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ABSTRACT OF THE DISSERTATION 

 

Developing MitoPunch Mitochondrial Transfer  

to Enable Stable Transplantation  

of Human Mitochondrial DNA  

 

by 

 

Alexander John Sercel 

 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2021 

Professor Michael Alan Teitell, Chair 

 

Mitochondria, often considered simple cellular powerhouses that generate ATP by oxidative 

phosphorylation, are essential organelles found in all nucleated mammalian cells that play 

integral roles in apoptosis, Ca2+ signaling, reactive oxygen species generation, metabolism, and 

other critical cellular processes. Mitochondria are unique among organelles in that they contain 

multiple copies of their own genome (mtDNA) that is replicated and translated independently 

of the nuclear DNA (nDNA). Mitochondrial function is dependent upon the compatibility of the 

gene products of these two genomes and the coordination of their gene expression, and the 

current lack of methods to edit the mtDNA presents a major roadblock to dissecting the 

contribution of mtDNA sequence to cell fitness.  There exist techniques to specify mtDNA-
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nDNA combinations in mammalian cells by delivery of isolated mitochondria into mtDNA 

depleted cells, however these approaches are technically challenging or restricted to a narrow 

range of manipulatable cell types. Novel methods that facilitate isolated mitochondrial transfer 

and generation of stable isolated mitochondrial recipient (SIMR) cells with known mtDNA-

nDNA pairings are crucial to enable studies of mitonuclear communication, metabolism, and 

cell fate determination. To overcome these limitations we developed MitoPunch, a high-

throughput, easily-assembled, pressure-driven mitochondrial transfer platform that can generate 

SIMR cell lines from mitochondria isolated from cell lines and donor tissue and a wide range of 

mtDNA depleted transformed or replication-limited cells. In this dissertation we present the 

method to construct and implement the MitoPunch apparatus, data demonstrating the 

generation of SIMR clones from mtDNA-depleted transformed and primary cell lines using 

MitoPunch, and a proof of principle pipeline for engineering induced pluripotent stem cells and 

differentiated cell types from SIMR clones produced using MitoPunch. The results found in this 

thesis suggest that MitoPunch enables for the first time the high throughput generation of stable 

mtDNA specified cell lines for use in detailed molecular studies of mtDNA-nDNA interactions. 
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Chapter 1: Introduction 
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Mitochondria and mitochondrial DNA  

Mitochondria, thought to have originated from an ancient symbiosis between an endosymbiotic 

a-proteobacteria and its Asgard Archaea host, are organelles essential to eukaryotic life present 

in dozens to thousands of copies in every nucleated mammalian cell (Roger et al., 2017). Unique 

among mammalian organelles, mitochondria contain up to thousands of copies of their own 

16,569 bp circular, maternally inherited genome (mtDNA) which is replicated independently of 

the nuclear genome (nDNA) (Giles et al., 1980). Mitochondria generate up to 90 percent of 

cellular ATP by oxidative phosphorylation (OXPHOS) driven by the mitochondrial electron 

transport chain (ETC) (Harris and Das, 1991). Far from simple biochemical powerplants, 

mitochondria play crucial roles in cellular metabolism through their involvement in the 

production, degradation, and/or regulation of tricarboxylic acid (TCA) cycle metabolites 

(Martinez-Reyes and Chandel, 2020), reactive oxygen species (ROS) (Ott et al., 2007), fatty 

acids (Holloway et al., 2009), and one-carbon metabolic intermediates (Bao et al., 2016) among 

other pathways (Chen et al., 2016).  

Mitochondria are composed of more than 1000 proteins encoded between the nDNA and the 

mtDNA (Calvo and Mootha, 2010). In humans, the mtDNA codes for only 37 genes including 

13 proteins directly required for OXPHOS and linked to metabolite biosynthesis. Proper 

mitochondrial function depends upon the joint function of the gene products of the mtDNA 

and the nDNA (Wolff et al., 2014), and mutations to mitochondrial proteins in either genome 

can impact mitochondrial metabolism and OXPHOS and cause disease in humans (Wallace, 

2018).  1 in 200 people are carriers of mtDNA disease-related mutations, however, mtDNA 

mutations lead to pathology in only 1 in 5000 people (Patananan et al., 2016). The majority of 
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individuals harboring such mtDNA mutations do not exhibit pathologic phenotypes due to the 

high copy number of mtDNA in each nucleated mammalian cell (Alston et al., 2017). Because 

each cell can contain up to hundreds of individual copies of the mtDNA, the deleterious effects 

of mutant mtDNA can be compensated for by functional, wildtype mtDNA present alongside 

the mutant (Stefano et al., 2017). The phenomenon of a heterogeneous population of mtDNA 

within a single cell is known as heteroplasmy (Nissanka and Moraes, 2020), and the proportion 

of the total mtDNA made up by a specific mtDNA sequence is called the heteroplasmic ratio 

(Sercel et al., 2021a). In this way, the heteroplasmic ratio of a specific mtDNA variant can 

dictate the nature and degree of its impact on mitochondrial function in a cell, organ, or patient 

(Grady et al., 2018; Kandel et al., 2017; Picard et al., 2014; Pinti et al., 2019). 

 

mtDNA editing 

A critical roadblock to basic studies of mtDNA and nDNA coordination and translational 

application of gene therapy to diseases of the mtDNA is the inability to edit the mtDNA within 

mammalian cells (Patananan et al., 2016). Zinc finger endonucleases and TALENs specific for the 

mtDNA can reduce levels of specific mtDNA sequences in heteroplasmic cells and even animals 

when engineered with mitochondria-targeting leader sequences (Bacman et al., 2018; Gammage 

et al., 2018), but they suffer from low efficiency and the inability to knock-in desired gene 

sequences. This is potentially due to the multi-copy nature of mitochondria and the mtDNA 

and the double membrane structure of the mitochondria making efficient delivery of genome 

editing reagents to all copies of the mtDNA technically difficult or impossible. CRISPR-Cas 

based DNA editing has sparked a revolution in nuclear genetic engineering, however, its 
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dependance on guide RNA, which cannot be imported into the mitochondria, renders it 

ineffective for mtDNA editing (Falkenberg and Hirano, 2020). Additionally, it has been thought 

that mitochondria lack the robust DNA repair mechanisms found in the nucleus that enable 

recovery from double strand DNA breaks, however, this point is debated (Bohr and Anson, 

1999; Stein and Sia, 2017; Zinovkina, 2018).  These factors together make targeting DNA 

editing enzymes to the matrices of a cell·s entire mitochondrial population technically 

challenging and altering the mtDNA sequence with conventional means nearly impossible. An 

exciting new approach to edit specific nucleotides in the mtDNA using a bacterial cytidine 

deaminase toxin enables a limited repertoire of point mutations; however, it is hindered by low 

efficiency (Mok et al., 2020). 

 

Mitochondrial transfer 

As a result of the current impasse to mtDNA editing, flexible ¶reverse genetics· e[periments to 

measure the effect of specific mtDNA sequences and heteroplasmies on mitochondrial and 

cellular metabolism and activity are not feasible outside of a highly limited repertoire of model 

combinations (Ishikawa and Nakada, 2021). A growing body of work demonstrates that transfer 

of mitochondria between cells occurs in vitro and in vivo and provides a potential path around 

this roadblock (Patananan et al., 2016; Singh et al., 2017). Such transfer events can result from 

direct cell-to-cell delivery of mitochondria via tunneling nanotubes, release of mitochondria 

packaged in extracellular vesicles uptaken by recipient cells, or coincubation of isolated 

mitochondria with recipient cells (Hayakawa et al., 2016; Kitani et al., 2014; Spees et al., 2006). 

While the mechanisms controlling these phenomena are unknown, several reports suggest 
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mitochondrial transfer as a protective mechanism against cellular stress (Paliwal et al., 2018; 

Shanmughapriya et al., 2020).  

 

In many of these reports, mitochondrial recipient cells show alterations in metabolism and 

behavior following mitochondrial transfer, however most of these studies observe only 

temporary changes to cellular or organ function (Jiang et al., 2016; Kesner et al., 2016; Kitani et 

al., 2014). A minority of these reports have coincubated isolated mitochondria with cells 

depleted of mtDNA (U0) and observed rescue of U0 respiration and stable retention of the 

exogenous mtDNA, potentially enabling a path to specify the mtDNA and nDNA in cells as an 

alternative to mtDNA editing (Clark and Shay, 1982; Patel et al., 2017). However, these 

approaches require large quantities of donor material or the presence of a selection marker on 

the exogenous mtDNA which drastically restricts the diversity of mtDNA that can be used for 

such mtDNA transplantation experiments. 

 

The efficiency of U0 cell rescue by isolated mitochondrial transfer is increased by using methods 

that deliver mitochondria directly into the recipient cell cytoplasm instead of relying on cellular 

uptake mechanisms, such as membrane disruption (King and Attardi, 1988; Wu et al., 2016) or 

cell fusion with enucleated cytoplasts (cybridization) (Wilkins et al., 2014). While more efficient 

than coincubating recipient cells with isolated mitochondria, these methods are typically 

laborious, technically challenging, and dependent upon immortalized cancer cells as 

mitochondrial recipients which reduces physiologic relevance of the resulting rescue clones. 

One exciting recent study generated a single clone expressing desired mtDNA and nDNA 

along with 11 false-positive clones using cybrid fusion with primary, Hayflick-limited cells, 
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however, the reproducibility and applicability of this approach to other mtDNA-nDNA 

combinations is unknown (Wong et al., 2017). More efficient methods to specify the mtDNA-

nDNA sequences in a wide variety of cell types are necessary to enable detailed studies of 

mitochondrial function and disease in mammalian systems. 

 

MitoPunch 

To overcome these limitations, we developed a simple, high-throughput device called 

MitoPunch capable of transferring isolated mitochondria into ~1 x 105 adherent cells 

simultaneously (Sercel et al., 2021b). Briefly, U0 recipient cells are seeded on a polyethylene 

terephthalate (PET) filter membrane containing 3 Pm holes. This filter is pressed against a 

polydimethylsiloxane (PDMS) reservoir filled with a suspension of isolated mitochondria to 

create a seal. MitoPunch employs a solenoid-activated plunger which strikes the PDMS 

reservoir to pressurize the mitochondrial suspension, generating small perforations in the 

recipient cell membranes through the holes in the PET filter which allow isolated mitochondria 

directly into the recipient cell cytoplasm. This direct access to the cytoplasm and endogenous 

mitochondrial network is the key to facilitating efficient stable transplantation of exogenous 

mtDNA into recipient cells. Following MitoPunch transfer, recipient cells are collected and 

subjected to a restrictive medium selection for ~7 d, after which stable isolated mitochondrial 

recipient (SIMR) clones with rescued mtDNA content and respiration emerge which can be 

counted to measure rescue efficiency or isolated for further analysis. 

 

MitoPunch is an enabling technology for generating dozens to hundreds of SIMR clones from a 

wide range of starting materials. We have successfully produced SIMR cell lines from 
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transformed and replication limited U0 recipient cells using mitochondria isolated from wildtype 

and mtDNA mutant cell lines, human donor peripheral blood mononuclear cells, and freshly 

dissected mouse organs. Moreover, MitoPunch can generate heteroplasmic SIMR clones if the 

transferred mitochondrial isolate is prepared by mixing mitochondria isolated from different 

cell sources. The following chapters of this thesis document the impact of mitochondrial 

metabolism and mtDNA heteroplasmy on cell fate and function, the development of the 

MitoPunch apparatus for generating SIMR clones from a wide range of cell and tissue sources, 

and the application of MitoPunch to investigating and engineering mtDNA-nDNA interactions. 

 

Chapter summaries 

Chapter 2 of this thesis is a detailed review of the metabolites produced by the mitochondria 

that influence the state of the epigenome. This chapter provides a metabolic context for how 

mitochondrial function regulates cell fate and function, and how mitochondrial transfer, both in 

vitro and in vivo, can influence epigenetic marks. The work was previously published in the form 

of a Review in the journal Current Opinion in Physiology in 2018 by the laboratory of Dr. 

Michael Teitell.  

 

Chapter 3 of this thesis describes the mechanism, function, and application of the MitoPunch 

apparatus and was previously published as a Tools and Resources article entitled ´Stable 

transplantation of human mitochondrial DNA by high-throughput, pressurized isolated 

mitochondrial deliver\µ in the journal eLife in 2021 by the laboratory of Dr. Michael Teitell. 

This work demonstrates the unique utility of MitoPunch by comparing it to coincubation with 
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isolated mitochondria and another published pressure-driven mitochondrial transfer method, 

MitoCeption (Caicedo et al., 2015).  

 

Chapter 4 of this thesis is a detailed protocol for fabricating, constructing, and implementing the 

MitoPunch apparatus including instructions for selecting, quantifying, and isolating SIMR clones. 

This work has been submitted as a manuscript entitled ´Generating stable isolated 

mitochondrial recipient clones in mammalian cells using MitoPunch mitochondrial transferµ to 

the journal STAR Protocols and is currently in revision.  

 

Chapter 5 of this thesis extends the application of MitoPunch from transferring isolated 

mitochondria into U0 recipient cells to using MitoPunch to replace mutant mtDNA with 

respiration-competent wildtype mtDNA without mtDNA depletion. This work shows that 

transfer of wildtype mtDNA-containing isolated mitochondria into mtDNA mutant recipient 

cells followed by uridine-depletion selection alone does not yield SIMR clones. However, 

transfer of mitochondria bearing a resistance marker to the antibiotic chloramphenicol into 

mtDNA mutant cells followed by selection with uridine-deplete, chloramphenicol supplemented 

medium does yield SIMR clones bearing only the respiration-competent, chloramphenicol-

resistant mtDNA.  This study was published as an Article in the journal Scientific Reports in 

2020 by the laboratory of Dr. Michael Teitell.  

 

Chapter 6 of this thesis is a literature review and meta-analysis of the field of induced 

pluripotent stem cell (iPSC) mitochondria and mtDNA heteroplasmy. The work is focused on 

the significance of mitochondrial metabolism and heteroplasmy on iPSC fate and function and 
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the phenomenon of heteroplasmic shifts between somatic cell and iPSC fate through 

reprogramming. This review includes a meta-analysis of studies that have quantified changes in 

heteroplasmy between somatic cells and the iPSCs derived from them and highlights the paucity 

of detailed work investigating this phenomenon. This chapter was previously published as a 

Review entitled ´Mitochondrial DNA D\namics in Reprogramming to Pluripotenc\µ in the 

journal Trends in Cell Biology in 2020 by the laboratory of Dr. Michael Teitell.  

 

Chapter 7 of this thesis describes work demonstrating MitoPunch as a key part of a pipeline to 

generate iPSC lines containing specified mtDNA and nDNA combinations.  In this study, we 

generate SIMR clones from three U0 human fibroblast lines using mitochondria isolated from 

human donor peripheral blood mononuclear cells and from the HEK293T cell line, reprogram 

them to iPSC fate, differentiate them to a mesenchymal stem cell fate, and finally demonstrate 

the functionality of the SIMR mesenchymal stem cells by differentiating them into adipocytes, 

osteoblasts, and chondrocytes. We measured the whole transcriptome of these SIMR lines at 

fibroblast, iPSC, and mesenchymal stem cell fates and compared the transcript abundance to 

unmanipulated controls. We observed large differences in gene expression between SIMR and 

parental lines at the fibroblast fate which were almost completely resolved following 

reprogramming and differentiation. This study demonstrates the utility of MitoPunch as a tool 

for manipulating the mtDNA genotype of iPSCs for basic research and potential clinical 

application and shows that SIMR cell transcription is aberrant prior to reprogramming and 

differentiation. This Zork Zas published as a Resource entitled ´Pressure-Driven Mitochondrial 

Transfer Pipeline Generates Mammalian Cells of Desired Genetic Combinations and Fatesµ in 

the journal Cell Reports in 2020 by the laboratory of Dr. Michael Teitell.  
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Chapter 8: Conclusion 
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Mitochondrial activity is key to the function and fate of mammalian cells and depends upon 

coordination of the mtDNA and nDNA. Given the bi-genomic composition of the 

mitochondria, proteins encoded in both the mtDNA and the nDNA must work together in 

intricate and highly regulated superstructures. Therefore, control over the expression and 

interactions of the gene products of these two genomes is essential for maintaining 

mitochondrial respiration and metabolism (Mottis et al., 2019; Quiros et al., 2016).  Mutations 

in the mtDNA that result in loss of function of ETC subunits can cause loss of respiration, 

aberrant metabolism, and redox stress which can result in disease (Taylor and Turnbull, 2005). 

Detailed genetic and biochemical experimentation of specific mtDNA sequences in fixed nDNA 

genetic backgrounds is key to understanding the relationship between the two genomes found 

in nucleated mammalian cells. It is for this reason that the current limitations in mtDNA gene 

editing severely restrict our understanding of mtDNA genetics and the relationship between 

the mtDNA and the nDNA in maintaining cellular metabolism and energetic homeostasis.  

 

The work presented in this thesis represents our efforts to develop the MitoPunch apparatus 

into a platform for efficient stable mitochondrial transfer to enable tractable studies of mtDNA-

nDNA interactions in human cells. While tools that facilitate direct gene editing of the mtDNA 

with the ease and flexibility that the CRISPR-Cas9 system has enabled for the nDNA are yet to 

be developed (Patananan et al., 2016), MitoPunch for the first time provides a means to 

efficiently produce large numbers of SIMR clones with specified mtDNA and nDNA 

combinations in both transformed and replication-limited, reprogrammable cell types using a 

wide array of mitochondrial sources. This thesis provides a conceptual framework for 

mitochondrial transfer as an important tool to study mtDNA-nDNA interactions, a detailed 
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protocol for constructing the MitoPunch apparatus, and proof of principle studies for the 

application of MitoPunch in the fields of mitochondrial genetics and tissue engineering.  

 

Mitochondrial metabolism and cell identity 

Mitochondria are far more than powerhouses dedicated to producing ATP. The mitochondrial 

network is a hub of metabolism that generates the organic and inorganic building blocks 

necessary for cell growth and function (Chen et al., 2016). In addition to providing energy and 

materials for many cellular processes, the compounds produced in the mitochondria also act as 

signaling molecules that cue cellular responses to nutrient and environmental stress (Picard et 

al., 2018). Additionally, many of these metabolites serve as substrates and regulators of key 

epigenetic marking enzymes, placing mitochondrial function at the nexus of maintaining cell 

function and fate (Matilainen et al., 2017; Patananan et al., 2018).  

 

In Chapter 2 of this thesis, we review in detail the specific mitochondrial metabolites that 

contribute to epigenetic regulation of the nuclear genome (Patananan et al., 2018). Among them 

are compounds that influence levels of DNA methylation and histone acetylation which are key 

epigenetic marks that maintain the integrity of nuclear gene expression. A growing literature 

suggests that the integrity of epigenetic patterning is essential to prevent premature cellular 

aging, and that this patterning depends, at least in part, upon mitochondrial metabolism (Jones 

et al., 2015; Kane and Sinclair, 2019; Zhang et al., 2018). Additionally, perturbations in the levels 

of these metabolites can induce phenotypic switching in several cell types and drive 

differentiation in pluripotent stem cells (Patananan et al., 2018; TeSlaa et al., 2016). Thus, 

alterations in mitochondrial function caused by mtDNA genotypic and heteroplasmic variation 
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can have profound effects on cellular function and identity. Such changes in cell fate are of key 

importance to the fields of pluripotent stem cell maintenance and differentiation, as well as 

somatic cell reprogramming. We provide a review and meta-analysis of work conducted to 

measure shifts in mtDNA heteroplasmy when somatic cells are reprogrammed to pluripotency 

in Chapter 6 of this thesis (Sercel et al., 2021a). Few reports exist measuring changes in 

heteroplasmy during somatic cell reprogramming, but what has been reported demonstrates 

that mtDNA heteroplasmy can change dramatically with the selective pressures and genetic 

bottlenecking that occurs when producing iPSCs. Advances in iPSC technology promise to 

enable the next generation of personalized and regenerative therapies. Ensuring the integrity of 

the mtDNA in therapeutic iPSC-derived cells is an underappreciated, but potentially critically 

important, factor the field must consider.  

 

Studies of the influence of mtDNA sequence and heteroplasmy on mitochondrial metabolism, 

and, by extension, regulation of the nuclear epigenome, in physiologically relevant isogenic 

nuclear contexts is severely hindered by the lack of mtDNA editing tools (Patananan et al., 

2016). MitoPunch provides an avenue to study the effects of specific mtDNA sequences and 

heteroplasmy on the metabolism of replication limited, reprogrammable cell types. Moreover, 

reprogrammed SIMR clones are tractable systems to investigate the contribution of specific 

mtDNA sequences to cell metabolism, function, and identity in patient-derived, physiologically 

relevant cell types. Such studies will further our understanding of human development, aging, 

gene regulation, and tissue engineering by leveraging the models that MitoPunch can generate.   
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Mitochondrial transfer 

Mitochondrial transfer is a rapidly growing field that encompasses several distinct phenomena 

which are yet to be fully understood. Within the last two decades, the literature has reported 

mitochondrial trafficking between cells in vivo and in vitro as an active biological process via 

several distinct mechanisms (Hayakawa et al., 2016; Kesner et al., 2016; Kitani et al., 2014; 

Spees et al., 2006). Additionally, genetic evidence of stable mitochondrial transfer from mouse 

host to mtDNA depleted cancer cells and from canine to a horizontally transmitted tumor 

implies that cancer cells uptake mitochondria from the tumor microenvironment (Dong et al., 

2017; Strakova et al., 2020). These reports together suggest that mitochondrial transfer occurs 

in physiologic contexts and potentially plays a role in protecting cells from metabolic, oxidative, 

and other forms of stress. Additionally, cancer cells may upregulate this phenomenon to 

overcome the challenging tumor microenvironment.  

 

While these studies provide evidence for the phenomenon of cell-to-cell mitochondrial transfer 

and investigate the mechanisms that influence these transfer events to a limited degree, the field 

lacks a deep understanding of how to control these transfers or of what, if any, long term 

effects they have on recipient cells. Despite this, some clinical efforts show beneficial effects of 

infusing isolated mitochondria into ischemic cardiac tissue on patient outcomes following heart 

attack (Emani et al., 2017; Shin et al., 2017). Recent reports show cell free mtDNA, and 

potentially whole mitochondria, are present in human blood and that their levels can increase 

with stress and other factors (Cushen et al., 2020; Trumpff et al., 2019; Trumpff et al., 2021). It 

is unclear if these mitochondria are trafficked into cells to aid with stress or serve some other 
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purpose. The phenomenon of naturally occurring in vivo mitochondrial transfer warrants further 

investigation.  

 

In parallel to this work, effort has been placed on developing tools to facilitate mitochondrial 

transfer to study mtDNA-nDNA interactions and to model the effects of exogenous 

mitochondria on cell function. The approaches used to produce clones with specified mtDNA-

nDNA include cybridization (Wilkins et al., 2014), microinjection of isolated mitochondria (King 

and Attardi, 1988), delivery by photothermal nanoblade (Wu et al., 2016), and now MitoPunch 

(Dawson et al., 2020; Patananan et al., 2020; Sercel et al., 2021b), and all can stably rescue the 

mtDNA content and respiration of ρ0 cells with ranging technical limitations.  

 

In addition to these techniques to stably rescue ρ0 cells with exogenous mitochondria, the field 

has developed various means to promote interaction between cells and isolated mitochondria 

in tissue culture to measure the resulting effects on metabolism and cell function (Caicedo et 

al., 2015; Kitani et al., 2014; Macheiner et al., 2016). Unfortunately, this area of research suffers 

from a lack of clarity in objective. Reports describing new approaches to induce isolated 

mitochondria-recipient cell interactions focus on demonstrating uptake and measuring short 

term changes to recipient cell function after coincubation with highly concentrated isolated 

mitochondrial suspensions. However, there are many observations of this occurring without 

any outside intervention, obviating the need for technology to enable mitochondria-recipient 

cell interactions. These studies suggest that uptake depends on macropinocytosis (Kitani et al., 

2014), but the majority do not investigate the mechanisms underlying the changes in recipient 

cell metabolism, the long-term effects of these uptake events, or whether recipient cells stably 
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retain exogenous mtDNA. There are two reports of coincubation producing stable rescue 

clones from ρ0 cells (Clark and Shay, 1982; Patel et al., 2017), however, the conditions required 

to produce those rescue clones are almost impossible to achieve with patient-derived tissues, 

limiting the possible mtDNA-nDNA combinations that can be studied and their in vivo 

relevance. Moreover, little effort is made to represent physiologically relevant levels of cell-free 

mitochondria in these studies, and the applicability of these findings to in vivo responses to 

isolated mitochondria is unclear. This branch of mitochondrial transfer work would be 

strengthened by defining more physiologically relevant conditions and questions to investigate 

the potential implications of the cell-free mitochondria observed in recent animal and human 

studies.  

 

SIMR clone gene expression and reprogramming 

An understudied question in this space is whether respiration-incompetent r0 recipient cells, 

which are known to show altered transcription and metabolism, regain normal gene expression 

and metabolic function after stably integrating exogenous mtDNA. One report looking at 

nDNA methylation patterns in transformed cybrids suggests that the former r0 cells did not 

recover the parental epigenetic patterning (Smiraglia et al., 2008). Chapter 7 of this thesis 

investigates this phenomenon in SIMR clones generated from Hayflick-limited cells that we 

reprogrammed to IPSC and further differentiated to mesenchymal stem cells by measuring the 

whole transcriptome at each cell fate (Patananan et al., 2020). We found that SIMR fibroblasts 

shared more transcriptomic similarity with r0 cells than with the unmanipulated matched 

parental control as measured by differential gene expression. In particular, mtDNA encoded 

genes were expressed at lower levels in SIMR fibroblasts than in the parental fibroblast lines. 
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However, following reprogramming and differentiation, the number of differentially expressed 

genes among the control and SIMR groups was dramatically reduced, and the respiratory 

profiles became insignificantly different.  

 

This finding is of critical importance to the field of mtDNA genetics as much work has been 

done using cybrid models of mtDNA-nDNA interactions and diseases caused by mtDNA 

mutants (Kopinski et al., 2019; Picard et al., 2014; Wilkins et al., 2014). As previously discussed, 

the fact that the mitochondria are composed of gene products from two genomes necessitates 

precise coordination of transcription and translation to ensure proper mitochondrial function. If 

we assume that SIMR and cybrid lines share similar transcriptomic deficiencies, as evidenced by 

prior work in the literature (Smiraglia et al., 2008) and the findings from Chapter 7, then we 

must consider the possibility that investigations of respiration, metabolism, transcription, and 

epigenetics in mtDNA mutant and heteroplasmic cybrid lines suffer from artifacts caused by 

using previously r0 starting material. We observed recovery of SIMR cell transcription 

following somatic cell reprogramming and differentiation, and it stands to reason that studies of 

specific mtDNA-nDNA combinations using reprogrammed and differentiated SIMR lines bear 

more physiological relevance to the interactions between these two genomes than can be 

achieved using cybrid or SIMR lines that have not undergone fate transition. Therefore, it is 

critical to generate models of specific mtDNA-nDNA in reprogrammable cells, and MitoPunch 

is uniquely suited to produce such lines for these studies. 

 

A key finding from the work in Chapter 7 of this thesis is that we were unable to successfully 

reprogram SIMR fibroblasts generated using homoplasmic mutant mtDNA-bearing 
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mitochondria. We attempted to reprogram SIMR fibroblasts containing heteroplasmic mutant 

mtDNA which resulted in viable iPSC clones, however, all recovered clones were homoplasmic 

wildtype. This is not likely to be a result of the mtDNA mutations themselves inhibiting 

reprogramming as many reports show successful reprogramming of primary human cells 

bearing mtDNA mutations to iPSC fate as discussed in Chapter 6 of this thesis (Sercel et al., 

2021a). Moreover, our lab has recently successfully reprogrammed patient-derived mtDNA 

mutant fibroblasts using the same methods we employed while attempting to reprogram 

mtDNA mutant SIMR fibroblasts (Data not shown). Our results suggest that there is something 

unique about mtDNA mutant SIMR fibroblasts that renders them unfit for reprogramming. 

 

We present two hypotheses for this observation that depend upon the fact that somatic cell 

reprogramming requires a ‘burst’ of mitochondrial OXPHOS as an early step of the 

reprogramming process (Hawkins et al., 2016; Kida et al., 2015). This burst is thought to 

generate the ATP and metabolites necessary for remodeling the nuclear chromatin to facilitate 

fate transition. First, we hypothesize that the mtDNA depletion process disrupts key 

mitonuclear communication pathways that make somatic cell reprogramming more difficult for 

cells to achieve. Under this model, wildtype SIMR cells can overcome the disrupted mitonuclear 

communication induced by prior mtDNA depletion and generate iPSCs because they contain 

functional mtDNA. Also, patient-derived mtDNA mutant cells can initiate reprogramming 

despite their reduced mitochondrial function because their mitonuclear communication is 

unchanged by mtDNA depletion. mtDNA mutant SIMR cells, which suffer from impaired 

mitochondrial function from mtDNA mutations and mitonuclear coordination caused by the 

mtDNA depletion process, are unable to accomplish the respiratory burst and fail to generate 
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iPSCs. This reasoning is supported by our results showing that we can produce iPSCs from 

heteroplasmic SIMR fibroblasts, however, we only recover iPSC clones that contain 

homoplasmic wildtype mtDNA. We hypothesize that the mutant mtDNA is selected against 

during the reprogramming process as it is unable to provide sufficient respiration to facilitate 

reprograming after mtDNA depletion.  

 

As an alternative, we hypothesize that the foreign mutant mtDNA is rejected by the cell due to 

mitonuclear incompatibility resulting from the fact that the two genomes were not co-evolved. 

Under this model, the evolved coordination of the mtDNA and the nDNA is the primary driver 

of the oxidative burst that enables reprogramming. Wildtype SIMR fibroblasts are sufficiently fit 

to compensate for the inefficiencies caused by mtDNA-nDNA mismatch, and mutant mtDNA-

containing patient fibroblasts can overcome the metabolic demands of reprogramming because 

their mitonuclear interactions are established through evolutionary time. However, the 

combined deficiencies of respiration incompetent mtDNA and mitonuclear mismatch render 

reprogramming impossible. Ongoing work in the Teitell laboratory aims to address this 

question and will provide key insights into the reliance of reprogramming on mitonuclear co-

evolution and mitochondrial function.   

 

Concluding remarks 

The field of mitochondrial transfer is young but rapidly growing and aims to elucidate mtDNA-

nDNA interactions by generating novel pairings of nuclear and mitochondrial genomes. This 

thesis presents MitoPunch as an enabling technology to develop tractable models of 

mitonuclear communication in physiologically relevant cell types that are challenging or 
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impossible to achieve with current methodology. While MitoPunch is uniquely suited to 

generate such cell systems, it is limited by requiring r0 recipient cell starting material unless 

antibiotic resistant mtDNA sequences are delivered to recipient cells as shown in Chapter 5 of 

this thesis (Dawson et al., 2020). Future advances in this field using mitochondrial transfer 

techniques will require the means to reprogram mtDNA mutant SIMR fibroblasts to produce 

physiological models of mtDNA diseases in relevant cell models, or the capability to efficiently 

replace existing mtDNA species in cells with a wide range of exogenous mtDNA without 

mtDNA depletion. Further investigation into the nature of mitonuclear communication and the 

development of tools to manipulate it will be key to fully understanding the contribution of our 

second genome to human life and generating future therapies for presently incurable 

mitochondrial diseases.   
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