RNeasy Mini Kit column (74104, 

Qiagen) for purification. The product was eluted in 20 µl DEPC-treated water and the concentration 

of RNA was measured using a Qubit Fluorometer. The quality of total RNA product was assessed 

with a TapeStation system.  

2.2.2 cDNA Library Preparation 

Long nuclear RNA-Seq libraries were generated with 500 ng of total nuclear RNA starting material. 

Following DNase I digestion, long nuclear RNA (>200 nt) was isolated using Zymo Clean and 

Concentrator columns (R1015, Cambridge Bioscience), rRNA was removed using the NEBNext 

mRNA Magnetic Isolation Module (E7490, NEB) and stranded libraries were prepared with the 

NEBNext Ultra Directional RNA Library Prep Kit (E7760, NEB) according to the manufactures’ 

protocols. Double-stranded cDNA was purified using AMPure XP Beads (10136224, Fisher 

Scientific). The library yield was measured with a Qubit and the library quality was assessed with a 

Tapestation system.  

2.2.3 Illumina Sequencing and Bioinformatic Analysis 

Long nuclear RNA-Seq libraries were sequenced at 10 nM on an Illumina HiSeq 1500 in paired-end 

mode by the Gurdon Institute. Beitong Gao carried out the following quality control and 

standardisation process. FastQC was used to check the quality of the reads and all sequences passed 

(per base sequence quality >35) with no adaptors attached (Andrews et al., 2015). The reads were 

aligned to the dmel-r6 reference genome acquired from the University of California Santa Cruz 

Genomics Institute Genome Browser using the Subread package (Liao, Smyth and Shi, 2013). The 

reads were annotated using an annotation track database from the NCBI RefSeq track. The aligned 

results were then organised into an expression matrix and expression was standardised to Counts per 

Million (CPM) with RStudio software using edgeR (Robinson, McCarthy and Smyth, 2009). Finally, 

genes were identified as expressed if greater or equal to 1 CPM. 

To describe the identity of the cell lines, the expression levels of genes were compared between the 

cell lines and in particular, genes that were highly expressed in just a single line were used as markers. 

The in situ database of the Berkeley Drosophila Genome Project was used to identify the gene 

expression pattern in embryos to give more information on the likely origin of the cell lines 

(Hammonds et al., 2013). Single-cell RNA-Seq datasets of gut and blood cells from the 

DRSC/Perrimon lab were also used as a comparison (Hu et al., 2021). 
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2.3 High-throughput Screens of Cells 

2.3.1 RNAi Libraries 

A whole-genome RNAi library, containing about 14,000 protein-encoding genes and 1000 non-coding 

genes, was purchased from the Sheffield RNAi Screening Facility (www.rnai.group.shef.ac.uk). The 

library was arranged in 384-well plates with 250 ng of dsRNA suspended in 5 µl of water per well. 

The dsRNA was designed by the Michael Boutros lab as a non-off target effect library and dsRNA 

was between 81 and 800 bp long. On each plate, 20 wells contained no dsRNA and 4 contained 

dsRNA of Diap1. 

Two focused sub-libraries were purchased from the DRSC/TRiP Functional Genomics Resources at 

Harvard Medical School (www.fgr.hms.harvard.edu). Again, the libraries were arranged in 384-well 

plates with 250 ng of dsRNA suspended in 5 µl of water per well. The ubiquitin sub-library covered 

439 ubiquitin-related genes with an average of two to three unique dsRNAs per gene and LacZ 

controls distributed across the plate. The autophagy sub-library covered 196 autophagy-related genes 

with an average of three unique dsRNAs per gene as well as LacZ and Diap1 controls. The genes in 

this library are mainly fly orthologs of genes identified by proteomic analysis of human cells 

(Behrends et al., 2010).  

2.3.2 Small Molecule Library 

A small molecule library containing 1611 different compounds was generously provided by 

AstraZeneca. They were distributed over five 384-well plates with DMSO control wells and empty 

control wells. The compound final concentration was 10 µM in cell culture. 

2.3.3 Seeding of Plates 

The RNAi plates and small molecule plates were seeded according to a simplified bathing protocol 

from DRSC/TRiP Functional Genomics Resources at Harvard Medical School. Plates were removed 

from -70°C and thawed for 5 min before centrifuging at 2000 g for 2 min. Cells were scraped from a 

confluent flask and counted. From a well-mixed reservoir of cells, cells were seeded in 40 µl culture 

medium at a density of cells chosen to allow them to reach confluence in 10 days. The plate was 

centrifuged for 2 min at 500 rpm to remove any bubbles and the cells were incubated at 25°C in a 

humid chamber. 

2.3.4 DNA Isolation 

After incubating cells with dsRNA for 10 days, medium was removed and 20 µl of extraction buffer 

(10 mM Tris-HCl (pH=8.0), 1 mM EDTA, 25 mM NaCl and 200 µg/ml Proteinase K) was pipetted 

into each well. After pipetting up and down multiple times, 5 µl of extraction buffer containing cells 

was transferred into wells of a 96-well PCR plate and incubated in a thermocycler at 37°C for 30 min 
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then 95°C for 2 min. The DNA extraction from each well was diluted to 100 µl with water and stored 

at -20°C for subsequent qPCR measurement.  

2.3.5 TaqMan qPCR and Statistical Analysis 

qPCR was performed with Custom TaqMan Gene Expression Assays designed by ThermoFisher to 

target a common region of both D. melanogaster and D. yakuba mtDNA (common VIC assay), and 

secondly, to target only D. melanogaster or D. yakuba mtDNA (specific FAM assay) (Table 2-1). The 

D. melanogaster specific assay amplified more sensitively than the D. yakuba specific, so was 

primarily used to measure the ratio of mt:ND2del1 + mt:CoIT300I  to mt:D. yakuba.  

qPCR was performed in 10 µl reactions on MicroAmp Fast Optical 96-Well Reaction Plates 

(4346906, ThermoFisher). The reaction contained 1X TaqMan Fast Advanced Master Mix (4444965, 

ThermoFisher), 0.5X common assay, 1X D. melanogaster specific assay and 4 µl of DNA isolation 

from cells. Reactions were run with the QuantStudio 3 system with an initial 2 min incubation at 50°C 

and 1 min at 95°C, then 30 cycles of 15 s at 95°C and 30 s at 60°C. Standard curves were plotted 

using a series of tenfold dilutions (2×106 to 2×104 copies per qPCR reaction) of linearized PCR 

products containing sequences targeted by the common and specific primers. Results were normalised 

with D. melanogaster genomic DNA. Outlier values were repeated. 

The heteroplasmic ratio data were analysed by calculating Z-scores for each data point ((individual 

value - mean value of qPCR plate)/ standard deviation of values of qPCR plate). The Z-scores from 

all qPCR plates of a sub-library were compared and used to select candidate genes or small molecules.  

Table 2-1: Custom TaqMan Gene Expression Assays probe and primer sequences 

 

2.4 Candidate Gene RNAi 

2.4.1 dsRNA Generation 

To produce dsRNA for RNAi treatment, PCR was performed with primer sequences (Table 2-2) from 

the previously described RNAi libraries. Alternatively, primer sequences were obtained from the Vale 

lab at the University of California San Francisco or the Vienna Drosophila Research Centre RNAi 

stocks. I designed primers for control dsRNA to cover 100-800 bp of the target genes with 

Species Probe Forward primer Reverse primer 
D. yakuba and  

D. melanogaster 

TATATCTTAATCCAAC

ATCGAG 

AACAGACTTAAAATTT

GAACGGCTACAC 

GGAGAGTTCATATCGA

TAAAAAAGATTGCG 

D. melanogaster ATCGAAATTTAAATAC

ATCATTTTTT 

CTTCCAGTACTAGCAG

GAGCTATT 

CCTCCTCCCGCTGGGT 

D. yakuba GCATTTTCTTCTATTAA

TCATTTAG 

GTTTAAACCAAACTTC

ACTCCGAAAATT 

TCAAATTGATTCTCTA

ATCATTAAAGATCTTA

ATATTCAT 

https://www.thermofisher.com/order/catalog/product/4444965
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SnapDragon, a web-based tool (https://www.flyrnai.org/cgi-bin/RNAi_find_primers.pl). A dsRNA 

LacZ control was isolated from FRT82B stat92-LacZ D. melanogaster from the St Johnston lab, 

University of Cambridge. The sequence gggcggt was added to the 5’ end of both forward and reverse 

primers as the linker sequence for the T7 primer. Primers were synthesised by Integrated DNA 

Technologies.  

The first PCR was performed using genomic DNA from the cells at a recent passage and Platinum 

SuperFi DNA polymerase according to its protocol (12351010, Invitrogen). The annealing 

temperature was calculated as the lowest melting temperature of the primer pair +5°C for 10 cycles 

then 72°C for 20 cycles. The product was examined by gel electrophoresis. In general, to visualise 

PCR products, DNA was resolved on a 1% (weight/volume) TBE agarose gel with approximately 0.2 

µg/ml ethidium bromide. DNA was mixed with 1X loading dye and run at 180V for 20-30 min in 1X 

TBE buffer. A 1 kb ladder was also run for size and quantification. The gel was visualised under UV 

light.  

The PCR product was used as the template for a second PCR using the T7 primer (5’-

TAATACGACTCACTATAGGGAGACCACGGGCGGGT-3’). One Taq DNA polymerase with GC 

enhancer (M0480, NEB) was used with annealing temperatures of 42°C for 7 cycles then 60°C for 30 

cycles. This was performed using RNase free tubes and filter tips to minimise RNase contamination. 

After gel electrophoresis, the product was purified with the MinElute PCR Purification Kit (28004, 

Qiagen) and eluted in 20 µl DEPC-treated water.  

The PCR product was used for in vitro transcription with the HiScribe T7 High Yield RNA Synthesis 

Kit (E2040S, NEB) according to its protocol. 11 µl of DNA template, up to 1 µg, was used in each 20 

µl reaction which was incubated overnight at 37°C then treated with 2 units DNase I and 1X DNase I 

reaction buffer at 37°C for 15 min. This mixture was diluted to 500 µl using DEPC-treated water and 

run on a fresh agarose gel. 

The RNA product was mixed with 1 volume of phenol (pH = 4) chloroform isoamyl alcohol then 

centrifuged at 20,000 g at 4°C for 5 min. The upper aqueous phase was mixed with 1 volume of 

chloroform isoamylalcohol and centrifuged at 20,000 g for 5 min at 4°C. The upper aqueous phase 

was mixed with 2.5 volume of 100% ethanol and placed in a -70°C freezer for 30 min then 

centrifuged at 20,000 g for 10 min at 4°C. The RNA pellet was washed with 1 ml 70% ethanol before 

drying for 5 min. It was resuspended in 100 µl DEPC-treated water, the concentration was measured, 

and it was stored at -70°C for subsequent application to cells. 
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Table 2-2: Primers for generation of dsRNA  

 

2.4.2 Seeding with dsRNA and qPCR  

dsRNA at 10 µg/ml was added to wells with 25,000 cells of line 8.1 or 35,000 cells of line 9M.3 with 

40 µl culture medium in a 384-well plate. RNAi wells were surrounded by wells of water to reduce 

evaporation edge effects. The plate was centrifuged for 2 min at 500 rpm and incubated for 10 days at 

25°C. DNA was extracted according to the RNAi protocol.  

qPCR was performed with TaqMan probes and qPCR reagents as described in the RNAi protocol to 

measure the heteroplasmic ratio. Controls and candidate genes were run on the same qPCR plate. 

Statistical analysis involved performing Bartlett’s test to ensure the assumption of equal variances 

across samples was met and the Shapiro-Wilk test to ensure the assumption of Gaussian distributions 

was met. Next, an ordinary one-way ANOVA was performed and, if a significant difference between 

treatment means was found, was followed with Dunnett's multiple comparisons test between the 

control RNAi treatment and each candidate gene RNAi treatment. Adjusted P-values were used to 

Target 

gene 

Source of 

sequence 

Forward primer sequence Reverse primer sequence 

ago Harvard GGGCGGGTGCAAGCCAAAAAGATTGAGC GGGCGGGTCAGTTTGTTCTGGCTCACC 

Harvard GGGCGGGTCGGAGCGTCCAACCGTTG GGGCGGGTGCGCTGATGAGACATTAGCG 

caup Sheffield GGGCGGTCCACAAGGGTCTCTCCACAT GGGCGGGTGGGGTAAGGGTTCTGTTCGT 

COX5A Sheffield GGGCGGGTTGTTTTTAACGGCAGCATGT GGGCGGGTAGGCATCGTACACGGACTTC 

CycE Sheffield GGGCGGGTCATAAGGTGCAGAAGACGCA GGGCGGGTTTGCACAAACTCAAAGCCAG 

EGFP SnapDragon GGGCGGGTACGTAAACGGCCACAAGTTC GGGCGGGTGCTCAGGTAGTGGTTGTCG 

geminin  

 

Sheffield GGGCGGGTCGGATACCCAGACTGATGCT GGGCGGGTCGTGTGATTGGTGTGTAGCC 

VDRC  GGGCGGGTGAGGCCGAGCAGAAGGAGCA GGGCGGGTCAGATGGCGGTTTTCGGTGAG 

LacZ SnapDragon GGGCGGGTCTGGCGTAATAGCGAAGAGG GGGCGGGTAAATTCAGACGGCAAACGAC 

Marf  SnapDragon GGGCGGGTGGAGCTAAAGGTGAGCAACG GGGCGGGTTTCGGTGAGCAGGTTCTTCT 

mil Sheffield GGGCGGGTATGAAGTACACCGCTCCACC GGGCGGGTTATTGTAAATGTCGCGCTGC 

UCSF GGGCGGGTCAGTCACAGCGAAAACGCAC GGGCGGGTCACATCCAGGTTAATGGTCTCC 

minus Sheffield GGGCGGGTCCCAGCGTAAACTGCTTCTC GGGCGGGTAACTCATTTACACGTCGGGC 

myc Sheffield GGGCGGGTCAAAGTGACGCATAGCTCCA GGGCGGGTGGTTATCCTAGCCCTACGCC 

numb Sheffield GGGCGGGTAATCAGAACATCATTGCCGC GGGCGGGTGAGCTGCACCTGGAATGACT 

park Harvard GGGCGGGTGCACAAAGCCCTGTCCAA GGGCGGGTGTTCGAGCAGTCTTTACTATGG 

pbl  Sheffield GGGCGGGTTGCCCAGTATCAGTCTGCTG GGGCGGGTAGAGCTTCTCCTTATCGCCCCG 

pink1 Sheffield GGGCGGGTGCCATGTACAAGGAGACGGT GGGCGGGTATTGAGTACGGCAAACGGAC 

PolG1 UCSF GGGCGGGTGAGTCCTGTATCCCTTGTACGCAG GGGCGGGTCGATCTACTCCTTCTGAATCGC 

puf Sheffield GGGCGGGTCGTCAGAAGAAAGGCGAAAC GGGCGGGTCGCAAGTGCTGGAACTGATA 

Rpn11 Harvard GGGCGGGTTTCGCCATGCCGCAAACG GGGCGGGTCCTCGTTGATGGAACAGTGC 

Harvard GGGCGGGTTGGAGGACGAGGAGAAAATG GGGCGGGTGCGATTTGTGGGTATGAAGG 

Rpt2 Harvard GGGCGGGTAAGTTCATCAAACGTTCGG GGGCGGGTACTCGTCCTCCATCATCAG 

Harvard GGGCGGGTTTACCATCCACACATCTCG GGGCGGGTTCCTCGTTGGTCACCTTCA 

Rpt6 Harvard GGGCGGGTCGAGTCGGCCTACCATAAAGGC GGGCGGGTTGAGCTCATTGCGCTGGGCCT 

Harvard GGGCGGGTAAAGCATCCAGAGCTGTTTG GGGCGGGTAATGAAGGTGCACTCGGTG 

scny Sheffield GGGCGGGTGGGCAGCTTTTACAACTTCG GGGCGGGTTGAAACTTTCCGGTACCCAG 

Socs36E Harvard GGGCGGGTATACTTTTCGGGGAAGCG GGGCGGGTTTGGTTTCGGTGTGCTCG 

Harvard GGGCGGGTTCATCATTCGGATCACATCG GGGCGGGTGAAGAGGAACTCCTCCTGG 

Taf3 Harvard GGGCGGGTCTGGAACCGGGGTATCTG GGGCGGGTTGGCTTGACTTTTTCCGTTC 

Harvard GGGCGGGTCCCAAAGTTCTTTAAACGTC GGGCGGGTATCCTTAATTGGTGGACATC 

Uba4 Harvard GGGCGGGTGTGGTATGTCCAAGGCTG GGGCGGGTGCTGAGCGGAACACATATG 

Harvard GGGCGGGTGAGGCCATCAAGGTGATTG GGGCGGGTGACCAGTACGATGGGCAG 

Vhl Sheffield GGGCGGGTACGAAAATTGATTTGGCAGC GGGCGGGTACTCTGCTGGCTCTTGGGTA 

VDRC  GGGCGGGTGAAAGGTGGAGGTGTACGTG GGGCGGGTCGACCAGCCAGAGGCAGTTTTC 
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determine the significance (>0.05 (ns), <0.05 (*), <0.005 (**), <0.0005 (***), <0.0001 (****)).  

mtDNA copy number was measured by qPCR using mtDNA primers common to D. melanogaster 

and D. yakuba and nuclear primers targeting CG1873 (Table 9-1). Statistical analysis and 

visualisation of results were carried out using GraphPad Prism 9.  

2.5 RT-qPCR of cells  

2.5.1 RNA Isolation 

Following RNAi treatment (with at least 3 wells for each treatment), treated cells were transferred to 

RNAse free tubes and centrifuged at 3000 g for 3 min and 300 µl of TRIzol was added to the pellet 

and mixed. RNA was isolated as described previously, with the additional step of DNase digestion by 

applying 10 µl RNase-free DNase and 70 µl buffer to the Qiagen RNeasy Mini Kit column membrane 

and incubating at room temperature for 30 min. The purified product was eluted in 15 µl DEPC-

treated water and the concentration of RNA was measured using the DeNovix spectrophotometer. 

2.5.2 RT-qPCR 

cDNA synthesis was performed with the RevertAid First Strand cDNA synthesis kit (K1621, 

ThermoFisher) according to protocol, including roughly 1 µg RNA and using the oligo (dT)18 primer. 

The reaction was incubated for 60 min at 42°C then 5 min at 70°C. The cDNA was stored at -20°C or 

-70°C for the long term. qPCR reactions were performed with SensiFast SYBR Green (Bio94020, 

SLS) in 10 µl reactions including 1X SYBR master mix, forward and reverse primers (500 nM each) 

and 1 µl cDNA. Primers were used against the targeted gene and control genes (Ponton et al., 2011) 

(Table 9-1). Each qPCR cycle was incubated at 95°C for 10 min followed by 35 cycles of 95°C for 30 

s and 60°C for 30 s. 

2.6 Fly Husbandry 

2.6.1 Drosophila Stocks and Maintenance 

Flies were kept at 25°C or 29°C in plastic vials with propionic acid fly food and extra yeast. 

Drosophila melanogaster fly stocks nos-Cas9 (BDSC:54591), KrIf/CyO, KrIf/CyO-GFP, D. 

melanogaster (mt:ND2del1 + mt:CoIT300I; mt:D. yakuba) KrIf/CyO and Drosophila yakuba were used 

(all from the Ma lab). Bloomington Deficiency Kit lines were obtained from the Bloomington 

Drosophila Stock Center (Table 9-2).  

2.6.2 Generation of CRISPR-Cas9 Mutants 

Mutants were generated by injecting gRNAs into nos-Cas9 embryos. To generate the gRNAs, 

complementary oligos were designed and cloned into pCFD5:U6:3-t::gRNA plasmids according to 

the pCFD5 cloning protocol (www.crisprflydesign.org). This involved annealing two oligos to 

http://www.crisprflydesign.org/
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generate each double-stranded gRNA (Table 2-3), then ligating them into the digested pCFD5 vector. 

Two gRNAs were used to target each gene and each single gRNA was cloned into its own plasmid. 

Transformation of plasmids was performed with Stellar Competent Cells, which were plated onto 

ampicillin LB agar plates and incubated overnight at 37°C. Colonies were picked and amplified in LB 

and ampicillin medium, shaking overnight at 37°C before purification with the FastGene Plasmid 

Mini Kit (FG-90, Nippon Genetics). Inserts were verified with Sanger sequencing using the 

U63seqfwd primer (5’-ACGTTTTATAACTTATGCCCCTAAG-3’).  

To purify the plasmids for injection, the GeneJET Purification Kit (K0701, ThermoScientific) was 

used, eluting in 20 µl of water. The two gRNA constructs per target gene were simultaneously 

microinjected in concentrations around 100 ng/µl into D. melanogaster nos-Cas9 embryos by Dr Ma. 

Injected flies (G0) were screened to detect the modified chromosome by crossing with a second 

chromosome balancer stock (KrIf/CyO-GFP). This involved singly mating the male CyO progeny with 

KrIf/CyO-GFP virgins, then heterozygous CyO male and virgin female progeny were picked and 

selfed. Vials with only CyO flies were selected and the mutation was confirmed by Sanger sequencing 

of the targeted site (primers in Table 9-1). 

Table 2-3: gRNAs used for CRISPR/Cas9-mediated genome editing  

Gene gRNA Sequence 5’-3’ of gRNA 

PolG2 
1 GAAAAACGCTGGATGTTGAC   

2 GCTTTGATGTTTCAGAAGAG 

GatC  
1 GCAGCTAACGCATCCCACCA  

2 GATCTGGATTTCGGAGGCGC 

mtDNA-helicase 
1 TGCTGGCTTACGTAAACAAG 

2 ATATCTGGGCGATCGACGGG 

2.6.3 Generation of Donor Constructs for Mutagenesis 

PolG2 was tagged with EGFP. A pUC19 donor construct consisting of 1500 bp PolG2 homology 

arms flanking an EGFP sequence was generated. Genomic DNA for the homology arms was isolated 

from nos-Cas9 flies using primers listed in Table 9-1. PolG2 was also tagged with FLAG. A pUC19 

donor construct consisting of 1500 bp PolG2 homology arms, a linker sequence (GGTGGTAGC) and 

a 3XFLAG sequence was generated by PCR with nos-Cas9 flies (Table 9-1). For both constructs, the 

In-Fusion HD Cloning Kit (638920, Takara) was used to clone the three fragments into pUC19. These 

plasmids were transformed and purified as the gRNA plasmids were, then injected by Dr Ma into nos-

Cas9 KrIf/CyO embryos at 400 ng/µl with both PolG2 gRNAs (Table 9-1). They were screened as the 

CRISPR-Cas9 mutants, with the substitution of KrIf/CyO-GFP flies for KrIf/CyO. 
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2.6.4 Genetic Crosses 

To perform a deficiency screen to investigate the nuclear influence on the heteroplasmic ratio, 

heteroplasmic female flies (D. melanogaster (mt:ND2del1 + mt:CoIT300I; mt:D. yakuba)) were crossed 

to males with a deletion chromosome (Chiang et al., 2019). This involved crossing 5 males with a 

deletion chromosome to 10 heteroplasmic females balanced with KrIf/CyO at 29°C. For control 

crosses, KrIf/CyO males were crossed instead of deficiency males. From their progeny, 10 females 

with the deletion chromosome balanced by CyO were mated with 10 KrIf/CyO males. At least 10 of 

their male offspring with the deletion chromosome balanced by KrIf or CyO were frozen for 

subsequent DNA extraction and qPCR analysis. To test the effect of a heterozygous mutant, the same 

protocol was followed as described for the deficiency screen and each test was performed using three 

vials. 

2.6.5 DNA Isolation of Flies and qPCR  

A protocol similar to that of cells was followed to isolate the DNA of flies. 100-500 µl of 

homogenisation solution was added to 1-20 flies or 100 µl to eggs, and the tissue was homogenised 

with a rod and pestle. qPCR was carried out with the protocol and primers used in Chiang et al., 2019. 

Reactions of 20 μL were performed with 500 nM of each primer (Table 9-1), 1X SensiFast SYBR 

Green PCR Master Mix and 10 μl DNA, roughly 5% of a male’s total genomic DNA. Each qPCR 

cycle was incubated at 95°C for 10 min followed by 35 cycles of 95°C for 30 s and 48°C for 30 s. 

Standard curves were plotted using a series of tenfold dilutions (2×106 to 2×104 copies per qPCR 

reaction) of linearized PCR products containing sequences targeted by the common and specific 

primers. Results were normalised with D. yakuba genomic DNA.  
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3 DEFICIENCY SCREEN TO IDENTIFY NUCLEAR 

REGULATORS OF HETEROPLASMY DYNAMICS IN FLIES  

3.1 Introduction 

Heterozygous deletions of genes in a specific region of the chromosome, called chromosomal 

deletions, are an important genetic tool for mapping a gene of interest to a chromosomal region (Cook 

et al., 2012). In D. melanogaster, up to 1% of the genome can be heterozygous and the flies are 

generally still healthy (Roote and Russell, 2012). Deletion lines (or deficiency lines), which together 

cover almost all of the euchromatic genome, allow ambitious deficiency screens to be carried out. To 

investigate the nuclear factors affecting mtDNA selection over generations, a deficiency screen was 

performed by Dr Ason Chiang and Dr Hansong Ma utilising heteroplasmic flies stably transmitting a 

detrimental ts mtDNA variant (mt:ND2del1 + mt:CoIT300I) and functional mtDNA (mt:D. yakuba) 

(Chiang et al., 2019). The deficiency lines were each crossed to heteroplasmic females to generate 

flies with one copy of a certain nuclear region deleted (Figure 3-1). The heteroplasmy level was then 

measured in the progeny of these flies. In this way, the deficiency screen was a method to test how 

decreasing the dose of genes affects heteroplasmy transmission in the female germline. If the 

heterozygous deletion changed the level of the functional mtDNA, it suggests that there are nuclear 

loci in the deleted region that influence mtDNA competition. Lines with smaller, overlapping 

deletions can then be used to map gene(s) of interest.   

Figure 3-1: Genetic cross of the deficiency screen to map nuclear genes affecting selective 

mtDNA transmission. mt:ND2del1 + mt:CoIT300I in red and mt:D. yakuba in purple. 

  

GO 

G2 
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In total, 339 deficiency lines of the second and third chromosomes were tested in this original screen 

to identify those that changed the level of functional mt:D. yakuba from its baseline of around 5% 

(Chiang et al., 2019). Out of these, 33 lines decreased the level of mt:D. yakuba to 2% or less and five 

lines increased the level at generation two to at least 10%. This demonstrated that multiple nuclear-

encoded pathways can directly or indirectly influence heteroplasmy dynamics. Here, I continued this 

mapping process by testing deficiency lines with smaller chromosomal deletions. However, the 

primary screen already identified two overlapping deficiency lines, with a shared deleted region 

covering just 16 genes, which caused the level of ts mtDNA to progressively decrease until the flies 

only carried functional mtDNA at generation five (Table 3-1). Further mapping with a deficiency line 

(FDD-0428643) covering a smaller portion of the shared deleted region narrowed the region further to 

eight genes, four of which have known mitochondrial functions. These included the genes encoding 

the mtDNA polymerase, consisting of a catalytic subunit, PolG1, and an accessory subunit, PolG2 

(Graziewicz, Longley, & Copeland, 2006). PolG1 has the 5′->3′ DNA polymerase activity whilst in 

complex with PolG2 and has 3′->5′ exonuclease activity whilst alone (Longley et al., 2001). PolG2 is 

involved in primer recognition and supports the catalytic efficiency of PolG1. The two genes are 

differentially regulated at the transcriptional level during Drosophila development (Lefai, Fernandez-

Moreno, et al., 2000). In particular, PolG1 generally has a constitutively low expression, while PolG2 

expression is regulated by DNA replication-related element factor (DREF), a transcription factor that 

binds to a small DNA replication-related element (DRE) in the promoter of many genes, including 

those involved in nuclear DNA replication and cell proliferation as well as mtDNA replication and 

transcription. The PolG2 promoter (but not the PolG1 promoter) contains a DRE sequence, thus its 

mRNA level is associated with mtDNA replication, suggesting a key regulatory role for the accessory 

subunit (Lefai, Fernandez-Moreno, et al., 2000; Fernández-Moreno et al., 2013). Simpler organisms 

such as yeast only contain the catalytic subunit, whilst vertebrates have a dimeric accessory subunit. 

PolG1 and PolG2 mutations cause mitochondrial diseases which are associated with depleted mtDNA 

due to replication stalling and mtDNA mutations (Longley et al., 2006). PolG1 overexpression in flies 

also leads to mtDNA depletion and lethality, possibly due to lower processivity without matching 

levels of PolG2 causing stalled replication complexes (Lefai, Calleja, et al., 2000; Chiang et al., 

2019). PolG2 is a dicistronic gene: it is coexpressed from a single promoter with a second gene, 

Glutamyl-tRNA amidotransferase, subunit C (GatC). GatC encodes a component of a complex 

targeted to the mitochondria which allows the generation of Gln-tRNA for protein synthesis in the 

mitochondrial matrix. PolG2 shares sequence similarity with prokaryotic aminoacyl-tRNA 

synthetases, reflecting its connection with GatC. As well as PolG1, PolG2 and GatC, the last gene in 

the shared deleted region with a mitochondrial function is mitochondrial ribosomal protein S23 

(mRpS23).  
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To determine which of the covered genes was underlying the deficiency phenotype, first, PolG1 

heterozygous mutant lines were crossed to the heteroplasmic flies. Two mutant lines had small 

deletions in the polymerase domain causing frameshifts and a third consisted of the complete removal 

of the PolG1 coding region. They all increased the level of functional mtDNA similar to the three 

deficiency lines, indicating that heterozygous PolG1 phenocopies the deficiency lines. There was a 

small but statistically insignificant decrease in mtDNA copy number in the heterozygous PolG1 

mutants compared to controls at egg and male adult stages (Chiang et al., 2019). The role of PolG1 in 

mtDNA selection has been validated in other heteroplasmic fly lines. In order to test the reversibility 

of the effect, a wildtype PolG1 genotype was restored in flies at generation 4 which already had 80% 

functional mt:D. yakuba. This reversed the trend and the mt:D. yakuba level decreased until after four 

generations it had returned to 5%, demonstrating that the level of PolG1 expression affects the 

outcome of mtDNA competition. Overall, PolG1 has dosage-dependent effects on selective 

transmission of mtDNA variants in the model system. This study showed that the mechanism by 

which mtDNA is selected in the female germline involves the mtDNA polymerase and it indicated 

that with the deficiency screen method further genes that influence the outcome of mitochondrial 

competition may be identified. Of note, analysis of the PolG1 effect on heteroplasmy in different 

nuclear backgrounds revealed that it was dependent on genetic interactions with other regions of the 

nuclear background, possibly to decrease its level to less than 50%. This suggests that further 

screening will not be able to identify all genes that influence heteroplasmy dynamics. In this chapter, I 

describe my work investigating whether PolG2 and GatC affect selection similarly, in order to seek 

further understanding of the underlying mechanism that determines the transmission of mutant 

mtDNA.  

I also tested whether the regulation of heteroplasmy is influenced by another mtDNA replisome 

component, mtDNA-helicase. mtDNA-helicase was identified as a candidate gene from lines 

Df(2L)BSC240 and Df(2L)BSC17 which, when crossed to the heteroplasmic line, respectively 

produced G2 progeny with almost 0% mt:D. yakuba and produced no deficiency G1 progeny, 

suggesting that the D. yakuba genome was lost (Table 3-1). mtDNA-helicase contains an N-terminal 

primase domain that binds to DNA and a C-terminal helicase domain that carries out nucleotide 

hydrolysis for the unwinding of DNA (Korhonen, Gaspari, & Falkenberg, 2003). It is homologous to 

human Twinkle mtDNA helicase, which was discovered by disease mutations in the gene, such as 

those of a mitochondrial disorder of the eye, CPEO (Kaguni and Oliveira, 2016). If mtDNA-helicase 

affects purifying selection, then it may have an important role in the quality control of mtDNA. 

  

http://flybase.org/reports/FBab0029725.html
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Table 3-1: Selected results of the original deficiency screen and their associated candidate genes 

3.2 Results 

3.2.1 Mutagenesis 

Due to the lack of mutant lines, I generated loss-of-function mutants through CRISPR/Cas9-mediated 

mutagenesis to investigate whether PolG2, GatC or mtDNA-helicase affects the selection of mtDNA 

variants (Figure 3-2). I isolated 12 mutants of PolG2 and one homozygous lethal mutant at each 

gRNA site was chosen for testing (Table 3-2). The lethal phase of homozygous PolG2 mutants was in 

early pupation. PolG2 is co-transcribed with GatC, so mutants were also generated of this gene. I 

isolated six mutants of GatC and one homozygous lethal mutant at each gRNA site was chosen for 

testing (Table 3-2). Homozygous lethal GatC mutants only reached late embryonic or early first instar 

larval stages and were trans-heterozygous viable when crossed to the two PolG2 mutants, indicating 

that the isolated mutants did not affect their co-transcribed genes. I isolated three mutant lines of 

mtDNA-helicase, all by gRNA 1, which were homozygous lethal after the third larval instar stage 

(Table 3-2). Transheterozygotes of different mtDNA-helicase mutants were also lethal.   

 

Figure 3-2: Map of candidate genes and guide RNAs. A) PolG2 and GatC, which share the same 

coding region. B) mtDNA-helicase with its exons labelled.  

  

Deficiency line 
Percentage of functional 

mtDNA at generation 2 
Candidate genes 

Control ~5  

Df(2L)BSC812 29.5 PolG1, PolG2, GatC and mRpS23 

Df(2L)BSC252 25.7 PolG1, PolG2, GatC and mRpS23 

Df(2L)BSC17 No deficiency G1 progeny mtDNA helicase 

Df(2L)BSC240 0 mtDNA helicase 

http://flybase.org/reports/FBab0045903.html
http://flybase.org/reports/FBab0045023.html
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Table 3-2: Mutant fly lines generated by CRISPR-Cas9-mediated mutagenesis 

Target gene gRNA Mutant description 

PolG2 1  35bp deletion and 1bp insertion, lethal 

15bp deletion and 1bp substitution, viable 

11bp deletion, lethal (PolG21, Chiang et al., 2019) 

6bp deletion, viable 

4bp deletion, lethal 

2bp deletion, lethal 

2bp deletion, viable 

2 13bp deletion, lethal 

11bp deletion, lethal (PolG22, Chiang et al., 2019) 

9bp deletion, viable 

7bp deletion, lethal 

3bp deletion, viable 

GatC 1 12bp deletion (frameshift), lethal (GatC1, Chiang et al., 2019) 

9bp deletion and 1bp substitution, viable 

2 27bp deletion, viable 

12bp deletion and 3bp insertion, viable 

7 bp deletion, lethal (GatC2, Chiang et al., 2019) 

6bp deletion, viable  

mtDNA-helicase 1 14bp deletion, lethal (mtDNA-helicase1, Chiang et al., 2019) 

21bp deletion (frameshift), lethal (mtDNA-helicase2, Chiang et al., 2019) 

21bp deletion and 2bp deletion, lethal 

2 - 

 

I endogenously tagged PolG1 and PolG2 proteins to examine their subcellular localisation during 

germline development. I added mCherry at the C-terminus of PolG1 and EGFP at the C-terminus of 

PolG2 by CRISPR/cas9-mediated editing. These were homozygous lethal after the third larval instar 

stage. PCR of the tag and adjacent sequence, followed by sequencing, suggested that both tags were 

inserted at the targeted site, and imaging showed that expression levels were relatively high (Figure 

3-3). In the future, the Ma lab will co-express PolG1-mCherry and PolG2-EGFP to compare their 

expression in the ovarioles and understand at which stages they are in complex, so acting as a 

polymerase. Furthermore, to study the protein-protein interactions of PolG1 and PolG2, FLAG-

tagged lines were also generated of each to use for immunoprecipitation.  
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Figure 3-3: Endogenously tagged PolG1 and PolG2 proteins visualised in the egg chamber. A) 

Image of an egg chamber of a PolG1-RFP fly. Stained with Hoechst in blue, endogenously tagged 

PolG1-RFP in red. B) Image of an egg chamber of a PolG2-EGFP fly. Stained with Hoechst in blue, 

endogenously tagged PolG2-EGFP in green.  

 

3.2.2 Effect of Mutant Lines on Heteroplasmy 

Heterozygous mutants of PolG2 and GatC were crossed to heteroplasmic flies to measure their effect 

on the heteroplasmic ratio by Dr Ason Chiang, revealing that reducing neither PolG2 nor GatC 

affected the ratio over at least three generations compared to the control (Figure 3-4A). mtDNA-

helicase mutants also did not significantly change the heteroplasmic ratio after two generations, 

suggesting that reducing the dose of these genes does not affect germline mtDNA selection (Figure 

3-4B). 

A B 
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Figure 3-4: The effect of candidate gene knockdown on the heteroplasmic ratio of flies. A) The 

effect of heterozygous PolG1, PolG21 and GatC1 mutants on the percentage of functional (D. yakuba) 

mtDNA over generations compared to the KrIf/CyO control. Error bars indicate SDs of three 

independent replicates. Each replicate contained 10-40 young adult males. A one-way ANOVA of the 

control, PolG21 and GatC1 treatments at G3 showed no significant difference among the means (F (2, 

6) = 0.7949, P = 0.4940). Tests of PolG22 and GatC2 produced the same result. B) The effect of 

heterozygous mtDNA-helicase mutations on the percentage of functional mtDNA at generation 2 

compared to the KrIf/CyO control. Lines represent the means and each data point represents an 

independent experiment containing 10-40 young adult males. A one-way ANOVA of the data showed 

no significant difference among the means (F (2, 5) = 0.3311, P = 0.7327). These experiments were 

performed in collaboration with Dr Ason Chiang, who continued the experiment whilst I was on my 

BBSRC DTP placement. 

  

3.2.3 Detailed Deficiency Screen 

As mentioned earlier, the deficiency screen identified multiple other nuclear regions containing genes 

that could affect heteroplasmy dynamics during the development of the female germline. To further 

map these regions, I tested 43 deficiency lines with smaller deletions. I chose these lines to narrow 

down the deleted regions of deficiency lines that had the largest decrease in mt:D. yakuba levels and I 

tested each deficiency line twice using the same method as the original screen. I found that 31 lines 

did not replicate a significant decrease in mt:D. yakuba levels and four lines were sick (Table 3-3). 

However, eight of the lines did phenocopy the effect of the original screen, suggesting that these 

genomic regions should be further studied.  
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Table 3-3: Results of the detailed deficiency screen. Tested deficiency lines and their effect on the 

heteroplasmic ratio are shown together with the original deficiency lines. 

Deficiency line tested 

Original deficiency line that 

decreased the level of mt:D. 

yakuba by half or more 

Decreased level of mt:D. 

yakuba by half or more in 

two tests? 
BSC200 BSC111 YES 

ED578 BSC111 G1 sick 

Exel6041 BSC149 YES 

Exel7040 BSC204 NO 

Exel6008 ED136 NO 

ED284 ED334 NO 

ED6569 ED441 YES 

Exel7029 ED441 NO 

ED206 ED4651 NO 

ED4559 ED4651 NO 

ED623 ED629 NO 

Exel7039 ED629 NO 

BSC480 Exel6005 NO 

Exel7007 Exel6005 NO 

ED1735 BSC267 NO 

BSC878 BSC273 NO 

Exel7138 BSC308 NO 

BSC401 BSC361 YES 

Exel7128 BSC361 NO 

ED2098 BSC595 NO 

BSC639 BSC595 NO 

01D01Y-R21 BSC597 NO 

ED3952 BSC597 NO 

BSC605 BSC604 NO 

BSC330 BSC651 No G2 deficiency progeny 

BSC429 BSC651 NO 

BSC360 BSC664 NO 

BSC698 BSC769 YES 

Exel6076 BSC821 NO 

Exel7121 BSC880 YES 

ED1618 ED1673 CyO/deficiency G1 female sterile 

BSC263 ED1673 YES 

Exel6054 ED1715 NO 

BSC265 ED1715 NO 

Exel6053 ED1725 NO 

BSC268 ED1791 NO 

BSC271 ED1791 NO 

BSC279 ED1791 NO 

Exel7142 ED2487 NO 

Exel6063 ED2487 G1 sick 

14F06Y-28 ED3385 NO 

BSC668 Exel6284 YES 

BSC858 Exel6284 NO 

 

Three of these eight small deficiency lines are good avenues of investigation because they only 

remove a small number of genes, making the mapping more feasible (Table 3-4). The first, BSC401, 

covers combgap, CG18324, CG18327, mitochondrial ribosomal protein S16, Receptor expression 

enhancing protein B, Sdb, Sox box protein 15 and Vesicular GABA Transporter. The second, 

BSC200, which covers a smaller part of deficiency line BSC111, provides a list of 20 genes to be 

http://flybase.org/reports/FBab0040373.html
http://flybase.org/reports/FBab0040373.html
http://flybase.org/reports/FBab0044863.html
http://flybase.org/reports/FBab0045081.html
http://flybase.org/reports/FBab0031737.html
http://flybase.org/reports/FBab0032037.html
http://flybase.org/reports/FBab0032146.html
http://flybase.org/reports/FBab0032146.html
http://flybase.org/reports/FBab0032176.html
http://flybase.org/reports/FBab0032176.html
http://flybase.org/reports/FBab0032357.html
http://flybase.org/reports/FBab0032357.html
http://flybase.org/reports/FBab0037847.html
http://flybase.org/reports/FBab0037847.html
http://flybase.org/reports/FBab0045180.html
http://flybase.org/reports/FBab0045040.html
http://flybase.org/reports/FBab0044975.html
http://flybase.org/reports/FBab0045176.html
http://flybase.org/reports/FBab0045176.html
http://flybase.org/reports/FBab0045544.html
http://flybase.org/reports/FBab0045544.html
http://flybase.org/reports/FBab0045546.html
http://flybase.org/reports/FBab0045546.html
http://flybase.org/reports/FBab0045523.html
http://flybase.org/reports/FBab0045708.html
http://flybase.org/reports/FBab0045708.html
http://flybase.org/reports/FBab0045734.html
http://flybase.org/reports/FBab0045851.html
http://flybase.org/reports/FBab0045933.html
http://flybase.org/reports/FBab0046558.html
http://flybase.org/reports/FBab0032981.html
http://flybase.org/reports/FBab0032981.html
http://flybase.org/reports/FBab0033020.html
http://flybase.org/reports/FBab0033020.html
http://flybase.org/reports/FBab0033029.html
http://flybase.org/reports/FBab0033093.html
http://flybase.org/reports/FBab0033093.html
http://flybase.org/reports/FBab0033093.html
http://flybase.org/reports/FBab0033778.html
http://flybase.org/reports/FBab0033778.html
http://flybase.org/reports/FBab0047263.html
http://flybase.org/reports/FBab0038024.html
http://flybase.org/reports/FBab0038024.html
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tested, including mitoshell, involved in the regulation of mitochondrial fusion. Thirdly, Exel6041 

narrowed down the region covered by BSC149 to just 12 genes, including CG10333 (an RNA-binding 

ATPase) and Cyp310a1 (Cytochrome P450).  

Table 3-4: Shortlist of genes identified by the detailed deficiency screen 

BSC401 BSC200 Exel6041 

Cg 

CG18324 

CG18327 

mRpS16 

ReepB 

Sdb 

Sox15 

VGAT 

Btk29A 

CG7627 

CG7778 

CG7781 

CG7806 

CG7810 

CG7840 

CG8086 

CG14273 

CG14274 

 

CG14275 

Mettl14 

mir-2b-1 

mtsh 

Mur29B 

Ostγ 

Scgα 

strat 

tRNA:Lys-TTT-1-1 

wol 

amos 

Atac2 

CG10333 

CG10413 

CG15160 

CG31789 

CG43338 

CG43339 

Cyp310a1 

IFT46 

MESR3 

Pde11 

 

3.3 Discussion 

3.3.1 PolG2 and mtDNA-helicase Heterozygous Mutants Do Not Affect Heteroplasmy Levels 

In this chapter, I utilised the CRISPR-Cas9 method to produce mutants of genes of interest. One 

might have expected that PolG1 and PolG2 function together as the catalytic and accessory subunits 

of the mtDNA polymerase in the female germline to influence transmission. However, analysis of 

PolG2 mutants showed that PolG2 does not appear to influence the transmission of mtDNA variants 

in our model. In contrast, PolG1 has a strong effect, increasing the level of mt:D. yakuba to 100% in 

only five generations. This suggests that the low PolG1 level changed the relative fitness of the 

mtDNA variants, leading to a change in the outcome of selection (Gitschlag and Patel, 2019). The 

first line of enquiry to explain these results would be to ask whether PolG2 would influence mtDNA 

selection if it were to be knocked down to a greater extent, due to the observation that the PolG1 

knockdown phenotype was dependent on the nuclear background. If we assume the answer to be no, 

there are multiple possible explanations for the discrepancy in the results of PolG1 and PolG2. 

PolG1 has a proofreading exonuclease function as well as a polymerase function. PolG1 and PolG2 

must be in complex to carry out the polymerase function, but PolG2 is not required for the 

exonuclease function. However, all the PolG1 mutants used by the lab affected the polymerase 

domain and PolG1 mutants of the polymerase and exonuclease domains can functionally complement 

each other in trans, suggesting that PolG1 did not play a role through the function of its exonuclease 

domain (Bratic et al., 2015). This leaves the possibility of its function through mtDNA replication, or 

it could act as part of a complex in a yet unrecognised mechanism. 
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An mtDNA replication mechanism might involve the recently identified Pink1-Larp pathway, where 

the inhibition of translation of nuclear-encoded mitochondrial proteins on the surface of dysfunctional 

mitochondria reduces the ability of these mitochondria to replicate during oogenesis (Zhang et al., 

2019). PolG1 expression was reduced by this pathway, indicating that its role in purifying selection in 

the germline is via mtDNA replication in functional mitochondria and a reduction in mtDNA 

replication in dysfunctional mitochondria. Proteomic analysis suggested that the MDI-Larp complex 

promotes the translation of specific mitochondrially-targeted proteins, such as PolG1, TFAM, 

mitochondrial ribosomal proteins and ETC subunits such as COX5A, but not mtSSB or the 

mitochondrial RNA polymerase (Y. Zhang et al., 2016). Whilst it is possible that their analysis did 

not identify all targets of MDI-Larp, this specific post-transcriptional regulation could explain the 

differing roles of PolG1 and PolG2. mtDNA replication is under tight regulation in the germline: 

levels are low in the early germarium until an increase in replication at germarium stage 2B before the 

oocyte is specified. One hypothesis could be that it is the regulation of PolG1, and not PolG2, that 

changes between stages 2A and 2B to upregulate mtDNA replication. The endogenously tagged 

proteins described in this chapter could be visualised with electron microscopy to determine whether 

both PolG1 and PolG2 undergo localised translation on the surface of mitochondria during oogenesis. 

If only PolG1 is translated on the surface, this would suggest that the purifying selection mechanism 

involves a subset of key mitochondrial proteins. This could be compared to protein localisation in 

other cell types to investigate whether this is a mechanism of selection specific to the germline. Also, 

the FLAG-tagged lines could be used for immunoprecipitation to assess the PolG1 interaction with 

Larp. 

Alternatively, heterozygous PolG2 mutants might not reduce the dosage sufficiently to limit mtDNA 

replication like PolG1 mutants at this developmental stage due to higher wildtype levels of expression 

of PolG2 than PolG1. Reducing the abundance of PolG2 may not be sufficient for it to become a 

limiting factor for mtDNA replication during oogenesis, so will not enhance the competition between 

functional and dysfunctional mitochondria for mtDNA replication machinery, and thus not shift the 

heteroplasmic ratio. This competition could be based on functional mitochondria likely being more 

efficient at importing replication components from the cytoplasm into mitochondria (Geissler et al., 

2000). Mutant analysis showed that homozygous mutants of either gene are lethal, but PolG1 mutants 

are lethal at the third-instar larval stage whilst the PolG2 mutants are only lethal at the early pupal 

stage (Iyengar et al., 2002). Could this indicate that the effects of PolG1 knockdown appear in a 

shorter timeframe?  

I tested another key component of the mtDNA replication machinery, mtDNA-helicase, to aid in 

understanding the underlying regulatory mechanism. Analysis of mtDNA-helicase mutants suggested 

that it does not play a role in selective transmission. We can again question whether mtDNA-helicase 

would influence mtDNA selection if it were to be knocked down to a greater extent, or whether 
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undocumented redundancy of the mtDNA helicase could explain this, but besides these issues, the 

results suggest that PolG1 is likely to be specifically regulated. Deficiency lines that delete one 

genomic copy of mtSSB, TFAM or Top3α also did not change the heteroplasmic ratio, consistent with 

the hypothesis of a more specific regulatory mechanism (Chiang et al., 2019). This result also leaves 

the outstanding question of how the Df(2L)BSC17 and Df(2L)BSC240 lines affected the 

heteroplasmy levels if not through knockdown of mtDNA-helicase. Is the knockdown of another of 

the 54 covered genes responsible for the decrease in functional mtDNA, for instance, through 

knockdown of Ribosomal protein S2, which is involved in translation in the cytoplasm and also has an 

essential role during oogenesis (Cramton and Laski, 1994)? Alternatively, is knockdown of multiple 

of the covered genes necessary to observe a change in the heteroplasmic ratio? 

Overall, further investigation into the role of PolG1 in the selective transmission of mtDNA will 

improve our understanding of the causes of mtDNA-associated mitochondrial disease. The mutants 

generated here could be repurposed, for example, to investigate any effects of these genes on mtDNA 

copy number over development. These results leave multiple broader questions open, such as whether 

this is an evolutionarily conserved mechanism of purifying selection. PolG1 also affects mtDNA 

selection in nematodes, with RNAi of PolG1 decreasing the mutant mtDNA level (Lin et al., 2016). 

Lastly, is it the increased mtDNA replication function during oogenesis that generally provides a 

benefit by increasing mtDNA copy number that permits PolG1 to enable the selfish transmission of ts 

mtDNA in wildtype flies? 

3.3.2 Discussion of the Deficiency Screen Approach 

The initial deficiency screen of the second and third chromosomes provided information on many 

regions of the nuclear genome that may affect the heteroplasmic ratio when crossed to the 

heteroplasmic line. I have shown that some smaller deletions also affected the ratio in the same 

manner as the larger deletions of the original deficiency lines, which helps to narrow down the nuclear 

regions that may be investigated further. However, this is a lengthy process due to the natural 

variation observed in the heteroplasmic ratio as well as the nature of deficiency mapping. Even lines 

with smaller deletions still cover many genes which would require testing individually. Furthermore, 

heteroplasmy dynamics are highly sensitive to changes in the nuclear background and differences in 

the nuclear background of the deficiency lines could lead to changes in the heteroplasmic ratio that 

are not a result of the deleted genomic region. If we are to understand the pathways involved in 

governing the transmission of mtDNA then we must study many candidate genes, so to increase the 

pace of candidate gene identification, we created a novel in vitro platform for screening for regulators 

of heteroplasmy dynamics, described in the following chapter.  
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4 GENERATION AND CHARACTERISATION OF 

HETEROPLASMIC CELL LINES  

4.1 Introduction 

4.1.1 Motivations for Generating Heteroplasmic Cell Lines 

In the previous chapter, I showed that whilst it is possible to test the effect of gene knockdown on the 

heteroplasmic ratio in flies through a deficiency screen, there are certain disadvantages including the 

lengthy mapping process and limited level of knockdown. These shortcomings motivated us to create 

a cell culture system to identify further genes which act as heteroplasmy regulators. Cell lines can be 

grown on a large scale to provide convenient platforms for high-throughput screens. The RNAi 

screening protocol in Drosophila cells is very simple and we hypothesised that it would enable us to 

rapidly identify nuclear genes that affect mtDNA selection during somatic cell divisions and to 

subsequently perform detailed characterisations of candidate genes by biochemical and imaging-based 

approaches. 

There has been one previous attempt to generate heteroplasmic Drosophila cell lines in order to study 

mtDNA transmission in the soma. A single heteroplasmic cell line was established from Drosophila 

obscura flies with high levels of an mtDNA variant carrying a large deletion. It was thought to be a 

poor model since the level of the mutant variant decreased over time and the variant appeared to have 

a low impact on the cell line compared to the flies since the cells exhibited low mitochondrial 

activities (Morel et al., 2006). However, it could be argued that a system with a changing 

heteroplasmy level can still be a platform for investigating the regulation of heteroplasmy dynamics if 

the change is gradual and that it is similar to the changes in the ratio often observed in tissues over 

time. Furthermore, the low mitochondrial activity in the Morel study does not necessarily indicate a 

lack of selection on mtDNA in this model, particularly given the change in heteroplasmic ratio that 

they consistently observed. Recently, heteroplasmy dynamics in post-mitotic somatic cells have been 

studied in flight muscles of D. melanogaster (Kandul et al., 2016), but large-scale screens remain 

difficult. There is a need for the generation of a greater number of new heteroplasmic cell lines as they 

will allow us to find ideal lines suitable for screening heteroplasmic regulators and also identify those 

regulators that act in tissue-specific manners.  

Researchers have also attempted to establish human heteroplasmic cell line models through the 

generation of transmitochondrial cytoplasmic hybrid cells (cybrids) or patient-derived primary cells. 

To generate cybrids, cells without mtDNA receive the heteroplasmic mtDNA population from a donor 

cell (often cells from patients heteroplasmic for mtDNA variants). This allows the nuclear background 

to be kept constant, whilst studying the effect of heteroplasmy, for instance, the effect of the 

heteroplasmic ratio on transcriptional profiles and cell mechanics (Picard et al., 2014; Kandel et al., 
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2017). Cybrids have also been used to manipulate the heteroplasmic ratio by overexpression of Parkin 

(Suen et al., 2010). Despite this, researchers must rely on common cell lines such as HeLa cells that 

can grow to large scales and are more amenable for screens investigating mitochondrial function but 

that cannot be used to investigate the heteroplasmic ratio.  

4.1.2 The Cell Line Generation and Characterisation Process 

So far, over 100 Drosophila cell lines have been made to address a wide range of basic biology 

questions. Several protocols have been used to generate cell lines from D. melanogaster including the 

Debec et al protocol: developing embryos are homogenised and cultured (these are then known as 

primary cell cultures) (Figure 4-1). Most of these cells have a limited lifespan, but some undergo 

transformation and clonal expansion and after about 10 passages, a small proportion of the primary 

cell cultures will have formed individual cell lines. Established cell lines often have different 

transcriptional profiles from each other due to their different embryonic origins. When first 

established, the cell lines could be heterogeneous. However, after many passages, it is very likely that 

one cell type has outcompeted the others to form a homogenous population. We aimed to generate 

multiple heteroplasmic cell lines which would allow us to identify common and cell type-specific 

heteroplasmy regulators. 

 

Figure 4-1: Cartoon of the method for generating heteroplasmic D. melanogaster cell lines. The 

embryos are collected, homogenised, and transferred with culture medium to flasks. Some of these 

primary cell cultures immortalise to form cell lines. 

 

4.2 Results 

4.2.1  Heteroplasmic Cell Line Generation 

4.2.1.1 Rate of Cell Line Establishment 

In order to generate multiple heteroplasmic cell lines from D. melanogaster (mt:ND2del1 + mt:CoIT300I; 

mt:D. yakuba), we made a total of 236 primary cell cultures. 147 were from embryos of flies with 
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roughly 80% ts mtDNA and wildtype nuclear backgrounds. The other 89 were of flies with around 

95% ts mtDNA and had upregulated upd1 expression in the germline (Table 4-1). upd1 encodes the 

JAK/STAT ligand that is required for stem cell maintenance in the germline and its overexpression 

increases the number of stem cells (Gregory, Came and Brown, 2008). We were interested to explore 

whether this would lead to the generation of cell lines derived from germline stem cells. We 

hypothesised that we would achieve between a 5 and 10% success rate of establishing cell lines, 

according to previous studies. It took from 8 weeks to up to 7 months for the cell lines to establish and 

both genotypes had close to a 7% success rate of establishing cell lines, with 17 cell lines established 

in total (Table 4-1). Cell line generation was performed with the aid of intern Amador Romero Franco 

(University of Seville). 

Table 4-1: Number of primary cell cultures that formed established cell lines 

Genotype 
Number of primary cell 

cultures generated 

Number of established 

cell lines 

D. melanogaster (mt:ND2del1+mt:CoIT300I; 

mt:D. yakuba) 
147 11 

D. melanogaster (mt:ND2del1+mt:CoIT300I; 

mt:D. yakuba) (UAS-upd1, GAL4-nanos) 
89 6 

Total 236 17 

 

4.2.1.2 Description of Established Cell Lines 

The established cell lines were strongly adherent. They had varying morphologies, for instance, line 

A1M.3 cells had long extensions, whilst 13E.3 and 8.1 cells were rounded (Figure 4-2). They had 

varying doubling times, between 2 and 10 days. Two lines that were key to subsequent experiments 

were 8.1, which had a doubling time of 3 days, and 9M.3 which had a doubling time of 5 days.  
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Figure 4-2: Representative images of three established cell lines. Captured on a Leica SP5 using 

an X63 objective and brightfield light. Scale bar: 20µm 

 

4.2.1.3 Heteroplasmic Ratio of Established Cell Lines 

We hypothesised that not all cell lines would retain heteroplasmy throughout the generation process. 

In the first round of cell line generation, we set up 40 primary cell cultures. After four weeks, nine of 

these continued to grow and samples were collected for qPCR, showing that all had retained 

heteroplasmy; the level of ts mtDNA varied between 20% and 67%. Three of these primary cell 

cultures underwent an immortalisation process to form established cell lines. Line 2c began with 

relatively high levels of ts mtDNA but this decreased over time until homoplasmic. Line 8.1 began 

with a lower ts mtDNA level and remained relatively stable, around 30% ts mtDNA, for very many 

passages. Roughly 50 passages, or one year, after the 8.1 line was established, the ts mtDNA level had 

decreased to 5%. After the establishment of line 13.2, the heteroplasmic ratio was closely recorded 

over time, finding that it was relatively stable for at least 90 days (Figure 4-3A). Furthermore, the cell 

lines were amenable to freezing, maintaining viability and heteroplasmy, for instance, thawed 13.2 

cells retained 45% ts mtDNA. This encouraged us to generate a larger number of primary cell cultures 

which resulted in an additional 14 established cell lines, of which 11 had detectable levels of 

heteroplasmy when their heteroplasmic ratio was first measured by qPCR (Table 4-2). Next, with the 

help of undergraduate placement student Zara Valliji (University of Leicester), we measured the 

heteroplasmic ratio of ten established cell lines over three or four passages (Figure 4-3B). This found 

that short-term stability of the heteroplasmic ratio was common and that whilst many established cell 

lines had high ts mtDNA levels, similar to the fly, some had lower ts levels. The heteroplasmy 
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dynamics of one cell line, 9M.3, involved an increase to 100% ts mtDNA at 25°C, which led to the 

death of the cells. Cells were regularly frozen down between subcultures, and when 9M.3 cells were 

thawed and grown again, the same increase in ts mtDNA level was observed. Overall, most 

established cell lines maintained heteroplasmy, although the varied heteroplasmy dynamics of the cell 

lines are unlike the highly stable transmission over generations at the organismal level.  

Table 4-2: Established cell lines and their ts mtDNA level at the earliest measurement. Lines 

derived from UAS-upd1, GAL4-nanos flies are named with an A. 

Established cell 

line 
ts mtDNA % at the first measurement 

8.1 70 

13.2 66 

2c 83 

11M.5 ~0 

13E.3 31 

16M.1 11 

18M.2 97 

2E.1 ~100 

2M.1 ~100 

9M.2 13 

9M.3 97 

A1M.1 94 

A1M.3 47 

A3E.5 23 

A3M.6 80 

A5M.1 92 

A9M.2 28 

Lines derived from UAS- upd1, GAL4-nanos flies are named with an A. 
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Figure 4-3: Heteroplasmy levels over time in established cell lines. A) The percentage of the ts 

mtDNA variant in line 13.2 over 90 days. Measured from a single flask for each data point using 

SYBR Green. B) Heteroplasmic ratio in ten established cell lines over time. Measured from a single 

flask for each data point with TaqMan.  
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4.2.2 Effect of Temperature on Cell Viability and the Heteroplasmic Ratio  

In the heteroplasmic fly model, the ts mtDNA outcompetes the functional mtDNA at 25°C, whereas at 

29°C a low level of functional mtDNA is stably maintained. In order to test the effect of temperature 

on the viability and the heteroplasmic ratio of cultured cells, I placed ten cell lines at 29°C. Out of 

these, three lines were inviable (A1M.1, 2E.1 and 18M.2), whereas the rest were viable (9M.2, 1M.3, 

13.2, 3M.6, 2M.1, 9M.3 and 8.1). These data cannot inform us about the effect of the level of ts 

mtDNA on cell growth or viability at the restrictive temperature due to the different origins of the cell 

lines, but I noted that the cell lines which were inviable at 29°C all had at least 94% ts mtDNA.  

From the viable cell lines, two, 8.1 and 9M.3, were closely followed to examine the effect of 

temperature on the selection pressure against the ts mtDNA variant. The cell lines were incubated at 

25°C and 29°C, with cells split from a single flask into multiple flasks placed at both temperatures. 

Line 9M.3 grew for four passages during this test, after which the cells at 25°C were inviable, likely 

due to loss of functional mtDNA (Figure 4-4A). At 29°C the cells were viable, despite the high 

starting level of ts mtDNA, and the ts mtDNA level decreased steadily over passages, indicating a 

temperature-dependent selection effect on the mtDNA variants in cell line 9M.3. When the cells were 

returned to 25°C from 29°C, the ts level steadily increased to its original high level. I propose that the 

ts variant has a detrimental effect on fitness at both temperatures in 9M.3 but at 29°C purifying 

selection is stronger. In line 8.1, the level of ts mtDNA started lower, and decreased at 29°C but also 

at 25°C for the eight passages during this test, suggesting that the selection pressures differ between 

cell lines and that in 8.1, there is selection against the ts mtDNA variant at both temperatures (Figure 

4-4B). Together, these results highlight that in this heteroplasmic cell culture system, temperature 

affects the heteroplasmic ratio in a cell-line dependent manner.  
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Figure 4-4: The effect of temperature on heteroplasmy in cell lines. A) Effect of temperature on 

the level of ts mtDNA in line 9M.3. 9M.3 was tested with three flasks at each temperature and from 

each flask, the average ts mtDNA level was calculated from measurements of three samples. Plotted 

are the means and standard deviations of the three flasks. Each passage is equivalent to around 10 

days. B) Effect of temperature on the level of ts mtDNA in line 8.1. 8.1 was tested similarly to 9M.3 

but with four flasks at each temperature. Each passage is equivalent to around 7 days. 

 

To examine environmental effects other than temperature, I sought to investigate the effect of glucose 

concentration on the heteroplasmic ratio. Mammalian studies have demonstrated that mtDNA 

selection is mediated by their nutrient source (Lechuga-Vieco et al., 2020; Pantic et al., 2021). We 

hypothesised that the cellular metabolic program might determine the mitochondrial selection 

pressures in heteroplasmic Drosophila cell lines. Cell lines were changed from our standard M3 

culture medium (including 10g/L glucose and a total 0.892g/L glutamine, supplemented with 20% 

FBS) to M3 medium without glucose (still supplemented with 20% FBS which provided a low level 
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of glucose) and further supplemented with 3.6g/L galactose. However, because these changes did not 

allow survival of the heteroplasmic cell lines, I could not evaluate the effect of glucose on the 

heteroplasmic ratio.  

4.2.3 Identification of Cell Type with RNA Sequencing 

Cell lines could be derived from the many different cell types in the fly embryo, making it difficult to 

identify the origin of the established cell lines, which may be complicated by the fact that the 

immortalisation process selects for loss of differentiated state. The morphology of the cell can give 

some indication as to the cell type and previous studies have suggested that established cell lines are 

most likely to be derived from the ectoderm (Debec, Megraw and Guichet, 2016). However, knowing 

the cell type more precisely is important since somatic selection is often tissue-specific and 

mitonuclear interactions can have a significant effect on mtDNA selection. Therefore, we performed 

RNA-Seq to compare the gene expression patterns of the generated cell lines.  

We performed Illumina RNA sequencing of lines A1M.1, 9M.3, 8.1 and 13.2 cells. These lines had 

varying levels of heteroplasmy at the time of being sequenced: A1M.1 at 98% ts mtDNA, 9M.3 at 

95%, 8.1 at 48% and 13.2 at 2%. I performed RNA extraction and prepared RNA libraries of cDNA 

fragments around 300bp in size for Illumina sequencing. Beitong Gao performed the quality control 

and alignment of the reads to produce the count data. For each of the cell lines, over 8000 genes were 

expressed (counts per million reads mapped (CPM)>1.0). We assumed that the cell lines would be 

different cell types and so selected genes that were differentially expressed in the cell lines manually 

in order to identify cell type-specific gene expression (Table 4-3, Table 9-3 for longlist). To analyse 

the selected gene list for each line, ideally, we would compare it to single-cell RNA-Seq data from 

late embryonic stages but unfortunately, there is no such dataset. Instead, we used the Berkeley 

Drosophila Genome Project in situ database, a collection of RNA in situ hybridisation images of 

Drosophila embryos (Tomancak et al., 2002; Hammonds et al., 2013; Tomancak et al., 2007), and 

single-cell RNA-Seq data of certain Drosophila larval and adult tissues.  
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Table 4-3: A shortlist of differentially expressed genes in four sequenced heteroplasmic cell lines 

and their CPM values 

   CPM values  
Name FlyBase ID 13.2 A1M.1 8.1 9M.3 

13.2 Hml FBgn0029167 533.4 15.7 3.6 8.5 

NimB5 FBgn0028936 376.5 74.0 30.8 41.1 

Pxn FBgn0011828 270.8 12.7 1.5 39.5 

NimB4  FBgn0028542 144.1 19.7 6.0 5.4 

PPO2  FBgn0033367 125.6 0.3 1.9 0.7 

NtR  FBgn0029147 84.5 2.0 14.8 6.6 

CG2930  FBgn0028491 57.6 1.4 0.1 0.7 

CG30280  FBgn0050280 27.2 0.4 0.0 0.4 

PPO1  FBgn0283437 26.3 0.3 0.3 0.1 

CG30281  FBgn0050281 23.9 0.0 1.0 0.9 

A1M.1 Gadd45 FBgn0033153 86.7 383.1 166.4 115.5 

ple FBgn0005626 0.4 140.6 2.5 0.6 

kcc FBgn0261794 46.4 124.5 66.1 58.1 

cac FBgn0263111 1.8 115.8 1.9 5.0 

Dscam1 FBgn0033159 4.4 98.1 2.3 2.2 

vri FBgn0016076 25.8 86.6 41.5 16.7 

CG17189 FBgn0039485 3.2 83.7 1.1 3.6 

CG3246 FBgn0031538 2.1 40.1 0.0 0.7 

Shab FBgn0262593 0.0 27.6 0.2 0.1 

esn FBgn0263934 0.0 26.8 0.3 0.2 

8.1 

 

28SrRNA-Psi:CR41609  FBgn0085819 2.4 3.9 1403.2 2.5 

GlyP  FBgn0004507 37.9 38.8 235.2 25.8 

CG7227  FBgn0031970 5.7 11.5 205.5 5.3 

CG11241  FBgn0037186 0.8 2.9 133.3 0.9 

Cpr11B  FBgn0030398 0.0 0.0 103.4 0.0 

chk  FBgn0033095 7.7 2.7 93.6 9.7 

CG32687  FBgn0052687 2.3 1.3 74.5 1.7 

TwdlC  FBgn0039469 0.0 0.0 71.7 0.0 

CG11453  FBgn0038734 0.5 0.1 66.2 0.0 

Alp5  FBgn0038845 0.0 0.0 39.7 0.0 

Cpr31A  FBgn0053302 0.0 2.9 36.5 0.4 

CG12116  FBgn0030041 0.1 6.2 32.0 0.4 

Shawl  FBgn0085395 0.0 0.1 31.1 0.1 

Glut1  FBgn0264574 0.0 0.1 29.8 0.3 

9M.3 mt:CoIII  FBgn0013676 391.9 1535.1 348.8 2046.1 

mt:CoII  FBgn0013675 104.4 756.3 146.4 1160.1 

lncRNA:noe  FBgn0026197 6.5 27.9 7.3 410.3 

mt:ND3  FBgn0013681 13.2 110.8 16.8 305.3 

GluClalpha  FBgn0024963 0.0 0.9 0.4 46.9 

CG8861  FBgn0037676 0.0 0.1 0.0 33.0 

 

4.2.3.1 Cell Line 13.2 is haemocyte-like 

Analysis of the relatively highly expressed genes in 13.2 cells identified haemocyte markers 

previously highlighted by single-cell RNA-Seq of Drosophila larval haemocytes, such as Pxn and 

Hml (Tattikota et al., 2020). Other identified markers included NimB4 and NimB5 which are involved 

in innate immunity, which is an important function of haemocytes in Drosophila (Somogyi et al., 

2010), and PPO1 and PPO2 which are enzymes important for melanisation upon wounding, as 

previously shown in haemocyte-derived S2 cells (Cherbas et al., 2011). Furthermore, highly 

expressed yin and CG2930 encode oligopeptide transmembrane transporters and may play an 

important role in immunity by delivering bacteria-derived ligands in phagosomes to cytosolic sensors. 
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Two highly expressed genes, CG30280 and CG30281 also contained fibrinogen-like domains. NtR 

was also identified as a highly expressed 13.2 gene and is highly expressed in embryonic and larval 

haemocytes. Together, this analysis strongly suggests that 13.2 is derived from embryonic haemocyte 

cells.  

4.2.3.2 Cell line A1M.1 is neuron-like 

Cell line A1M.1 had some specific highly expressed genes including ple, involved in dopamine 

synthesis and a marker gene for the larval dopaminergic H-cell interneuron (Watson and Crews, 

2012). Other expressed genes which indicate a role in synaptic transmission include Cac which 

encodes a presynaptic calcium channel, kcc, a potassium:chloride symporter and Shab, a potassium 

channel. A1M.1 also highly expressed two genes involved in dendrite self-avoidance (Dscam1 and 

esn) as well as three genes involved in circadian rhythm (CG17189, CG3246 and vri). Based on these 

results, I hypothesise that A1M.1 is a neuronal-like cell line and is possibly derived from the 

progenitor of a component of a rhythmically active neuronal network in the adult. This 

characterisation is consistent with its long, elongated morphology. Of note, A1M.1 has a particularly 

high expression of Gadd45, which is induced by wounding in embryos and its expression in all cell 

lines reflects their differences from in vivo cells. 

4.2.3.3 Cell line 8.1 is derived from embryonic gut cells 

The analysis of the genes highly expressed in cell line 8.1 revealed many of them to be metabolic 

proteins (Alp5, CG11241, CG12116 and GlyP) or transmembrane proteins involved in the absorption 

of nutrients (chk, Glut1 and Shawl). 8.1 also displayed a high expression of some pseudogenes, such 

as 28SrRNA-Psi:CR41609, which are highly expressed in a single-cell RNA-Seq study of the adult 

Drosophila midgut (Hung et al., 2020). Many other highly expressed genes such as CG7227, 

CG32687 and CG11453 also are expressed in the embryonic gut according to the BDGP in situ 

database. Additionally, the Drosophila gut is protected by a chitinous layer and the highly expressed 

genes Twdlc, Cpr11B and Cpr31A are all involved in chitin-based extracellular matrix formation. 

There were many genes highly expressed in 8.1 that do not have a known role in the Drosophila gut, 

but overall, the RNA-Seq data indicated that 8.1 is derived from embryonic gut progenitor cells. 

4.2.3.4 Cell line 9M.3 is neuron-like 

The RNA-Seq data suggested that 9M.3 is most likely to have been derived from neuronal progenitor 

cells. In particular, GluClα (Glutamate-gated chloride channel subunit) and CG8861 are expressed in 

9M.3 at a high level, and in situ hybridisation data indicates that these two genes are specifically 

expressed in ventral nerve cord related cells during stages 13-16 of embryonic development. 

Moreover, when the highly expressed genes of 9M.3 were compared to marker genes for the adult 

ventral nerve cord, neuronal marker noe was identified (Allen et al., 2020). In summary, line 9M.3 is 

neuronal, similarly to line A1M.1. Further examination of the RNA-Seq data indicated that line 9M.3 
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is particularly metabolically active, with highly expressed mtDNA-encoded proteins (much higher 

than lines 13.2 and 8.1) and around twice the CPM values of the other cell lines for ATP synthase 

subunits.  

4.2.4 High-throughput Screen Development 

To explore whether the heteroplasmic cell lines could be used as a platform for a high-throughput 

RNAi screen to identify genes involved in determining the heteroplasmic ratio, I performed some 

preliminary tests in cell line 8.1, chosen due to its fairly fast growth and its middling level of 

heteroplasmy which allowed both increases and decreases in ts mtDNA level to be observed. I chose 

to incubate the cells with RNAi for 10 days to allow around 3 cell divisions and time for the turnover 

of mtDNA or mitochondria (Figure 4-5). The number of 8.1 cells that were seeded, 25,000, was 

calculated so that in 10 days they could reach a high level of confluency, around 250,000.  

 

Figure 4-5: Cartoon of the RNAi screen protocol to identify regulators of heteroplasmy 

dynamics. Wells in a 384-well plate contain different dsRNAs for the post-transcriptional silencing of 

target genes. After 10 days of incubation of cells with dsRNA, DNA is extracted from the cells and 

qPCR is used to measure the heteroplasmic ratio. 

 

I tested the effectiveness of RNAi by treatment of 8.1 cells with pebble (pbl) dsRNA as a proof of 

principle. pbl knockdown induced the expected phenotype in the cells: it inhibited cytokinesis, 

causing cells to retain two nuclei (Figure 4-6A). I also measured the relative expression level of pbl 

by RT-qPCR, which showed efficient knockdown at 25°C (Figure 4-6B).  
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Figure 4-6: The knockdown effect of dsRNA bathing in cell culture. A) Representative confocal 

images of 8.1 cells bathed with GFP dsRNA and pbl dsRNA. Hoechst staining in blue and 

MitoTracker staining in red. On the left are 8.1 cells after GFP dsRNA treatment showing normal 

nucleus morphology and on the right are 8.1 cells after pbl dsRNA treatment showing lobed nucleus 

morphology. B) Relative expression level of pbl after dsRNA treatment compared to DEPC water 

treatment. Plotted are the means and standard deviations of three samples of each treatment measured 

by RT-qPCR. Expression levels were compared to those of two nuclear reference genes, Alpha-

tubulin at 84B and Ribosomal Protein S20.  

 

Next, optimisation of the screening protocol was important to reduce variation caused by errors and 

aid the identification of factors that influence the heteroplasmic ratio. It is unusual for high-throughput 

RNAi screens to involve qPCR, but we developed an efficient protocol to measure the heteroplasmic 

ratio. First, DNA was extracted using a quick method, which did not affect the qPCR result compared 

to the standard DNA Isolation Protocol. The plate was simply turned over and the medium drained 

from the wells and the cells adhered to the plate. An extraction solution containing Tris (buffer), 

EDTA (to prevent DNA degradation), NaCl (to precipitate DNA) and Proteinase K (to degrade cells) 

was added (Section 2.3.4). Incubation for 30 mins followed by an inactivation step was found 

sufficient to isolate mtDNA for qPCR. The qPCR technique was critical to identify changes in the 

heteroplasmic ratio. SYBR Green, used to measure the heteroplasmic ratio in the deficiency screen, is 

a non-specific dsDNA-binding dye that can be used to measure a single ratio by running two 

reactions. Therefore, we designed TaqMan probes with the aid of Thermo Fisher Scientific to increase 

the specificity and to halve the number of qPCRs necessary to run in the high-throughput screen. This 

technology involves a probe that binds to a specific DNA sequence and only releases a certain 

fluorescent signal after that region of DNA has been replicated. The TaqMan assays used here were 

highly specific, with the D. melanogaster (ts mtDNA) and D. yakuba (functional mtDNA) assays 

producing CT>30 in qPCR reactions with their non-target DNA. However, the D. melanogaster assay 
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produced almost 2.5 times the fluorescence than the D. yakuba, so the D. melanogaster assay was 

chosen to be used alongside the common assay to measure the heteroplasmic ratio. The TaqMan 

assays helped minimise random errors compared to SYBR Green, as shown by smaller differences 

between repeat measurements of DNA samples when samples were produced by the quick extraction 

method (Figure 4-7). In any given RNAi screen, data analysis and experimental validation are also 

important steps (Mohr et al., 2014). I chose to calculate standard scores, or Z-scores, from the qPCR 

values ((individual ts mtDNA level minus the mean ts mtDNA level of the qPCR plate)/ the standard 

deviation of ts mtDNA levels of the qPCR plate) for comparison of the heteroplasmic ratios of 

samples across RNAi plates and qPCR runs. This protocol proved capable of identifying candidate 

genes, as will be described in Chapter Five. 
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Figure 4-7: The amount of variation in qPCR results of quick DNA extractions from cell 

culture. Nine samples were tested three times each with SYBR Green and three times each with 

TaqMan.  

 

4.3 Discussion 

In this chapter, I have described the generation and characterisation of a heteroplasmic cell culture 

model. The majority of the established cell lines maintained heteroplasmy, with many maintaining a 

relatively stable heteroplasmic ratio. The observation that the heteroplasmy level was stable over 

many cell divisions at 25°C in some cells suggests that the selfish proliferation advantage of the ts 

mtDNA is still challenged by purifying selection at the cellular level for those lines. I demonstrated 

that there are both increases and decreases in the ts mtDNA level in cell lines at 25°C but only 

decreases in ts mtDNA level at 29°C. Whilst genetic drift is possibly involved in some of the 

observed changes in heteroplasmic ratio, the consistent drop in the ts mtDNA level at 29°C shown in 

line 9M.3 indicates temperature-dependent purifying selection. Some cell lines with high levels of ts 

mtDNA were not viable at 29°C, reflecting the detrimental fitness effect of the ts variant. 9M.3 is 

viable with very high levels of ts mtDNA at 25°C but when the ts level increased until homoplasmic, 
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the cells died, reflecting that a very small percentage of functional mtDNA can rescue the lethal ts 

phenotype. This selfish increase in ts mtDNA level is comparable to a previous observation that when 

the ts mtDNA was paired with a diverged D. melanogaster mtDNA variant, ATP6[1], over a matter of 

generations the ts variant increased in proportion until lethal levels (Ma and O’Farrell, 2016). Taken 

together, the work here supports the idea that selection pressures on mtDNA and nuclear DNA can be 

opposed.  

The data from this chapter show that the selection of mtDNA in different established cell lines was 

different, similar to the observation of varying heteroplasmy levels in different tissues from 

heteroplasmic flies. In vivo, mtDNA selection is strongly modulated by the nuclear background and 

tissue-specific mtDNA selection patterns are common. Nuclear background differences in the cell 

lines may also be caused by originating from different individual embryos and the possible mutational 

or polyploid changes that the cell lines might have undergone during their generation. The 

identification of the cell type of four heteroplasmic lines from their transcriptional profiles 

demonstrated that our cell lines could be used to investigate cell type-specific regulation of 

heteroplasmy dynamics. The neuron-derived cell lines A1M.1 and 9M.3 both had higher levels of ts 

mtDNA and higher expression of OXPHOS genes than the haemocyte-like 13.2 and the gut-derived 

8.1 cells, but it is not possible to address whether this is due to their cell type or other factors. It would 

be interesting to investigate if these characterised cell lines could be used to model certain mtDNA-

associated diseases. For instance, whether line 13.2 could be used to understand more about why the 

pathogenic A3243G mtDNA variant level decreases over years in blood samples from MELAS 

patients, as the ts mtDNA level of 13.2 slowly decreased over many cell divisions (Mehrazin et al., 

2009). It would also be useful for interpreting later work with lines 8.1 and 9M.3 to determine 

whether the high expression of ETC subunits in 9M.3 reflects a higher energy requirement and level 

of OXPHOS function. Measuring mitochondrial oxygen consumption rates would also be useful to 

determine the biochemical threshold of different cell lines. It is important to note that RNA-Seq of our 

cell lines is vulnerable to various artefacts and biases, including biases from chromosomal 

duplications produced by the cell line generation process and biases from the lower likelihood of 

selecting short or lowly expressed genes as cell type markers. However, the identification of many 

highly expressed genes in a certain line that are all involved in a particular cellular function provides 

support for our analysis. The RNA-Seq data presented here could be examined further for purposes 

such as giving indications as to the function of uncharacterised genes.  

In future studies, environmental factors could be investigated by quantifying the effect of oxygen 

availability and glucose level on cell growth and the heteroplasmic ratio. This will be important to 

improve our understanding of the metabolism of these cell lines and to suggest how environmental 

factors might affect heteroplasmy dynamics in vivo. One could explore whether altering the 

mitochondrial metabolism could promote purifying selection. The findings of a mammalian germline 
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study where oxygen tension influenced mtDNA segregation suggest that studying the effect of the 

level of gaseous exchange could have physiological applications (Pezet et al., 2021). We could also 

further investigate the phenotype of the heteroplasmic cells, for instance by using flow cytometry to 

sort heteroplasmic cells by mitochondrial membrane potential and then measure the mtDNA ratio of 

the sorted cells (Monteiro et al., 2020). Future research could also involve generating cell lines from a 

specific cell type through the targeted overexpression of oncogene RasV12 (Simcox et al., 2008). 

Whilst there are many benefits of this system compared to the fly model, limitations of the system 

include that the cell lines are not the same as cells in vivo. The process of generating cell lines places a 

strong selection pressure for cells with short cell cycles and the loss of differentiation, leading to 

physiological, genetic, and epigenetic changes. In addition, growth media and flasks cannot replicate 

in vivo conditions, particularly with an artificially high level of glucose. There are many unknown 

variables including cell culture contaminants since most Drosophila cell culture is infected with 

viruses, either from the original fly stocks or from the FBS added to the culture medium (Webster et 

al., 2015). The cell lines also took months to generate but existing protocols allowed their reliable 

establishment and, although the lines originated from different tissues, identification was made 

possible with RNA-Seq. Freezing stocks of the cell lines shortly after their establishment allows 

experimentation on the cells before the heteroplasmic ratio changed in some lines. Overall, in this 

chapter, I have demonstrated that the heteroplasmic cell lines present a very simple system for RNAi 

screening since the cells take up dsRNA, although the qPCR measurement of the heteroplasmic ratio 

involves some variation. In the following chapters, I explain how I used these established cell lines to 

investigate the genetic and pharmacological factors that alter the heteroplasmic ratio.  
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5 HIGH-THROUGHPUT RNAI SCREENS OF 

HETEROPLASMIC CELL LINES 

5.1 Introduction 

The generation of heteroplasmic D. melanogaster cell lines provided a platform for high-throughput 

screens of factors that change the heteroplasmic ratio and so are involved in the regulation of 

heteroplasmy dynamics. RNA interference, RNAi, is a very simple method for the temporary 

knockdown of the expression of a targeted gene, as shown in S2 cells where simply bathing cells with 

long dsRNA in the culture medium produces an efficient knockdown effect of a particular target gene 

(Clemens et al., 2000). RNAi screens are possible with commercially available RNAi libraries, either 

whole-genome libraries or sub-libraries with dsRNA targeting a curated list of genes with a certain 

function. These have been used for a very wide range of gene function discovery experiments (Mohr 

et al., 2014). I performed RNAi screens of the heteroplasmic cells to identify genes important for the 

maintenance of mtDNA variants over generations of cell divisions. Genes that changed the ratio of the 

mtDNA variants in the screen may have a role in determining which variant is preferentially 

transmitted to daughter cells. We were particularly interested in identifying genes whose knockdown 

increased the ts mtDNA level, as these could be important for maintaining functional mtDNA.  

The RNAi pathway in Drosophila cells begins when cells take up the dsRNA using scavenger 

receptors and process it into many short interfering RNA molecules (siRNA) which are then loaded 

onto the RNA-induced silencer complex (RISC). The siRNA is unwound during this step so that 

single-stranded RNA can hybridise with target messenger RNA (mRNA), leading to the cleavage of 

mRNA (Heigwer, Port and Boutros, 2018). In this way, the addition of exogenous dsRNA directly to 

the cells induces degradation of mRNA that is complementary to the dsRNA. A high degree of 

specificity of gene knockdown means that there is no need to map the candidate genes, as with a 

deficiency screen. However, RNAi may produce off-target effects when the dsRNA induces 

degradation of unintended mRNAs, thus the sub-libraries contained multiple dsRNA amplicons for 

each gene to minimise false positives as a result of these effects (Heigwer et al., 2018). Whilst RNAi 

significantly knocks down gene expression and there may be a greater decrease in dosage of the target 

gene than with the deficiency lines, a level of expression will remain, which will result in only those 

genes that are needed in high doses being identified by the screen.  

Three RNAi libraries were chosen for this study. The first, a portion of a whole-genome RNAi library 

from the Sheffield RNAi Screening Facility, enabled an unbiased screen for genes that affect 

heteroplasmy dynamics but involved fewer dsRNAs targeting each gene. Two sub-libraries from 

DRSC/TRiP Functional Genomics Resources allowed each gene to be targeted with multiple dsRNA 

amplicons which made the identification of candidate genes more efficient. We chose the ubiquitin-
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related genes and autophagy-related genes sub-libraries due to indications that mitochondrial quality 

control processes are involved in the regulation of heteroplasmy dynamics (Suen et al., 2010; Kandul 

et al., 2016). The ubiquitin-proteasome system can recycle damaged mitochondrial components in 

cells. A large number of enzymes are involved in ubiquitination, which are grouped into three classes 

with increasing numbers. The first class, ubiquitin-activating enzymes (E1s), catalyse the conversion 

of ubiquitin to ubiquitin-adenylate which is then transferred to ubiquitin-conjugating enzymes (E2s). 

Ubiquitin is transferred from the E2 to target proteins by ubiquitin ligases (E3s) that provide the 

substrate specificity and make up around 5% of the human genome. E3s often regulate multiple 

pathways and involve a level of redundancy. Ubiquitination of a protein can not only lead to 

degradation by the 26S proteasome, but can be involved in signalling, regulation of transcription and 

more. Mitochondrial degradation by autophagy (mitophagy) is the predominant mechanism of 

mitochondrial turnover, which sequesters mitochondria and transports them to lysosomes for 

degradation by enzymatic digestion (Kim, Rodriguez-Enriquez and Lemasters, 2007). If selective 

mitophagy plays a role in mtDNA transmission in cell culture, we would expect the knockdown of 

autophagy-related genes to increase the ts mtDNA level. The ubiquitin-proteasome system interacts 

with the autophagy-lysosome pathway, and they often act together, for instance in sperm mitophagy 

(Song et al., 2016). Moreover, the E3 ubiquitin ligase Parkin ubiquitinates outer mitochondrial 

membrane proteins on dysfunctional mitochondria marked with Pink1, promoting the engulfment of 

mitochondria by autophagosomes, whilst also seeming to promote the selective turnover of 

membrane-spanning ETC components (Vincow et al., 2013). In the Drosophila germline, knockdown 

of master autophagy regulator Atg1 or mitophagy receptor BNIP3 (homologous to human BCL2 

interacting protein 3) blocks the selective transmission of mtDNA, indicating a role of both pathways 

(Lieber et al., 2019). BNIP3 transcription is enhanced by proteasome inactivation, highlighting the 

interdependence of these pathways (Low et al., 2013). In the early oocyte development of mice, 

upregulation of genes associated with mitophagy has been observed (Zhang et al., 2021). I sought to 

understand whether both pathways also play a role in cell culture and if so, how. 

5.2 Results 

5.2.1 Whole-genome RNAi Library Sample 

To investigate the genetic factors that influence heteroplasmy dynamics, I first screened 704 D. 

melanogaster genes selected randomly from the genome (using Sheffield RNAi library plates). Cells 

were screened at 25°C rather than 29°C to avoid issues with decreased cell viability. The screen was 

performed over two 384-well plates, with wells that contained a single dsRNA targeting each gene 

(Figure 5-1). The mean of the no dsRNA wells (M = 30.4%, SD = 9.58) was similar to that of the 

dsRNA wells (M = 31.3%, SD = 7.90). There was a large amount of variation in the ts mtDNA level 

measurements and with only a single amplicon testing each gene, the selection of candidate genes 



64 

 

from the data was difficult. Nevertheless, after repeating the qPCR of the outliers, I identified three 

genes with known functions, the RNAi treatment of which all substantially increased the ts mtDNA 

level above the average. 
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Figure 5-1: The effect of the whole-genome RNAi library sample on heteroplasmy levels. Data 

shown of two 384-well plates seeded at the same time with 8.1 cells. Plates contained empty wells 

without dsRNA (n = 64) and with dsRNA (n = 704). For all high-throughput screens, data are 

visualised with box plots with bars representing the 5th-95th percentiles. 

 

The three identified genes were geminin, von Hippel-Lindau (Vhl) and milkah (mil). geminin encodes 

a negative regulator of DNA replication and regulator of neural differentiation. geminin dsRNA 

treatment gave a ts value of 47.5%. von Hippel-Lindau (Vhl) encodes the substrate recognition unit in 

an oxygen-dependent E3 ligase complex, targeting the Hypoxia-Inducible Factor protein (sima) for 

degradation and so restricts the hypoxia response. sima is continuously degraded by the ubiquitin-

proteasome system under normoxia and is implicated in the activation of autophagy in response to 

proteasomal impairment (Low et al., 2013). Thus, Vhl RNAi is expected to induce autophagy. Vhl co-

regulates sima with a gene described later in the chapter, archipelago (Mortimer and Moberg, 2013). 

Vhl dsRNA treatment gave a ts value of 43.2%. milkah (mil) encodes a nucleosome assembly factor 

involved in multiple processes in the organism such as memory formation and mil dsRNA treatment 

gave a ts value of 40.0%. 

To repeat these candidates, I generated my own dsRNA amplicons according to the Sheffield library 

design (noted below with an S). I also aimed to generate an additional dsRNA amplicon for each 

candidate gene, which was successful for geminin and Vhl but not mil. These were tested alongside no 

treatment wells and an EGFP RNAi control in 8.1 cells at 25°C and at 29°C to examine whether 

stronger purifying selection pressures would change their effect (Figure 5-2). The 8.1 cells had been 

thawed from samples frozen soon after their establishment so had a higher starting ts mtDNA level 
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than the original screen. RNAi of Vhl (S) increased the ts mtDNA level slightly above the GFP 

control at both temperatures. At 25°C the difference was not significant between GFP and Vhl (S) (P 

= 0.3898) or Vhl (P = 0.1934) and at 29°C there was also no significant difference between GFP and 

Vhl (S) (P = 0.7221) or Vhl (P = 0.2857). Further tests are required to understand under which 

conditions Vhl might significantly impact mtDNA dynamics. geminin (S) and the additional geminin 

amplicon had the opposite result at 25°C compared to the screen, significantly decreasing the ts level 

(P = 0.0003) and (P = 0.0029) respectively. One possible explanation for the opposite effect than in 

the screen could be that the starting heteroplasmy level was higher when repeated at 25°C, which 

could indicate that selection pressures are dependent on the heteroplasmy level. At 29°C, geminin (S) 

and the additional geminin amplicon significantly increased the ts level (P = 0.0071) and (P = 0.0389) 

respectively. geminin RNAi treated wells at both temperatures showed greatly decreased cell growth 

compared to the GFP control. Lastly, mil RNAi treatment showed very similar ts levels compared to 

the GFP control; at 25°C and 29°C, there was no significant difference between GFP and mil (P = 

0.9727 and P = 0.9997 respectively). RNA-Seq of the generated cell lines revealed that whilst 

geminin and Vhl are expressed in 8.1 cells, mil is not which is consistent with it having no effect on 

the heteroplasmic ratio (Table 5-1). Overall, the tests of the candidate genes could not verify the 

screen results, though Vhl may have a minor directional effect and geminin has a significant effect, the 

direction of which changes between tests.  
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Figure 5-2: Effect of candidate gene RNAi on heteroplasmy levels in 8.1 cells. A) Tested at 25°C 

(n = 6). For all tests of candidate genes in this chapter, plotted are the values from individual wells 

and their mean is symbolised by a bar. I performed Bartlett’s test to compare variances and the 

Shapiro-Wilk test to determine normality. If these assumptions were met, I performed a one-way 

ANOVA to test for differences in the mean ts mtDNA level between treatments and if this was 

significant, I performed Dunnett's multiple comparisons test to identify which treatments were 

significantly different to the control dsRNA treatment. Here, I found that differences in variance were 

insignificant and the data passed the test for normality. An ANOVA was performed to compare the 
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effect of RNAi treatments (GFP and candidate genes) on the percentage of ts mtDNA and revealed 

that there was a statistically significant difference (P < 0.05) in the percentage of ts mtDNA in at least 

two groups (F (5, 30) = 11.17, P < 0.0001). Next, Dunnett's multiple comparisons test was used to 

analyse the difference between GFP and treatments. B) Tested at 29°C (n = 6). Differences in 

variance were insignificant and the data passed the test for normality (except for Vhl (S)). The 

ANOVA revealed that there was a statistically significant difference in the percentage of ts mtDNA in 

at least two groups (F (5, 30) = 3.905, P = 0.0076).  

 

Table 5-1: Expression levels of candidate genes in cell lines 

Gene Expression in 8.1 (CPM) Expression in 9M.3 (CPM) 
geminin 55.8 104.0 

Vhl 9.5 7.1 

mil 0.0 0.0 

Uba4 42.3 45.3 

ago 25.1 26.8 

Socs36E 142.7 79.1 

Rpn11 118.6 143.8 

Taf3 40.3 40.2 

Rpt2 106.6 120.3 

Rpt6 112.3 224.2 

 

5.2.2 Ubiquitin-related Genes RNAi Sub-library 

Next, I performed a targeted RNAi screen of genes involved in the ubiquitin-proteasome system to 

examine their role in the regulation of heteroplasmy dynamics. I screened the ubiquitin-related genes 

RNAi sub-library in 8.1 cells and I tested 1262 RNAi treatment wells (targeting 439 ubiquitin-related 

genes, with 2-3 different dsRNA amplicons for each gene), 149 LacZ RNAi controls and 721 water 

controls. These were tested over seven 384-well plates and the starting ts mtDNA level varied slightly 

across plates, around 43% ts. From this screen data, I chose 81 outliers of non-control RNAi to 

perform a technical repeat of the qPCR measurement which indicated that the majority of outliers 

were most likely due to experimental errors in the qPCR measurement, but some outliers truly had 

much higher or lower ts mtDNA levels (Figure 5-3A). I calculated the Z-scores of samples within 

their qPCR plate to enable comparisons between samples from different qPCR or RNAi plates (Figure 

5-3B).  
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Figure 5-3: The effect of ubiquitin-related genes RNAi on heteroplasmy levels. A) The effect of 

ubiquitin-related genes RNAi on the raw ts mtDNA percentage in 8.1 cells. Water n = 721, LacZ n = 

149 and ubiquitin-related genes n = 1262. B) The distribution of Z-scores of ubiquitin-related genes 

RNAi-treated cells.  

 

Next, I chose candidate genes based on whether they showed consistent effects from different dsRNA 

amplicons on the ts mtDNA level. This was chosen as a method rather than a simple threshold based 

on the average Z-score as an attempt to lower the rate of false positives. I was particularly interested 

in genes that are involved in purifying selection, so prioritised those that increased the ts mtDNA 

level. I identified five candidate genes for further investigation: Uba4, Socs36E, Rpn11 and Taf3 for 

the increased Z-score seen with RNAi and ago for its decreased Z-score in five tests with three 

different amplicons (Table 5-2). Again, the tests were performed over multiple 384-well plates and 

qPCR plates, so to compare results we must consider the Z-score rather than the raw percentage of ts 

variant. Other genes showed a mild effect on the ratio, or the effect of different dsRNA amplicons was 

inconsistent, or they were only tested a single time in the library, so would require further 

investigation to determine their role (Table 5-3). These include multiple E3 and proteasome subunits 

that, when knocked down, increased the ts mtDNA level, and a range of ubiquitin-related genes with 

the opposite effect. skpB, encoding a core component of SCF E3 ubiquitin ligases, had a high Z-score 

and is also covered by a deficiency line identified in the original deficiency screen, BSC699, for its 

effect decreasing the functional mtDNA to very low levels (Chiang et al., 2019). This deficiency line 

has not currently been further mapped and the results here suggest that skpB should be tested in the 

fly. CG11700, orthologous to human ubiquitin B, encodes the ubiquitin protein itself and was targeted 

in the screen a single time, producing a very high Z-score which could be validated in further studies. 
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Table 5-2: Shortlist of candidate genes identified by the ubiquitin-related RNAi screen

 Gene FlyBase ID 
DRSC 

Amplicon 

Percentage 

of ts mtDNA 
Z-score 

Uba4 FBgn0032054 
02194 57 1.91 

27964 44 0.63 

ago 

 
FBgn0041171 

08463 32 -2.07 

38104 33 -1.18 

38104 25 -2.73 

38105 22 -2.35 

38105 27 -2.41 

Socs36E FBgn0041184 

38468 50 0.48 

02455 53 1.33 

27917 57 2.49 

Rpn11 FBgn0028694 
38455 48 1.13 

03422 48 1.24 

Taf3 FBgn0026262 

38121 51 0.63 

17170 50 1.41 

29650 54 0.98 
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Table 5-3: Longlist of candidate genes identified by the ubiquitin-related RNAi screen with a Z-

score of ±1.0

 Gene Details 
Average Z-

score 

Number of tests 

(Number of 

amplicons) 

CG10694 Ubiquitin receptor and DNA repair protein -1.92 1 (1) 

CG17446 Component of the SETD1 complex -1.51 2 (2) 

UbcD6 E2 component -1.27 1 (1) 

CG5491 Component of the Integrator complex -1.26 1 (1) 

CG8924 Pipsqueak transcription factor -1.23 2 (2) 

Apc Negative regulator of Wingless signalling -1.13 3 (3) 

Sce E3 component -1.12 3 (3) 

CG5384 Ubiquitin specific protease 14 -1.10 2 (2) 

CG1826 Regulator of dopamine levels in brain -1.07 5 (3) 

Psq Pipsqueak transcription factor 1.05 2 (2) 

RpS27A Ribosomal protein S27 fused to ubiquitin 1.07 1 (1) 

Pros35 Proteasome α6 subunit 1.10 1 (1) 

skpB E3 component 1.10 1 (1) 

CG12821 Autophagy-related 10 1.16 1 (1) 

skpE E3 component 1.18 1 (1) 

CG17331 Proteasome β4 subunit 1.22 1 (1) 

CG5961 E3 component 1.30 2 (2) 

CG8974 E3 component 1.48 1 (1) 

CG11700 Polyubiquitin precursor 2.14 1 (1) 

 

5.2.2.1 Ubiquitin-related Candidate Genes 

The results of the ubiquitin-related genes RNAi screen provided five candidate genes (Table 5-2). 

Ubiquitin-like activating enzyme 4 (Uba4) encodes a bifunctional enzyme. First, it activates 

MOCS2A, an enzyme involved in molybdenum cofactor synthesis. Second, it activates Ubiquitin-

related modifier 1 (Urm1) which transfers sulphur to tRNAs and is also responsible for 

posttranscriptional modification of target proteins in response to oxidative stress (Khoshnood, Dacklin 

and Grabbe, 2016). archipelago (ago) encodes an F-box protein which is the unit of an SCF E3 

ubiquitin ligase complex responsible for substrate specificity (Huang et al., 2012; Xie, Wei and Sun, 

2013). It is a tumour suppressor due to its role in targeting several oncogenic proteins for ubiquitin-

dependent degradation in mitotically active cells. In post-mitotic tissues, it is an antagonist of the 

response to hypoxia (Mortimer and Moberg, 2013). Suppressor of cytokine signalling at 36E 

(Socs36E) is a negative regulator of the JAK/STAT and EGFR pathways. When incorporated into an 

E3 complex, it is involved in substrate recognition (Monahan and Starz-Gaiano, 2015). Regulatory 

particle non-ATPase 11 (Rpn11) encodes a component of the proteasome 19S regulatory particle lid 

and is necessary for the deubiquitination of target proteins before they enter the catalytic core of the 

proteasome (Verma et al., 2002). TATA binding protein associated factor 3 (Taf3) encodes a 
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component of the transcription factor TFIID complex and negatively regulates p53 (Bereczki et al., 

2008). 

To confirm that these genes are expressed in the heteroplasmic cell lines, I examined the RNA-Seq 

data and found them all to be highly expressed (Table 5-1). Next, to confirm that RNAi decreased the 

expression levels of these genes, I performed reverse transcription qPCR of the treated cells. This 

demonstrated that the dsRNA I had generated knocked down mRNA levels of all five genes (although 

did not prove a decrease in their protein levels) (Figure 5-4). Uba4 with dsRNA 02194 was knocked 

down to the greatest extent (4% of control levels) and Socs36E to the least extent with dsRNA 38468 

(55% of control levels).  
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Figure 5-4: Relative expression levels of genes after dsRNA treatment. Two dsRNA molecules 

were tested for each gene. Plotted are the means and standard deviations (n = 3). The controls of a 

gene were provided by samples of the other gene treatments.  
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Next, I tested the effect of my generated dsRNA on the heteroplasmic ratio of 8.1 cells (Figure 5-5A). 

Control cells incubated with LacZ dsRNA had a mean ts mtDNA level of 20.0%. The treatments of 

Uba4, Rpn11 and Taf3 increased the ts level slightly, whilst ago and Socs36E did not change the ts 

level. A multiple comparisons test found that the mean value of ts mtDNA level was significantly 

different between LacZ and Uba4 (02194) (P = 0.0070) and between LacZ and Rpn11 (38455) (P = 

0.0005). There were differences in the effects of the alternative dsRNA amplicons, with Uba4 (27964) 

and Rpn11 (03422) treatments not producing significantly higher ts levels than LacZ. 

This test was repeated for ago dsRNA in 8.1 cells from a sample frozen at an earlier passage which 

had a higher starting ts mtDNA level, which we hypothesised would allow decreases in ts level to be 

more visible (Figure 5-5B). Control cells incubated with LacZ dsRNA had a mean ts mtDNA level of 

42.7% and the mean of ago dsRNA treatment of two amplicons was 36.6%, representing a 

statistically significant difference (P < 0.05) in the median percentage of ts mtDNA (P = 0.0040). 

I tested the candidates in another cell line, 9M.3, after incubation of the cells at 29°C for multiple 

passages to lower the ts mtDNA level before returning it to 25°C. The LacZ treatment had a mean ts 

of 68.6% (Figure 5-5C). A multiple comparisons test found that the mean value of ts mtDNA level 

was significantly higher in three treatments than in LacZ: Uba4 (02194) (P = 0.0465), Rpn11 (03422) 

(P = 0.0064) and Rpn11 (38455) (P = 0.0007). This indicates that the effect of Uba4 and Rpn11 on 

heteroplasmy dynamics may be found in multiple somatic cell types, though the difference in effect of 

Uba4 dsRNAs leaves the possibility of Uba4 (02194) acting through an off-target effect. None of the 

other treatments had a significant effect. 

Overall, the results confirmed that Uba4 and Rpn11 knockdown tends to increase the ts level whereas 

ago knockdown tends to decrease the ts level. Whilst the ago repeat showed no effect on ts mtDNA 

level in cells with low ts levels, the results of the primary screen, the repeat in 8.1 and the small 

decrease in 9M.3 indicates that it does play a role in heteroplasmy dynamics. Socs36E and Taf3 did 

not show consistent effects on the heteroplasmic ratio. Differences between the screen results and 

repeated test results may reflect that these genes do not play a role in selective mtDNA transmission 

or may be the consequence of differences in quality and knockdown efficacy between the Harvard 

dsRNA and my generated dsRNA, small differences in cell density, differences in the mean and 

standard deviation of the starting ts level, or the age of the cells.  



72 

 

Lac
Z

U
ba4

 (0
21

94
)

U
ba4

 (2
79

64
)

ag
o (3

81
05

)

ag
o (0

84
63

)

Socs
36

E (3
84

68
)

Socs
36

E (2
79

17
)

R
pn11

 (0
34

22
)

R
pn11

 (3
84

55
)

Taf
3 

(2
96

50
)

Taf
3 

(1
71

70
)

0

10

20

30

40

Ubiquitin-related candidate RNAi in 8.1
P

e
rc

e
n

ta
g

e
 o

f 
ts

 m
tD

N
A

✱✱

✱✱✱

Lac
Z

U
ba4

 (0
21

94
)

U
ba4

 (2
79

64
)

ag
o (3

81
05

)

ag
o (0

84
63

)

Socs
36

E (3
84

68
)

Socs
36

E (2
79

17
)

R
pn11

 (0
34

22
)

R
pn11

 (3
84

55
)

Taf
3 

(2
96

50
)

Taf
3 

(1
71

70
)

50

60

70

80

90

Ubiquitin-related candidate RNAi in 9M.3

P
e
rc

e
n

ta
g

e
 o

f 
ts

 m
tD

N
A

✱

✱✱

✱✱✱

A B

C

LacZ ago

20

30

40

50

ago RNAi in early 8.1

P
e
rc

e
n

ta
g

e
 o

f 
ts

 m
tD

N
A

✱✱

 

Figure 5-5: The effect of ubiquitin-related candidate genes RNAi on heteroplasmy levels. A) 

Tested in late 8.1 cells (n = 5). Differences in variance were insignificant and the data passed the test 

for normality (except for Uba4 (02194)). An ANOVA revealed that there was a statistically 

significant difference (P < 0.05) in the percentage of ts mtDNA in at least two groups (F (10, 44) = 

6.233, P < 0.0001). B) ago RNAi tested in early 8.1 cells. LacZ controls (n = 4) compared to grouped 

data of ago amplicons 38105 (n = 4) and 08463 (n = 4). Differences in variance were insignificant but 

the ago data did not pass the Shapiro-Wilk test for normality. Thus, a two-tailed Mann Whitney test 

was performed to compare the effect of RNAi treatments on the percentage of ts mtDNA. C) Tested 

in 9M.3 cells (n = 5). An ANOVA revealed that there was a statistically significant difference in the 

percentage of ts mtDNA in at least two groups (F (10, 43) = 10.51, P < 0.0001).  

 

Further observations of the treated cells revealed that ago dsRNA-treated cells had slightly decreased 

growth compared to the control and displayed a cell clumping phenotype. Cell clumping may be 
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triggered when cell lysis releases free DNA and cell debris into the culture medium, which physically 

sticks the cells together. Alternatively, cell-cell adhesion may occur in preparation for cell death. 

Uba4 RNAi treatment also caused a small decrease in cell growth compared to controls, whereas 

Rpn11 RNAi treatment caused the cells to have much less growth compared to the controls. I also 

measured the mtDNA copy number of ago and Rpn11 treatments compared to the LacZ control and 

found that the treatments had very similar levels of mtDNA, indicating that they altered the proportion 

of mtDNA variants without changing the total amount of mtDNA (Figure 5-6).  
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Figure 5-6: mtDNA copy number of siRNA treatments. These were measured with mtDNA 

primers and eEF1α2 primers (Table 9-1) and five samples for each treatment. Averages of two 

technical replicates for each sample are plotted. The samples are those of Figure 5-5A. 

 

5.2.2.2 ago interactors 

To investigate how the candidate genes impacted the heteroplasmic ratio, I sought to test their 

interactors. Whilst Rpn11 has a great number of physical interactors, Uba4 and ago have fewer. ago 

was particularly interesting as it had previously been implicated in mitophagy (Ivatt et al., 2014). 

Thus, I further explored how ago might be involved in mtDNA dynamics by testing some of its 

known genetic and physical interactors for their effect on heteroplasmy dynamics (Table 5-4).  

Table 5-4: A selection of known ago interactors

 Role Interaction with ago 

Genetic 

interactor 

 

numb Inhibitor of Notch signalling 

ago overexpression rescues numb 

loss-of-function in neuroblasts 

(Ouyang, Song and Lu, 2011) 

COX5A 
Unit of Complex IV of the 

electron transport chain 

COX5A loss-of-function upregulates 

ago 

caup Transcription factor Enhanced by ago, interacts with CycE 

Vhl E3 component Co-regulates sima with ago 

sima Hypoxia-inducible factor-α Targeted by ago for degradation 
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Physical 

interactor 

Myc Transcription factor 

Targeted by ago for phosphorylation-

dependent degradation. Also induces 

ago to create a negative feedback 

loop 

CycE Cell cycle regulator Targeted by ago for degradation 

scny Protein deubiquitinator Antagonises ago function directly 

puf Protein deubiquitinator 
Antagonises ago directly and 

stabilises CycE and Myc 

mi 
Regulator of cell cycle through 

cycE 

Interacts with ago to regulate cycE 

degradation 

 

After generating dsRNA to target these genes according to Sheffield RNAi Screening Facility 

designs, I applied them to 8.1 cells, with LacZ control at 31% ts mtDNA (Figure 5-7A). Whilst an 

ANOVA found there was a statistically significant difference in means between the groups (F (8, 36) 

= 3.399, P = 0.0052), Dunnett's multiple comparisons test of each treatment compared to the LacZ 

control found none to be significantly different individually. Next, I tested the ago interactors in cell 

line 9M.3, with LacZ control at 71% ts mtDNA (Figure 5-7B). An ANOVA revealed that there was a 

statistically significant difference in means between the groups (F (8, 36) = 14.56, P < 0.0001) and the 

subsequent Dunnett's multiple comparisons tests showed that the mean difference of 20 between LacZ 

and COX5A treatment ts levels was statistically significant (P < 0.0001). This analysis confirmed that 

COX5A RNAi decreases the ts mtDNA level in just 10 days, which suggests that dysfunction of the 

ETC may cause an increase in purifying selection.  

I observed cell growth of the treated cells and found that whilst mi and caup treatments had about the 

same level of growth as the LacZ control, numb, puf and scny had less growth, COX5A (Figure 5-7C) 

and CycE had much less growth, and myc had more cell growth compared to the control. 

Mitochondrial dysfunction caused by COX5A RNAi leads to a high level of cAMP which activates 

AMPK, in turn activating p53 (Jones et al., 2005). Under conditions of metabolic stress, p53 binds to 

the p53-binding site in the promoter of ago, leading to its expression and the ubiquitination and 

degradation of CycE, which blocks cell cycle progression (Mandal et al., 2010). This could explain 

the effect on cell growth seen with COX5A knockdown. COX5A treatment changed the heteroplasmic 

ratio but CycE did not, despite the decreased cell growth of CycE dsRNA treated cells indicating a 

substantial knockdown effect. This discrepancy in results could indicate that the cellular signals 

caused by OXPHOS dysfunction affect other pathways and the block on cell cycle progression is not 

sufficient to decrease the ts mtDNA level. Alternatively, it could be that the mechanism acts through 

CycE but the ubiquitous decrease in CycE protein caused by RNAi did not mimic the regulated 

degradation of CycE proteins. 
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Figure 5-7: The effect of RNAi of ago interactors on heteroplasmy levels. A) Effect of ago 

interactors RNAi tested in 8.1 cells (n = 5). B) Effect of ago interactors RNAi tested in 9M.3 cells (n 

= 5). C) The cell growth of LacZ dsRNA-treated cells compared to COX5A dsRNA-treated cells. 

35,000 cells were seeded at Day 0 and 3 wells of each treatment were measured at Day 10.  

 

5.2.3 Autophagy-related Genes RNAi Sub-library 

To investigate the role of autophagy in regulating heteroplasmy dynamics, I screened the RNAi sub-

library of autophagy-related genes in 8.1 cells. I tested 629 RNAi treatment wells (targeting 196 

autophagy-related genes), 45 LacZ RNAi controls, 23 Diap1 RNAi controls and 236 water wells 

(Figure 5-8A). These were tested over three 384-well plates and the starting ts mtDNA level of the 

cells was similar in all, around 30%. The data reveal a significantly greater mean ts mtDNA level of 
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Diap1 RNAi wells compared to LacZ treatment (P = 0.0008), indicating that Diap1 RNAi increases 

the level of ts mtDNA. Diap1 encodes an E3 component and has a key role in inhibiting apoptosis, so 

this result suggests that upregulating apoptosis could lead to a loss of functional mtDNA. 

To compare the heteroplasmic ratio of samples across RNAi plates and qPCR runs, I calculated the Z-

scores of samples, which highlighted just a small number of autophagy-related genes that changed the 

ts mtDNA level more than 1 standard deviation away from the mean (Figure 5-8B). Amplicons 

causing variable levels of knockdown might reduce the average Z-score, or autophagy-related genes 

simply might not have a great effect on heteroplasmy dynamics in cultured cells. From these data, I 

chose 44 outliers of non-control RNAi to perform a technical repeat of the qPCR measurement to 

remove those most likely due to errors in the qPCR measurement.  

 

Figure 5-8: The effect of autophagy-related genes RNAi on heteroplasmy levels. A) The effect of 

autophagy-related genes RNAi on the heteroplasmic ratio in 8.1 cells. Water n = 236, LacZ n = 45, 

Diap1 n = 23, autophagy-related genes n = 629. To test if the data fit a normal distribution, I 

performed a Shapiro-Wilk test, which showed that none of the treatments passed the normality test (α 

= 0.05). Thus, a Kruskal-Wallis test was performed to test for the differences in medians between the 

treatments and found that they varied significantly (H = 18.08, P = 0.0004). Dunn's multiple 

comparisons test comparing LacZ to water, Diap1, or autophagy-related treatments showed that there 

was a significant difference only between the LacZ and Diap1 treatments (P = 0.0001). B) The 

distribution of Z-scores of autophagy-related genes RNAi-treated cells. 

 

W
at

er

Lac
Z

D
ia

p1

A
uto

phag
y-

re
la

te
d

gen
es

0

10

20

30

40

50

60

P
e
rc

e
n

ta
g

e
 o

f 
ts

 m
tD

N
A

✱✱✱

Lac
Z

A
uto

phag
y-

re
la

te
d

gen
es

-4

-2

0

2

4

Z
-s

c
o

re

A B



77 

 

5.2.3.1 Autophagy-related Candidate Genes 

I identified two candidate genes for further investigation: Rpt2 for its high average Z-score and Rpt6 

to investigate another unit of the proteasome regulatory particle base and for its low Z-scores (Table 

5-5). Other genes that showed a mild effect and could be interesting focuses of future investigation are 

listed in Table 5-6. The autophagy sub-library contained 14 genes that were also included in the 

ubiquitin-related sub-library and none of these genes produced large absolute Z-scores in either 

screen. Lon protease (CG8798) has been associated with the regulation of mitophagy (Matsushima, 

Goto and Kaguni, 2010) and was included in the autophagy sub-library but only showed a very small 

change in the ts level, with an average Z-score of 0.40. 

Table 5-5: Shortlist of candidate genes identified by the autophagy-related RNAi screen 

Gene FlyBase ID 
DRSC 

Amplicon 

Percentage 

of ts mtDNA 
Z-score 

Rpt2  FBgn0015282  

25012 38 1.04 

32051 29 -0.12 

32052 38 0.94 

Rpt6  FBgn0020369  

20571 20 -1.22 

27933 29 -0.16 

32526 18 -0.46 

 

Table 5-6: Longlist of candidate genes identified by the autophagy-related RNAi screen 

Gene Details Average Z-score Number of tests 

Chc Component of clatharin complex -1.02 3 

CG18324 
Member of Slc25 family of mitochondrial 

transporters 
-0.98 3 

CG4389 Mitochondrial trifunctional protein α subunit -0.89 3 

Pfk Glycolysis enzyme 6-phosphofructokinase -0.89 3 

G protein γ 1 
Involved in the G-protein coupled receptor 

signalling pathway 
0.70 3 

 

Both Rpt2 (Regulatory particle triple-A ATPase 2) and Rpt6 encode units in the base of the 

proteasome 19S regulatory particle, with Rpt2 in particular identified for its role in allowing proteins 

to pass into and out of the catalytic core and thus necessary for 26S proteasome function (Köhler et 

al., 2001). Both genes are expressed in the cell lines (Table 5-1). To demonstrate whether they affect 

the heteroplasmic ratio, I generated dsRNA based on the RNAi library design and tested them in both 

8.1 and 9M.3 cells (Figure 5-9). Rpt2 RNAi-mediated knockdown significantly increased the ts 

mtDNA level compared to the LacZ control; in line 8.1 the mean value of ts mtDNA level was 

significantly different between LacZ and Rpt2 (25012) (P < 0.0001) and between LacZ and Rpt2 

(32052) (P < 0.0001), whilst in line 9M.3 the mean value of ts mtDNA level was only significantly 

different between LacZ and Rpt2 (25012) (P = 0.0094). Amplicon 25012 covers 333bp between two 

exons and amplicon 32052 covers 160bp of a non-overlapping sequence. To explore the role of Rpt2 
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in heteroplasmy dynamics, I observed cell growth with 8.1 cells and found that RNAi with either 

tested amplicon decreased cell growth compared to the LacZ control (n = 5). As an additional note, I 

observed a shift in the morphology of the cells, from circular to more elongated. Overall, in both the 

gut-derived and neuron-derived cell lines with differing heteroplasmy levels and dynamics, Rpt2 

knockdown caused an increase in the proportion of ts mtDNA, indicating that the 26S proteasome 

function is necessary for efficient removal of detrimental mtDNA. Rpt6 treatments caused very minor 

increases in the ts level in both cell lines, which were statistically insignificant. However, when the 

knockdown effect was quantified, I found that the Rpt6 dsRNA had produced very little decrease in 

mRNA levels (Figure 5-9C). 
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Figure 5-9: The effect of autophagy-related candidate genes RNAi on heteroplasmy levels. A) 

Tested in 8.1 cells (n = 5). An ANOVA revealed that there was a significant difference (P < 0.05) in 

the percentage of ts mtDNA in at least two groups (F (4, 20) = 23.96, P < 0.0001). B) Tested in 9M.3 

cells (n = 3). Despite the small sample sizes, a one-way ANOVA was performed to compare the effect 

of RNAi treatments on the percentage of ts mtDNA and revealed that there was a statistically 
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significant difference in the percentage of ts mtDNA in at least two groups (F (4, 10) = 4.753, P = 

0.0208). C) Relative expression levels of Rpt2 and Rpt6 after dsRNA treatment (n = 3).  

 

5.2.4 Informed Candidate RNAi  

In addition to the RNAi screens, four genes of interest were selected to test the effect of their RNAi-

mediated knockdown on the heteroplasmic ratio based on previous studies. I generated dsRNA of 

these genes and tested them alongside a GFP dsRNA control. The first, PolG1, was chosen because 

experiments at the fly level demonstrated that within the development of a generation, PolG1 

knockdown decreased the ts mtDNA level (Chiang et al., 2019). This suggests that as well as 

selection in the germline, PolG1 impacts selection in the soma and I hypothesised that PolG1 

knockdown would decrease the ts level in cell culture. Next, Pink1 and parkin (park) were included as 

candidates because of their role in mitochondrial quality control. In particular, a Pink1-dependent 

mechanism of mtDNA selection has been identified in the Drosophila ovary, where it labels defective 

mitochondria and is involved in inhibiting protein synthesis on the outer mitochondrial membrane 

(Zhang et al., 2019). Pink1 also functions with park in a mitophagy pathway which could influence 

mtDNA levels (Park et al., 2006; Suen et al., 2010). However, Pink1 is not necessary for basal 

mitophagy in Drosophila (Lee et al., 2018). park was tested in the ubiquitin-related screen and did not 

show a large absolute Z-score (-0.75) so was not considered a candidate gene, but due to its 

importance in the literature, I repeated it here with cells at a different heteroplasmic ratio. Lastly, I 

was interested in the effect of Mitochondrial assembly regulatory factor (Marf) knockdown on the 

heteroplasmic ratio. Marf functions to fuse the mitochondrial outer membranes and its degradation 

through the ubiquitin-proteasome system leads to increased mitochondrial fragmentation (Yun et al., 

2014). This fragmentation prevents the mixing of mtDNA between mitochondria before mitophagy in 

the Drosophila germline cysts, and evidence suggests that reducing its expression in somatic follicle 

cells also promotes purifying selection against ts mtDNA at 29°C in vivo (Lieber et al., 2019). Thus, I 

predicted that Marf knockdown would decrease the ts mtDNA level at the restrictive temperature. I 

was interested to learn whether inducing fragmentation would change the effect of other candidates, 

so I also tested a combined dsRNA treatment of Marf and Pink1. 
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Figure 5-10: The effect of informed candidate RNAi on heteroplasmy levels. A) Effect of PolG1, 

Pink1 and Marf RNAi-mediated knockdown on the ts mtDNA level, compared to a GFP control, 

tested in 8.1 cells at 25°C (n = 5). Bartlett’s test determined that differences in variance were 

insignificant and the data passed the Shapiro-Wilk test for normality (except Pink1). Thus, a one-way 

ANOVA was performed and revealed that there was a significant difference in the percentage of ts 

mtDNA in at least two groups (F (4, 18) = 3.344, P = 0.0326). B) Effect of PolG1, Pink1 and Marf 

RNAi-mediated knockdown tested in 8.1 cells at 29°C (n = 5). A one-way ANOVA was performed 

which revealed that there was not a significant difference in the percentage of ts mtDNA in at least 

two groups (F (4, 19) = 2.698, P = 0.0619). C-F) Further repeats of PolG1 RNAi in 8.1 and 9M.3 
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cells at 25°C and 29°C (variable sample sizes). In each, an F-test determined that differences in 

variance were insignificant and the data passed the Shapiro-Wilk test for normality. An unpaired t-test 

was performed to compare treatments for each condition. The difference in mean between GFP and 

PolG1 siRNA treatments was significant (P < 0.05) in only one condition: in 9M.3 at 29°C (t (8) = 

2.945, P = 0.0186). (G) PolG1 expression level in GFP and PolG1 siRNA treatments, tested using 

RpS20 as a nuclear control (n = 3). Similar results were obtained with an Alpha-tubulin nuclear 

control. H) Two independent tests of LacZ and park siRNA treatments in 8.1 at 25°C (n = 5). Multiple 

unpaired t-tests assuming a single pooled variance with a Bonferroni correction found no significant 

difference between LacZ and park in Test One (t (16) = 2.303, P = 0.0701) or Test Two (t (16) = 

1.126, P = 0.553). 

 

The results showed that PolG1 siRNA had little effect on the heteroplasmic ratio compared to GFP, 

with mostly small increases in ts mtDNA level observed (Figure 5-10 A-F) despite that it efficiently 

knocked down the mRNA level of PolG1 (Figure 5-10G). In one condition, 9M.3 cells at 29°C, the 

difference between GFP (M = 75.98, SD = 2.478) and PolG1 (M = 80.68, SD = 2.568) was 

significant (P = 0.0186). The high starting ts mtDNA level of this condition is most similar to that 

seen in the heteroplasmic fly. However, at the organismal level PolG1 knockdown at 29°C causes the 

level of ts mtDNA to decrease.  

Pink1 siRNA was tested both alone and in combination with Marf siRNA. Neither treatment alone 

showed an effect at 25°C, but when combined, they significantly increased the ts mtDNA level (P = 

0.0462) compared to the GFP controls. This could suggest that Pink1 and Marf both contribute to the 

maintenance of functional mtDNA and simultaneous knockdown causes an observable effect. At 

29°C, Marf RNAi increased the proportion of ts mtDNA, but this was not statistically significant 

(Figure 5-10B). park siRNA was tested separately and showed similar ts mtDNA levels compared to 

LacZ siRNA (Figure 5-10H), consistent with the findings from the RNAi screen (Table 9-5) and 

previous in vivo study of the heteroplasmic line that it does not influence heteroplasmy dynamics (Ma, 

Xu and O’Farrell, 2014), although the RNAi knockdown effect should be validated.  

Overall, the RNAi of PolG1, Pink1, park and Marf did not show the predicted results, suggesting that 

the regulation of heteroplasmy dynamics in cell culture, and perhaps somatic cells, could be different 

to that in oogenesis. This supports our efforts to investigate other mechanisms of mtDNA selection. 

However, it would be important to validate these results with tests of multiple amplicons in both cell 

lines at both temperatures. 

5.3 Discussion 

In this chapter, I have demonstrated that RNAi screens of heteroplasmic cultured cells have identified 

Uba4, Rpn11, COX5A, Rpt2, and Diap1 with roles in regulating mtDNA dynamics. Further genes 

with statistically insignificant effects include the E3s ago, which tended to slightly decrease the ts 

mtDNA level when knocked down, and Vhl which tended to slightly increase the ts mtDNA level 
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when knocked down. There is redundancy in the ubiquitination of proteins by E3 ligases which may 

confer complexity to the system. Also, dsRNA treatment of geminin, a negative regulator of DNA 

replication, had detrimental effects on cell growth and had substantial effects on the heteroplasmy 

level, but the direction of those effects changed in different tests. This could indicate a dependence on 

the starting heteroplasmic ratio but could also be dependent on variation in factors such as cell 

density. Similarly, Taf3 was highlighted as a candidate gene from the ubiquitin-related RNAi screen, 

but further tests showed inconsistent effects on the heteroplasmy level.  

I also investigated genes that have known roles in mtDNA selection or mitophagy at the organismal 

level. RNAi of PolG1 tended to slightly increase ts levels, in contrast to its knockdown effect in the 

germline, and at 29°C in 9M.3 cells, this increase was statistically significant, perhaps reflecting a 

higher level of purifying selection occurring at high ts levels at the restrictive temperature, or a cell 

type-specificity in its knockdown phenotype. A hypothesis to be tested in the future could be that 

maintenance of functional mtDNA in cell culture requires sufficient mtDNA replication. PolG1 

expression was around half of that of PolG2 in the cell lines, consistent with the hypothesis that 

PolG1 is a limiting factor at the organismal level (Lefai, Fernandez-Moreno, et al., 2000). It would be 

important to understand the extent of knockdown for each gene in cell culture and to test the effect at 

different levels of knockdown. For example, in 9M.3 cells the knockdown of PolG1 is greater than 

50%, which could impact cell division rates, leading to the differences in the results produced here 

and at the fly level. Pink1 or park RNAi did not affect heteroplasmy levels when tested individually, 

but when Pink1 was tested in combination with Marf, the ts level increased, which was statistically 

significant in 8.1 cells at 25°C. This should be tested in 9M.3 cells to determine whether the combined 

treatment also increases the ts level under opposite heteroplasmy dynamics. It would also be 

interesting to investigate whether overexpression of Pink1 or Marf in cell culture could promote the 

purifying selection mechanism of the germline (Zhang et al., 2019).  

Overall, the heteroplasmic ratio was highly dynamic in cell culture in response to RNAi, and the 

identification of several genes from RNAi screens and their further validation suggests that the 

regulation is complex and involves multiple pathways. Whilst both Rpn11 and Rpt2 produced a 

significant effect across two amplicons in at least one cell line, Uba4 (27964) did not produce a 

significant effect, so verifying that Uba4 (02194) is acting on Uba4 rather than an off-target gene, 

such as via CRISPR/Cas9-mediated editing, would be necessary. The tests of these candidate genes in 

multiple cell lines provided an indication that the results can be generalised across multiple cell types. 

More investigation is required to describe the mechanisms by which mtDNA dynamics is regulated, 

but this work suggests that the ubiquitin-proteasome system plays an important role, that targeting of 

the ETC dramatically lowers the ts mtDNA proportion, and that certain E3 ubiquitin ligases could 

regulate the heteroplasmic ratio. 
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5.3.1 Uba4 Promotes the Selection of Functional mtDNA in Cell Culture 

Uba4 was knocked down to very low levels by RNAi which significantly increased the ts mtDNA 

level in tests of 8.1 and 9M.3 cells with one of the two tested dsRNA amplicons. Uba4 activates 

enzymes involved in multiple, highly conserved processes. To understand how Uba4 is involved in 

the regulation of heteroplasmy dynamics, its interactors Urm1 and MOCS2A can be tested. MOCS2A 

is required for the synthesis of the molybdenum cofactor whilst Urm1 modifies tRNAs and proteins. 

The human homologue of Uba4, MOCS3, may also be tested in heteroplasmic human primary cell 

culture. MOCS3 mutations can cause Molybdenum Cofactor Deficiency, characterised by severe 

neonatal neuropathology as a result of inactivation of molybdenum-dependent enzymes including 

sulphite oxidase, xanthine oxidoreductase and aldehyde oxidase (Tian et al., 2021). Preliminary tests 

of a Uba4 P-element deletion line (Uba4n29) at the organismal level have been performed by Dr 

Hansong Ma in the same manner as the deficiency screen. These have indicated that after two 

generations the level of functional mtDNA significantly drops from 10% in the controls to around 4% 

in the deletion flies (P = 0.0215) (Figure 5-11A). Furthermore, tests of two deletion lines of this 

chromosomal region (BL215 and Exel7038) also show this decrease in functional mtDNA level (P = 

0.0402 and P = 0.0353 respectively). This indicates that the effect of Uba4 is physiologically relevant 

and should be further investigated. 
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Figure 5-11: Candidate genes tested in vivo. Tested by Dr Hansong Ma. A) Effect of Uba4 mutant 

lines on the level of functional mtDNA. Each data point represents an independent experiment. I 

performed an ANOVA which found a significant difference between the treatments (F (3, 14) = 

3.642, P = 0.0394) so I performed Dunnett's multiple comparisons test. B) Effect of an Rpn11 mutant 

line on the level of functional mtDNA (n = 3). I performed an unpaired two-tail t-test (t = 22.70, df = 

4, P < 0.0001).  



84 

 

5.3.2 ago and COX5A Influence the Level of ts mtDNA in Cell Culture  

I identified ago as a modulator of heteroplasmy dynamics in the ubiquitin-related RNAi screen, 

although the effect in the repeated tests was weak compared to the screen results and future 

experiments could, for instance, test the effect of ago overexpression on the heteroplasmic ratio to 

verify these results. Testing the effect of ago knockdown under conditions of nutrient deprivation or 

at 29°C might show a greater effect. Excitingly, preliminary in vivo experiments by Beitong Gao of 

UAS-ago RNAi (BDSC 31501 and 34802), nos-GAL4 crosses demonstrated that ago knockdown 

decreased the ts mtDNA level in eggs of the cross (Brand and Perrimon, 1993). At least 30 eggs of 

this cross were collected for DNA isolation and qPCR and GFP-RNAi flies were used as a control. 

Thus, we might still question how ago influences heteroplasmy, by considering that ago-mediated 

protein degradation has a regulatory role in many processes, from cellular differentiation in the 

trachea to neuronal oxidative stress responses. It is possible, therefore, that its effect on the 

heteroplasmic ratio is the result of its effect on multiple opposing pathways.  

The human orthologue of ago, FBXW7, has three well-characterised isoforms, two that regulate CycE 

in the nucleus and one cytosolic isoform that negatively regulates Mcl-1, an anti-apoptotic Bcl-2 

family member. In neurons, FBXW7 forms a complex with park to ubiquitinate CycE (Staropoli et 

al., 2003) but park also targets FBXW7 for degradation during oxidative stress to ensure Mcl-1 

function and thus cell survival (Ekholm-Reed et al., 2013). The Bcl-2 family regulates mitochondrial 

outer membrane permeability and so the release of cytochrome c or other mitochondrial signals which 

regulate apoptosis. Mcl-1 has one isoform with this traditional function and another that localises to 

the mitochondrial matrix and regulates mitochondrial morphology, metabolism and mitophagy 

(Widden and Placzek, 2021). Furthermore, in Drosophila mid-oogenesis, Bcl-2 proteins regulate 

mitochondrial dynamics as well as apoptosis in response to nutrient deprivation, suggesting a possible 

conservation of function (Tanner et al., 2011). Drosophila has a reduced set of Bcl-2 family proteins 

so I could not test Mcl-1 specifically with RNAi, however, in the following chapter, I will discuss the 

results of the pharmacological inhibition of Bcl-2 family proteins. 

Tests of genetic and physical interactors of ago revealed that COX5A RNAi greatly decreased the 

percentage of ts mtDNA in 9M.3 cells. It also decreased the ts level in 8.1 cells but the decrease was 

not statistically significant. There could be many reasons for this difference, but the most obvious 

hypothesis would be that since 9M.3 has higher ts mtDNA levels than 8.1, COX5A RNAi would 

decrease OXPHOS and mitochondrial respiration of 9M.3 cells to more detrimental levels, at which 

purifying selection forces are stronger. COX5A is a highly conserved ETC component encoded by the 

nuclear genome and COX5A siRNA is often used to investigate the effect of OXPHOS dysregulation 

on other pathways. A previous study showed that COX5A RNAi in S2 cells increases the expression 

level of ago via p53, thereby leading to ago-mediated targeting of CycE to the proteasome for 

degradation and subsequent cell cycle arrest (Mandal et al., 2010). COX5A RNAi does not change the 
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amount of CycE transcript; regulation is at the protein level to ensure rapid changes. This may explain 

why I did not find CycE RNAi to affect ts mtDNA levels, since RNAi does not replicate rapid 

changes in protein levels. It would be interesting to understand whether Taf3, which negatively 

regulates p53, does affect the heteroplasmic ratio of cells under certain conditions as part of this 

pathway. The COX5A-p53-ago-CycE pathway functions to pause cell proliferation whilst cells have 

low mitochondrial output, and the results here suggest that it may also be involved in the maintenance 

of healthy mtDNA by preventing the proliferation of cells with high levels of mutant mtDNA. COX5A 

loss of function is expected to lead to the upregulation of ago, which makes these results appear 

contradictory with the small decrease in ts mtDNA caused by ago siRNA. Future investigations could 

involve combined RNAi of ago and COX5A to see whether the COX5A phenotype is suppressed and 

find out whether they act in the same pathway. Other components of the ETC should also be tested to 

understand whether this result can be generalised to the ETC. Alternatively, COX5A may play a role 

through specific protein-protein interactions in the inner mitochondrial membrane similar to those 

with mammalian anti-apoptotic Bcl-2 which promotes COX5A translocation to the mitochondria in 

humans (Chen and Pervaiz, 2009). 

COX5A expression has been studied in the germline of ts flies as a representative nuclear-encoded 

ETC component. This found that its mRNA levels were low in germarium region 2A then very high 

in region 2B, correlating with mitochondrial respiration levels (Chen et al., 2020). The suggested 

reason for this regulation is to allow the distinction of functional and dysfunctional mitochondria once 

they have undergone fragmentation, facilitating the replication of functional mitochondria and their 

DNA. As a result, a decrease in COX5A in the ovaries of ts flies blocked purifying selection, 

increasing the ts mtDNA level in progeny (Chen et al., 2020). Thus, in the germline, purifying 

selection is promoted by an increase in COX5A mRNA, whereas in cell culture I found that purifying 

selection is promoted by a decrease in COX5A mRNA. One hypothesis could be that in the germline 

the fragmentation of the mitochondria allows purifying selection to act at the mitochondrion level, and 

so selection is stronger when the function of mitochondria is visible, but in proliferating cells in 

culture with largely fused mitochondrial networks, the decrease in COX5A could apply stress on cells 

with higher levels of ts mtDNA, slowing their replication. Investigation into this conjecture could 

involve inducing the fragmentation of mitochondria in cell culture with Marf RNAi treatment and 

simultaneously applying COX5A dsRNA to understand whether fragmentation is sufficient to induce 

selection at the mitochondria level.  

sima, a target of ago and vhl, did not show an effect in the autophagy-related screen (average Z-score 

of -0.25) which could suggest that the mechanism by which ago changes the heteroplasmic ratio is not 

through sima. However, sima protein levels are low in cells under normoxia due to continuous 

proteasomal degradation, so in favourable conditions, a further decrease in sima levels by RNAi 

would not be expected to change the outcome of this pathway. This indicates that RNAi may not be 
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suitable for testing the protein targets of ago. Future biochemical studies will be needed to understand 

the range of ago targets that could contribute to its regulatory role in heteroplasmy dynamics. 

5.3.3 Proteasome Function Promotes the Selection of Functional mtDNA in Cell Culture 

The ubiquitin-proteasome system is essential for the turnover and degradation of proteins, such as 

Marf ubiquitinated by park, or Myc and CycE ubiquitinated by ago. Knockdown of the 19S regulatory 

particle subunits Rpn11 and Rpt2 of the proteasome increased ts mtDNA levels in both a neuron-

derived cell line and a gut-derived cell line with varying starting levels of heteroplasmy. This suggests 

that the 26S proteasome functions to turn over mtDNA as well as proteins in multiple cell types, and 

since Rpt2 and Rpn11 are highly conserved, these results are likely applicable to humans. 

Dysfunctional mitochondria promote proteasomal degradation and inhibit protein synthesis, whilst 

neurodegenerative diseases involve protein aggregates that are unable to be cleared (Wrobel et al., 

2015). Rpt2 and Rpn11 have been highlighted in studies where their knockdown induces 

neurodegeneration (Tonoki et al., 2009; Fernández-Cruz et al., 2020). It would be useful to 

understand whether the RNAi of these particular subunits decreased mRNA levels to a greater extent 

than RNAi of all other subunits, or whether these subunits play a special role. It remains to be 

clarified whether the Rpt6 dsRNA in the autophagy-related screen plates also had little effect on the 

Rpt6 expression level as my generated dsRNA and whether other Rpt units would affect the 

heteroplasmic ratio if they were sufficiently knocked down. Rpn11 dysfunction is linked to cell cycle 

defects, changes in mitochondrial morphology and mtDNA replication (Rinaldi et al., 1998). The 

importance of the proteasome in so many molecular pathways makes it difficult to understand how it 

is playing a role in the regulation of heteroplasmy; whether by directly degrading dysfunctional 

mitochondrial components or by indirect effects through pathways such as regulation of the cell cycle. 

These indirect effects could be associated with the Rpn11 and Rpt2 knockdown phenotype which 

included substantially decreased cell growth. To assess if Rpn11 also had an effect at the organismal 

level, Dr Hansong Ma tested an Rpn11 P-element insertion line (BDSC 18324) following the same 

method as the deficiency screen and this was found to significantly decrease the level of functional 

mtDNA compared to the control (P < 0.0001) (Figure 5-11B). This indicates that the full proteasome 

function is also required for the selective inheritance of healthy mtDNA over generations in 

Drosophila. Future tests of Rpt2 and Rpn11 mutants of their effect on heteroplasmy could confirm 

this. 

Whilst the autophagy-related RNAi screen identified Rpt2, autophagy genes, such as Atg1, Atg2, 

Atg5, Atg6, Atg7, Atg8a, Atg13, Atg18, or regulators of autophagy such as Tor or any of the three 

genes encoding phosphatidylinositol 3 kinases, did not affect the heteroplasmic ratio despite being 

tested multiple times in the screen. The extent of their knockdown should be understood, but these 

results suggest that the ubiquitin-proteasome system might play a dominant role in the regulation of 
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mtDNA dynamics or that basal mitophagy does not influence mtDNA dynamics of cultured cells. 

Further experiments involving the induction of starvation to promote autophagy may reveal a role.  

Diap1 siRNA was employed as a control in the autophagy-related RNAi screen and its significant 

effect on the heteroplasmic ratio indicates that knockdown of this anti-apoptotic E3 ubiquitin ligase 

has direct or indirect effects on the heteroplasmic ratio. Programmed cell death is used in C. elegans 

as a mechanism of purifying mtDNA selection in the germline (Flowers et al., 2021). Further work 

will be needed to determine whether selective apoptosis is a mechanism of purifying selection in 

cultured Drosophila cells. 

5.3.4 Further Work 

To investigate the mechanisms of the genes that influenced heteroplasmy dynamics, enhancer or 

suppressor screens could explore the pathways of the genes and fluorescence imaging could determine 

the cellular location of the proteins. For candidate genes with inconsistent effects, the efficacy of 

knockdown for genes such as Socs36E could be increased by transfecting cells with dsRNA/short 

hairpin RNA (shRNA) expression constructs (Zhou et al., 2013). Candidates tested here without an 

effect, such as park, might be retested at 29°C to understand whether they play a role in stressful 

conditions.  

The RNAi screens produced a greater number of candidate genes than could be validated in this PhD, 

and further research by the Ma lab will aim to test them in cell culture. For instance, the siRNA 

treatment of CG5384, encoding a deubiquitinating enzyme that is also called Usp14, decreased the 

percentage of ts mtDNA (Z-score = -1.10) (Table 5-3). Inhibition of CG5384 has previously been 

shown to promote mitophagy and rescue a Pink1/park mutant Drosophila model of Parkinson's 

disease by enhancing proteasome activity and autophagy (Chakraborty et al., 2018).  

An alternative screening approach would be a pooled CRISPR screen of the cells, where an sgRNA 

library is introduced to cells and a selective pressure applied to identify genes whose knockdown or 

knockout confers resistance to the selective pressure (Viswanatha et al., 2019). However, despite the 

potential for false negative results produced by insufficient knockdown, I believe that the RNAi 

approach is a simple method for identifying regulators of heteroplasmy, including essential genes. 

Further experiments testing other libraries or in other cell lines or under different conditions could 

yield validated genes which could then be explored in vivo. Genes not included in the screens could 

be tested, for instance, BNIP3 would be an important gene to examine due to its conserved role in 

mitochondrial clearance in flies and mice (Zhang et al., 2012; Lieber et al., 2019). It would be 

interesting to learn whether genes involved in organising mitochondria derived vesicles affect 

heteroplasmy levels, such as Mul1 (Sugiura et al., 2014). Lastly, ago also negatively regulates Sterol 

regulatory element binding protein 1 (SREBP1) which encodes a transcription factor that regulates 

lipid metabolism and was identified as a mitophagy regulator by a genome-wide RNAi screen of 
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Drosophila cells, alongside ago (Ivatt et al., 2014). This study highlighted the complexity of the role 

of ago, as despite being a negative regulator of SREBP1, it had the same knockdown phenotype as 

SREBP1 on mitophagy. SREBP1 is also involved in the pathway that upregulates the proteasome in 

response to increased nutrient levels to facilitate protein turnover (Zhang and Manning, 2015). Future 

work could study the knockdown effect of SREBP1 in heteroplasmic cell culture.  
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6 SMALL MOLECULE SCREEN OF HETEROPLASMIC CELL 

LINES 

6.1 Introduction 

In addition to high-throughput RNAi screens, the cell culture system is amenable to the application of 

small molecule inhibitors or activators. These small molecules can cross the cell membranes and 

interact with target proteins but are generally less specific in their effect than RNAi. Forward 

chemical genetic screens often test a diverse library of compounds to identify those that disrupt a 

particular phenotype. Historically, they have been used as an alternative to the genetic approach to 

dissect complex pathways (Mitchison, 1994) and identify genetic interactions (Poidevin, Zhang and 

Jin, 2015). A parallel screening approach may be used to verify RNAi results or identify additional 

candidates by producing a gain-of-function (Eggert et al., 2004). Here, we aimed to perform a 

chemical screen to identify proteins that are regulators of heteroplasmy dynamics and compounds that 

could be the basis of drug discovery. The screened compounds were provided by Open Innovation, 

AstraZeneca, and are designed to target human proteins. They are either currently used as medicines 

or are in the process of drug development. We hypothesise that identifying compounds that decrease 

the level of ts mtDNA in our model could have therapeutic applications for patients with high levels 

of pathogenic mtDNA mutations. 

6.2 Results 

6.2.1 The Small Molecule Screen 

I tested a library of 1611 small molecules, a sub-set of an annotated library from AstraZeneca, to 

identify regulators of heteroplasmy dynamics. Since small molecules that decreased the ts mtDNA 

level would be particularly interesting for their potential therapeutic significance, cell line 9M.3 was 

used as it had a high level of ts mtDNA. The library was tested at 25°C over five 384-well plates, and 

the starting ts mtDNA level of the cells varied between plates, from 56% to 86% ts mtDNA. The 

compounds were tested at 10 µM in a DMSO solution of 0.1% concentration to minimise its effect on 

cell viability and the heteroplasmic ratio and were tested alongside 80 0.1% DMSO controls. I 

performed a technical repeat of the qPCR measurement of 212 outliers, and then I calculated the Z-

scores of all samples within the same qPCR plate (Figure 6-1A).  

Since we were particularly interested in compounds that decreased the ts mtDNA level, I selected 

more compounds with low Z-scores (below -1.2) than compounds with high Z-scores (above 1.5) for 

retesting (Table 9-6). For these 47 candidates, I retested them twice more in 9M.3 cells alongside 

eight DMSO controls. The two repeats were performed with cells carrying 87% and 77% of ts 
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mtDNA (based on the average of 8 DMSO controls), respectively. There was a positive linear 

correlation between the results of the repeats, suggesting that the two repeats gave consistent results 

for many compounds (Figure 6-1B). For 11 of the small molecules, their effect on the heteroplasmic 

ratio was consistent across the original and repeat tests (Table 6-1).  

I also visually estimated the effect of each compound on cell growth and provided a score on a scale 

from 0 to 4 (0 = no growth, 1 = very little, 2 = less than DMSO controls, 3 = similar to DMSO 

controls, 4 = more than DMSO controls). There was a wide range of heteroplasmic ratios at each 

growth score, but the cell growth and heteroplasmic ratio were weakly correlated, with lower growth 

associated with lower ts mtDNA levels (Figure 6-1C). Out of the 11 small molecules that repeated, 

three had growth values less than 2. The first of these, decitabine, is incorporated into DNA which 

leads to DNA hypomethylation that changes gene expression (Seelan et al., 2018). At high 

concentrations, it is known to cause double-strand breaks and cell death (Hajek et al., 2020). The 

second compound, R-Methotrexate, is a chemotherapy drug that works by inhibiting DNA and RNA 

synthesis. The third compound, CHEMBL188907, is an antagonist of the membrane protein 

corticotropin-releasing factor receptor (related to Drosophila genes CG15537 and Diuretic hormone 

44). These three all decreased the ts mtDNA level, which could have been a result of reduced cell 

growth. The proportion of ts genome in 9M.3 tends to increase to 100% over time at 25°C, so a 

reduced growth rate could result in a reduced increase in the ts level in a given timeframe. Another 

possible explanation is that cells with higher ts levels were more sensitive to stresses caused by these 

small molecules and thus were more likely to die compared to those with lower ts levels. Regardless, 

these three compounds are poor candidates for understanding mtDNA regulation or drug discovery 

given their strong effect on cell growth.  

I tested the 47 compounds in 8.1 cells to examine whether they show the same effect on the 

heteroplasmic ratio in a different cell type (Figure 6-1D). Interestingly, almost all compounds resulted 

in a higher ts level than the DMSO controls at 17%. At this low percentage of ts mtDNA, we know 

that the ts level decreases quickly over cell divisions in 8.1 cells. Thus, the effect of compounds on the 

heteroplasmic ratio is more strongly confounded by their effect on cell growth. Also, the biochemical 

threshold effect may indicate that the low level of ts mtDNA has little effect on the cell phenotype and 

so we cannot compare the cell lines without also considering their heteroplasmic ratios. Therefore, we 

could not draw conclusions from the 8.1 results and in the future, cell-type specificity of the 47 

compounds should be tested in 8.1 cells with higher levels of ts mtDNA as well as in other cell lines 

with higher and more stable ts levels. 
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Figure 6-1: Small molecule screen data. A) Graphical representation of the small molecule screen 

output. The Z-scores represent the relative effect on the heteroplasmic ratio of 1611 compounds and 

80 DMSO controls. B) The heteroplasmic ratio after treatment with 47 candidate compounds in two 

tests of 9M.3. The star symbol represents the average ts mtDNA level of the DMSO controls (n = 8). 

Linear correlation analysis of the data showed a significant positive correlation (r = 0.5202, 95% CI = 

0.3089 to 0.6826, R2 = 0.2706, P < 0.0001). C) The association between the level of cell growth and 

the ts mtDNA percentage in two 9M.3 repeat tests of 47 compounds. Linear correlation analysis 

showed a weak but significant positive correlation (r = 0.4576, 95% CI = - 0.2305 to 0.6375, R2 = 

0.2094, P = 0.0002). D) The heteroplasmic ratio after treatment with 47 candidate compounds in cell 

line 8.1 compared to the average of two tests in 9M.3. The star symbol represents the average ts 

mtDNA level of the DMSO controls (n = 8). Linear correlation analysis showed a weak but 

significant negative correlation (r = -0.3915, 95% CI = -0.5856 to -0.1549, R2 = 0.1533, P = 0.0018). 
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Table 6-1: Details of the candidate compounds that produced a consistent effect on the heteroplasmic ratio in cell line 9M.3 

 

  

Compound 

Z-score 

from 

primary 

screen 

9M.3 Repeat 1 9M.3 Repeat 2 8.1 

Mechanism of Action ts mtDNA % 

(DMSO=87%) 

Growth 

score 

ts mtDNA % 

(DMSO=77%) 

Growth 

score 

ts mtDNA % 

(DMSO=17%) 

Growth 

score 

PD 176252 -3.94 79 2 63 2 23 2 
gastrin-releasing peptide receptor antagonist, 

neuromedin B receptor antagonist 

Paclitaxel -2.84 79 2 67 2 26 2 tubulin polymerisation inhibitor 

Decitabine -2.80 74 1 62 1 26 2 DNA methyltransferase inhibitor 

R-Methotrexate -2.74 77 0 59 2 22 2 dihydrofolate reductase inhibitor 

CHEMBL188907 -2.72 80 1 66 1 27 2 corticotropin-releasing factor receptor antagonist 

Z-Guggulsterone (GR-235) -2.64 82 3 72 3 16 3 
oestrogen receptor agonist, FXR antagonist, 

progesterone receptor agonist 

CHIR-99021 -1.76 83 2 64 2 19 3 glycogen synthase kinase inhibitor 

Digoxin -1.75 82 2 63 3 20 4 sodium-potassium pump inhibitor 

Venetoclax -1.46 83 3 64 3 20 3 BCL inhibitor 

CHEMBL3272480 1.50 95 3 84 3 17 3 cAMP-dependent protein kinase activator 

SR-2640 3.43 90 3 84 3 18 3 leukotriene receptor antagonist 
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6.2.1.1 Mechanism of action of the identified small molecules 

To understand how the identified compounds affected the heteroplasmic ratio, we must consider their 

primary target and mechanism of action. Compound PD 176252, which decreased the percentage of ts 

mtDNA in 9M.3, is an antagonist of neuropeptide receptors (the gastrin-releasing peptide receptor and 

neuromedin B receptor) used as an anti-cancer drug (Ashwood et al., 1998). The Drosophila 

orthologues of these receptors are G14484 and CG14593. However, neither of these are expressed in 

9M.3 according to the RNA-Seq data, leaving mechanisms of action unclear.  

Paclitaxel, a common chemotherapy drug, also decreased the ts mtDNA level. The compound acts as 

a mitotic inhibitor by hyper-stabilizing microtubules and likely has the same mechanism of action in 

Drosophila, as shown by paclitaxel-induced larval growth inhibition (Kim et al., 2020). The observed 

effect on cell growth may be associated with the change in heteroplasmic ratio. Paclitaxel also causes 

mitochondrial dysfunction, with varied impacts on mitochondrial ROS levels, mitochondrial volume, 

or intracellular calcium levels, associated with neuronal damage in patients (Duggett et al., 2016; 

Yilmaz, Watkins and Gold, 2017). It was also reported to increase mitophagy in Drosophila neurons 

(Kim et al., 2020). Interestingly, tubulin polymerization inhibitor vincristine mildly decreased the ts 

level in my primary screen, supporting the future testing of further microtubule-interacting agents. To 

investigate the underlying mechanism, one could measure the mitochondrial ROS, mitochondrial 

morphology, intracellular calcium and mitophagy levels in 9M.3 cells after treatment.  

Z-Guggulsterone (GR-235) is another compound that lowered the ts mtDNA level in 9M.3. However, 

it did not have a noticeable effect on cell growth. GR-235 is an agonist of some nuclear hormone 

receptors (ligand-regulated transcription factors) such as the oestrogen and progesterone receptors, 

thus it affects the expression of many genes. This makes the dissection of the mechanism less 

straightforward, but as a non-toxic compound, it could be a candidate for drug discovery. Estradiol, an 

oestrogen receptor agonist, was included in the primary screen and showed no effect, possibly 

indicating that another nuclear receptor targeted by GR-235 underlies its mechanism of action here. 

CHIR-99021, a glycogen synthase kinase (GSK3) inhibitor, is a common hit from screens of this 

chemical library due to the role of GSK3 in numerous signalling pathways, such as Wnt-β-catenin 

signalling. Another pathway that is dependent on GSK3 is FBXW7-mediated ubiquitination of 

SREBP (Sundqvist et al., 2005). If the effect of CHIR-99021 on heteroplasmy is mediated by 

FBXW7, then the finding that CHIR-99021 decreases the ts level is consistent with the results of 

RNAi against ago in the previous chapter. A different GSK3 inhibitor, CHIR-98014, was tested in the 

primary screen with a milder Z-score of -0.522. 

Digoxin, used for treating heart conditions, is an inhibitor of the sodium-potassium pump, which is 

vital for maintaining cellular ion concentrations in humans and Drosophila (Palladino et al., 2003). 

The compound decreased the ts mtDNA level in 9M.3 without a great effect on cell growth. Digoxin 
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causes the accumulation of intracellular sodium and loss of intracellular potassium, which will be 

detrimental to cell function. Further experiments must be performed to understand the role of this 

process in regulating heteroplasmy dynamics. 

Venetoclax also decreased ts mtDNA levels without an observable effect on cell growth. This small 

molecule binds to Bcl-2, an outer mitochondrial membrane protein that blocks the apoptotic death of 

cells, and so is used to treat certain cancers with high levels of Bcl-2. In Drosophila, two BCL2-like 

genes have been identified, Buffy (anti-apoptotic) and DeBCL (pro-apoptotic) (BLAST of the human 

Bcl-2 protein against Buffy and DeBCL shows 24% and 28% identity respectively) (Rolland and 

Conradt, 2010). Venetoclax is specific to human Bcl-2, but it is unclear whether it targets Buffy, 

DeBCL or both in Drosophila. In addition to their roles in metabolism and mitochondrial dynamics, 

the balance of these proteins modulates stress-induced cell death (Sevrioukov et al., 2007). RNA-Seq 

data of the cell lines reveals that DeBCL is expressed in all sequenced cell lines, and Buffy is 

expressed in 9M.3 (but not 8.1). DeBCL is regulated by the ubiquitin-proteasome system, with slmb (a 

substrate-recognizing F-box component of an SCF E3 ubiquitin ligase) in particular identified (Colin 

et al., 2014). slmb was tested in the ubiquitin-related RNAi screen with three amplicons 

(DRSC17056, DRSC38464 and DRSC38465 giving average Z-scores of 1.31, 0.987 and -0.572 

respectively). Further RNAi of DeBCL, Buffy and slmb may reveal if they affect the ts level.  

In contrast, CHEMBL3272480 caused an increase in ts levels. This compound activates cAMP-

dependent protein kinase (PKA), conserved between humans and Drosophila. The kinase is highly 

promiscuous, with many substrates depending on the cell type. To define the pathway, we could 

measure cAMP levels or test H89, known as a specific, potent inhibitor of PKA (Chijiwa et al., 1990). 
Lastly, SR-2640 is a CysLT1 leukotriene receptor antagonist and an anti-asthma drug that increased 

the level of ts mtDNA. The CysLT1 cell membrane receptor is activated by leukotrienes LTC4 and 

LTD4, resulting in intracellular calcium mobilisation. CG10602, Drosophila orthologue of human 

leukotriene A4 hydrolase, is highly expressed in the sequenced cell lines, indicating the production of 

leukotrienes LTC4 and LTD4. It is possible that SR-2640 blocks the leukotriene signalling pathway in 

the cell lines, preventing calcium mobilisation. Leukotriene is a component of the eicosanoid 

synthesis pathway, which is involved in inflammatory immune responses in humans, and recent 

studies have indicated that Drosophila also has an eicosanoid signalling pathway (Scarpati et al., 

2019). Prostaglandin is another component of the eicosanoid synthesis pathway, and the 47 candidate 

compounds included CHEMBL116836 which inhibits the Prostaglandin D2 receptor in humans. 

Similarly to SR-2640, CHEMBL116836 increased the ts mtDNA level, but only in two out of three 

tests. Further work is needed to investigate whether the eicosanoid synthesis pathway could play a 

role in mitochondrial quality control in cultured cells. They would be particularly useful targets for 

drug discovery due to their high specificity and low toxicity. A structurally diverse leukotriene 
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receptor antagonist, MK-571, was also tested in the primary screen and produced a low Z-score, so 

could be retested to understand if it could be utilised to lower ts mtDNA levels. 

6.2.2 Informed Small Molecule Testing 

To assess if small molecules phenocopy the RNAi-mediated knockdown of verified genes from the 

RNAi screen, I tested eight compounds that activate/upregulate FBXW7. They were expected to 

increase the ts level (Table 6-2). FBXW7 is the human homologue of ago and can be activated by 

small molecules with varying degrees of specificity. Out of the FBXW7 activators, genistein increased 

the ts mtDNA level the most. Genistein upregulates FBXW7 by reducing the expression of miR-223 

(Ma et al., 2013). However, it interacts with a huge number of proteins (genistein binds strongly to 

proteins including BLM RecQ like helicase, oestrogen receptor 1 and 2, glucagon-like peptide 1 

receptor, thyroid hormone receptor beta, carbonic anhydrase 7, progesterone receptor, carbonic 

anhydrase 12, glucosidase alpha, and mitogen-activated protein kinase kinase 4). A very close 

structural analogue of genistein, 4-methyl genistein, was tested in the compound screen and did not 

show much impact on the heteroplasmic ratio in its single test, so could be used to narrow down the 

mechanism of action for genistein. Genistein also acts as an antioxidant, so it will be helpful to test an 

antioxidant control for non-specific redox reaction effects. Another FBXW7 agonist, 4447951, also 

increased the level of ts in two tests (Clurman et al., 2019), whilst the remainder were inconsistent 

between the tests. It is worth performing additional tests on these six compounds to increase the 

reliability of the results. 

I also examined the effect of five proteasome inhibitors on the heteroplasmic ratio because of the 

importance of proteasome subunits Rpn11 and Rpt2 demonstrated in the previous chapter. Of these 

five compounds, sodium quinoline-8-thiolate targets Rpn11 directly (Perez et al., 2017). Only one 

compound altered the heteroplasmic level in 9M.3 cells: bortezomib decreased the ts level. 

Bortezomib is an NFκB pathway inhibitor as well as a proteasome inhibitor, so future tests of 

compounds that target these two pathways separately will be necessary. Tested in 8.1 cells, all Rpn11 

inhibitors increased the ts level, which agrees with my RNAi data, but tested in 9M.3 they generally 

decreased the ts level, contradictory to the RNAi results. A derivative of sodium quinoline-8-thiolate, 

which is a more specific Rpn11 inhibitor, Capzimin, has been identified and will also be tested in the 

future (Li et al., 2017).  
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Table 6-2: The effect of small molecules targeting FBWX7 and the proteasome on the ts level, 

with key results highlighted

 Small molecule 
Mode of 

action 

9M.3 Repeat 1 9M.3 Repeat 2 8.1 

ts mtDNA % 

(DMSO=87%) 

Growth 

score 

ts mtDNA % 

(DMSO=77%) 

Growth 

score 

ts mtDNA % 

(DMSO=17%) 

Growth 

score 

126473166 
FBXW7 

activator 
94 3 76 3 17 3 

ZINC000015007648 
FBXW7 

activator 
87 3 91 3 17 3 

126475060 
FBXW7 

activator 
87 2 84 3 18 2 

777329 
FBXW7 

activator 
82 3 72 3 19 3 

Genistein 
FBXW7 

activator 
99 3 85 3 22 3 

CHEMBL1508646 
FBXW7 

activator 
83 3 72 2 23 3 

4447951 
FBXW7 

activator 
95 3 80 2 22 2 

Oridonin 
FBXW7 

activator 
84 2 73 2 24 3 

Bortezomib 
Proteasome 

inhibitor 
77 2 72 2 25 2 

Carfilzomib 
Proteasome 

inhibitor 
87 2 71 2 19 3 

Thiolutin 
Proteasome 

inhibitor 
81 2 71 2 25 1 

8,8'-Diquinolyl 

disulfide 

Proteasome 

inhibitor 
85 2 70 2 26 2 

Sodium quinoline-8-

thiolate 

Proteasome 

inhibitor 
88 3 74 3 24 3 

 

6.3 Discussion 

This chapter has identified several small molecules, including paclitaxel, digoxin, and a GSK3 

inhibitor, that decreased the mutant mtDNA level in a neuron-derived cell line. Besides the 

therapeutic potential of these screen results, this work has revealed promising avenues of inquiry, for 

instance, investigating whether the Bcl-2 protein family, and thus the stress-induced apoptosis 

pathway, affects the heteroplasmic ratio. Mitochondria are an integral part of apoptosis signalling, 

specifically the intrinsic pathway for apoptosis which is governed by Bcl-2 family proteins (Steller, 

2008). In humans, there are many proteins in this family, but only two have been identified in 

Drosophila, making it a simpler system for studying this pathway. Furthermore, an understanding of 

the role of the Bcl-2 family in mtDNA dynamics may provide insight into other apoptosis-associated 

genes identified in the previous chapter, including Diap1 and proteasome subunits.  

Additionally, our informed small molecule tests revealed that genistein application strongly increased 

the ts level, though further repeats are required. Genistein is an activator of FBXW7 but also has 

complicated effects on mitochondria, ranging from mitochondrial biogenesis and mitochondrial-

dependent cell death to a reduction in mitochondrial membrane potential (de Oliveira, 2016). 
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Furthermore, it has previously been shown to block the translocation of park to the mitochondria and 

destabilise Pink1 after 24 hr incubation of HeLa cells with 100 µM genistein (Ivatt et al., 2014).  

To determine the mechanism by which the compounds changed the heteroplasmic ratio, this work will 

be followed by testing other compounds that have the same primary target as the validated hits. Since 

these compounds have previously been used in human cell lines and the concentration used here is 

likely higher than necessary, dosage responses should also be tested with ten-point dose curves. If a 

compound is potent at lower concentrations, its effect on the heteroplasmic ratio is likely to be 

mediated by the primary target(s). The Ma lab will test their effects in heteroplasmic human primary 

cells to assess their potential for therapeutic use. Long-term incubation of human cells with the active 

compounds could be used to explore the extent to which the compounds can decrease the mutant 

mtDNA level.  

Overall, this chapter has highlighted some uses and challenges of pharmacological approaches to 

studying mtDNA regulation. Limitations of the chemical genetic approach include that we cannot 

target every protein and the non-specificity of the compounds. Other limitations of this screen include 

that the heteroplasmic ratio of line 9M.3 was in flux, making the identification of compounds that 

indirectly slowed the background flux possible. Also, cell counts were estimated, whereas an 

automated cell counter would have provided much more information. Whilst further repeats of the 

identified compounds will be necessary, this can be complemented by RNAi of compound targets, for 

example, of the leukotriene receptor to understand the mechanism of SR-2640. Later tests of the 

compounds might include testing in other cell types, measuring the amount of mtDNA, imaging 

mitochondrial morphology and mitophagy, quantifying apoptotic cell death with staining, and 

experiments at the organismal level by seeding the compound in the fly nutrient supply. 
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7 GENERAL DISCUSSION 

7.1 Overview of This Work 

In this thesis, I have built on an existing Drosophila model of heteroplasmy by generating a novel in 

vitro model system for investigating the regulation of heteroplasmy dynamics. My work with this 

system has identified nuclear genes, including two 26S proteasome subunits, that contribute to the 

maintenance of functional mtDNA, and therefore to the maintenance of functional mitochondria, in 

multiple cell types. I have also presented several compounds that are early candidates for drug 

discovery for mtDNA-associated mitochondrial diseases. Altogether, this work provides insights into 

the mechanisms underlying the evolution of mtDNA in Drosophila cell culture and has implications 

for mtDNA-associated diseases of development. Below, I discuss my key findings, the limitations of 

my work, and lastly, I suggest directions for future research.  

7.2 No evidence that PolG2 or mtDNA-helicase affect heteroplasmy 

Preceding work with the Drosophila model of heteroplasmy discovered that decreasing the dosage of 

PolG1, encoding the mtDNA polymerase catalytic subunit, promoted the selective transmission of 

functional mtDNA over ts mtDNA (Chiang et al., 2019). My investigations of heteroplasmy dynamics 

at the organismal level reveal that heterozygous mutants of PolG2 and mtDNA-helicase do not 

phenocopy heterozygous mutants of PolG1 for their effect on germline mtDNA selection. This 

finding suggests that PolG1 is a particular unit of the mtDNA replisome that enables selfish selection 

of ts mtDNA when expressed at wildtype levels and suggests that suppression of PolG1 can uniquely 

shift the balance of selection pressures in favour of the functional mtDNA. Selective mtDNA 

replication has been shown as an important mechanism for selection during the germline of 

Drosophila in other works utilising this heteroplasmic model and it is possible that this acts through 

the regulation of PolG1 (Lieber et al., 2019; Zhang et al., 2019). Furthermore, I generated 

endogenously tagged fly lines which will facilitate deeper investigation into the role of PolG1, in 

particular, whether it undergoes selective localised translation on mitochondria. My findings also 

highlight how it is not always the obvious candidate gene that is responsible for the deficiency 

phenotype and that we should look beyond the mtDNA replisome to understand the pathways of 

mtDNA selection. Future research could pursue candidate genes that I identified in a detailed 

deficiency screen for regulators of selective mtDNA transmission. 
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7.3 mtDNA is under selection in heteroplasmic cell culture 

Previously, it has been argued that heteroplasmy dynamics in the soma are generally the result of 

genetic drift. In this work, cell line generation from heteroplasmic embryos produced cell lines with 

different propensities towards ts or functional mtDNA at 25°C and lines that could transmit both 

variants stably over many months, whilst at 29°C I observed rapid decreases in the level of ts mtDNA. 

These experiments demonstrate that mtDNA mutations can be under selection in cell culture, opening 

new opportunities to study mtDNA dynamics in an in vitro system. Purifying selection of mtDNA in 

the germline is stronger than in the soma and contributes to the evolution of mtDNA and heritable 

diseases. However, changes in the heteroplasmic ratio during development are decisive for mtDNA-

associated disease progression and ageing.  

7.4 Genes related to the ubiquitin-proteasome system influence 

heteroplasmy dynamics 

At the fly level, the selection pressures on mtDNA can be manipulated through alterations in 

expression levels of nuclear genes. This can be manipulated more easily in cell culture with RNAi. 

The high-throughput RNAi screens of the heteroplasmic cell lines provide evidence that the 

knockdown of Uba4, Rpn11, Rpt2 and Diap1 significantly increases the ts mtDNA level within a 

matter of a few cell divisions. All of these genes have human homologues or orthologues. The 

identification of Rpn11 (a deubiquitinating subunit in the 19S regulatory particle lid) and Rpt2 (a 

subunit in the 19S regulatory particle base that induces the opening of the proteasome pore) leads to 

the first key conclusion we can draw from these results: that degradation plays a significant role in 

purifying mtDNA selection via the ubiquitin-proteasome system in cell culture. This conclusion is 

supported by the testing of multiple dsRNA amplicons in both neuron-derived and gut-derived cell 

lines with opposing mtDNA selection dynamics, indicating a general role for the proteasome in 

multiple cell types. We can hypothesise that the ubiquitin-proteasome system plays a role in the 

removal of not only dysfunctional mitochondria, but also mutant mtDNA, and is thus key for the 

progression of mtDNA diseases over development. This role of the proteasome is consistent with the 

hypothesis that degradation complements the replication-competition process in the germline (Lieber 

et al., 2019) and with in vivo data from the Ma lab. This finding leaves open the question of how 

dysfunctional mitochondria and their DNA are selected for degradation. The proteasome subunits 

could also play an indirect role in mtDNA dynamics through the function of the proteasome in an 

array of regulatory processes, such as the cell cycle (Rinaldi et al., 1998). The increase in ts level 

could simply reflect that the dysfunction caused by disruption of multiple molecular pathways by 

proteasome impairment includes heteroplasmy dysregulation. It must also be clarified why the screens 

did not identify other proteasome subunits. This could be linked to in vivo Drosophila studies which 
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found that overexpression of Rpn11 alone could restore proteasome function of aged flies (Tonoki et 

al., 2009) and that RNAi-mediated knockdown of Rpt2, but not Rpt3 or Rpt5 subunits, induced 

neurodegeneration (Fernández-Cruz et al., 2020). Neurodegeneration is commonly linked to 

mitochondrial dysfunction, which, we can speculate, suggests a physiological relevance for these 

findings.  

Another identified heteroplasmy regulator, Uba4, has not previously been associated with mtDNA 

dynamics, but here its substantial knockdown increased the ts mtDNA level. Uba4 has been identified 

as a component of the oxidative stress response in yeast and Drosophila; perhaps this is associated 

with the regulation of heteroplasmy (Goehring et al., 2003; Khoshnood et al., 2016). Analysis has 

shown that mt:CoIT300I  is not associated with increased ROS levels, suggesting that increased 

oxidative stress resistance itself would not differentially affect the mtDNA variants (Z. Chen et al., 

2015). Uba4 protein activates Urm1 to urmylate Peroxiredoxin 5, a cytoprotective antioxidant 

enzyme, and regulate JNK-regulated genes. Further analysis of the target genes of Uba4 and Urm1 

may bring insight into this mechanism (Khoshnood, Dacklin and Grabbe, 2017), as well as the 

measurement of ROS levels in control and Uba4 dsRNA-treated cells. 

I did not set out to test the effect of Diap1, but its inclusion on the RNAi plates as a control showed 

that knockdown of this essential apoptosis inhibitor is associated with increased ts mtDNA levels, 

leaving the role of programmed cell death to be further explored. Diap1 encodes an E3 subunit, thus 

its function relies on the proteasome and could indicate that Rpn11 and Rpt2 at least partially play a 

role in mtDNA regulation through their function in inhibiting programmed cell death. Programmed 

cell death is not thought to play a role in intergenerational mtDNA transmission in Drosophila but, in 

a population of mitotic cells, regulation of apoptosis in response to changing metabolic conditions 

could feasibly aid the maintenance of healthy mtDNA, particularly given the key role of mitochondria 

in regulating apoptosis.  

Knockdown of a nuclear-encoded unit of Complex IV, COX5A, dramatically decreased the proportion 

of detrimental mtDNA in cell culture. Whilst I have not identified the molecular mechanism by which 

COX5A acts in the regulation of heteroplasmy dynamics, I speculate that it is linked to dysfunction of 

the ETC leading to a decrease in ATP levels (and increase in AMP levels), which is exacerbated by 

the ts mutation. This could be demonstrated by expressing the protein alternative oxidase (AOX) in 

COX5A dsRNA-treated cells to bypass the ts mutation on the ETC and partially restore ATP levels 

and observing whether the extent of purifying selection is reduced. Cellular responses to increased 

AMP levels could be via p53 which promotes the transcription of the tumour suppressor gene ago, 

which in turn targets cycE protein for degradation, preventing the progression of the cell cycle 

(Mandal et al., 2010). In this model, cells with higher ts mtDNA levels, and thus impacted OXPHOS, 

will undergo mitosis less frequently than cells with lower levels. In this way, proliferating cells could 
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limit detrimental levels of selfish mtDNA from accumulating. I did not find any single ubiquitin-

related or autophagy-related gene to have such a great effect on the heteroplasmic ratio, thus I 

hypothesise that the underlying mechanism of this heteroplasmy regulation consists of multiple 

independent pathways.   

ago RNAi-mediated knockdown mildly decreases the ts mtDNA level, but since COX5A loss of 

function is reported to promote the upregulation of ago, these results appear inconsistent. It would be 

important to measure ago mRNA levels in COX5A dsRNA treated cells. These results could suggest 

that ago regulates multiple balancing pathways related to mtDNA dynamics. For instance, in humans, 

the ago orthologue FBXW7 negatively regulates an anti-apoptotic Bcl-2 family protein, so it would be 

interesting to investigate whether ago has a comparable function in Drosophila through anti-apoptotic 

Buffy (Quinn et al., 2003). Overexpression of Buffy rescued the Pink1 mutant phenotype in 

Drosophila muscles, including the recovery of mtDNA levels and ATP levels (Park et al., 2006). It 

would be interesting to repeat this study in the heteroplasmic fly model to determine whether a change 

in heteroplasmy levels is involved here. An attractive hypothesis is that in proliferating cells, 

mitochondria with OXPHOS defects signal both for cell cycle suspension and for their selective 

degradation to enact purifying selection against deleterious mtDNA at multiple levels. Preventing cell 

division would be required to allow time for the cell to act on deleterious mtDNA before it is 

transmitted to daughter cells. There is close cross-talk between the mitochondria and nucleus, and a 

mechanism such as this would further highlight the ability of the nuclear genome to adapt to and 

modify the levels of mtDNA variants.  

Mitophagy is the main pathway for mitochondrial turnover so I expected to identify autophagy-related 

genes as regulators of heteroplasmy dynamics in cell culture (for instance, Atg1, Atg5, Atg6, Atg7, 

Atg8a, Atg13 Atg18, Tor, or park), but the RNAi screen did not identify any autophagy-specific 

genes. There could be multiple reasons for this, such as that in the cell culture system with high levels 

of nutrient availability, the ubiquitin-proteasome system might be sufficient for regulating mtDNA 

dynamics. Alternatively, the ubiquitin-proteasome system may be upregulated by dysfunction of the 

autophagy-lysosome system to compensate. The observation that autophagy-related genes might not 

be essential for mtDNA selection in cell culture would be consistent with the studies that suggest 

mitophagy does not play a role in germline mtDNA selection (Zhang et al., 2019). Future 

investigations could try to understand whether mitochondrial-derived vesicles, which do not require 

the machinery of the autophagosome, are used to remove detrimental mtDNA (Sugiura et al., 2014). 

7.5 Several small molecules decrease the level of detrimental mtDNA 

mtDNA-associated mitochondrial diseases are often adult-onset, either as a result of somatic mtDNA 

mutations or an increase in inherited mutant mtDNA levels, and a key factor to disease appearance 
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and progression is the proportion of mutant mtDNA. This theoretically offers the opportunity to 

manipulate the heteroplasmic ratio during development for disease prevention and treatment. The 

mtDNA mutation used in this thesis is a ts mutation in Complex IV artificially isolated by the 

restriction enzyme selection method (Xu, DeLuca and O’Farrell, 2008); hence, it is not a model of a 

particular mtDNA-associated disease but rather a general model of heteroplasmy of a detrimental 

mtDNA variant. Here, I screened annotated small molecules and identified six that could decrease the 

ts mtDNA level without a large effect on cell growth. If these play a role in maintaining functional 

mtDNA levels for a range of mtDNA mutations, then their development could potentially be used for 

a broad range of mtDNA-associated mitochondrial diseases. This would be an alternative to proposed 

gene therapy approaches aimed at compensating for or reducing the proportion of deleterious mtDNA. 

One gene therapy approach to mtDNA disease involves engineering a nuclear version of a 

mitochondrial gene with a mitochondrial targeting sequence to compensate for the mtDNA mutation. 

Another approach, mtDNA removal by endonucleases, has been suggested as a promising therapeutic 

method, but it relies on the presence of a suitable restriction site by the mtDNA mutation. Lack of 

efficient delivery methods limits the potential of gene therapy, particularly because delivery would 

often be required to multiple organs since mitochondrial diseases can affect many organs (Slone and 

Huang, 2020). In contrast, pharmaceutical therapies could instead repurpose drugs already in use as a 

much easier method, manipulating the powerful nuclear regulatory mechanisms to alter mtDNA 

levels. The next step, testing the identified compounds in human heteroplasmic primary cell culture, 

will be vital for determining their relevance to drug development.  

Small molecules give a pleiotropic effect, which could help manipulate heteroplasmy by affecting 

multiple pathways, but it makes understanding their mechanism of action more difficult. Comparison 

of the small molecule screen and RNAi screen results highlights certain genes for follow-up studies to 

aid our understanding of the underlying mechanism. For instance, the anti-cancer drug Venetoclax 

decreases ts mtDNA levels and inhibits the anti-apoptotic mammalian protein Bcl-2, which physically 

interacts with COX5A in mammalian cell culture to regulate metabolism, providing an interesting link 

between the results of the RNAi and compound screens (Chen and Pervaiz, 2009). CHIR-99021 

decreases ts mtDNA levels and inhibits GSK3, which is required for FBXW7-mediated ubiquitination 

of SREBP, implicated in mitophagy (Ivatt et al., 2014). These are simple observations that require 

detailed characterisation to understand whether the small molecules and RNAi treatments act on the 

same pathways.  

7.6 Limitations of This Thesis Work 

The first limitation of this thesis work is that I only tested one specific case of heteroplasmy. 

However, the mechanisms of selection that have been suggested so far appear unlikely to be due to 
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the specific ETC mutation but rather to a decrease in OXPHOS function, which suggests that this 

heteroplasmic model can inform us about a more general system of mtDNA selection. Future work 

could resequence the mtDNA to confirm that there have been no further mtDNA mutations in the cell 

lines cosegregating with the ts mtDNA, which could change the interpretation of these results.  

Limitations of the cell culture model include the general disadvantages of working in vitro, such as 

the effect of growth in stiff flasks without the surrounding extracellular matrix. They also involve the 

problems of growth in culture media, especially the effect of hyperglycemia, which results in a 

different metabolic profile and could impact these findings. The distance between in vivo and in vitro 

was highlighted by a study of mouse hepatocytes that found opposite outcomes of mtDNA selection 

in the two models (Battersby and Shoubridge, 2001). Important genes in vivo could be overlooked by 

the screen if their regulatory role is stimulated by a change in environmental conditions. The 

generation of the cell lines itself creates genetic changes that remove them from in vivo cells. In 

addition, the heteroplasmic cell lines represent a mitotic model, able to provide information about 

mtDNA selection during somatic cell division, but postmitotic tissues such as the brain and muscles 

are commonly the worst affected by mtDNA-associated diseases. These limitations may mean that my 

findings are specific to certain conditions, but recent investigations by the Ma group seem to confirm 

that at least Uba4, ago and Rpn11 have a similar effect on the heteroplasmic ratio in vivo as in cell 

culture, which is a promising sign of the applicability of these results.  

Another limitation of this research might include its focused ubiquitin-related and autophagy-related 

RNAi screens, which biased my work towards these mechanisms, and indeed, the follow-up studies of 

E3 ubiquitin ligases is complicated by their range of target proteins. Thus, a whole-genome RNAi 

screen is being pursued by the Ma lab. However, in the timeframe of this project, the focused screens 

enabled genes to be targeted multiple times which is especially helpful for detecting changes in 

heteroplasmy levels in a population of cells with a fair amount of natural variation in heteroplasmy 

levels, and when detection methods introduce some error. One general point of caution in interpreting 

the results of the screens is the effect of synthetic lethality, meaning the combination of high levels of 

ts mutation and knockdown of a target gene leading to cell death. Low Z-scores could be the result of 

synthetic lethality when a gene important to keep cells alive in an unhealthy heteroplasmic state is 

knocked down. Whilst knowledge of these genes is informative, these genes themselves do not 

directly regulate heteroplasmy dynamics. Another issue arises when the heteroplasmy level is in flux, 

creating the possibility of cell growth differences affecting the rate of change in the heteroplasmy 

level. This problem can be overcome by testing in multiple cell lines with different dynamics, since if 

the direction of the effect of gene knockdown is consistent, it proves it to be independent of this 

factor.  
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7.7 Future Directions 

Much of our knowledge of mtDNA selection comes from Drosophila models, and I believe that future 

use of this cell culture model system will accelerate our discovery of mtDNA selection mechanisms. 

Confirmation of the physiological relevance of these findings is highly important for validating this 

method of investigating mtDNA dynamics. Testing gene knockdown in primary cells from patients, 

cybrid cells, heteroplasmic mouse models or C. elegans models will help determine the level of 

evolutionary conservation. Assuming the relevance of these findings, the in vitro model is highly 

suited for unravelling the underlying mechanisms, such as through biochemical studies of protein-

protein interactions, mitochondrial activity assays, and imaging of mitochondrial morphology in 

response to candidate gene RNAi. Accurate measurement of total mtDNA copy number in small 

volumes of cell culture is difficult but would also be important for understanding how regulatory 

genes change the proportion of mtDNA variants and could be performed by simply testing RNAi on 

greater cell numbers. I have identified a large number of candidate genes from the RNAi screens that 

could be tested in the future to identify further components of the system governing mtDNA dynamics 

and provide a more complete picture of the regulatory mechanisms. Many of these genes seem highly 

interesting and were only not tested here due to time constraints. Ultimately, an unbiased, whole-

genome RNAi screen, replicated in multiple heteroplasmic cell lines, would be valuable for 

identifying further nuclear factors underlying the regulatory mechanisms.  
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9 APPENDIX – SUPPLEMENTARY TABLES 

Table 9-1: Primer sequences  

 Target Forward primer Reverse primer 

A- Primers used 

to confirm 

the 

generation of 

CRISPR-

Cas9 mutant 

flies 

PolG2 ATGAGTCGCATACAACGATGC

TT 

TTAGTTTTTAAATATATTTAAT

AAATAGTCCGGTACATCGC 

GatC  ATGTTGCGTCTGTTCAGCAG TCATTGCTCCAGCGGAATGTTG 

mtDNA-helicase CGATATCGATAACATGGAAAA

TGAGACGCG 

GCGTTTCAATGTTCTGTGTGGC 

PolG2-EGFP, 

PolG2-FLAG 

GTGGAATTGCCTGTGTGG TGACCTGCAACCTTCTCT 

B- PolG2-EGFP 

pUC19 

construct 

primers 

Left homology 

arm 

GAGCTCGGTACCCGGGGATCA

AGGCCACTAAATTGGACTTC 

CACCATGTTTTTAAATATATTT

AATAAATAGTCCGGTACATCGC 

GFP ATATATTTAAAAACATGGTGA

GCAAGGGCGAGGA 

TTTTTTACTTGTACAGCTCGTCC

ATGC 

Right homology 

arm 

CGAGCTGTACAAGTAAAAAAA

ACAACCAGGGGCTACATAAAG 

CAGGTCGACTCTAGAGGATCCT

TTTGAAAGCCCGTTTAAATAAC 

C- PolG2 -

FLAG 

pUC19 

construct 

primers 

Left homology 

arm 

GAGCTCGGTACCCGGGATCAA

GGCCACTAAATTGGACTTC 

GTTTTTAAATATATTTAATAAA

TAGTGCGGTACGTCGCTTATGT

G 

FLAG TATTAAATATATTTAAAAACG

GTGGTAGCGACTACAAAGACC

ATGACGG 

GCCCCTCCTTGTTTTTTTTAGGA

CCGGTGCTTGTC 

Right homology 

arm 

TAAAAAAAACAAGGAGGGGC

TACATAAAGTCGCAGAGATAT

TGGC 

CAGGTCGACTCTAGAGGATCCT

TTTGAAAGCCCGTTTAAATAAC 

D- SYBR green 

qPCR 

primers 

Common to D. 

yakuba and D. 

melanogaster 

CTTTTAATGGTTAAATTCCATT

TATA 

TTATTATTACAATGAAAATGTA

AGGT 

Specific to D. 

yakuba 

AAATCATATTGAACCTAAAAA

TAATG  

ATTCTTTGAATAAATCTCTATT

AAAT 

E- Primers for 

RT-qPCR 

PolG1 TGGAGGACAGGGCCTACAGC TCTTCCAGGCGATTGAACATG 

pbl GCCGTACTGATGCGGACAAAC GAAAGCACGACCCACCTTGAG 

CG1913: Alpha-

tubulin at 84B 

TGTCGCGTGTGAAACACTTC AGCAGGCGTTTCCAATCTG 

CG15693: 

Ribosomal Protein 

S20 

TGTGGTGAGGGTTCCAAGAC GACGATCTCAGAGGGCGAGT 

CG1873: 

Elongation Factor 

1 alpha100 

GCGTGGGTTTGTGATCAGTT GATCTTCTCCTTGCCCATCC 
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Table 9-2: Deficiency lines tested in detailed deficiency screen 

Identified 

deficiency 

lines 

BDSC 

Stock 

Number 

Genotype 

BSC480 24984 w[1118]; Df(2L)BSC480/SM6a 

Exel7007 7778 w[1118]; Df(2L)Exel7007/CyO 

Exel6008 7494 w[1118]; Df(2L)Exel6008, P{w[+mC]=XP-U}Exel6008/CyO 

ED206 8038 w[1118]; Df(2L)ED206, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED206/SM6a 

ED4559 24121 w[1118]; Df(2L)ED4559, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED4559/SM6a 

ED284 8040 w[1118]; Df(2L)ED284, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED284/SM6a 

ED6569 8940 w[1118]; Df(2L)ED6569, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED6569/SM6a 

Exel7029 7802 w[1118]; Df(2L)Exel7029/CyO 

BSC324 24349 w[1118]; Df(2L)BSC324/CyO 

BSC191 9618 w[1118]; Df(2L)BSC191/CyO 

ED578 24131 w[1118]; Df(2L)ED578, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED578/SM6a 

BSC200 9627 w[1118]; Df(2L)BSC200/CyO 

ED623 8930 w[1118]; Df(2L)ED623, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED623/SM6a 

Exel7039 7810 w[1118]; Df(2L)Exel7039/CyO 

Exel7040 7811 w[1118]; Df(2L)Exel7040/CyO 

Exel6041 7523 w[1118]; Df(2L)Exel6041, P{w[+mC]=XP-U}Exel6041/CyO 

ED1618 8939 w[1118]; Df(2R)ED1618, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED1618/SM6a 

BSC263 23162 w[1118]; Df(2R)BSC263/CyO 

Exel6054 7536 w[1118]; Df(2R)Exel6054, P{w[+mC]=XP-U}Exel6054/CyO 

BSC265 23164 w[1118]; Df(2R)BSC265/CyO 

Exel6053 7535 w[1118]; Df(2R)Exel6053, P{w[+mC]=XP-U}Exel6053/CyO 

ED1735 9275 w[1118]; Df(2R)ED1735, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED1735/SM6a 

BSC268 26501 w[1118]; Df(2R)BSC268/CyO 

BSC271 23167 w[1118]; Df(2R)BSC271/CyO 

BSC279 23664 w[1118]; Df(2R)BSC279/CyO 

ED2098 9277 w[1118]; Df(2R)ED2098, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED2098/SM6a 

BSC639 25729 w[1118]; Df(2R)BSC639/CyO 

Exel7121 7869 w[1118]; Df(2R)Exel7121/CyO 

BSC878 30583 w[1118]; Df(2R)BSC878/SM6a 

BSC401 24425 w[1118]; Df(2R)BSC401/CyO 

Exel7128 7873 w[1118]; Df(2R)Exel7128/CyO 

BSC668 26520 w[1118]; Df(2R)BSC668/CyO 

BSC858 27928 w[1118]; Df(2R)BSC858, P+PBac{w[+mC]=XP3.WH3}BSC858/SM6a 

BSC330 24355 w[1118]; Df(2R)BSC330/CyO 

BSC429 24933 w[1118]; Df(2R)BSC429/CyO 

Exel7138 7883 w[1118]; Df(2R)Exel7138/CyO 

Exel6063 7545 w[1118]; Df(2R)Exel6063, P{w[+mC]=XP-U}Exel6063/CyO 

Exel7142 7886 w[1118]; Df(2R)Exel7142/CyO 

14F06Y-28 6781 y[1] w[67c23]; Df(2R)14F06Y-28/SM6a 

Exel6076 7556 w[1118]; Df(2R)Exel6076, P{w[+mC]=XP-U}Exel6076/CyO 

BSC360 24384 w[1118]; Df(2R)BSC360/CyO 

01D01Y-R21 6859 y[1] w[67c23]; Df(2R)01D01Y-R21/SM6a 

ED3952 9223 w[1118]; Df(2R)ED3952, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED3952/SM6a 

BSC698 26550 w[1118]; Df(2R)BSC698, P+PBac{w[+mC]=XP3.WH3}BSC698/SM6a 

BSC605 25438 w[1118]; Df(2R)BSC605/SM6a 

ED334 9343 w[1118]; Df(2L)ED334, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED334/SM6a 

ED1612 8045 w[1118]; Df(2R)ED1612, P{w[+mW.Scer\FRT.hs3]=3'.RS5+3.3'}ED1612/SM6a 

BSC273 23169 w[1118]; Df(2R)BSC273/CyO 

 

http://flybase.org/reports/FBab0032037.html
http://flybase.org/reports/FBab0032921.html
http://flybase.org/reports/FBab0045040.html
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Table 9-3: RNA-Seq data longlist of differentially expressed genes 

   CPM values  
Name FlyBase ID 13.2 A1M.1 8.1 9M.3 

13.2 Fuca  FBgn0285958 681.7 0.2 0.0 0.4 

CG15818  FBgn0031910 653.9 0.2 5.1 0.3 

Glt FBgn0001114 652.0 10.3 6.8 10.8 

CG34331 FBgn0085360 638.8 5.9 24.4 0.1 

Hml FBgn0029167 533.4 15.7 3.6 8.5 

NimB5 FBgn0028936 376.5 74.0 30.8 41.1 

CG34437 FBgn0085466 366.8 15.7 14.1 2.5 

regucalcin  FBgn0030362 342.5 8.3 10.1 18.0 

Pxn FBgn0011828 270.8 12.7 1.5 39.5 

Ance-5  FBgn0035076 253.6 1.7 6.5 5.2 

IM18  FBgn0067903 220.2 0.0 0.0 0.2 

lncRNA:roX1  FBgn0019661 169.9 2.7 7.5 65.2 

NimB4  FBgn0028542 144.1 19.7 6.0 5.4 

PPO2  FBgn0033367 125.6 0.3 1.9 0.7 

CG18301  FBgn0032265 116.6 0.0 0.5 0.3 

Patsas  FBgn0029137 85.9 1.5 1.8 2.1 

NtR  FBgn0029147 84.5 2.0 14.8 6.6 

CG34330  FBgn0085359 77.4 1.9 8.7 1.3 

yin  FBgn0265575 74.5 0.1 0.0 0.6 

CG43799  FBgn0264343 73.1 1.1 0.0 0.0 

Had2  FBgn0033949 70.2 0.3 3.6 0.2 

CG9452  FBgn0036877 65.4 0.1 0.0 0.3 

CG9837  FBgn0037635 63.9 1.0 0.5 1.4 

CG2930  FBgn0028491 57.6 1.4 0.1 0.7 

Pura  FBgn0035802 53.3 1.4 0.5 2.5 

CG8519  FBgn0035711 48.9 0.0 0.6 1.0 

obst-H  FBgn0053983 37.3 0.0 0.7 0.6 

CG16739  FBgn0034505 30.9 0.0 0.0 0.0 

Ilp5  FBgn0044048 29.8 0.0 0.7 0.0 

CG30280  FBgn0050280 27.2 0.4 0.0 0.4 

PPO1  FBgn0283437 26.3 0.3 0.3 0.1 

CG30281  FBgn0050281 23.9 0.0 1.0 0.9 

A1M.1 Gadd45 FBgn0033153 86.7 383.1 166.4 115.5 

ple FBgn0005626 0.4 140.6 2.5 0.6 

Gclm FBgn0046114 35.4 127.5 34.9 75.2 

kcc FBgn0261794 46.4 124.5 66.1 58.1 

CG13566 FBgn0034942 0.0 124.0 0.0 0.0 

Duox FBgn0283531 1.1 117.5 3.0 15.7 

CG3819 FBgn0036833 0.0 117.1 0.0 0.1 

cac FBgn0263111 1.8 115.8 1.9 5.0 

lncRNA:CR43771 FBgn0264271 0.0 104.0 0.3 0.3 

Dscam1 FBgn0033159 4.4 98.1 2.3 2.2 

CG7378 FBgn0030976 0.0 97.7 0.0 0.1 

CG44836 FBgn0266099 0.1 92.7 0.8 0.4 

Tg FBgn0031975 0.1 92.5 0.3 0.9 

CG30427 FBgn0043792 0.0 92.0 0.0 0.0 

SP1173 FBgn0035710 4.4 91.8 3.8 17.3 

CG14196 FBgn0031002 1.5 91.6 9.0 4.2 

vri FBgn0016076 25.8 86.6 41.5 16.7 

CG31109 FBgn0051109 10.0 84.8 12.2 10.9 

santa-maria FBgn0025697 0.3 84.0 0.3 0.1 

CG17189 FBgn0039485 3.2 83.7 1.1 3.6 

w FBgn0003996 0.0 79.9 0.0 0.0 

jbug FBgn0028371 0.0 72.3 0.0 0.3 

Rchy1 FBgn0031816 2.7 71.3 3.5 6.7 

CG9170 FBgn0030716 5.4 66.5 14.6 13.9 

Tep2 FBgn0041182 9.8 64.8 9.9 4.6 

Zir FBgn0031216 8.8 60.5 11.9 7.2 

CG30431 FBgn0050431 0.3 58.6 1.5 0.7 
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CG14195 FBgn0030998 0.2 57.7 0.0 0.0 

y FBgn0004034 5.6 56.2 5.5 4.3 

Fam92 FBgn0032428 0.6 55.4 3.2 1.3 

CG12035 FBgn0035263 2.0 54.6 0.9 0.9 

CG2003 FBgn0039886 4.9 51.1 1.0 2.8 

CG34138 FBgn0083974 5.9 45.7 0.0 0.5 

CG17375 FBgn0031861 0.0 44.3 0.0 0.0 

CG31313 FBgn0051313 0.0 42.4 1.1 5.5 

CG8026 FBgn0033391 5.9 40.6 11.0 7.9 

CG3246 FBgn0031538 2.1 40.1 0.0 0.7 

axed FBgn0035708 2.6 35.6 0.5 0.8 

CG43389 FBgn0263246 0.3 33.1 0.0 0.3 

CG42372 FBgn0259718 0.0 32.9 0.0 1.6 

CG34215 FBgn0085244 0.5 32.1 20.6 0.0 

CG45064 FBgn0266434 0.1 32.1 0.0 0.1 

Drip FBgn0015872 0.0 31.3 0.8 4.2 

CG12560 FBgn0031974 1.3 30.3 5.6 1.1 

Cht7 FBgn0035398 0.1 29.5 0.1 0.0 

Shab FBgn0262593 0.0 27.6 0.2 0.1 

esn FBgn0263934 0.0 26.8 0.3 0.2 

8.1 

 

28SrRNA-

Psi:CR41609  

FBgn0085819 2.4 3.9 1403.2 2.5 

18SrRNA-

Psi:CR45861  

FBgn0267521 3.9 6.7 1065.2 4.1 

28SrRNA-

Psi:CR45860  

FBgn0267520 0.6 0.9 746.1 0.7 

5.8SrRNA:CR40454  FBgn0250731 1.1 9.1 335.9 0.4 

28SrRNA-

Psi:CR45862  

FBgn0267522 2.3 2.3 304.9 1.5 

GlyP  FBgn0004507 37.9 38.8 235.2 25.8 

CG1494  FBgn0031169 18.2 102.8 220.3 8.3 

Dic61B  FBgn0263988 0.3 2.1 216.4 2.5 

CG7227  FBgn0031970 5.7 11.5 205.5 5.3 

CG46339  FBgn0285963 2.7 15.0 190.1 2.1 

ewg  FBgn0005427 15.7 10.9 184.7 11.7 

lncRNA:CR43151  FBgn0262681 0.0 0.5 178.7 1.0 

lncRNA:CR44161  FBgn0265044 0.4 1.8 166.3 12.6 

lncRNA:CR44714  FBgn0265925 0.3 0.3 159.7 0.5 

CG42502  FBgn0260228 3.5 57.0 150.8 4.0 

CG6040  FBgn0038679 0.8 3.7 143.0 1.0 

7SLRNA:CR42652  FBgn0261504 5.0 2.5 142.2 7.2 

CG4627  FBgn0033808 7.1 6.1 140.4 10.2 

CG31446  FBgn0051446 0.0 0.0 139.5 0.0 

CG14367  FBgn0038170 0.6 0.5 137.2 0.2 

spirit  FBgn0030051 0.0 0.1 136.6 0.8 

CG11241  FBgn0037186 0.8 2.9 133.3 0.9 

stl  FBgn0086408 0.0 0.0 126.5 0.7 

Ir92a  FBgn0038789 0.0 0.0 105.6 0.0 

Cpr11B  FBgn0030398 0.0 0.0 103.4 0.0 

chk  FBgn0033095 7.7 2.7 93.6 9.7 

snRNA:7SK  FBgn0065099 4.9 12.1 87.6 13.5 

CG15153  FBgn0032663 0.0 0.0 85.0 0.0 

CG15236  FBgn0033108 0.4 1.7 84.5 0.1 

neb  FBgn0004374 17.8 7.9 77.4 8.3 

CG32687  FBgn0052687 2.3 1.3 74.5 1.7 

TwdlC  FBgn0039469 0.0 0.0 71.7 0.0 

CG8958  FBgn0030725 1.5 0.3 67.6 0.3 

Dtg  FBgn0038071 0.3 0.0 66.7 10.1 

CG11453  FBgn0038734 0.5 0.1 66.2 0.0 

hwt  FBgn0264542 2.4 6.4 65.6 2.3 

CG13315  FBgn0040827 1.4 0.2 65.4 0.2 

Tim17b1  FBgn0037310 0.0 1.1 61.6 0.0 

lncRNA:CR45404  FBgn0266953 0.7 0.5 56.0 0.7 

CG43867  FBgn0264449 2.3 3.6 55.5 18.6 
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Sox15  FBgn0005613 0.2 0.0 54.6 0.0 

CG6034  FBgn0036750 0.1 0.0 52.5 0.1 

CG15414  FBgn0031542 0.0 0.2 49.1 0.1 

Stacl  FBgn0263980 0.1 0.5 45.3 0.3 

geko  FBgn0020300 0.0 0.3 42.0 0.3 

Tusp  FBgn0039530 0.0 0.2 40.8 0.3 

Alp5  FBgn0038845 0.0 0.0 39.7 0.0 

CG17104  FBgn0040496 0.5 0.8 39.5 1.1 

Cow  FBgn0039054 0.0 1.4 37.0 2.9 

Cpr31A  FBgn0053302 0.0 2.9 36.5 0.4 

CG31076  FBgn0051076 0.0 0.0 35.4 0.0 

CG12116  FBgn0030041 0.1 6.2 32.0 0.4 

CG43689  FBgn0263772 0.8 0.2 31.7 0.9 

Shawl  FBgn0085395 0.0 0.1 31.1 0.1 

Glut1  FBgn0264574 0.0 0.1 29.8 0.3 

Slc25A46b  FBgn0032664 0.0 0.0 29.8 0.0 

9M.3 mt:CoIII  FBgn0013676 391.9 1535.1 348.8 2046.1 

mt:CoII  FBgn0013675 104.4 756.3 146.4 1160.1 

lncRNA:noe  FBgn0026197 6.5 27.9 7.3 410.3 

mt:ND3  FBgn0013681 13.2 110.8 16.8 305.3 

Cht2  FBgn0022702 83.5 57.4 6.4 266.4 

dpr17  FBgn0051361 8.0 42.7 3.9 233.8 

Ugt36E1  FBgn0027070 0.0 0.4 0.8 146.3 

CG12256  FBgn0038002 5.5 27.9 16.5 143.3 

Obp44a  FBgn0033268 6.2 15.2 38.8 128.6 

pirk  FBgn0034647 2.4 6.6 10.4 126.5 

Tip60  FBgn0026080 14.3 28.8 16.3 117.7 

G9a  FBgn0040372 14.4 22.7 53.7 104.1 

CG42319  FBgn0259219 19.4 0.1 23.1 103.2 

CG10508  FBgn0037060 0.1 0.3 0.0 89.5 

CG14218  FBgn0031031 1.1 0.0 0.0 86.6 

CG12374  FBgn0033774 0.0 0.3 0.0 81.8 

KaiR1D  FBgn0038837 0.1 0.3 0.4 76.5 

CG14204  FBgn0031032 0.1 0.1 0.0 62.9 

MnM  FBgn0035410 1.0 0.9 6.1 55.6 

CG11893  FBgn0039316 0.8 3.6 1.7 50.9 

CG13928  FBgn0035246 0.4 0.6 8.6 50.1 

CG6426  FBgn0034162 1.5 0.0 2.1 47.5 

GluClalpha  FBgn0024963 0.0 0.9 0.4 46.9 

MsR1  FBgn0035331 0.0 0.0 0.0 46.6 

CG10104  FBgn0033933 0.0 0.0 0.0 45.3 

lncRNA:CR46123  FBgn0267798 2.3 0.6 0.6 43.9 

tio  FBgn0028979 1.6 0.7 0.8 41.1 

lncRNA:CR44222  FBgn0265153 0.3 0.2 0.3 40.6 

CG15545  FBgn0039806 0.0 0.2 0.4 40.4 

Hsp67Bc  FBgn0001229 1.0 1.7 1.0 38.4 

toy  FBgn0019650 1.6 2.4 0.6 36.1 

GstE3  FBgn0063497 5.2 1.2 1.3 33.4 

CG8861  FBgn0037676 0.0 0.1 0.0 33.0 

CG4440  FBgn0040984 0.0 0.0 0.0 32.5 

Boot  FBgn0033374 0.8 0.0 2.8 27.9 

CG6888  FBgn0036490 0.0 0.1 0.2 26.6 

CG13244  FBgn0032577 1.4 0.7 1.5 26.5 

CG44153  FBgn0265002 0.3 0.8 11.4 23.8 

CG14383  FBgn0038102 0.5 1.7 1.0 23.1 

Reg-2  FBgn0016715 0.0 0.0 0.0 22.1 
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Table 9-4: Autophagy-related genes RNAi screen results 

Autophagy-related gene Flybase ID 
Average 

Z-score 
14-3-3epsilon FBgn0020238 -0.27 

Aats-thr FBgn0027081 0.14 

Aats-val FBgn0027079 0.50 

ACC FBgn0033246 -0.10 

ade2 FBgn0000052 0.28 

alc FBgn0260972 -0.27 

Aldh FBgn0012036 -0.26 

alphaCop FBgn0025725 0.07 

aPKC FBgn0261854 0.30 

asparagine-synthetase FBgn0041607 -0.57 

Atg1 FBgn0260945 0.16 

Atg12 FBgn0036255 0.49 

Atg13 FBgn0261108 -0.03 

Atg18 FBgn0035850 -0.10 

Atg2 FBgn0044452 0.32 

Atg4 FBgn0031298 -0.04 

Atg5 FBgn0029943 0.31 

Atg6 FBgn0010709 0.31 

Atg7 FBgn0034366 -0.06 

Atg8a FBgn0052672 0.27 

Atg8b FBgn0038539 -0.33 

Atg9 FBgn0034110 0.56 

Aut1 FBgn0036813 -0.33 

beta'Cop FBgn0025724 -0.12 

betaggt-I FBgn0015000 -0.53 

betaggt-II FBgn0028970 0.00 

br FBgn0000210 -0.54 

Buffy FBgn0040491 -0.65 

bur FBgn0000239 -0.03 

Caf1 FBgn0015610 0.33 

Cam FBgn0000253 -0.09 

Cap FBgn0015615 -0.14 

car FBgn0000257 0.22 

Cctgamma FBgn0015019 -0.24 

Cdc37 FBgn0011573 -0.32 

CG10253 FBgn0033983 0.28 

CG10426 FBgn0036273 -0.11 

CG12360 FBgn0038111 0.88 

CG12703 FBgn0031069 -0.36 

CG12795 FBgn0031535 -0.13 

CG1347 FBgn0037363 -0.21 

CG14476 FBgn0027588 -0.16 

CG14508 FBgn0039651 -0.57 

CG17259 FBgn0031497 0.18 

CG1749 FBgn0030305 0.07 

CG17514 FBgn0039959 -0.11 

CG17698 FBgn0040056 0.17 

CG18324 FBgn0033905 -0.98 

CG3004 FBgn0030142 0.28 

CG31033 FBgn0039705 -0.16 

CG31048 FBgn0051048 -0.41 

CG31251 FBgn0051251 0.36 

CG31855 FBgn0051855 -0.03 

CG32226 FBgn0052226 -0.44 

CG33123 FBgn0053123 0.02 

CG33214 FBgn0053214 0.18 

CG3573 FBgn0023508 -0.35 

CG3590 FBgn0038467 -0.47 

CG3803 FBgn0034938 -0.55 
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CG41099 FBgn0039955 -0.42 

CG42233 FBgn0250755 -0.33 

CG42668 FBgn0261550 -0.43 

CG4332 FBgn0030456 -0.14 

CG4389 FBgn0028479 -0.89 

CG4572 FBgn0038738 0.16 

CG4769 FBgn0035600 0.21 

CG5103 FBgn0036784 -0.16 

CG5366 FBgn0027568 0.26 

CG5660 FBgn0035942 -0.33 

CG5706 FBgn0039175 -0.50 

CG6116 FBgn0032499 0.65 

CG6512 FBgn0036702 -0.25 

CG6724 FBgn0032298 0.26 

CG6776 FBgn0035904 -0.13 

CG6904 FBgn0038293 0.04 

CG7033 FBgn0030086 0.14 

CG7053 FBgn0030960 0.75 

CG7112 FBgn0035879 0.30 

CG8036 FBgn0037607 -0.22 

CG8417 FBgn0037744 -1.41 

CG8475 FBgn0031995 0.12 

CG8678 FBgn0032935 -0.20 

CG8798 FBgn0036892 0.40 

CG8858 FBgn0033698 0.42 

CG9485 FBgn0034618 0.15 

CG9784 FBgn0030761 -0.10 

Chc FBgn0000319 -1.02 

cher FBgn0014141 0.45 

Ciao1 FBgn0033972 -0.47 

cln3 FBgn0036756 -0.41 

comt FBgn0000346 -0.44 

Cul-2 FBgn0032956 0.30 

Cul-3 FBgn0261268 0.24 

DIP2 FBgn0024806 0.23 

dre4 FBgn0002183 0.28 

EcR FBgn0000546 0.62 

eIF3-S10 FBgn0037249 0.09 

Eip74EF FBgn0000567 -0.54 

Eip93F FBgn0013948 0.10 

Elf FBgn0020443 0.04 

emb FBgn0020497 -0.01 

endoB FBgn0034433 0.20 

esn FBgn0028642 -0.03 

FANCI FBgn0033354 -0.08 

foxo FBgn0038197 -0.11 

galectin FBgn0031213 -0.40 

Galpha49B FBgn0004435 -0.35 

garz FBgn0033714 0.06 

Gfat1 FBgn0027341 0.36 

Gfat2 FBgn0039580 0.43 

Ggamma1 FBgn0004921 0.70 

Ggamma30A FBgn0028433 0.20 

G-ialpha65A FBgn0001104 0.18 

gish FBgn0250823 -0.03 

G-oalpha47A FBgn0001122 -0.22 

Gos28 FBgn0044871 -0.08 

Gp93 FBgn0039562 0.37 

grp FBgn0261278 -0.19 

Hel25E FBgn0014189 -0.20 

hpo FBgn0261456 0.03 

ik2 FBgn0086657 0.00 

ird1 FBgn0260935 0.45 

Khc FBgn0001308 -0.30 
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lea FBgn0002543 0.55 

lkb1 FBgn0038167 0.62 

mahj FBgn0034641 0.57 

mbc FBgn0015513 -0.20 

Mcm2 FBgn0014861 -0.23 

Mhc FBgn0086783 -0.47 

Mpk2 FBgn0015765 -0.18 

Mtl FBgn0039532 -0.50 

mtRNApol FBgn0261938 -0.09 

MYPT-75D FBgn0036801 -0.66 

Nat1 FBgn0031020 0.14 

Nedd4 FBgn0259174 0.17 

Nek2 FBgn0029970 0.09 

niki FBgn0045980 -0.37 

Nipsnap FBgn0030724 -0.18 

Nsf2 FBgn0013998 0.54 

nudC FBgn0021768 -0.88 

Nup154 FBgn0021761 -0.68 

Nup44A FBgn0033247 0.50 

Parp FBgn0010247 -0.05 

Pde11 FBgn0085370 -0.36 

Pde6 FBgn0038237 0.35 

Pdk1 FBgn0020386 0.60 

Pfk FBgn0003071 -0.89 

Pgk FBgn0250906 -0.26 

Pgm FBgn0003076 -0.69 

Pi3K59F FBgn0015277 0.18 

Pi3K68D FBgn0015278 0.31 

Pi3K92E FBgn0015279 -0.27 

pic FBgn0260962 -0.42 

pk FBgn0003090 0.12 

Pk92B FBgn0014006 -0.38 

Plod FBgn0036147 -0.01 

polo FBgn0003124 -0.21 

Psa FBgn0261243 0.35 

Pten FBgn0026379 0.29 

Rab1 FBgn0016700 -0.32 

Rab14 FBgn0015791 0.18 

Rab2 FBgn0014009 0.15 

Rab3 FBgn0005586 0.09 

Rab6 FBgn0015797 -0.32 

Rab8 FBgn0262518 -0.35 

Rab9Fb FBgn0052670 -0.23 

Rala FBgn0015286 0.08 

Ras85D FBgn0003205 0.42 

Rho1 FBgn0014020 -0.31 

Rpn1 FBgn0028695 0.38 

Rpt1 FBgn0028687 -0.12 

Rpt2 FBgn0015282 0.62 

Rpt3 FBgn0028686 0.36 

Rpt3R FBgn0037742 -0.33 

Rpt6 FBgn0020369 -0.61 

Rpt6R FBgn0039788 -0.08 

S6k FBgn0015806 0.28 

Sas FBgn0038045 -0.14 

scf FBgn0025682 0.17 

sec23 FBgn0262125 -0.24 

Sec61alpha FBgn0086357 0.55 

sff FBgn0036544 0.39 

sgg FBgn0003371 -0.15 

shi FBgn0003392 -0.26 

sima FBgn0015542 -0.25 

Slh FBgn0015816 -0.46 

slim FBgn0261477 -0.09 
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SMC1 FBgn0040283 0.13 

Snap25 FBgn0011288 -0.51 

SNF1A FBgn0023169 -0.06 

SNF4Agamma FBgn0025803 0.09 

ste14 FBgn0036336 0.42 

Stlk FBgn0046692 -0.02 

synj FBgn0034691 -0.17 

Tao-1 FBgn0031030 -0.31 

Tcp-1eta FBgn0037632 0.25 

Thiolase FBgn0025352 -0.42 

Tor FBgn0021796 0.12 

trpml, CG42638 FBgn0262516, FBgn0261361 0.45 

Tudor-SN FBgn0035121 -0.47 

UBL3 FBgn0026076 -0.34 

Usp7 FBgn0030366 0.13 

Vang FBgn0015838 0.24 

Vps16A FBgn0261241 0.53 

wal FBgn0010516 -0.06 

whd FBgn0261862 0.29 

zip FBgn0005634 -0.20 

 

Table 9-5: Ubiquitin-related genes RNAi screen results 

Ubiquitin-related gene FlyBase ID 
Average 

Z-score 
ab FBgn0259750 0.10 

abba FBgn0034412 -0.34 

Acf1 FBgn0027620 0.01 

ago FBgn0041171 -2.15 

Alh FBgn0261238 -0.16 

Aos1 FBgn0029512 0.02 

Apc FBgn0015589 -1.13 

Apc10 FBgn0034231 0.78 

Apc2 FBgn0026598 -0.59 

APP-BP1 FBgn0261112 0.31 

ari-1 FBgn0017418 -0.92 

ari-2 FBgn0025186 0.34 

ash1 FBgn0005386 -0.04 

Atg12 FBgn0036255 0.05 

Atg5 FBgn0029943 -0.71 

Atg6 FBgn0010709 -0.34 

Atg7 FBgn0034366 -0.15 

Atg9 FBgn0034110 0.31 

Aut1 FBgn0036813 0.22 

bab1 FBgn0004870 0.01 

bab2 FBgn0025525 -0.05 

ben FBgn0000173 -0.05 

bip2 FBgn0026262 1.01 

bon FBgn0023097 -0.19 

bon, CG15923 FBgn0023097, FBgn0038814 0.80 

br FBgn0000210 0.18 

Br140 FBgn0033155 0.27 

Bre1 FBgn0086694 -0.47 

Bruce FBgn0037808 0.21 

BtbVII FBgn0263108 -0.46 

calypso FBgn0262166 -0.09 

casp FBgn0034068 0.35 

Cbl FBgn0020224 0.29 

cbx FBgn0011241 -0.40 

cdc23 FBgn0032863 0.99 

cdc23, CG31687 FBgn0032863, FBgn0051687 0.55 

CG10107 FBgn0035713 0.86 
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CG10254 FBgn0027512 -0.06 

CG10277 FBgn0037442 -0.69 

CG10440 FBgn0034636 0.55 

CG10465 FBgn0033017 -0.24 

CG10508 FBgn0037060 0.81 

CG10694 FBgn0039147 -1.92 

CG10752 FBgn0036325 -0.22 

CG10761 FBgn0030015 0.11 

CG10801 FBgn0029660 -0.12 

CG10830 FBgn0038839 -0.55 

CG10862 FBgn0035455 0.31 

CG10916 FBgn0034312 0.09 

CG10981 FBgn0037384 -0.71 

CG11023 FBgn0031208 0.15 

CG1103, CG9772 FBgn0037235, FBgn0037236 -0.90 

CG11044 FBgn0034484 0.52 

CG11261 FBgn0036332 -0.52 

CG11275 FBgn0034706 0.29 

CG11321 FBgn0031857 0.56 

CG11714, Fuca FBgn0036170, FBgn0036169 -0.80 

CG1172 FBgn0037321 -0.34 

CG11866 FBgn0033486 0.21 

CG11982 FBgn0037653 0.40 

CG12024 FBgn0035283 -0.47 

CG12082 FBgn0035402 -0.48 

CG12099 FBgn0035232 -0.30 

CG12236 FBgn0029822 -1.06 

CG12362 FBgn0036082 -0.79 

CG12402 FBgn0038202 -0.44 

CG12692 FBgn0029703 -0.35 

CG12717 FBgn0030420 0.21 

CG12725 FBgn0030483 0.06 

CG12821 FBgn0040780 1.16 

CG12857 FBgn0033963 0.16 

CG13025 FBgn0036660 -0.06 

CG13090 FBgn0032054 1.27 

CG1317 FBgn0035333 -0.37 

CG13343 FBgn0033882 -1.03 

CG13344 FBgn0033884 0.10 

CG13442 FBgn0034546 0.16 

CG13472 FBgn0036450 -0.59 

CG13604 FBgn0039137 0.23 

CG13605 FBgn0039150 -0.04 

CG13917 FBgn0035237 -0.58 

CG13933 FBgn0035270 0.29 

CG14260 FBgn0039504 -0.49 

CG14262 FBgn0039503 0.61 

CG14435 FBgn0029911 -0.59 

CG14619 FBgn0031187 -0.13 

CG14647 FBgn0037244 0.22 

CG14739 FBgn0037987 0.36 

CG14785 FBgn0027795 -0.54 

CG14937 FBgn0032377 -0.34 

CG1503 FBgn0031157 -0.78 

CG15047 FBgn0030938 0.12 

CG15097 FBgn0034396 -0.59 

CG15118 FBgn0034418 0.25 

CG15432, morgue FBgn0031603, FBgn0027609 0.05 

CG15439 FBgn0031606 0.46 

CG15445 FBgn0031161 0.12 

CG15725 FBgn0030417 0.80 

CG15814 FBgn0030873 0.29 

CG15817 FBgn0028476 -0.21 

CG16778 FBgn0003715 -0.51 
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CG16781 FBgn0029661 0.95 

CG16894 FBgn0034483 0.15 

CG16941 FBgn0038464 0.26 

CG16952 FBgn0030701 0.44 

CG17030 FBgn0035584 0.98 

CG17048 FBgn0033828 0.42 

CG17068 FBgn0031098 0.08 

CG17260 FBgn0031498 -0.06 

CG17331 FBgn0032596 1.22 

CG17440 FBgn0030120 -0.08 

CG17440, CG17446 FBgn0030120, FBgn0030121 -1.42 

CG17446 FBgn0030121 -1.59 

CG1749 FBgn0030305 -0.29 

CG17717 FBgn0029877 -0.87 

CG17721 FBgn0037885 0.98 

CG17754 FBgn0030114 0.34 

CG17991 FBgn0039498 -0.18 

CG1812 FBgn0031119 -0.46 

CG1826 FBgn0030228 -1.07 

CG1950 FBgn0030370 -0.51 

CG2010 FBgn0039667 0.02 

CG2224 FBgn0039773 0.10 

CG2247 FBgn0030320 0.49 

CG2574 FBgn0030386 0.38 

CG2662 FBgn0024993 -0.75 

CG2701 FBgn0024973 -0.61 

CG2924 FBgn0023528 0.44 

CG2926 FBgn0037344 0.08 

CG2991 FBgn0031474 -0.57 

CG3016 FBgn0029819 0.08 

CG30357 FBgn0050357 0.33 

CG30421 FBgn0050421 -0.61 

CG30466 FBgn0050466 0.00 

CG31528 FBgn0051528 -0.24 

CG31633 FBgn0051633 0.46 

CG31688, CG31687 FBgn0051688, FBgn0051687 0.20 

CG31742 FBgn0051742 -0.48 

CG32085 FBgn0052085 -0.08 

CG32110 FBgn0052110 -0.84 

CG32113 FBgn0052113 -0.46 

CG32121 FBgn0052121 0.26 

CG32221 FBgn0052221 -0.21 

CG3223 FBgn0037538 0.50 

CG32369 FBgn0052369 0.27 

CG32479 FBgn0052479 -0.44 

CG3251 FBgn0031622 -0.14 

CG32581, CG8974 FBgn0052581, FBgn0030693 -0.37 

CG32676 FBgn0052676 0.02 

CG32810 FBgn0025394 -0.53 

CG32847 FBgn0052847 -0.17 

CG32850 FBgn0052850 0.49 

CG33144 FBgn0053144 -0.13 

CG33223 FBgn0053223 -0.77 

CG33223, CG32713 FBgn0053223, FBgn0052713 -0.40 

CG33260, Trl FBgn0053260, FBgn0013263 -0.03 

CG33291 FBgn0053291 0.04 

CG33552 FBgn0053552 0.56 

CG3356 FBgn0034989 -0.20 

CG33722, CG18749 FBgn0064126, FBgn0042182 -0.42 

CG34261, park FBgn0085290, FBgn0041100 -0.44 

CG34376 FBgn0085405 -0.64 

CG3473 FBgn0028913 -0.62 

CG3711 FBgn0040344 0.03 

CG3726 FBgn0029824 0.04 
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CG3815 FBgn0029861 0.66 

CG3894 FBgn0035059 -0.50 

CG4080 FBgn0035983 0.10 

CG4165 FBgn0029763 0.45 

CG4221 FBgn0038385 0.05 

CG4238 FBgn0031384 0.25 

CG42574 FBgn0260794 -0.19 

CG42797 FBgn0261931 -0.10 

CG4325 FBgn0026878 0.08 

CG4502 FBgn0031896 0.57 

CG4603 FBgn0035593 -0.72 

CG4751 FBgn0032348 0.55 

CG4911 FBgn0035959 0.05 

CG4973 FBgn0038772 -0.84 

CG5003 FBgn0039554 0.14 

CG5071 FBgn0039347 -0.19 

CG5087 FBgn0035953 -0.05 

CG5111 FBgn0039343 -0.30 

CG5334 FBgn0030577 -0.17 

CG5347 FBgn0030578 0.25 

CG5357, skpF FBgn0034862, FBgn0034863 0.60 

CG5384 FBgn0032216 -1.10 

CG5440 FBgn0031331 -0.21 

CG5491 FBgn0039459 -1.26 

CG5555 FBgn0038686 0.08 

CG5591 FBgn0034926 -0.14 

CG5604 FBgn0032208 -0.55 

CG5794 FBgn0039214 -0.08 

CG5823 FBgn0038515 -0.70 

CG5961 FBgn0038056 1.30 

CG6091 FBgn0036180 0.15 

CG6118 FBgn0038339 0.11 

CG6412 FBgn0032646 -0.32 

CG6697 FBgn0027526 -0.33 

CG6752 FBgn0038296 0.71 

CG6758 FBgn0034704 0.14 

CG6765 FBgn0035903 0.34 

CG6792 FBgn0032401 -0.31 

CG6923 FBgn0037944 -0.28 

CG7023 FBgn0039025 -0.17 

CG7058 FBgn0030961 -0.28 

CG7102 FBgn0031961 0.28 

CG7148 FBgn0046301 -0.59 

CG7215, Prx5 FBgn0038571, FBgn0038570 0.15 

CG7220 FBgn0033544 -0.44 

CG7288 FBgn0030969 -0.34 

CG7375 FBgn0035853 0.59 

CG7376 FBgn0035689 -0.30 

CG7379 FBgn0038546 0.04 

CG7546 FBgn0035793 0.13 

CG7656 FBgn0036516 -0.40 

CG7694 FBgn0038627 0.62 

CG7707 FBgn0036703 -0.32 

CG7857 FBgn0026738 -0.19 

CG8042 FBgn0027554 -0.30 

CG8060 FBgn0034113 -0.64 

CG8184 FBgn0030674 -0.39 

CG8188 FBgn0030863 0.48 

CG8209 FBgn0035830 -0.96 

CG8232 FBgn0033352 -0.42 

CG8260 FBgn0030684 0.13 

CG8272 FBgn0033337 -0.83 

CG8334 FBgn0036913 -0.45 

CG8335 FBgn0033069 0.29 
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CG8494 FBgn0033916 -0.25 

CG8552 FBgn0031990 0.22 

CG8677 FBgn0026577 -0.18 

CG8677, CG31626 FBgn0026577, FBgn0051626 -0.99 

CG8786 FBgn0036897 0.45 

CG8830 FBgn0033738 -0.02 

CG8830, CG30051 FBgn0033738, FBgn0050051 -0.44 

CG8892 FBgn0031664 0.26 

CG8910 FBgn0025833 0.22 

CG8924 FBgn0030710 -1.23 

CG8974 FBgn0030693 1.48 

CG9003 FBgn0033639 -0.21 

CG9007 FBgn0036398 -0.84 

CG9014 FBgn0028847 -0.37 

CG9153 FBgn0035207 0.39 

CG9293 FBgn0032516 -0.83 

CG9316 FBgn0032878 -0.28 

CG9426 FBgn0032485 0.60 

CG9467 FBgn0037758 -0.26 

CG9602 FBgn0038175 -1.05 

CG9769 FBgn0037270 -0.56 

CG9772 FBgn0037236 0.25 

CG9855 FBgn0037242 -0.19 

CG9941 FBgn0030514 -0.77 

CG9970 FBgn0035380 0.17 

Chd3 FBgn0023395 -0.98 

chinmo FBgn0086758 0.09 

Cp190 FBgn0000283 0.54 

CG11700 FBgn0029856 2.14 

crl FBgn0015374 0.13 

CSN5 FBgn0027053 0.03 

CSN6 FBgn0028837 0.63 

Cul-2 FBgn0032956 -0.05 

Cul-3 FBgn0261268 -0.42 

Cul-4 FBgn0033260 0.14 

Cul-5 FBgn0039632 -0.34 

d4 FBgn0033015 0.20 

dbo FBgn0040230 -0.27 

Den1 FBgn0033716 -0.63 

dx FBgn0000524 -0.31 

E(bx) FBgn0000541 -0.91 

e(y)3 FBgn0087008 0.73 

ec FBgn0000542 -0.20 

eff FBgn0011217 0.40 

eIF-3p40 FBgn0022023 -1.15 

eIF-3p40, CG14040 FBgn0022023, FBgn0031676 0.17 

elfless FBgn0032660 -0.63 

elgi FBgn0036546 0.74 

Elongin-C FBgn0023211 0.04 

faf FBgn0025608 -0.37 

fbl6 FBgn0005632 0.12 

Fbw5 FBgn0033609 -0.13 

FBX011 FBgn0031773 0.38 

Fbxl4 FBgn0037760 -0.27 

fru FBgn0030555 -0.52 

fsd FBgn0004652 -0.03 

Fsn FBgn0033813 -0.38 

Fsn, CG17059 FBgn0043010 0.16 

Fuca FBgn0043010, FBgn0040754 0.67 

gcl FBgn0036169 -0.24 

Gint3, CG42306 FBgn0005695 0.63 

gol FBgn0034372, FBgn0259202 -0.54 

gprs FBgn0004919 0.82 

gus FBgn0024232 0.19 
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gw FBgn0026238 -0.11 

HDAC6 FBgn0051992 0.02 

HERC2 FBgn0026428 0.06 

Hrs FBgn0031107 -0.09 

hyd FBgn0031450 0.02 

Iap2 FBgn0002431 0.39 

Ing3 FBgn0015247 -0.60 

isopeptidase-T-3 FBgn0030945 0.11 

jet FBgn0028372 -0.21 

Kdm2 FBgn0031652 0.42 

Keap1 FBgn0037659 -0.26 

kel FBgn0038475 0.00 

ken FBgn0001301 0.49 

KLHL18 FBgn0011236 0.39 

l(3)73Ah FBgn0037978 -0.10 

l(3)73Ah, CG32163 FBgn0002283 0.25 

lack FBgn0002283, FBgn0052163 -0.45 

lid FBgn0029006 0.46 

lig FBgn0031759 -0.55 

lin19 FBgn0020279 -0.50 

lola FBgn0015509 -0.43 

lolal FBgn0005630 -0.69 

lqf FBgn0022238 0.56 

lute FBgn0028582 -0.75 

lwr FBgn0262871 0.47 

mamo FBgn0010602 0.25 

Mat1 FBgn0263115 -0.57 

MBD-R2 FBgn0024956 0.74 

mei-P26 FBgn0038016 0.25 

Mes-4 FBgn0026206 -0.08 

MESR4 FBgn0039559 0.17 

Mi-2 FBgn0034240 -0.20 

Mi-2, Su(Tpl) FBgn0262519 0.43 

Mkrn1 FBgn0262519, FBgn0014037 -0.07 

mod(mdg4) FBgn0029152 0.26 

mod(mdg4), pre-mod(mdg4)-T, 

pre-mod(mdg4)-Z 
FBgn0002781 0.46 

mod(mdg4), pre-mod(mdg4)-U 
FBgn0002781, FBgn0261837, 

FBgn0261838 
0.15 

morgue FBgn0002781, FBgn0261845 0.50 

Mov34 FBgn0027609 -0.02 

mr FBgn0002787 0.50 

mri FBgn0002791 -0.68 

mura FBgn0035107 0.10 

mus201, Chrac-14 FBgn0037705 0.69 

Nacalpha FBgn0002887, FBgn0043002 0.78 

Nedd4 FBgn0086904 0.17 

Nedd8 FBgn0259174 0.45 

neur FBgn0032725 -0.28 

nopo FBgn0002932 -0.76 

not FBgn0034314 -0.09 

ntc FBgn0013717 0.48 

otu FBgn0035461 -0.04 

p47 FBgn0003023 0.02 

par-1 FBgn0033179 -0.41 

park FBgn0260934 -0.75 

pex10 FBgn0041100 0.18 

pex2 FBgn0035233 0.03 

pfk FBgn0035876 -0.83 

Pomp FBgn0035405 0.55 

Pomp, vari FBgn0032884 -0.07 

POSH FBgn0032884, FBgn0250785 -0.15 

ppa FBgn0040294 -0.67 

pps FBgn0020257 -0.45 
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pre-mod(mdg4)-X, mod(mdg4), 

pre-mod(mdg4)-AE, pre-

mod(mdg4)-W, pre-mod(mdg4)-

Y, pre-mod(mdg4)-AD 

FBgn0082831 0.47 

prom 

FBgn0261840, FBgn0002781, 

FBgn0261842, FBgn0261843, 

FBgn0261839, FBgn0261841 

0.21 

Pros25 FBgn0259210 0.58 

Pros26 FBgn0086134 0.97 

Pros28.1 FBgn0002284 0.25 

Pros28.1A FBgn0004066 0.41 

Pros28.1B FBgn0017557 0.05 

Pros29 FBgn0017556 -0.94 

Pros35 FBgn0261394 1.10 

Pros54 FBgn0250843 0.51 

Prosalpha1, CG30382 FBgn0015283 0.59 

Prosalpha3T FBgn0263121, FBgn0050382 -0.24 

Prosalpha5 FBgn0261395 0.52 

Prosalpha6T FBgn0016697 -0.86 

Prosalpha7 FBgn0032492 -0.27 

Prosbeta1 FBgn0023175 0.30 

Prosbeta2 FBgn0010590 0.21 

Prosbeta2R1 FBgn0023174 0.07 

Prosbeta2R2 FBgn0029812 0.15 

Prosbeta3 FBgn0037296 -0.28 

Prosbeta4R1 FBgn0026380 0.31 

Prosbeta4R2 FBgn0031442 -0.16 

Prosbeta5 FBgn0031443 0.09 

Prosbeta5R FBgn0029134 -0.99 

Prosbeta7 FBgn0034842 0.57 

Prp8 FBgn0250746 -0.59 

Psc FBgn0033688 0.00 

psq FBgn0005624 1.05 

pygo FBgn0263102 0.16 

Rab40 FBgn0043900 -1.00 

Rad23 FBgn0030391 0.05 

rdx FBgn0026777 -0.01 

REG FBgn0262907 -0.25 

RhoBTB FBgn0029133 -0.36 

rib FBgn0036980 -0.02 

rngo FBgn0003254 -0.88 

rno FBgn0030753 -0.03 

roq FBgn0035106 -0.35 

RpL40 FBgn0036621 -0.01 

Rpn1 FBgn0003941 -0.37 

Rpn11 FBgn0028695 1.18 

Rpn2 FBgn0028694 -0.47 

RpS27A FBgn0028692 1.07 

Sce FBgn0003942 -1.12 

scny FBgn0003330 0.80 

Sh FBgn0260936 -0.32 

Shab FBgn0003380 -0.24 

Shal FBgn0262593 -1.03 

Shaw FBgn0005564 0.00 

Shawl FBgn0003386 -0.13 

shtd FBgn0085395 0.58 

sip3 FBgn0004391 0.03 

skpA FBgn0039875 -0.73 

skpB FBgn0025637 1.10 

skpC FBgn0026176 0.04 

skpD FBgn0026175 -0.45 

skpE FBgn0026174 1.18 

slmb FBgn0031074 0.38 

smt3 FBgn0023423 0.31 
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snama FBgn0026170 0.29 

Socs16D FBgn0086129 -0.65 

Socs36E FBgn0030869 1.43 

Socs44A FBgn0041184 0.13 

Stam FBgn0033266 0.84 

stops FBgn0027363 0.05 

Su(dx) FBgn0086704 0.13 

Su(z)2 FBgn0003557 -0.06 

swi2 FBgn0008654 -0.45 

Tab2 FBgn0034262 -0.98 

Tango10 FBgn0086358 0.51 

th FBgn0030330 0.38 

tou FBgn0260635 -0.16 

Traf6 FBgn0033636 0.03 

trbd FBgn0026318 -0.17 

Trc8 FBgn0037734 0.08 

Trl, CG42507 FBgn0039668 0.23 

trx FBgn0013263, FBgn0260233 -0.03 

ttk FBgn0003862 -0.41 

Tusp FBgn0003870 0.09 

Uba1 FBgn0039530 0.55 

Uba2 FBgn0023143 -0.36 

Ubc84D FBgn0029113 -0.17 

UbcD10 FBgn0017456 0.00 

UbcD2 FBgn0026316 0.07 

UbcD4 FBgn0015320 0.08 

UbcD6 FBgn0015321 -1.27 

Ubc-E2H FBgn0004436 0.15 

Ube3a FBgn0029996 -0.37 

Ubi-p63E FBgn0061469 -0.55 

Ubp64E FBgn0003943 0.13 

Ubpy FBgn0016756 -0.59 

Ubqn FBgn0038862 0.21 

Uch FBgn0031057 -1.00 

Uch-L3 FBgn0010288 0.18 

Uev1A FBgn0011327 0.18 

Ulp1 FBgn0035601 -0.77 

Usp7 FBgn0027603 -0.25 

vih FBgn0030366 0.30 

yip3 FBgn0027936 -0.23 

 

Table 9-6: Small molecules identified by the small molecule screen for retesting 

Small molecule Z-score Details 
PD 176252 -3.94 gastrin-releasing peptide receptor antagonist, neuromedin B receptor 

antagonist 

Acyclovir -3.09 DNA polymerase inhibitor 

Am-966 -2.91 lysophosphatidic acid receptor antagonist 

Paclitaxel -2.84 tubulin polymerization inhibitor 

CHEMBL1187032 (NTU283) -2.81 transglutaminase inhibitor 

Decitabine -2.80 DNA methyltransferase inhibitor 

ZD-2138 -2.77 lipoxygenase inhibitor 

R-Methotrexate -2.74 dihydrofolate reductase inhibitor 

CHEMBL188907 (Compound 9) -2.72 corticotropin releasing factor receptor antagonist 

GW-3965 -2.70 LXR agonist 

Z-Guggulsterone (GR-235) -2.64 oestrogen receptor agonist, FXR antagonist, progesterone receptor 

agonist 

I-BET-762 -2.60 bromodomain inhibitor 

SAG -2.49 smoothened receptor agonist 

JZL-184 -2.40 monoacylglucerol lipase inhibitor 

2839926 -2.39 - 

Tryptanthrin -2.39 cyclooxygenase inhibitor 
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CHEMBL3314349 (Compound 1) -2.22 GPR103 antagonist 

NB-598 -2.17 squalene epoxidase inhibitor 

Terconazole -2.16 sterol demethylase inhibitor 

Selinexor -2.10 exportin antagonist 

SCHEMBL19207159 -2.09 orexin receptor modulator 

3619772 -2.06 antibacterial agent 

Cinacalcet -2.05 calcium channel activator 

CHEMBL1197798 (Compound 1) -2.01 bRAF inhibitor 

CHEMBL1774903 (Compound 1) -1.96 purinergic receptor antagonist 

pemetrexed -1.93 dihydrofolate reductase inhibitor, thymidylate synthase inhibitor 

Eltrombopag -1.88 thrombopoietin receptor agonist 

SCHEMBL16680135 

(US9452990, 95) 

-1.83 Factor B inhibitor 

CHIR-99021 -1.76 glycogen synthase kinase inhibitor 

AZ1422 -1.75 MCT4 inhibitor 

CHEMBL121889 -1.75 antibacterial 

Digoxin -1.75 ATPase inhibitor 

R-121919 -1.74 CRF receptor antagonist 

SCHEMBL2077209 -1.74 HDAC inhibitor 

SLX-4090 -1.63 MTTP inhibitor 

Mefloquine -1.53 adenosine receptor antagonist, haemoglobin antagonist 

AZ7732 -1.46 IAP antagonist 

Venetoclax -1.46 BCL inhibitor 

Tyrphostin AG538 -1.36 IGF-1 inhibitor 

JDTic -1.35 opioid receptor antagonist 

SCHEMBL3022623 -1.29 TRK inhibitor 

AMD11070 -1.21 CC chemokine receptor antagonist 

CHEMBL3272480 (Compound 

IX) 

1.50 Protein kinase activator 

Nitrobenzylthioinosine (NBMPR) 1.82 ENT1 transporter inhibitor 

CHEMBL1611002 (Compound 1) 1.88 Fluorophore 

CHEMBL116836 (Compound 44) 2.23 prostanoid receptor antagonist 

atglistatin 3.08 adipose triglyceride lipase inhibitor 

K6K; Compound 6 (PDBe: 5AD3) 3.28 BET bromodomain inhibitor 

SR-2640 3.43 leukotriene receptor antagonist 

SCHEMBL3541487 3.46 DGAT inhibitor 

 


