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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, Ca®* 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.-



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 I: Introduction



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
|3 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 | in 5000 people (Patananan et al., 2016). The majority of



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 TALENSs 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



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’ experiments 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



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 (p0) and observed rescue of p0 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 pO 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 | | 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 ~| x 10° adherent cells
simultaneously (Sercel et al., 2021b). Briefly, pO recipient cells are seeded on a polyethylene
terephthalate (PET) filter membrane containing 3 um 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 p0 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 delivery” 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



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 transfer” 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 p0 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 Dynamics in Reprogramming to Pluripotency” 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 p0 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 work was published as a Resource entitled “Pressure-Driven Mitochondrial
Transfer Pipeline Generates Mammalian Cells of Desired Genetic Combinations and Fates” in

the journal Cell Reports in 2020 by the laboratory of Dr. Michael Teitell.
9
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Each cell in the human body, with the exception of red blood
cells, contains multiple copies of mitochondria that house their
own genetic material, the maternally inherited mitochondrial
DNA. Mitochondria are the cell’s powerplant due to their
massive ATP generation. However, the mitochondrion is also a
hub for metabolite production from the TCA cycle, fatty acid
beta-oxidation, and ketogenesis. In addition to producing
macromolecules for biosynthetic reactions and cell replication,
several mitochondrial intermediate metabolites serve as
cofactors or substrates for epigenome modifying enzymes that
regulate chromatin structure and impact gene expression.
Here, we discuss connections between mitochondrial
metabolites and enzymatic writers and erasers of chromatin
modifications. We do this from the unique perspective of cell-
to-cell mitochondrial transfer and its potential impact on
mitochondrial replacement therapies.
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Introduction

Considered to originate from an endosymbiotic a-proteo-
bacteria in an ancient cellular host, modern mitochondria
occur in dozens to thousands of copies per nucleated
mammalian cell and are essential to eukaryotic life.
Mitochondria are considered powerplants because they

|1 ,2,3,4

produce up to 90 percent of cellular ATP [1]. However,
they are also hubs of metabolic activity and are involved
in the production, breakdown, and/or regulation of reac-
tive oxygen species (ROS), fatty acids, one-carbon meta-
bolic intermediates, tricarboxylic acid (TCA) cycle
metabolites, and ketone bodies. These metabolites pro-
vide cell type-specific and situational control over gene
expression by fueling the addition of chemical groups, or
epigenetic marks, to DNA or its associated proteins.
These marks affect electrostatic and hydrophobic inter-
actions within chromatin, influencing transcription factor
or repressor binding and enhancing (euchromatin) or
repressing (heterochromatin) gene expression (Figure 1).

In addition to approximately 1500 different mitochondrial
proteins encoded in the nucleus [2], each mitochondrion
contains multiple copies of a small, maternally inherited
genome, the mitochondrial DNA (mtDNA). In humans,
mtDNA is a compact 16,569 bp circular genome coding
for 37 genes directly required for oxidative phosphoryla-
tion (OXPHOS) and linked to metabolite biosynthesis.
Although pathogenic mutations to mtDNA affect 1 in
5000 people, 1 in 200 are carriers of mtDNA disease-
related mutations but do not exhibit pathology because
the deleterious effects of mutant mtDNA can be masked
by normal mtDNA [3]. The phenomenon of a single cell
carrying a heterogeneous population of normal and path-
ogenic mtDNA genotypes is known as heteroplasmy, and
the heteroplasmic ratio of a specific pathogenic mtDNA
to other mtDNA genotypes can dictate the severity of a
disease. mtDNA mutations are particularly difficult to
treat because modifying the mtDNA is currently impos-
sible, however artificial or natural transfer of whole mito-
chondria containing mtDNA between cells provides
mechanisms for altering metabolism and repairing cell
damage [3-9], and may be a viable approach for mtDNA
diseases (Figure 2). Studies on establishing mitochondrial
replacement therapies (MRT's) that allow women carry-
ing mtDNA mutations to have disease-free children have
been performed in Mexico [10°], and proposed for the
United States [11] and the United Kingdom [12]. Inves-
tigating the role of mitochondrial function and transfer in
nuclear gene regulation and cell fate could provide insight
for the long-term feasibility of MRT's and for understand-
ing physiological changes resulting from altered mito-
chondrial activity.

Mitochondrial metabolites and epigenetics
Mitochondria house key metabolic processes including
OXPHOS, long-chain fatty acid beta-oxidation, and
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Mitochondrial metabolites influence the epigenome. Mitochondrial metabolites from many pathways, including the one-carbon (1C) and TCA
cycles, are cofactors and regulators of the writers and erasers of epigenetic marks. Arginine (PRMT), lysine (KMT), and DNA (DNMT)
methyltransferases require S-adenosylmethionine (AdoMet) to generate methylation marks, which can either activate or repress transcription.

Likewise, histone acety

(HATSs) require acetyl-CoA to acetylate histones and activate transcription. Both methylation and acetylation

can be removed by demethylases (KDMs, JmjCs, and TET enzymes) and histone deacetylases (HDACs), respectively. Abbreviations: B-HB, beta-

hydroxybutyrate; 2HG, 2-hydroxyglutarate; aKG, alpha-ketoglutarate.

amino acid metabolism along with the urea, one-carbon,
and TCA cycles. A recent study identified 346 distinct
metabolites produced within the mitochondria alone [13].
These metabolites regulate the enzymes that modify
DNA and histones to modulate gene expression [14—
17]. Perturbation of individual electron transport chain
(ETC) complexes resulting from hereditary mutations in
nuclear DNA and mtDNA can generate distinct mito-
chondrial metabolite and gene transcription profiles [13].
Intriguingly, cells 7z vitro and in vivo can donate mito-
chondria to specific recipient cells, and these donated
mitochondria may manipulate cellular metabolism [8],
promote tissue repair [18°°], or alter disease progression
[19]. The exact mechanism(s) by which transferred mito-
chondria and their specific mtDNA sequences fuel these
changes likely go beyond altering cellular ATP concen-
trations and are discussed here.

Methylation of histones and DNA

DNA methylation at transcriptional start sites usually
represses gene expression by altering chromatin structure,
inhibiting transcription factor binding, and/or recruiting
transcription repressors to methylated nucleotides [20].
However, DNA methylation may also promote

transcriptional activation when methylation occurs in a
gene body [21]. The most prevalent mammalian DNA
modification is 5-methylcytosine in regions of CpG islands
that is catalyzed by e novo DNA methyltransferases
DNMT3A and DNMT3B and sustained through DNA
replication by the DNA maintenance methyltransferase,
DNMT1 [22]. Histone-tail amino acids are also subject to
methylation, which can repress or activate gene expression
depending on the residue, number, and epigenetic context
of added or removed methyl groups. Histone-tail methyl-
ation occurs on any basic residue, but epigenetic modifica-
tions to arginine and lysine are most common [23-26].

Methyltransferase activity depends upon mitochondrial
function since these enzymes require S-adenosylmetho-
nine (AdoMet), which is synthesized by methionine
adenosyltransferase from ATP and methionine. One-car-
bon cycle intermediates are required for AdoMet synthe-
sis, and cells with impaired one-carbon cycling show
decreased AdoMet levels and reduced DNA and histone
methylation [27,28]. The one-carbon cycle occurs in both
the cytosol and mitochondria, however mitochondrial
serine catabolism is the predominant source of cellular
one carbon metabolites [29]. Serine catabolism requires
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The biological and epigenetic impact of mitochondrial transfer. Transferring mitochondria with specific mtDNA sequences into cell lines of interest
helps our understanding of metabolic control of the epigenome and could be developed into therapies for mitochondrial disorders. The transfer of
mitochondria from healthy (labeled orange) to metabolically impaired (labeled gray) cells can occur in vivo via tunneling nanotubes and
endocytosis. Additionally, isolated mitochondria can be transferred using artificial methods, such as the photothermal nanoblade. Several MRTs
show promise for treating heritable mtDNA disorders, including somatic cell nuclear transfer followed by in vitro fertilization. Both biological and
artificial mitochondrial transfer methods have been shown to alter respiration and the functions of astrocytes, cardiomyocytes, lung epithelial and
corneal epithelial cells after tissue injury, and tumorgenicity in mouse models. However, mitochondrial transfer results in cells with new mtDNA
sequences (highlighted yellow) that may change metabolic processes and the epigenome of cells. MRTs that completely replace a cell's
mitochondrial population and initially give rise to disease free children may result in longer term metabolic disturbances, potentially due to non-
evolved incompatibilities between nuclear DNA and mtDNA encoded proteins.

coupled respiration and its ATP and NAD+ byproducts,
closely tying methylation to respiration and mitochondrial
activity [30,31].

DNA and histone methylation marks are removed by
Ten-Eleven Translocation (TET) or Jumonji catalytic
(JmjC) domain-containing demethylases, respectively
[14]. To remove 5-methylcytosine, TET dioxygenases
convert 5-methylcytosine to 5-hydroxymethylcytosine,
which is further oxidized to 5-formylcytosine and 5-car-
boxylcytosine before final removal by base excision repair
[22,32,33]. Methyl groups on lysine residues in histones
are removed by demethylases, of which 27 have been
identified [34]. Lysine demethylases may also exhibit
some arginine demethylase activity [35,36].

Mitochondrial metabolites and demethylation activities
Several TCA cycle-associated metabolites competitively
inhibit demethylase activity and have profound effects on

gene expression. Fumarate and succinate accumulate in
cells with mutations in fumarate hydratase and succinate
dehydrogenase [37], which inhibits TET demethylases
and 5-hydroxymethylcytosine formation, reduces histone
demethylation, activates the hypoxia inducible pathway
[38°,39], and may lead to tumorigenesis [37,40,41°°]. 2-
hydroxyglutarate (2HG) is a TCA cycle-associated
metabolite that can inhibit demethylases, and elevated
2HG levels can promote tumorigenesis [42,43], enhance
mTOR signaling, and alter T cell differentiation (Fig-
ure 3) [44°°,45°]. 2HG occurs as two enantiomers, D-R-2-
hydroxyglutarate or L-S-2-hydroxyglutarate, depending
on the biosynthetic pathway. D-R-2-hydroxyglutarate
generation occurs by neomorphic mutations in isocitrate
dehydrogenase 1 and 2 (IDH1/2) [46] or by transamina-
tion via glutamate-oxaloacetate transaminase 1 (GOT1)
[44°°]. Conversely, both hypoxia [47,48] and promiscuous
activity of lactate and malate dehydrogenase enzymes at
acidic pH [49,50] generate L-R-2-hydroxyglutarate. It is
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TCA cycle-associated metabolites, epigenetics, and cell fate. The fates of stem cells, T cells, and macrophages are regulated by cellular
concentrations of «KG and succinate. These outcomes are at least partially mediated by «KG-dependent dioxygenases, which remove methyl
epigenetic marks to alter nuclear gene expression. Activation or inhibition of these enzymes is dictated by high levels of aKG or succinate,
respectively, and the resulting changes to the epigenome alter the differentiation and development of cells. Key: ESCs, embryonic stem cells;

hPSCs, human pluripotent stem cells; EpiSCs, epiblast stem cells.

unclear whether these enantiomers have different cellular
activity as both occur naturally, but a shift to favor L-S-2-
hydroxyglutarate appears to result in T cell activation due
to histone and DNA demethylation (Figure 3) [45°].

The cellular concentrations of TCA cycle metabolites
alpha-ketoglutarate (aKG) and succinate are dependent
upon mitochondrial activity and are important regulators
of DNA and histone methylation patterning and cell fate.
Both TET and JmjC-containing demethylases require
0,, aKG, and complexed iron (II) for activity, and pro-
duce succinate and CO; as reaction byproducts [14,51].
Adjusting aKG to succinate ratios can cause phenotype
switching in cells. In macrophages, a high aKG to succi-
nate ratio causes demethylation of H3K27me3 marks and
drives M2 macrophage differentiation for anti-inflamma-
tory and tissue repair responses, whereas a low ratio
promotes lipopolysaccharide-sensing M1 macrophages
and a pro-inflammatory response (Figure 3) [52°]. Ele-
vated superoxide radicals from superoxide dismutase
2 depletion in stromal precursor cells may impede differ-
entiation by promoting the accumulation of «KG, impair-
ing glycolysis, and enhancing oxidative metabolism [53].
The mechanism(s) by which aKG causes epigenetic
changes in this case is unknown, although aKG involve-
ment may suggest a demethylase related activity that
requires exploration. Alternatively, the extracellular
levels of these metabolites may influence gene expression
and cell function by serving as ligands of G-Protein

Coupled Receptors (GPCRs). For example, succinate
and aKG can bind to GPCR91 and GPCR99, respec-
tively, to regulate cellular functions and tissue physiology
[54,55]. Further investigation is needed to determine the
extent to which mitochondrial metabolites influence cel-
lular phenotypes by epigenetic modification or through
non-canonical signaling pathways.

Finally, naive mouse embryonic stem cells maintain
DNA/histone demethylase function and pluripotency
by sustaining an elevated aKG to succinate ratio [56].
Atrtificially reducing this ratio impairs TET demethylase
activity, increases trimethylation and decreases mono-
methylation of H3K9, K3K27, H3K36, and H4K20, and
promotes cell differentiation [56]. In less naive, primed-
state human pluripotent stem cells and mouse epiblast
stem cells, elevated aKG levels promote stimulated
differentiation [57°°]. Furthermore, elevated aKG causes
a decrease in H3K4me3 and H3K27me3, while an
increased succinate concentration enhances these marks
[57°°]. These results show that iz vitro, specific mitochon-
drial metabolites differentially regulate epigenome mod-
ifying enzymes and cellular differentiation depending
upon cell state and microenvironment cues (Figure 3).
Because these studies often involve the extracellular
addition of membrane-permeable derivatives to cells
under laboratory conditions, how robust this regulation
is in vivo needs further study. Additionally, while it is
known that the transfer of mitochondria occurs between
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cells in vitro and in vive, the biological consequences of
transfer are unclear and it is unknown whether this
process occurs in glycolytic hypoxic stem cells niches,
which could alter mitochondrial metabolites and specific
patterns of differentiation.

Mitochondrial metabolites and histone acetylation

In addition to methylation, acetylation occurs on histone
tail residues, promoting euchromatin conformation and
gene activation [58,59]. The twenty-two known HAT's
use the cofactor acetyl-coenzyme A (acetyl-CoA) to bind
acetyl groups to lysine residues [58]. Histone acetylation
is dependent upon the availability of acetyl-CoA, which
accumulates within the nucleus, cytoplasm, and mito-
chondria [60]. Mitochondrial acetyl-CoA is made from
fatty acid beta-oxidation, from branched-chain amino
acids, and from pyruvate, citrate, and acetate via pyruvate
decarboxylase, ATP citrate lyase (ACL), and acetyl-CoA
synthetase 1 enzymes, respectively [61,62]. Furthermore,
not only is TCA cycle generated citrate exported to the
cytoplasm or nucleus and converted by ACL into acetyl-
CoA, but ACL is also essential for histone acetylation and
epigenome remodeling during nutrient sensing and adi-
pocyte differentiation [63-65]. 2ZHG can enhance histone
H3 acetylation by stimulating ACL and histone acetyl-
transferases (HAT's) [42]. Finally, macrophages exposed
to IL-4 show enhanced Akt-mTORC1 pathway activity,
which increases the production of acetyl-CoA by ACL
and results in H3/H4 histone acetylation that, similar to
elevated demethylase activity, favors M2 macrophage
activation [66].

Acetyl marks are removed by the eighteen histone dea-
cetylases (HDACs), which are divided into four classes.
Class I, II, and IV (HDACs 1-11) are an+-dependent,
whereas class III HDAGCs, also known as the sirtuins
(SIRT1-7), require NAD+ for activity [58,67,68]. Each
class of HDAC is inhibited by different mitochondrial
metabolites, which can result in histone H3/H4 tail
hyperacetylation [69]. Class I and Ila HDACs are inhib-
ited by the ketone body D-beta-hydroxybutyrate, a met-
abolic intermediate produced in liver mitochondria by
fatty acid beta-oxidation during starvation conditions and
when the TCA cycle is unable to produce sufficient
amounts of acetyl-CoA [70,71]. This inhibition results
in histone hyperacetylation, transcription changes, and
activation of oxidative stress transcription factors
FOXO3A and M'T2, similar to the depletion of HDAC1
and HDAC2 [71,72]. Understanding how mitochondrial
function and transfer may influence this regulation
requires further study but also seems critical in animal
models. Altering histone acetylation and gene expression
can improve spatial memory impairment caused by hyp-
oxia [73°] and extend lifespan in the roundworm Caenor-
habditis elegans [74], although it can also induce tumor-
genicity in certain cases [75].

Depletion of the class III HDAC SIRT1 results in
increased H3K9 acetylation in hepatocellular carcinoma
cells [76]. NAD+ depletion results in hyperacetylation
and reduced trimethylation at H3K9 as well as reduced
cell proliferation in human cancer models [77]. The
simultaneous change in both acetylation and methylation
highlights the multilayered regulation of the epigenome
by a single metabolite. However, the specific role of
mitochondrial NAD+ is currently unknown due to the
technical challenges of studying how specific subcellular
NAD+ pools influence enzymatic activities [78].

Mitochondrial transfer

mtDNA encoded proteins are essential for OXPHOS and
also influence the synthesis of TCA cycle metabolites
linked to epigenome modifications. In the extreme exam-
ple of cells without mtDNA, called rho null (p0) cells,
respiration is terminated, concentrations of succinate and
2HG are elevated, and aKG, fumarate, malate, and citrate
levels are reduced [79°]. These changes in TCA cycle
intermediates in mtDNA-deficient cells can reduce
H3K9, H3K18, and H3K27 histone acetylation [80].
Additionally, mtDNA depletion increases one-carbon
cycle serine metabolism and transsulfuration, and leads
to both hypo-methylation and hyper-methylation of CpG
islands [81-83,84°]. Although not thoroughly investi-
gated, mtDNA depletion does not result in consistent
changes across the epigenome. Rather, these studies
suggest that dramatic changes to mitochondrial metabo-
lite concentrations in p0 cells may activate and repress
gene expression with variability. Further studies are
needed to elucidate which metabolites drive patterns
of epigenetic modification of specific genes and pathways
in response to altered mtDNA levels.

Artificially transferring isolated, functional mitochondria
into p0 cells rescues OXPHOS and restores the metabolic
and transcriptional profiles of the recipient hybrid cells
(Figure 2). Wu et al. transferred mitochondria from a
donor cell line into p0 recipient cells using a large cargo
delivery device called a photothermal nanoblade and
generated three rescue clones that reestablished
OXPHOS. Mitochondrial transfer did not fully restore
all metabolites, such as 2HG and citrate, to wild-type
levels [79°]. Furthermore, one of three examined rescue
clones still resembled the p0 recipient line’s metabolomic
profile and TCA cycle gene expression pattern, suggest-
ing that incomplete remodeling of the epigenome
occurred despite restoring E'TC activity. Latorre-Pellicer
et al. recently reported that mice with identical nuclear
genomes but different mtDNA genotypes exhibit signifi-
cant differences in metabolic profiles, key cellular path-
ways, and lifespan [85]. These data suggest that different
mtDNA haplotypes may be more or less compatible with
different nuclear genotypes, influencing mitochondrial
function, altering metabolism in whole organisms, and
leading to epigenetic and phenotypic changes [86].
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Table 1

Mitochondrial metabolites and their effect on epigenome marks.

Metabolite Enzyme(s) affected

Enzyme substrate

Effect on enzyme activity Transcription change

TCA cycle

aKG Demethylases DNA, histones + +or —

Fumarate Demethylases DNA, histones - +or —

Succinate Demethylases DNA, histones - +or —

Acetyl-CoA HATs Histones + +
TCA cycle associated

2HG Demethylases, acetyltransferases DNA, histones - +or —

+ +

Respiration

NAD+ Sirtuin deacetylases Histones + -

FAD Demethylases Histones + +or —
Fatty acid beta-oxidation

D-beta-hydroxybutyrate Deacetylases Histones - +
One-carbon cycle associated

AdoMet Methyltransferases DNA, histones + +o0r —

+, Enhanced; —, Repressed.

In addition to haplotype incompatibility, results from
these two studies may also be from epigenetic modifica-
tions to the mtDNA itself. Although controversial and
initially determined to have no methylation [87] or asso-
ciated histone proteins, interest in mtDNA epigenetics
has increased with evidence suggesting mtDNA contains
CpG sites that may be methylated to low levels [88,89]
and that DNMT and TET enzymes localize to mito-
chondria [90-92]. Several publications suggest the accu-
mulation of mtDNA methylation as biomarkers in a wide
variety of pathologies involving mitochondrial function,
from environmental pollution to aging and cardiovascular
disease [88,93,94]. Although mtDNA methylation could
modulate transcription like methyl groups in nuclear
chromatin, such methylation marks may also regulate
the cellular compatibility and tolerance of mtDNA, simi-
larly to how the immune system identifies self from non-
self. Further work is needed to determine whether these
sporadically reported marks are not artifacts and quantify
their biological relevance as any mitochondrial replace-
ment therapy would need to overcome mitochondrial-
nuclear compatibility issues.

The transfer of mitochondria between cells is also a
biological phenomenon that occurs by endocytosis,
tunneling nanotubes, and potentially other uncharacter-
ized pathways in tissue culture and 7z vivo [3] (Figure 2).
When non-tumorigenic p0 cancer cells are injected into a
mouse, they receive mitochondria and mtDNA from the
microenvironment, regain OXPHOS, and recover their
tumorgenicity [8,9]. Whether this transfer also occurs
between the stroma and cancer cells with their endoge-
nous mtDNA intact, which is more relevant to human
disease, remains to be clarified. This question has been
addressed in non-cancer models showing that mitochon-
drial transfer modulates metabolism [95], tissue damage
repair [96], and disease progression [3,97]. However,
these studies often focus on ATP production, ROS levels,

or cell viability associated with mitochondrial transfer
rather than alterations to global gene expression and
the epigenome that may be driving these biological
changes.

Brief remarks

Mitochondria are metabolite-generating factories that
support biomolecule and epigenome modification. The
metabolites formed within mitochondria are substrates
for and regulators of the writers and erasers of the epi-
genome (Table 1). This regulation may extend beyond
altering chromatin structure and gene expression in the
nucleus. A more complete understanding of mitochon-
drial-associated metabolism as a driver of epigenome
modifications and its relationship to cell-to-cell mitochon-
drial transfer may provide mechanistic insight for treating
a wide variety of diseases, including mtDNA-disorders.
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Abstract Generating mammalian cells with specific mitochondrial DNA (mtDNA)-nuclear DNA
(nDNA) combinations is desirable but difficult to achieve and would be enabling for studies of
mitochondrial-nuclear communication and coordination in controlling cell fates and functions. We
developed ‘MitoPunch’, a pressure-driven mitochondrial transfer device, to deliver isolated
mitochondria into numerous target mammalian cells simultaneously. MitoPunch and MitoCeption, a
previously described force-based mitochondrial transfer approach, both yield stable isolated
mitochondrial recipient (SIMR) cells that permanently retain exogenous mtDNA, whereas
coincubation of mitochondria with cells does not yield SIMR cells. Although a typical MitoPunch or
MitoCeption delivery results in dozens of immortalized SIMR clones with restored oxidative
phosphorylation, only MitoPunch can produce replication-limited, non-immortal human SIMR
clones. The MitoPunch device is versatile, inexpensive to assemble, and easy to use for engineering
mtDNA-nDNA combinations to enable fundamental studies and potential translational
applications.

Introduction

Mitochondrial DNA (mtDNA) and nuclear DNA (nDNA) genome coordination regulates metabolism,
epigenome modifications, and other processes vital for mammalian cell survival and activity
(Patananan et al., 2018; Ryan and Hoogenraad, 2007; Singh et al., 2017). Together, these
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eLife digest Mitochondria are specialized structures within cells that generate vital energy and
biological building blocks. Mitochondria have a double membrane and contain many copies of their
own circular DNA (mitochondrial DNA), which include the blueprints to create just thirteen essential
mitochondrial proteins.

Like all genetic material, mitochondrial DNA can become damaged or mutated, and these
changes can be passed on to offspring. Some of these alterations are linked to severe and
debilitating diseases. Both the double membrane of the mitochondria and their high number of
DNA copies make treating such diseases difficult. A successful therapy must be capable of
correcting almost every copy of mitochondrial DNA. However, the multiple copies of mitochondrial
DNA create a problem for genetic research as current techniques are unable to reliably introduce
particular mitochondrial mutations to all types of human cells to investigate how they may alter cell
function.

Sercel, Patananan et al. have developed a method to deliver new mitochondria into thousands of
cells at the same time. This technique, called MitoPunch, uses a pressure-driven device to propel
mitochondria taken from donor cells into recipient cells without mitochondrial DNA to reestablish
their function. Using human cancer cells and healthy skin cells that lack mitochondrial DNA, Sercel,
Patananan et al. showed that cells that received mitochondria retained the new mitochondrial DNA.
The technique uses readily accessible parts, meaning it can be performed quickly and inexpensively
in any laboratory. It further only requires a small amount of donor starting material, meaning that
even precious samples with limited material could be used as mitochondrial donors.

This new technique has several important potential applications for mitochondrial DNA research.
It could be used in the lab to create large numbers of cell lineswith known mutations in the
mitochondrial DNA to establish new systems that test drugs or probe the interaction between
mitochondrial and nuclear DNA. It could be used to study a broad spectrum of biological questions
since mitochondrial function is essential for several processes required for life. Critically, it could also
be used as a starting point to develop next-generation therapies capable of treating inherited
mitochondrial genetic diseases in severely affected patients.

genomes encode >1100 mitochondrial proteins, with only 13 essential electron transport chain (ETC)
proteins encoded within the mtDNA (Calvo and Mootha, 2010). The mitochondrial proteins
encoded in the mtDNA and the nDNA must be compatible to support mitochondrial ETC activity.
Mutations in mtDNA can impair the ETC by altering nDNA co-evolved ETC complex protein interac-
tions, causing defective cellular respiration and debilitating diseases (Greaves et al., 2012). Further-
more, the coordination of these two genomes to transcribe, translate, and potentially modify
appropriate levels of their respective gene products to maintain energetic and metabolic homeosta-
sis is essential to the proper functioning of the ETC (Wolff et al., 2014). As a result, methods that
enable pairing of specific mtDNA and nDNA genotypes in tractable systems are key to understand-
ing the basic biology of mitonuclear interactions and their implications for health and disease.

Our current inability to edit mtDNA sequences is a roadblock for many studies and potential
applications. For example, endonucleases targeted to the mitochondrion inefficiently eliminate and
cannot alter mtDNA sequences (Bacman et al., 2018). An exciting new bacterial cytidine deaminase
toxin generates a limited repertoire of point mutations in the mtDNA; however, its efficiency remains
low and it is unable to knock-in new gene sequences (Mok et al., 2020). Mitochondrial transfer
between cells in vitro and in vivo provides a potential path forward for transplanting existing mtDNA
sequences; however, the mechanisms controlling such transfers remain unknown (Dong et al., 2017;
Torralba et al., 2016). Isolated mitochondrial transfer has been used to deliver mitochondria to a
range of recipient cell types in vitro and even in vivo (Caicedo et al., 2015; Emani et al., 2017,
Kitani et al., 2014); however, most studies using these methods observe only short-term changes to
cell or organ performance and function. A small number of these studies have coincubated mito-
chondria with recipient cells and observed permanent retention of the exogenous mtDNA in
mtDNA-deficient (so-called ‘p0’) cells using large doses of mitochondria or antibiotic selection
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schemes (Clark and Shay, 1982; Patel et al., 2017), although these approaches may not be possible
when mitochondrial donor material is limited or does not possess a suitable selection marker.

Methods that deliver mitochondria directly into p0 cells can increase stable mitochondrial transfer
efficiency and employ a wider range of mitochondrial donor sources. Such methods include mem-
brane disruption (King and Attardi, 1988, Wu et al., 2016) or fusion with enucleated cytoplasts
(Wilkins et al., 2014). However, these methods are typically laborious, low-throughput, or depend
on cancerous, immortal recipient cells lacking physiologic mitochondrial activity. An interesting
recent study did report one desired mtDNA-nDNA clone and 11 false-positive clones using cybrid
fusion with replication-limited cells, an achievement hampered by a low generation rate with
unknown reproducibility or generalizability (Wong et al., 2017).

There exist clinically relevant methods to replace the mtDNA of human cells, such as somatic cell
nuclear transfer and pronuclear transfer that involve delivering nuclear genetic material from patients
with mtDNA diseases into enucleated oocytes with non-mutant mtDNA genotypes (Hyslop et al.,
2016; Tachibana et al., 2013). These methods hold potential for replacing deleterious mtDNA for
the unborn, but they are technically challenging, low-throughput, dependent on high-quality patient
samples, and prone to contamination by mutant mtDNA from the affected nuclear source material
(Kang et al., 2016). Higher-throughput techniques that exchange non-native for resident mtDNAs in
non-immortal somatic cells in tissue culture could enable studies of mtDNA-nDNA interactions and
replace deleterious mtDNAs within cells with therapeutic potential (Patananan et al., 2016). Thus, a
higher throughput, reproducible, and versatile mtDNA transfer approach to generate multiple
desired ‘stable isolated mitochondrial recipient’ (SIMR) clones in replication-limited cells remains
essential for statistically valid studies and potential translation of mitochondrial transplantation.

Results

MitoPunch mechanism uses fluid pressure to disrupt the plasma
membrane

We developed ‘MitoPunch’ as a simple, high-throughput mitochondrial transfer device consisting of
a lower polydimethylsiloxane (PDMS) reservoir loaded with a suspension of isolated mitochondria,
covered by a polyethylene terephthalate (PET) filter seeded with ~1 x 10° adherent cells (Figure 1A,
Figure 1—figure supplement 1). MitoPunch uses a solenoid-activated plunger to transfer isolated
mitochondria in a holding chamber by force into the cytosol of mammalian cells. Upon actuation, a
mechanical plunger deforms the PDMS from below, which, as calculated by numerical simulation,
generates pressure up to 28 kPa inside the PDMS chamber, propelling the suspension through
numerous 3 um pores in the PET filter. This pressure cuts the plasma membrane of recipient cells sit-
ting atop the pores and delivers mitochondria into the cytoplasm of the cut cells (Figure 1B). To
assess performance, we compared MitoPunch to mitochondrial coincubation (Kitani et al., 2014)
and to MitoCeption (Caicedo et al., 2015), a method that uses centripetal force generated in a cen-
trifuge to localize mitochondria to recipient mammalian cells (Figure 1C). In MitoCeption, a 1500 x
g centripetal force draws isolated mitochondria to a recipient cell monolayer. We calculate that the
suspended mitochondria exert a pressure of ~1.6 Pa on recipient cell membranes (Figure 1D) (see
Materials and methods).

Mitochondrial delivery into transformed and primary cells

We isolated and delivered dsRed-labeled mitochondria from ~1.5 x 107 HEK293T cells
(Miyata et al., 2014) into ~1 x 10° 143BTK- p0 osteosarcoma cells and replication-limited BJ p0
foreskin fibroblasts in technical triplicate and measured the fraction of recipient cells positive for
dsRed fluorescence by ImageStreamx Markll imaging flow cytometry (Figure 2A). We define techni-
cal replication as independently performed mitochondrial deliveries using the same isolated mito-
chondrial preparation into recipient cells of the same passage. For 143BTK- pO cells at ~2 hr post-
delivery, imaging flow cytometry showed that MitoPunch yielded the lowest fraction of dsRed-posi-
tive cells compared to coincubation or MitoCeption. Similarly, for BJ pO recipient cells, MitoPunch
yielded the lowest fraction of dsRed-positive cells compared to coincubation or MitoCeption,
although at lower levels relative to 143BTK- p0 recipients. This measurement assesses colocalization
of mitochondria with recipient cells, and not necessarily the occurrence or mechanism of
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Figure 1. Pressure simulations of mitochondrial transfer tools. (A) Schematic of MitoPunch apparatus. Recipient cells (1 x 10°) are seeded on a porous
polyester (PET) membrane ~24 hr before delivery. A freshly isolated suspension of mitochondria in 1x Dulbecco’s Phosphate Buffered Saline (DPBS)
with calcium and magnesium, pH 7.4, is loaded into the polydimethylsiloxane (PDMS) chamber and the filter insert is sealed over the PDMS before
activation of the mechanical plunger to pressurize the apparatus and deliver the mitochondrial suspension into recipient cells. (B) Numerical simulation
showing the pressure inside the PDMS chamber reaching 28 kPa with piston activation. COMSOL file used to model MitoPunch pressure is available in
Figure 1—source data 1. (C) Schematic of MitoCeption technique. Recipient cells (1 x 10°) are seeded on wells of a 6-well dish ~24 hr before delivery.
A freshly isolated suspension of mitochondria in 1x DPBS with calcium and magnesium, pH 7.4, is pipetted into the cell medium before the plate is
centrifuged at 1500 x g for 15 min at 4°C. The plate is incubated in a 37°C incubator for 2 hr before being centrifuged again at 1500 x g for 15 min at 4°
C. (D) MitoCeption pressure model and calculated pressure exerted by isolated mitochondria on recipient cells during delivery.

The online version of this article includes the following source data and figure supplement(s) for figure 1:

Source data 1. Numerical simulation of MitoPunch pressure generation during mitochondrial delivery.
Figure supplement 1. Annotated MitoPunch apparatus.

internalization of delivered mitochondria. These data suggest that the method of delivery and target
cell type affect the efficiency of initiating mitochondria-recipient cell interactions.

We quantified the number of discreet dsRed-spots in each cell ~2 hr following delivery from this
data (George et al., 2004; Figure 2B and Figure 2—figure supplement 1). ImageStream spot
count analysis of 143BTK- pO recipient cells showed MitoPunch delivered a lower mean and median
number of dsRed spots per cell than coincubation or MitoCeption. MitoPunch transfers into BJ p0
recipient cells yielded fewer mean spots/cell compared to coincubation and MitoCeption with an
equivalent median number of spots/cell for MitoPunch and MitoCeption and slightly more for coin-
cubation. Next, we used confocal microscopy to observe dsRed mitochondrial fluorescence in
143BTK- pO0 recipients fixed 15 min post-transfer, which we chose for its robust mitochondrial acqui-
sition (Figure 2C). We visualized mitochondrial localization with confocal microscopy by detecting
dsRed protein from the donor mitochondria, shown in red, and labeling the recipient cell plasma
membranes with either CellMask Green (coincubation and MitoCeption) or wheat germ agglutinin
(MitoPunch), shown in green. Following MitoPunch, mitochondrial dsRed appeared to localize to
pores in the filter insert and within the cytoplasm of cells, whereas coincubation and MitoCeption
uniformly coated recipient cells with mitochondria, with greater mitochondrial association with recip-
ient cells following MitoCeption. While all three methods initiate physical interactions between mito-
chondria and recipient cells, MitoPunch delivers mitochondria to the basal membranes of recipient
cells at regions associated with the PET membrane pores, compared to a diffuse membrane associa-
tion pattern seen with coincubation and MitoCeption.

To investigate the capacity of these methods to disrupt recipient cell plasma membranes, we
delivered the membrane impermeant dye propidium iodide (Pl) by coincubation, MitoPunch, and
MitoCeption to measure membrane disruption from delivery and quantified uptake by flow cytome-
try (Figure 2D; Novickij et al., 2017). Delivery into 143BTK- pO cells by MitoPunch and MitoCeption
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Figure 2. MitoPunch delivers isolated mitochondria to recipient cells. (A) Quantification of flow cytometry results measuring the association of dsRed
mitochondria with 143BTK- p0 and BJ p0 single recipient cells following mitochondrial transfer. (B) Mean and median dsRed spot count quantification
of ImageStream data. (C) Sequential Z-stacks of confocal microscopy of 143BTK- p0 cells delivered isolated HEK293T-derived dsRed mitochondria by
coincubation, MitoPunch, and MitoCeption and fixed 15 min following transfer. Arrows indicate representative mitochondria interacting with recipient
cells. Transferred dsRed mitochondria are labeled in red. Plasma membranes are labeled in green, stained with CellMask Green plasma membrane
stain in coincubation and MitoCeption and with wheat germ agglutinin plasma membrane stain in MitoPunch. Scale bars indicate 15 um. (D)
Quantification of flow cytometry measurements of fluorescence in 143BTK- p0 and BJ p0 single cells following propidium iodide transfer by
coincubation, MitoPunch, and MitoCeption. Error bars represent SD of three technical replicates in all figures.

The online version of this article includes the following figure supplement(s) for figure 2:

Figure 2 continued on next page
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Figure supplement 1. Mitochondrial spot quantification.

resulted in similar percentages of Pl-positive recipient cells, and both were greater than coincuba-
tion. Interestingly, BJ p0 cells showed comparable fractions of Pl-positive cells to the 143BTK- p0
after coincubation and MitoCeption. However, MitoPunch yielded an approximately fivefold increase
in the Pl-positive fraction compared to all other conditions. These data show that MitoPunch and
MitoCeption disrupt the plasma membranes of recipient cells for potential mitochondrial transfer,
and the degree of disruption is cell type and delivery method dependent.

Stable retention of transplanted mtDNA

After verifying mitochondrial interaction with recipient cells by coincubation, MitoPunch, and Mito-
Ception, we next determined whether these methods result in permanent retention of exogenous
mtDNA to generate SIMR cells. pO cells cannot synthesize pyrimidines and therefore cannot prolifer-
ate or survive without supplemented uridine because of ETC impairment, so we used nucleotide-
free medium prepared with dialyzed fetal bovine serum (SIMR selection medium) to select for SIMR
cells with transplanted mtDNA and restored ETC activity (Grégoire et al., 1984; Figure 3A and B).
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Figure 3. Stable retention of transplanted mitochondrial DNA (mtDNA) into transformed and replication-limited cells. (A) Workflow for stable isolated
mitochondrial recipient (SIMR) cell generation by mitochondrial transfer into pO cells. (B) Representative fixed and crystal violet stained 10 ecm plate
image following MitoPunch and SIMR cell selection used for SIMR clone generation quantification. (C) Quantification of crystal violet stained 143BTK-
p0 and BJ p0 SIMR clones. Error bars represent SD of three technical replicates. (D) Quantification of crystal violet stained 143BTK- p0 and BJ p0 SIMR
clones formed by MitoPunch actuated with indicated voltages after uridine-free selection. Error bars represent SD of three technical replicates with the
exception of BJ p0 5V transfer, which shows two replicates. (E) Quantification of crystal violet stained 143BTK- p0 and BJ p0 SIMR clones formed by
MitoCeption with indicated centripetal forces after uridine-free selection. Error bars represent SD of three technical replicates.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. Verification of surviving mitochondrial donor cells following mitochondrial isolation.

Figure supplement 2. MitoPunch generates stable isolated mitochondrial recipient (SIMR) clones in immortalized mouse cells.
Figure supplement 3. Quantification of MitoPunch reproducibility.

Figure supplement 4. Quantification of MitoPunch reproducibility relative to mitochondrial mass transferred.

Figure supplement 5. Quantification of stable isolated mitochondrial recipient (SIMR) generation efficiency by delivering different masses of isolated
mitochondria.

Figure supplement 6. Quantification of MitoPunch stable isolated mitochondrial recipient (SIMR) generation by serial deliveries using one isolated
mitochondrial aliquot.
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BJ pO cells survive longer under this selection scheme compared to the 143BTK- pO (data not
shown), so we included an additional selection phase by culturing these cells in nucleotide-free, glu-
cose-free, galactose supplemented medium (galactose selection medium) (Robinson et al., 1992).
We isolated and transferred HEK293T dsRed mitochondria into 143BTK- p0 and BJ pO cells by coin-
cubation, MitoPunch, and MitoCeption, performed SIMR selection in cell-type appropriate medium
for 7 days, and quantified the number of viable clones by crystal violet staining (Figure 3C). Coincu-
bation did not generate SIMR clones in 143BTK- pO0 cells, in contrast to MitoPunch and MitoCeption,
which each generated dozens of clones. BJ p0 cells with delivered HEK293T mitochondria by coincu-
bation or MitoCeption did not form SIMR clones. MitoPunch generated numerous SIMR clones in
both cell types, although fewer BJ pO SIMR clones than in 143BTK- pO cells, whereas MitoCeption
only generated clones in 143BTK- p0 cells and was unable to form stable clones in replication-lim-
ited BJ cells. To assess the risk of mitochondrial donor cells surviving disruption during mitochondrial
isolation and generating false positive SIMR clones, we performed three independent mitochondrial
isolations, plated an aliquot from each isolation representing mitochondria isolated from ~1.5 x 107
HEK293T dsRed cells on 10 cm dishes, and carried these plates through the 10-day selection with
SIMR selection medium before crystal violet staining for visual assessment (Figure 3—figure supple-
ment 1). We observed no cell growth on any of the three plates, indicating a minimal incidence of
donor cell survival through the mitochondrial isolation protocol.

We next investigated whether differences in SIMR clone generation between 143BTK- p0 and BJ
p0 cells were driven by sensitivity to differences in delivery pressure. We developed a MitoPunch
device with adjustable plunger acceleration modulated by changing the circuit voltage (Immunity-
Bio). We generated independent voltage titration curves in 1 V increments (0 V - 5 V) for each cell
type in technical triplicate at each voltage and used the same mitochondrial preparation for all sam-
ples for each cell type. All prior experiments in this study are controlled by delivering DPBS with cal-
cium and magnesium to recipient cells by MitoPunch, but here we included a 0 V condition in which
the seeded filter insert was positioned atop the PDMS reservoir and pressed against an aliquot of
isolated mitochondrial suspension similar to deliveries with force, but without actuating the piston.
We achieved maximum 143BTK- p0O SIMR clone generation with this tunable MitoPunch at 1V, with
a sharp reduction to background with increasing voltage (Figure 3D). The BJ pO recipient also
showed maximal SIMR generation at 1V, with a shallow decline in SIMR generation efficiency to 5 V.
Surprisingly, the 0 V condition consistently yielded a few SIMR clones in the 143 BTK- pO recipients
and inconsistently in the BJ pO recipients. This result suggests that the pressure generated by sealing
the filter insert against the PDMS reservoir is sufficient to generate SIMR clones at a low frequency.
For all forthcoming MitoPunch trials we use the variable voltage MitoPunch device set to 1 V.

We performed a similar force titration with MitoCeption by varying the maximum centripetal
force, using a common mitochondrial preparation for all samples of both cell types. In 143BTK- p0
cells, we observed maximum clone generation at 1000 x g and 1500 x g, and we did not generate
BJ p0 SIMR clones greater than the 0 x g background at any acceleration tested (Figure 3E). This
background, present in both 143BTK- p0 and BJ pO conditions at 0 x g, is likely from rare un-lysed
donor cells from mitochondrial preparations directly pipetted into the culture medium of recipient
cells during MitoCeption. We have infrequently observed imperfect donor cell lysis , usually in larger
mitochondrial preparations, that results in rare, persistant dsRed fluorescent colonies as observed by
fluorescence microscopy. True SIMR clones cannot produce the dsRed protein from donor mitochon-
dria and lose fluorescence with time over selection, while these persistent dsRed colonies maintain
their fluorescence over the same period (data not shown). Despite this occasional low-level contami-
nating donor cell background, MitoCeption yielded a strong dose-dependent response in SIMR
clone generation from 143BTK- pO recipients above the background. Additionally, MitoPunch deliv-
eries into B16 p0 mouse melanoma cells (Tan et al., 2015) yielded maximal SIMR generation at a dif-
ferent voltage than in the human cell lines tested, showing that optimal mitochondrial delivery
pressure may be cell type dependent (Figure 3—figure supplement 2). These data suggest that
MitoPunch is uniquely able to generate SIMR clones in replication-limited fibroblasts and SIMR gen-
eration efficiency depends on delivery pressure.

We next quantified the reproducibility of our mitochondrial preparation technique and the Mito-
Punch procedure by performing triplicate MitoPunch transfers using three independent mitochon-
drial preparations from equal numbers of HEK293T dsRed biological replicate populations
(Figure 3—figure supplements 3 and 4). We define biological replication here as mitochondrial
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preparations derived from independently cultured populations of mitochondrial donor cells. Mito-
chondrial preparations 1, 2, and 3 (same as those pictured in Figure 3—figure supplement 1) gen-
erated consistent protein concentrations, and each preparation yielded dozens of SIMR clones in all
three technical replicate MitoPunch deliveries with the exception of Prep 3, which resulted in two
lower efficiency replicates. We quantified the number of SIMR clones generated per microgram of
mitochondrial mass loaded into the MitoPunch apparatus and observed a similar trend. These results
showed that our mitochondrial isolation technique produced consistent levels of isolated mitochon-
drial mass and that the MitoPunch technique yielded high numbers of SIMR clones.

To enable desirable mtDNA-nDNA clone generation using limited starting material, such as mito-
chondria from rare cell subpopulations, we determined the minimal mass of mitochondrial isolate
required to generate SIMR clones. We performed coincubation, MitoPunch, and MitoCeption trans-
fers into ~1 x 10° 143BTK- pO recipient cells using decreasing concentrations of dsRed mitochondria
isolated from HEK293T cells and plated half of the recipient cell population on 10 cm plates. We
observed a similar dose-dependent relationship between mitochondrial mass delivered and SIMR
clones observed for MitoPunch and MitoCeption across 0.16 ug, 1.6 ug, and 16 ug total mitochon-
drial protein suspended in 120 uL of 1x DPBS, pH 7.4 transfer buffer (Figure 3—figure supplement
5). These results showed that although MitoPunch and MitoCeption generate SIMR clones from
transformed recipient cells with similar efficiency per microgram of mitochondrial isolate delivered,
the differences inherent to the two protocols rendered direct comparisons of their relative efficien-
cies less meaningful.

Moving the seeded PET filter from a 12-well dish to the MitoPunch apparatus often resulted in
excess medium being carried to the PDMS reservoir. Combined with the small volume of mitochon-
drial preparation delivered to the recipient cells, we observed that MitoPunch resulted in diluted
residual mitochondrial isolate left in the reservoir post-transfer. In the interest of conserving mito-
chondrial material, we tested whether a used 120 uL aliquot of isolated mitochondria can be applied
to repeated MitoPunch transfers to generate SIMR clones (Figure 3—figure supplement 6). We
performed 11 sequential deliveries into 143BTK- pO cells using one aliquot of mitochondrial isolate
and found maximal SIMR clone generation from the first and second deliveries, after which we
observe a sharp reduction in SIMR cell formation and inconsistent SIMR generation rate up to the
11th transfer. These data showed that multiple MitoPunch transfers can be performed using a single
aliquot of mitochondrial suspension when material is limited.

SIMR cells rescue p0 mitochondrial respiration and network
morphology

Finally, we measured mitochondrial function in SIMR cells by quantifying the rate of oxygen con-
sumption and assessing mitochondrial morphology. We isolated three independent 143BTK- pO
SIMR clones generated by MitoPunch or MitoCeption transfer of isolated HEK293T mitochondria
and measured each clone’s oxygen consumption rate (OCR) using a Seahorse Extracellular Flux Ana-
lyzer mitochondrial stress test (Figure 4A, Figure 4—figure supplement 1). To determine whether
SIMR clone respiration remained stable through time, we grew the clones through two freeze/thaw
cycles in uridine supplemented medium and measured cellular respiration. We found that one Mito-
Ception clone lost its respiratory capacity and one MitoPunch clone was not viable after freezing
and thawing (data not shown). In the remaining clones, basal and maximal respiration, spare respira-
tory capacity, and ATP generation remained stable throughout both freeze-thaw cycles. We have
performed numerous similar experiments using a range of recipients and mitochondrial donors and
observed successful clone viability after freeze-thaw (data not shown).

We then immunostained the freeze-thawed SIMR clones with anti-TOM20 and anti-double-
stranded DNA (dsDNA) antibodies to detect mitochondria and mtDNA content, respectively, by
confocal microscopy (Figure 4B and Figure 4—figure supplement 2). The MitoCeption clone that
lost respiratory capacity showed a fragmented mitochondrial network with no detectable mtDNA
(Figure 4—figure supplement 2), whereas the other SIMR clones generated by MitoPunch and
MitoCeption contained mtDNA with filamentous mitochondrial network morphologies. These data
show that the majority of 143BTK- pO SIMR clones generated by either MitoPunch or MitoCeption
have retained mtDNA, restored respiratory profiles, and filamentous mitochondrial network
morphologies.
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Figure 4. Mitochondrial DNA (mtDNA) transplantation rescues p0 mitochondrial phenotypes. (A) Oxygen consumption rate (OCR) quantification of
basal and maximal respiration, spare respiratory capacity, and ATP generation from two independent 143BTK- p0 + HEK293T stable isolated
mitochondrial recipient (SIMR) clones generated by MitoPunch and MitoCeption. Cross-hatched data indicate clones that were frozen and thawed twice
each. Error bars represent SD of four technical replicates for fresh SIMR cell measurements and five for thawed SIMR cell measurements. (B) Confocal
microscopy of representative 143BTK- p0 + HEK293T SIMR clones compared to 143BTK~ parental, HEK293T dsRed mitochondrial donor, and 143BTK-
p0 controls. Mitochondria were stained with anti-TOM20 antibody and labeled red, double-stranded DNA was stained with anti-dsDNA antibody and
labeled green, and cell nuclei were stained with NucBlue (Hoechst 33342) and labeled blue. Scale bars indicate 15 um.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Schematic of the Seahorse Mito Stress Test.
Figure supplement 2. Confocal microscopy of stable isolated mitochondrial recipient (SIMR) lines.

Discussion

Stability of the mitochondrial genome is essential for studying the long-term effects of mtDNA-
nDNA interactions and for potential therapeutic applications of mitochondrial transfer. MitoPunch
generates up to hundreds of SIMR clones in both transformed and Hayflick-limited recipient cells by
exerting a pressure sufficient to perforate mammalian cell membranes in regions small enough to be
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repaired within minutes, which sustains cell viability and resumed cell growth and proliferation
(Boye et al., 2017). We have generated SIMR clones by MitoPunch with mitochondria isolated by a
commercially available kit, as performed here, as well as by using standard mitochondrial isolation
buffers. Additionally, we achieved similar results by disrupting mitochondrial donor cells using
Dounce homogenization (data not shown) but found the commercially available kit with syringe dis-
ruption is advantageous due to its ease of use, reproducibility, and a reduced number of steps to
isolate mitochondria. We generated dozens of SIMR clones by MitoPunch and MitoCeption using
these mitochondrial isolation methods and anticipate that other mitochondrial preparation techni-
ques will also yield SIMR clones.

Interestingly, we do not observe SIMR clone generation by coincubation in our study. Few reports
show limited stable clone formation by coincubation techniques, but these studies used up to 100-
fold higher levels of exogenous mitochondria in coincubation experiments than required for Mito-
Punch or MitoCeption in our hands, or antibiotic selection schemes to achieve stable mitochondrial
transfer (Clark and Shay, 1982; Patel et al., 2017). High levels of mitochondrial protein are easily
isolated from fast-growing immortalized cell lines but may not be available when using human
donor-derived or other limiting starting material. Additionally, mitochondrial donor cells of interest
nearly exclusively lack antibiotic selection markers, making such selection schemes unfeasible. Partic-
ularly in those cases, the greatly enhanced SIMR generation capacity of MitoPunch and MitoCeption
is strongly enabling for generating desired mtDNA-nDNA combinations.

The distinct mechanisms and procedures of MitoPunch and MitoCeption make direct compari-
sons of their relative efficiencies challenging. Despite this, our results demonstrate that both techni-
ques generate SIMR clones from p0O transformed cells in a mitochondrial dose-dependent fashion
and can be readily adopted by laboratories studying mtDNA-nDNA interactions. Strikingly, in the
cell types we have tested, we find that only MitoPunch generates SIMR clones from p0 primary, non-
immortal cells. Studies in our laboratory suggest that the transcriptome and metabolome of replica-
tion-limited SIMR clones differ significantly from un-manipulated control clones but can be recovered
and reset to un-manipulated control levels by cellular reprogramming to induced pluripotent stem
cells and subsequent differentiation (Patananan et al., 2020). These results indicate that SIMR clone
generation in replication-limited, reprogrammable cells is crucial for studies of mtDNA-nDNA inter-
actions involving mitochondrial transplantation into p0 cells, and that MitoPunch is uniquely capable
of efficiently generating enough clones for statistically valid studies in such work. We have circum-
vented the need for pO recipient cells by using the MitoPunch technology to completely replace
mutant mtDNA in mouse cells without mtDNA depletion. This was done by delivering mitochondria
containing mtDNA with a chloramphenicol resistant point mutation and selecting for SIMR clones
containing only rescue mtDNA using antibiotic supplemented nucleotide-free medium
(Dawson et al., 2020). However, this workflow is dependent upon using antibiotic resistant mito-
chondrial donor cells and is not applicable to investigating the full spectrum of mtDNA sequences
required for robust studies of mtDNA-nDNA interactions. Future work with MitoPunch and other
isolated mitochondrial transfer modalities will be improved by developing techniques to avoid fully
depleting the mtDNA of recipient cells of interest before generating SIMR clones for downstream
analysis and applications.

Materials and methods

(species) or resource Designation Source or reference Identifiers Additional information
Cell line 143 BTK- p0 Patananan et al., 2020, Cat. #CRL-8303;

(Homo sapiens) osteosarcoma ATCC RRID:CVCL_9W36

Cell line 143 BTK- ATCC Cat. #CRL-8303;

(Homo sapiens) osteosarcoma RRID:CVCL_9W36

Cell line BJ pO foreskin Patananan et al., 2020 Cat. #CRL-2522;

(Homo sapiens) fibroblast (male) ATCC RRID:CVCL_3653

Continued on next page
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(species) or resource Designation Source or reference Identifiers Additional information
Cell line HEK293T dsRed Miyata et al., 2014 A gift from the laboratory
(Homo sapiens) of Dr. Carla Koehler
Cell line B16 p0 melanoma Dong et al., 2017 A gift from the laboratory
(M. musculus) of Dr. Michael Berridge
Cell line L929 fibroblasts ATCC Cat. #CCLI-1
(M. musculus)
Antibody Anti-TOMM20 Abcam Cat. #ab78547 IF(1:1000)
(Rabbit monoclonal) RRID:AB_2043078
Antibody Anti-dsDNA Abcam Cat. #ab27156 IF(1:1000)
(Mouse monoclonal) RRID:AB_470907
Antibody Anti-rabbit IgG Thermo Fisher Scientific Cat. #A-31573 IF(1:100)
(Donkey polyclonal) RRID:AB 2536183
Antibody Anti-mouse 1gG Thermo Fisher Scientific Cat. #A-21202 IF(1:100)
(Donkey polyclonal) RRID:AB_141607
Commercial Qproteome Mitochondria Qiagen Cat. #37612
assay or kit Isolation kit
Commercial BCA protein assay Thermo Fisher Cat. #23225
assay or kit
Chemical Propidium iodide Thermo Fisher Scientific Cat. #P1304MP
compound, drug
Chemical Accutase Thermo Fisher Scientific Cat. #A1110501
compound, drug
Chemical 16% paraformaldehyde Thermo Fisher Scientific Cat. #28906
compound, drug
Chemical Triton-X 100 Sigma Cat. #X100
compound, drug
Chemical ProLong Gold Antifade Invitrogen Cat. #P3691
compound, drug Mountant with DAPI
Chemical ProLong Glass Antifade Thermo Fisher Scientific Cat. #P36985
compound, drug Mountant with
NucBlue Stain
Chemical Uridine Thermo Fisher Scientific Cat. #AC140770250
compound, drug
Chemical Galactose Sigma-Aldrich Cat. #G5388-100G

compound, drug

Chemical
compound, drug

CellMask Green PM

Molecular Probes

Cat. #C37608

Chemical
compound, drug

Alexa Fluor 488 conjugated
Wheat Germ Agglutinin

Invitrogen

Cat. #W11261

Chemical Crystal violet Thermo Fisher Scientific Cat. #C581-25
compound, drug

Software, algorithm Wave 2.6.2 Agilent RRID:SCR_014526
Software, algorithm FlowJo 10.6.2 BD Biosciences RRID:SCR_008520
Software, algorithm IDEAS 6.2 Luminex

Software, algorithm Multiphysics 5.3 COMSOL RRID:SCR_014767

Software, algorithm

Imaris Viewer 9.5.1

Oxford Instruments

RRID:SCR_007370

Software, algorithm

Imaris File Converter 9.5.1

Oxford Instruments

RRID:SCR_007370

Software, algorithm

Prism v.8

Graphpad

RRID:SCR_002798

Software, algorithm

LAS X Lite 3.7.1.21655

Leica

Software, algorithm

FlJI

Schindelin et al., 2012

Other

Dialyzed FBS

Life Technologies

Cat#26400-044

Continued on next page
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(species) or resource Designation Source or reference Identifiers Additional information
Other 12-well 3.0 um Corning Cat#353181
Transparent PET
Membrane
Other Glass coverslips Zeiss Cat#474030-9000
Other V3 96-well plate Agilent Cat#101085-004
Other Variable voltage ImmunityBio Inquiries regarding this

MitoPunch apparatus

device can be made

to the corresponding author

Cell culture conditions

Human p0 cells were grown in DMEM (Fisher Scientific, Waltham, MA, Cat. # MT10013CM) supple-
mented with 10% FBS, non-essential amino acids (Gibco, Waltham, MA, Cat. #11140-050), GlutaMax
(Thermo Fisher Scientific, Waltham, MA, Cat. # 35050-061), penicillin and streptomycin (VWR, Rad-
nor, PA, Cat. # 45000-652), and 50 mg/L uridine (Thermo Fisher Scientific, Cat. # AC140770250). All
other human cell lines were grown in DMEM (Fisher Scientific, Cat. # MT10013CM) supplemented
with 10% FBS, non-essential amino acids, GlutaMax, and penicillin and streptomycin. B16 p0 cells
were grown in RPMI (Thermo Fisher Scientific, Cat. # MT-10-040 CM) supplemented with 10% FBS,
non-essential amino acids, GlutaMax, penicillin and streptomycin, pyruvate (Corning, Corning, NY,
Cat. # 25000 Cl), and 50 mg/L uridine. L929 cells were grown in RPMI supplemented with 10% FBS,
non-essential amino acids, GlutaMax, penicillin and streptomycin, and pyruvate. All mammalian cells
were cultured in a humidified incubator maintained at 37°C and 5% CO,. The following cells were
used in this study: HEK293T dsRed (female), 143BTK- (female), 143BTK- pO (female), BJ pO (male),
B16 (male), and L929 (male). We have not formally identified these cell lines; however, we have
sequenced their mitochondrial and nuclear DNA for polymorphisms and find unique sequences
which we use for genotyping our cultures (unpublished data). BJ pO cells were used as mitochondrial
recipients within three passages of thaw for all mitochondrial transfer experiments in this work to
avoid the onset of senescence. All lines were routinely tested for mycoplasma with negative results.

Mitochondrial isolation

Mitochondria were isolated from ~1.5 x 107 mitochondrial donor cells per mitochondrial transfer
using the Qproteome Mitochondrial Isolation Kit (Qiagen, Hilden, Germany, Cat. #37612) with slight
alterations to the manufacturers protocol. Mitochondrial donor cells were harvested using a cell
scraper (Fisher Scientific, Cat. # 08-100-241) and collected in 50 mL conical tubes at approximately 6
x 107 cells per tube (Thermo Scientific, Cat. #12-565-271). Cells were pelleted by centrifugation at
500 x g for 10 min at 4°C and washed with DPBS before pelleting again by centrifugation at 500 x
g for 10 min at 4°C. Cells were resuspended at 1 x 107 cells/mL in ice-cold Lysis Buffer with Protease
Inhibitor Solution and incubated for 10 min at 4°C in 2 mL tubes on an end-over-end shaker. Lysates
were centrifuged at 1000 x g for 10 min at 4°C and supernatant was aspirated. Pellets were resus-
pended in 1.5 mL ice-cold Disruption Buffer with Protease Inhibitor Solution and mechanical disrup-
tion was accomplished by 10 passes through a 26 G blunt ended needle (VWR, Radnor, PA, Cat. #
89134-164) attached to a 3 mL syringe (VWR, Cat. # BD309657). The subsequent lysates were centri-
fuged at 1000 x g for 10 min at 4°C and the supernatants were transferred to new 2 mL tubes. The
resultant supernatants were centrifuged again at 1000 x g for 10 min at 4°C to remove any remain-
ing intact cells, and the supernatants were transferred to clean 1.5 mL tubes. These supernatants
were centrifuged at 6000 x g for 10 min at 4°C and the supernatants were aspirated. The resulting
mitochondrial pellets were resuspended in mitochondrial storage buffer and pelleted by centrifuga-
tion at 6000 x g for 20 min at 4°C. The isolated mitochondrial pellets were resuspended in 120 uL
per transfer replicate 1x DPBS with calcium and magnesium (Thermo Fisher Scientific, Cat. #
14040133) immediately prior to mitochondrial transfer and kept on ice.

Sercel, Patananan, et al. eLife 2021;10:€63102. DOI: https://doi.org/10.7554/eLife.63102

37


Alex Sercel


eLife Tools and resources

Cell Biology

Mitochondrial coincubation

~1 % 10° 143BTK- p0 or BJ pO cells were seeded into wells of 6-well dishes ~ 24 hr prior to delivery.
Mitochondria isolated from ~1.5 x 107 HEK293T dsRed cells resuspended in 120 uL 1x DPBS with
calcium and magnesium were pipetted into the culture medium of each well containing recipient
cells and incubated at 37°C and 5% CO; for 2 hr. Cells were then released from the dish using Accu-
tase (Thermo Fisher Scientific, Cat. # A1110501) and seeded into 10 cm plates for SIMR cell selection
or harvested for additional analyses.

MitoPunch apparatus construction

A 5V solenoid (Sparkfun, Boulder, CO, Cat. # ROB-11015) is screwed into a threaded plug (Thor
Labs, Newton, NJ, Cat. # SM1PL) and inserted into a bottom plate (Thor Labs, Cat. # CP02T) (Fig-
ure 1—figure supplement 1). The solenoid is regulated by a Futurlec mini board (Futurlec, New
York, NY, Cat. # MINIPOWER) and powered by a MEAN WELL power supply (MEAN WELL, New
Taipei City, Taiwan, Cat. # RS-35-12). Optomechanical assembly rods (Thor Labs, Cat. # ER3) are
inserted into the bottom plate. The middle and top plates (Thor Labs, Cat. # CP02) are threaded
through the assembly rods. The middle plate is fitted with a retaining ring, which supports an alumi-
num washer (outer diameter, 25 mm; inner diameter, 10 mm). The middle plate is secured along the
assembly rods using the included screws. The retaining ring is adjusted such that the top surface of
the washer is at the same height as the piston surface in its retracted state. A flexible PDMS (10:1
ratio of Part A base: Part B curing agent) (Fisher Scientific, Cat. #NC9644388) reservoir consisting of
a bottom layer (25 mm diameter, 0.67 mm height) bonded to an upper ring (outer diameter, 25 mm;
inner diameter, 10 mm; height, 1.30 mm) is placed on top of the washer. This reservoir can contain
up to ~120 pL of liquid. To perform MitoPunch delivery, a 3 um membrane transwell insert (Corning,
Cat. # 353181) seeded with 1 x 10° adherent cells is lowered through the top plate and rested atop
one retaining ring. The insert is secured to the top plate by an additional retaining ring. This assem-
bly is lowered until the base of the insert contacts the top surface of the PDMS reservoir and is
secured in place with screws to form a tight seal. In addition, a variable voltage version of this device
based on the same principles with identical delivery procedures as MitoPunch, but with tunable
plunger acceleration achieved by varying actuator voltage, was engineered by ImmunityBio and is
available upon request to the corresponding author. Optimal MitoPunch delivery voltage for individ-
ual cell lines is determined empirically by performing a voltage-response curve in technical triplicate
across a range of voltages from 1V to 5V using the piston acceleration control software.

Seeding cells for MitoPunch mitochondrial transfer

Filter inserts with 3 um pores (Corning, Cat. # 353181) are placed in wells of a 12-well dish. 1.5
mL warm uridine supplemented medium is dispensed in the wells outside of the filter insert, and 1 x
10° adherent cells suspended in 0.5 mL warm uridine supplemented medium are seeded within the
filter inserts and placed in a humidified incubator maintained at 37°C and 5% CO. 1 day prior to
mitochondrial delivery.

MitoPunch mitochondrial transfer

Following mitochondrial isolation, the MitoPunch apparatus is sterilized with 70% ethanol and
entered into the biological safety cabinet and an autoclaved PDMS reservoir is placed in the device
as indicated in Figure 1—figure supplement 1. The PDMS reservoir is washed 3x with 120 pL ster-
ile DPBS with calcium and magnesium after being set in the MitoPunch apparatus. 120 uL mitochon-
drial suspension from ~1 x 107 donor cells in DPBS with calcium and magnesium is loaded into the
PDMS reservoir. Mitochondrial transfer is performed by securing the seeded membrane to the
PDMS reservoir and actuating the solenoid for 3 s. The mechanical plunger strikes the middle of the
PDMS chamber, displacing the base layer by ~1.3 mm. This displacement pressurizes the mitochon-
drial suspension and propels it through the membrane and into the cells (Figure 1B). Once the sole-
noid has returned to its starting position, the insert is removed from the apparatus, placed back in
the 12-well dish in its original medium, and incubated at 37°C and 5% CO, for 2 hr. Cells were then
released from the dish using Accutase and seeded into 10 cm plates for SIMR cell selection or har-
vested for additional analyses.
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Collecting mitochondrial recipient cells following MitoPunch transfer
Following MitoPunch mitochondrial transfer and 2 hr incubation, medium is aspirated from within
the transwell filter with care taken not to disrupt the cells on the membrane, and then from outside
and underneath the filter insert. The well and insert are washed 1x with DPBS (0.5 mL inside the
insert and 1 mL outside the insert) with DPBS aspirated as before. Cells are released from the mem-
brane by 5 min incubation at 37°C and 5% CO, with Accutase (0.5 mL inside the insert and 1 mL out-
side the insert). Following incubation, the cells are suspended in the Accutase within the filter insert
using a P1000 pipette, being careful not to puncture the PET membrane, and directly pipetted into
10 cm plates with 10 mL warm uridine supplemented medium.

MitoCeption

As described previously (Caicedo et al., 2015), 1 x 10° recipient cells were seeded in each well of a
6-well dish and incubated at 37°C and 5% CO, overnight. Mitochondrial isolate from ~1 x 107 donor
cells suspended in 1x DPBS with calcium and magnesium was pipetted into the well and the plate
was centrifuged at 1500 x g for 15 min at 4°C. Cells were removed from the centrifuge and incu-
bated for 2 hr at 37°C and 5% CO, before being centrifuged a second time at 1500 x g for 15 min
at 4°C. Cells were then released from the dish using Accutase and seeded into 10 cm plates for
SIMR cell selection or harvested for additional analyses.

The pressure generated by the MitoCeption method was estimated by calculating the force
exerted per unit area of the cell membrane during centrifugation. The force induced by the centrifu-
gation of a single mitochondrion on the cell membrane was equal to the centripetal force of the
mitochondria under the acceleration of 1500 x g minus the buoyancy force,

Feentrifugation = (Mmito — Myarer) * @

where m,,;, and m,.., are the mass of mitochondria and water, and « is the acceleration rate of cen-
trifugation. The equivalent pressure induced by mitochondria during centrifugation was approxi-
mated by

Feentrifugation _ (Mmito — Myater)¥@ __ (Pmito — Pwater)Va

S S S

P= = (Pmito = Pwarer) ¥axd

where i, (1.1 g/cm3) and pyuer (1.0 g/cm3) are the density of mitochondria and water, V and S are
the volume and cross-sectional area of mitochondria, and d is the thickness of a mitochondrion (~1
um). Using values for the geometry and properties of a mitochondrion, the pressure induced by
MitoCeption centrifugation was ~1.6 Pa.

Numerical simulation of MitoPunch internal pressure

The finite element method (COMSOL Inc, Burlington, MA, Multiphysics 5.3) was used to simulate
the pressure inside the MitoPunch PDMS chamber. We constructed the simulation geometry accord-
ing to real device dimensions. Piston movement was applied as initial displacement in the y direc-
tion. Considering the incompressibility of the aqueous medium inside the PDMS chamber, the
volume of the chamber was maintained constant while solving for the stress distribution of all the
materials.

SIMR clone isolation

Mitochondrial recipient and vehicle delivery control 143BTK- p0O cells were grown in complete
medium supplemented with 50 mg/L uridine for 3 days following mitochondria or vehicle transfer.
After 3 days, the medium was changed to SIMR selection medium (complete medium with 10% dia-
lyzed FBS (Life Technologies, Carlsbad, CA, Cat. # 26400-044)) and medium was exchanged daily.
After the vehicle delivery control sample died and clones emerged on mitochondrial transfer plates
(~7 days SIMR selection medium), clones were isolated using cloning rings or plates were fixed and
stained with crystal violet for counting.

Mitochondrial recipient and vehicle delivery control BJ p0 and B16 pO cells were grown in com-
plete media supplemented with 50 mg/L uridine for 3 days following mitochondria transfer. After 3
days, the medium was changed to SIMR selection medium and exchanged daily. On day 5 post-
delivery, cells were shifted to galactose selection medium (glucose-free, galactose-containing
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medium [DMEM without glucose, Gibco, Cat. # 11966025] supplemented with 10% dialyzed FBS
and 4.5 g/L galactose [Sigma-Aldrich, Cat. #G5388-100G]). After the vehicle delivery control sample
died and clones emerged on mitochondrial transfer plates (~36 hr in galactose selection medium),
clones were isolated using cloning rings or plates were fixed and stained with crystal violet for
counting.

Crystal violet staining and clone counting

Media was aspirated from 10 cm plates before fixation with 1 mL freshly diluted 4% paraformalde-
hyde in 1x DPBS for 15 min at RT. Fixative was removed and 1 mL 0.5% w/v crystal violet solution
(Thermo Fisher Scientific, Cat. # C581-25) dissolved in 20% methanol in water was applied to each
plate and incubated for 30 min at RT. Crystal violet was removed and plates were washed 2x with
deionized water before drying overnight at RT. Dried plates were photographed and crystal violet
stained clones were counted manually using FlJI (Schindelin et al., 2012).

Imaging flow cytometry

Mitochondria were transferred to recipient cells, which were harvested and collected in 1.5 mL
tubes. Samples were centrifuged 5 min at 1000 x g, supernatant was aspirated, and cells were
washed 3x with 0.5 mL 1x DPBS, pH 7.4. The DPBS was aspirated and cells were fixed in 100 uL
freshly diluted 4% paraformaldehyde (Thermo Fisher Scientific, Cat. # 28906) for 15 min on ice. Fixa-
tive was diluted with 1 mL of 1x DPBS, pH 7.4, and 5% FBS and centrifuged for 10 min at 500 x g.
Supernatant was removed and cells resuspended in 1x DPBS, pH 7.4, with 5% FBS. Imaging flow
cytometry was performed using an ImageStream Markll platform and analyzed using the IDEAS 6.2
software package (Luminex, Austin, TX).

Confocal microscopy

1 x 10° cells were plated in 6-well dishes with 2 mL of media on glass coverslips (Zeiss, Oberkochen,
Germany, Cat. # 474030-9000) ~24 hr prior to sample preparation. Medium was aspirated and sam-
ples were fixed with 0.5 mL freshly diluted 4% paraformaldehyde in 1x DPBS, pH 7.4 pipetted onto
samples and incubated for 15 min at RT. Paraformaldehyde was removed and samples were washed
3x with 5 min 1x DPBS incubations. Samples were then permeabilized by 10 min RT incubation in
0.1% Triton-X 100 (Sigma, St. Louis, MO, Cat. # X100). Permeabilized samples were washed 3x with
1x DPBS and then incubated for 1 hr at RT with 2% bovine serum albumin (BSA) dissolved in 1x
DPBS blocking buffer. Blocking buffer was aspirated and cells incubated for 1 hr at RT with a 1:1000
dilution of primary antibodies in 2% BSA blocking buffer against dsDNA (Abcam, Cambridge, United
Kingdom, Cat. # ab27156) and TOM20 protein (Abcam, Cat. # ab78547), and then washed 3 x with
5 min 1x DPBS incubations. Cells were then incubated with secondary antibodies (Invitrogen, Cat. #
A31573 and A21202) diluted 1:100 in 2% BSA blocking buffer protected from light for 1 hr at RT.
After incubation with secondary antibodies, samples were washed 3x with 5 min 1x DPBS incuba-
tions and mounted on microscope slides.

To mount, samples were removed from the 6-well dish and rinsed by dipping in deionized water,
dried with a Kimwipe, and mounted using ProLong Gold Antifade Mountant with DAPI (Invitrogen,
Carlsbad, CA, Cat. # P3691) or ProLong Glass Antifade Mountant with NucBlue Stain (Thermo Fisher
Scientific, Cat # P36985) on microscope slides (VWR, Cat. # 48311-601). Samples were dried at RT
protected from light for 48 hr prior to confocal imaging with a Leica SP8 confocal microscope (Leica,
Wetzlar, Germany) and later analyzed with either LAS X Lite 3.7.1.21655 (Leica) for two-dimensional
image preparation or Imaris File Converter 9.5.1 (Oxford Instruments, Abingdon, United Kingdom)
and Imaris Viewer 9.5.1 (Oxford Instruments) for Z-stack analysis.

To perform confocal imaging on cells immediately following mitochondrial transfer, 1 x 10° cells
were plated in 6-well dishes with 2 mL of media on glass coverslips for coincubation and MitoCep-
tion or seeded onto 12-well filter inserts as described above for MitoPunch ~24 hr prior to delivery.
Immediately prior to mitochondrial transfer, coincubation and MitoCeption samples were stained
with 1x CellMask Green PM (Molecular Probes, Eugene, OR, Cat. # C37608) diluted in warm
medium for 10 min and washed twice in DPBS, and MitoPunch samples were stained with 5 ug/mL
Alexa Fluor 488 conjugated Wheat Germ Agglutinin (Invitrogen, Cat. # W11261) diluted in warm
media for 10 min and washed twice in DPBS. Following delivery, culture medium was removed and 1
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mL freshly diluted 4% paraformaldehyde in 1x DPBS, pH 7.4, was pipetted onto samples and incu-
bated for 15 min at RT. Paraformaldehyde was aspirated and samples were washed 3x with 1x
DPBS, pH 7.4. Samples were further washed with DPBS 3x with 5 min RT incubation per wash. Mito-
Punch filters were removed from the plastic insert using an inverted P1000 pipette tip. Samples
were mounted and imaged as described above.

OCR measurements

OCR measurements were performed using a Seahorse XFe96 Extracellular Flux Analyzer (Agilent,
Santa Clara, CA). 2 x 10* cells were seeded into each well of a V3 96-well plate (Agilent, Cat. #
101085-004) and cultured 24 hr before measuring OCR. The Agilent Seahorse mitochondrial stress
test was used to quantify OCR for basal respiration and respiration following the sequential addition
of the mitochondrial inhibitors oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone
(FCCP), and antimycin A. Data were analyzed using the Wave 2.6.2 software package (Agilent).

Pl staining, delivery, and flow cytometry

Cells (1 x 10°) were plated for delivery and incubated overnight. Media was changed to FluorBrite
DMEM media (ThermoFisher Scientific, Cat. # A1896701) with 3 uM PI (Thermo Fisher Scientific, Cat.
# P1304MP) immediately before transfer. MitoCeption and coincubation were carried out as
described above, and MitoPunch was performed with Pl FluorBrite medium loaded into the PDMS
reservoir and incubated for 15 min at 37°C and 5% CO.. All samples were washed with 1x DPBS
and collected using Accutase. Samples were collected in flow cytometry tubes and centrifuged 5
min at 500 x g. Samples were washed with 1x DPBS with 5% FBS three times and analyzed on a BD
Fortessa flow cytometer (BD Biosciences, San Jose, CA) and data were processed using FlowJo
10.6.2 (BD Biosciences).

Quantification and statistical analysis

All information pertaining to experimental replication are found in the figure legends. Mitochondrial
transfer experiments were performed in technical triplicate to enable calculation of standard devia-
tion unless otherwise indicated, and oxygen consumption measurements were collected in technical
quadruplicate or quintuplicate indicated in the legend of Figure 4. Investigators were blinded for
SIMR colony counting analysis. All column heights represent the mean of technical triplicate results
unless noted otherwise. All error bars in this manuscript represent standard deviation of three tech-
nical replicates unless otherwise specified in the figure legend.
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Figure 1—figure supplement 1. Annotated MitoPunch apparatus. Annotated image of the MitoPunch apparatus.
Labeled parts are described in the Materials and methods to assist with construction of the apparatus.
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Figure 2—figure supplement 1. Mitochondrial spot quantification. Representative spot count distributions,
bright-field images, and PE channel fluorescent images from ImageStream imaging flow cytometry representing
the number of dsRed spots associated with 143BTK~- p0 and BJ p0 cells 2 hr after mitochondrial transfer by
coincubation, MitoPunch, and MitoCeption. Imaging flow cytometry data is represented as histograms normalized
to the mode of each data set. Scale bars indicate 10 um.
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Figure 3—figure supplement 1. Verification of surviving mitochondrial donor cells following mitochondrial isolation. Images of three crystal violet
stained 10 cm plates seeded with isolated mitochondria from ~1.5 x 107 HEK293T dsRed donor cells taken from three independent mitochondrial
isolations following dialyzed medium selection. Pictures were taken on a circular white disk matted within a cardboard frame for clarity.
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Figure 3—figure supplement 2. MitoPunch generates stable isolated mitochondrial recipient (SIMR) clones in
immortalized mouse cells. Quantification of crystal violet stained B16 p0 SIMR clones formed by MitoPunch

transfer of isolated L929 mitochondria actuated with indicated voltages after SIMR cell selection. Error bars
indicate the range between the technical duplicates.
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Figure 3—figure supplement 3. Quantification of MitoPunch reproducibility. Quantification of crystal violet
stained 143BTK- p0 stable isolated mitochondrial recipient (SIMR) clones generated in technical triplicate from
three independent HEK293T dsRed mitochondrial donor cell preparations plotted alongside technical singlet
DPBS delivery and plated mitochondrial preparation controls (Figure 3—figure supplement 1).
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Figure 3—figure supplement 4. Quantification of MitoPunch reproducibility relative to mitochondrial mass
transferred. Quantification of crystal violet stained 143BTK- pO0 stable isolated mitochondrial recipient (SIMR)
clones generated in technical triplicate from three independent HEK293T dsRed mitochondrial donor cell
preparations plotted as number of SIMR clones generated per pg isolated mitochondrial protein loaded into the
polydimethylsiloxane (PDMS) reservoir.

The mass of isolated mitochondria per 120 ulL of isolated mitochondrial suspension for the three preparations
are as follows: Prep 1-27 pg, Prep 2-33 g, Prep 3-25 ug.
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Figure 3—figure supplement 5. Quantification of stable isolated mitochondrial recipient (SIMR) generation
efficiency by delivering different masses of isolated mitochondria. Quantification of crystal violet stained 143BTK-
p0 SIMR clones using indicated concentrations of mitochondrial suspension following 7 days of culture in SIMR
selection medium. Error bars represent SD of three technical replicates.
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Figure 3—figure supplement 6. Quantification of MitoPunch stable isolated mitochondrial recipient (SIMR)
generation by serial deliveries using one isolated mitochondrial aliquot. Quantification of crystal violet stained
SIMR clones formed by serial MitoPunch deliveries of HEK293T dsRed mitochondria into 143BTK- pO recipient
cells using the same used mitochondrial sample remaining in the polydimethylsiloxane (PDMS) reservoir after the

preceding delivery.
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Figure 4—figure supplement 1. Schematic of the Seahorse Mito Stress Test. Annotated plot of oxygen consumption as a function of time, including
the identity and timing of drugs injected over the course of a Seahorse Mito Stress Test measurement. Annotations indicate how OXPHOS parameters
presented in Figure 4A are quantified.
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formed in 143BTK- p0 cells with 143BTK- parental, HEK293T dsRed mitochondrial donor, and 143BTK- p0 controls. The MitoCeption SIMR clone data
on the left represents the SIMR line that lost respiration following freeze-thaw. Mitochondria were stained with anti-TOM20 antibody and labeled red,
double-stranded DNA was stained with anti-dsDNA antibody and labeled green, and cell nuclei were stained with NucBlue (Hoechst 33342)and labeled
blue. The 143BTK~, 143BTK- p0, and HEK293T dsRed control images are the same images used in Figure 4B. Scale bars indicate 15 um
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SUMMARY

This protocol describes the assembly and use of MitoPunch to deliver mitochon-
dria containing mitochondrial DNA (mtDNA) into cells lacking mtDNA (pO cells).
MitoPunch generates stable isolated mitochondrial recipient clones with
restored mtDNA and recovered respiration, enabling investigation of mtDNA
mutations and mtDNA-nuclear DNA interactions in a range of cell types.

For complete details on the use and execution of this protocol, please refer to
Sercel et al. (2021) and Patananan et al. (2020).

BEFORE YOU BEGIN

This protocol describes the process of using MitoPunch to deliver isolated HEK293T mitochondria
into 143BTK— p0 recipient mammalian cells. We have used MitoPunch to generate stable isolated
mitochondrial recipient (SIMR) cell lines with a wide range of both human and mouse cells, of
both malignant and primary, non-immortalized origins. Few alterations are necessary to adapt the
protocol to different cell lines and cell types, and guidance for doing so is included in the text below.

Construct MitoPunch apparatus
® Timing: 30 min
1. Fabricate aluminum washer and 5 V solenoid housing.

a. Aluminum washer dimensions: outer diameter, 25 mm; inner diameter, 10 mm,; thickness,
1.4 mm.

oy STAR Protocols 2, 100850, December 17, 2021 © 2021 The Author(s). 1
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b. Aluminum housing dimensions: rectangular prism of 19.13 mm length, 12.80 mm width, and
30.50 mm height with an internal vertical cutout of 12.65 mm length, 10.20 mm depth, and
19.13 mm height, including two 2 mm diameter screw holes in the bottom of the housing
and one 2 mm screw hole on either side of the cutout for securing the 5 V solenoid (Spark
Fun, Cat#ROB-11015).

Note: Ensure the 5 V solenoid fits securely in the machined housing. This may require close
collaboration with a machinist.

2. Connect mains power cord (Volex, Cat#1725010B1) to the power supply (MEAN WELL, Cat#RS-
35-12) by removing the IEC 60320 C13 adapter, striping the wires, and attaching them appropri-
ately to the load (L), neutral (N), and ground hookups.

3. Connect the power supply to the power supply mini board (Futurelec, Cat#MINIPOWER) using a
barrel style DC connector with wire leads (McMaster-Carr, Cat#8320N111).

4. Insert hookup wires (Spark Fun, Cat#PRT-08867) into the positive and negative terminals of the
mini board, then connect the mini board terminals to the breadboard (Spark Fun, Cat#12615).

5. Install the switch (Spark Fun, Cat#COM-09190) across the DIP ravine on the breadboard and
install the jumper wires (Spark Fun, Cat#PRT-00124) to complete the circuit.

6. Connect the JST jumper 2 wire to the breadboard.

Note: See Figure 1 for circuit diagram and image of fully assembled device to assist with the
wiring of the apparatus. See Figure 2 for step-by-step assembly of the device.

7. Place the 5V solenoid into the custom metal casing ensuring that the top of the solenoid is level
with the top of the casing, and tighten screws (diameter, 2 mm) to hold it in place.

8. Fitthe 5V solenoid in the casing onto a threaded plug with screws (Thor Labs, Cat#SM1PL) and
screw plug into the bottom plate (Thor Labs, Cat#CP02T).

9. Insert 4 optomechanical assembly rods (Thor Labs, Cat#ER3) into the holes in the bottom plate.
a. With rods flush with the bottom cage plate, secure rods by tightening the screws found next

to each rod slot.

10. Remove internal ring from middle cage plate using a spanner wrench (Thor Labs, Cat#SPW602)
and slide the middle cage plate (Thor Labs, Cat#CP02) down the assembly rods until the top sur-
face of the middle plate is flush with the top surface of the solenoid.

a. Reinsertintemnal ring, tighten, and double check that the top of the middle cage plate is flush
with the top of the solenoid.

11. Mount the custom washer atop the middle cage plate and check that the ring stably
supports it.

12. Insert the 2-pin JST connector from the breadboard into the MitoPunch 2-pin JST PH connector
and test whether the piston actuates when the switch is depressed (see troubleshooting 1).

Assemble polydimethylsiloxane (PDMS) reservoirs
O Timing: 6 h

PDMS reservoirs are essential to hold the mitochondrial suspension for delivery into cells using
MitoPunch and for delivering the pressure that enables a mitochondrial transfer. PDMS is a biocom-
patible polymer that is easily fabricated with minimal equipment and expertise (Berthier et al., 2012).

13. Weigh and mix Sylgard 184 PDMS base and curing agent (Dow Corning, Cat#1673921) ata 10:1
ratio.

a. Prepare a weigh boat on a scale. Tare the scale.
b. Pour 12 g PDMS base into the weigh boat.

2 STAR Protocols 2, 100850, December 17, 2021
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Figure 1. MitoPunch circuit diagram
(A) Circuit diagram of the MitoPunch apparatus. Numbered nodes indicate where wires are inserted into the

corresponding breadboard ports.
(B) Image of fully wired and completed MitoPunch apparatus.

c. Tare the scale.
d. Add 1.2 g curing agent into the weigh boat.
e. Mix thoroughly for about 1-2 min with a chemical spatula or similar implement.

Note: PDMS should remain covered until cured to avoid the accumulation of dust and debris.
Note: For visual reference of PDMS fabrication, see Figure 3.

14. Degas PDMS.

a. Transfer the mixed PDMS into a vacuum desiccator.

b. Connect a vacuum pump to the desiccator and turn on the pump.

c. Degas PDMS until all visible air bubbles in the PDMS have disappeared, approximately
30 min.

15. Pour and cure PDMS.

a. Prepare a clean 10 cm cell culture dish on a scale. Tare the scale.

b. Pour 6 g of PDMS into the dish. Be careful not to introduce bubbles. If bubbles are generated
while pouring, use a 20 pL pipette tip to remove the bubbles or move the dish into the desic-
cator and repeat degas step.

i. Repeat with a second 10 cm dish using the remaining PDMS.
c. Allow PDMS to uniformly coat the dishes (target thickness ~1 mm).
d. Put the dishes with PDMS into an oven at 65°C for 2-4 h.

STAR Protocols 2, 100850, December 17, 2021
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Figure 2. Assembling the MitoPunch apparatus

(A) Layout of all MitoPunch components prior to assembly.

(B) MitoPunch solenoid mounted on the aluminum plug.

(C) Mounted MitoPunch solenoid screwed into base plate.

(D) MitoPunch base plate with optomechanical assembly rods inserted and fixed with screws.

(E) Middle plate mounted flush with the solenoid using screws on the optomechanical assembly rods.

(F) Fully assembled MitoPunch apparatus with top plate lowered onto PDMS reservoir ready for MitoPunch transfer.

A CRITICAL: 10 cm dishes may melt if placed directly on a metal surface in the oven. Place
dishes on autoclave safe plastic inside the oven to avoid melting.

16. Hole punch PDMS.
a. Take the cured PDMS out from the oven and allow to cool to 20°C-25°C.
b. For the bottom layer, cut out circular PDMS disks with a hole puncher of 25 mm diameter
(McMaster-Carr, Cat#3418A25).
c. For the top layer, cut out circular PDMS disks with a hole puncher of 25 mm diameter. Then
use another hole puncher of 10 mm diameter (McMaster-Carr, Cat#3418A1) to remove the
center portion and create a PDMS ring.

Note: Prepare an equal number of disks and rings for bonding.

17. Bond PDMS layers.
a. Remove dust and debris from the PDMS disks and PDMS rings with a piece of removable ad-
hesive tape.
b. Place the PDMS disks and PDMS rings into an expanded plasma cleaner (Harrick Plasma,
Cat#PDC-001) with the clean bonding side face up.
c. Close the chamber and set the plasma cleaner to high.

4 STAR Protocols 2, 100850, December 17, 2021
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Figure 3. Fabricating PDMS reservoirs for MitoPunch

(A) Uncured PDMS containing bubbles following thorough mixing of the PDMS base and curing agent.
(B) Uncured PDMS following degassing to remove all bubbles.

(C) Punching disks out of a cured layer of PDMS with a hole punch.

(D) Seven punched PDMS disks in a 10 cm dish.

(E) PDMS disks and rings on a 15 cm dish in an oxygen plasma cleaning chamber.

(F) Bonded PDMS reservoir after oxygen plasma treatment.

i. Maintain internal pressure between 300 mTorr and 500 mTorr with the RF level set on high
for 1 min.
d. Remove plasma treated PDMS disks and rings from the oxygen plasma chamber.
e. Carefully align and bond the disks and rings by applying firm pressure to ensure the two
pieces are sealed together.

STAR Protocols 2, 100850, December 17, 2021
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Note: Join the two PDMS pieces by pressing the oxygen plasma treated faces together to
ensure strong bonding.

f. Heat the bonded PDMS reservoir in the oven at 65°C for at least 2 h to complete bonding.

A CRITICAL: Excess exposure of the oxygen plasma treated faces of the PDMS pieces to air
and debris before bonding will result in poor adhesion between the two components. Join
the two parts as quickly as possible after oxygen plasma treatment for optimal bonding
strength.

Sterilization of MitoPunch components
O® Timing: 2 h

18. Sterilize a number of PDMS reservoirs equal to the number of MitoPunch replicates to be
performed.
. Wash reservoirs three times with a 10% bleach solution.
. Rinse three times with DI water.
. Wash reservoirs three times with a 70% ethanol in water solution.
. Rinse three times with DI water.
. Package PDMS reservoirs into disposable sterilization pouches.
Autoclave packaged PDMS at 121°C for 30 min.

baal o e BN © I )

Note: The wash steps can be completed in a 15 cm dish or a 50 mL conical tube for conve-
nience prior to autoclaving in a disposable sterilization pouch.

19. Sterilize stainless steel forceps.
a. Wash forceps three times with a 10% bleach solution.
. Rinse three times with DI water.
. Wash forceps three times with a 70% ethanol in water solution.
. Rinse three times with DI water.
. Package forceps into a disposable sterilization pouch.
f. Autoclave packaged forceps at 121°C for 30 min.
20. Sterilize high-vacuum grease.
a. Apply approximately 4 mL high-vacuum grease to a 5 cm glass petri dish.
b. Close the glass dish and seal with autoclave tape.
c. Autoclave high-vacuum grease at 121°C for 30 min.
21. Sterilize glass cloning cylinders.
a. Place as many cloning cylinders as necessary into a 100 mL glass beaker.
b. Seal with aluminum foil and apply autoclave tape to the foil top.
c. Autoclave cloning cylinders at 121°C for 30 min.

® Q0 T

Thaw and expand mitochondrial donor and recipient cell lines
O® Timing: 1 week

22. Thaw mitochondrial donor and recipient cells according to standard protocols for the chosen
lines.
a. Thaw at least 5 d prior to mitochondrial transfer to allow for expansion and mycoplasma
testing of cell lines.
23. Expand mitochondrial donor and recipient cell lines.
a. Expand recipient lines to have 1 x 10° cells per planned MitoPunch replicate.

6 STAR Protocols 2, 100850, December 17, 2021
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b. Expand donor cells on T-225 plates until you have one T-225 plate for every two planned
MitoPunch replicates, or ~1.5 X 10° mitochondrial donor cells for each replicate transfer.

A CRITICAL: Donor cells harvested at high confluence are more likely to cause needle clog-
ging during the mitochondrial isolation. Aim to harvest donor cells at ~80%-90%
confluence.

Test recipient cell sensitivity to different SIMR clone selection media conditions
O® Timing: 7 days

Isolation of SIMR clones following a MitoPunch transfer requires a restrictive medium selection that
selectively permits only cells with functional mitochondria to grow. This selection scheme takes advan-
tage of the dependence on electron transport chain activity for de novo nucleotide synthesis in
mammalian cells (Gregoire et al., 1984). Two selection medium formulations, SIMR selection medium
and galactose SIMR selection medium, are used depending on the sensitivity of mitochondrial recipient
cells to this selection. SIMR selection medium contains 4.5 g/L glucose, whereas the galactose SIMR
selection medium is glucose-free and supplemented with galactose so that glycolysis generates no
net ATP (Aguer et al., 2011). Below is a protocol to measure the sensitivity of a chosen pO recipient
cell line in these two restrictive mediums in preparation for post-MitoPunch selection.

24. Seed ~2 x 10* cells in a 12-well plate with the recipient cell line in uridine-supplemented com-
plete medium.
a. Incubate ~24 h to allow cells to adhere.

Note: This seeding density depends upon the growth rate of the chosen recipient cell line.
Alter the seeding density such that the cells would reach confluence ~5 d post seeding under
normal conditions.

25. Exchange the uridine-supplemented complete medium for 2 mL SIMR selection medium.
a. Exchange medium with fresh SIMR selection medium daily.

26. Monitor the wells twice daily for 7 d.
a. Record the time point when cells begin to die.

27. Continue to feed wells and monitor cell viability until all cells have died or 7 d have passed.

Alternatives: In the event that living cells remain after 7 d, re-plate the experiment as outlined
in step 23, and begin with the following alternative protocol.

28. Exchange the uridine-supplemented complete medium for 2 mL galactose SIMR selection
medium.
a. Exchange medium with fresh galactose SIMR selection medium daily.

29. Monitor the wells five times daily for 7 d.
a. Record the time point when cells begin to die.

30. Continue to feed wells and monitor cell viability until all cells have died or 7 d have passed.

Note: Galactose SIMR selection medium is far more restrictive than SIMR selection medium
and cells can die within hours of first treatment. Careful monitoring of this process is key to
timing the selection of MitoPunch experiments to successfully isolate SIMR clones. If cells
do not die under either medium, see troubleshooting 2.

Seed mitochondrial recipient cells on PET filters

O® Timing: 1 days

STAR Protocols 2, 100850, December 17, 2021 7
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31. Collect and count mitochondrial recipient cells.
a. Remove culture medium from recipient cell flasks.
b. Wash plate with 1X Dulbecco’s Phosphate-Buffered Salt Solution (DPBS) (Corning,
Cat#21031CV).
c. Aspirate DPBS and apply StemPro Accutase Cell Dissociation Reagent (Accutase) (Thermo
Fisher Scientific, Cat#A1110501).

Note: Use preferred dissociation reagent for the chosen recipient cell type.

d. Incubate in 37°C humidified incubator for 5 min.

e. Resuspend cells in 8.5 mL medium. Transfer cell suspension to 15 mL conical tube.

f. Centrifuge at 500 x g for 5 min, aspirate supernatant, and resuspend in culture medium.
g. Count cells using a hemocytometer.

h. Calculate volume of cell suspension needed to seed 1 x 10° recipient cells.

32. Seed recipient cells.
a. Insert 3.0 um PET filter inserts (Corning, Cat# 353181) into wells of a 12-well dish and
dispense 1.5 mL medium to the well outside of the filter insert.
b. Pipette volume of cell suspension containing 1 X 10° cells into filter insert. Add volume of
medium to filter insert to bring volume inside filter insert to 500 pL.

A CRITICAL: Ensure even plating of recipient cells on the filter insert for consistent
MitoPunch results. See Figure 4A for an example of an evenly seeded well 24 h post-

seeding.

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

DMEM w/ 4.5 g/L glucose, sodium pyruvate, and L-glutamine Corning Cat#10013CM
DMEM, no glucose Thermo Fisher Scientific Cat#11966025
Fetal Bovine Serum Omega Scientific Cat#FB-11
Fetal Bovine Serum, dialyzed, US origin Thermo Fisher Scientific Cat#26400-044
Penicillin-Streptomycin Solution, 100x Corning Cat#30-002-Cl
GlutaMAX Supplement Thermo Fisher Scientific Cat#35050061
MEM Non-Essential Amino Acids Solution (100X) Thermo Fisher Scientific Cat#11140050
Uridine Acros Organics Cat#140770250
D-(+)-Galactose Millipore Sigma Cat#G5388-100G
Dulbecco’s Phosphate-Buffered Salt Solution 1X Corning Cat#21031CV
Sodium Pyruvate (100 mM) Corning Cat#25000CI
Dulbecco’s Phosphate-Buffered Salt Solution, w/ Calcium Thermo Fisher Scientific Cat#14040133
and Magnesium

StemPro Accutase Cell Dissociation Reagent Thermo Fisher Scientific Cat#A1110501
16% Formaldehyde Thermo Fisher Scientific Cat#28906
Crystal Violet Fisher Chemical Cat#C581-25
Methanol Fisher Chemical Cat#A412-4
Critical commercial assays

Qproteome Mitochondria Isolation Kit QIAGEN Cat#37612
Experimental models: Cell lines

143 BTK- osteosarcoma p0; human, female (Patananan et al., 2020) N/A

Primary dermal fibroblast normal p0; human, male, neonatal (Patananan et al., 2020) N/A

8 STAR Protocols 2, 100850, December 17, 2021

(Continued on next page)



STAR Protocols

@ CelPress

OPEN ACCESS

Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
HEK293T dsRed; human, female Miyata et al., 2014 N/A
Other
Breadboard - Full-Size (Bare) SparkFun Cat#12615
Solenoid - 5V SparkFun Cat#ROB-11015
Momentary Pushbutton Switch - 12mm Square SparkFun Cat#COM-09190
Hook-up Stranded Wire - Black (22 AWG) SparkFun Cat#PRT-08867
JST Jumper 2 Wire Assembly SparkFun Cat#PRT-09914
Jumper Wire Kit - 140pcs SparkFun Cat#PRT-00124
Power Supply Mini Board Futurelec Cat#MINIPOWER
35W Single Output Switching Power Supply MEAN WELL Cat#RS-35-12
Mains Power Cord, NEMA 5-15P to IEC 60320 C13, 2.3 m, Volex Cat#1725010B1
10 A, 125 VAC, Black
Push-In Plugs with Wire Leads, 2.1 mm End ID, 12V DC McMaster-Carr Cat#8320N111
Spanner Wrench for SM1-Threaded Retaining Rings Thorlabs Cat# SPW602
Externally SM1-Threaded Plug Thorlabs Cat#SM1PL
SM1-Threaded 30 mm Cage Plate, 0.50" Thick, Thorlabs Cat#CP02T
2 Retaining Rings, 8-32 Tap
Cage Assembly Rod, 3" Long, @6 mm Thorlabs Cat#ER3
SM1-Threaded 30 mm Cage Plate, 0.35" Thick, Thorlabs Cat#CP02
2 Retaining Rings, 8-32 Tap
Custom Aluminum Washer University of California, N/A

Los Angeles, Machine Shop
Custom Aluminum Case University of California, N/A

Los Angeles, Machine Shop
SYLGARD™ 184 Silicone Elastomer Kit 1.1 KG Kit Dow Corning Cat#1673921
Polypropylene Desiccator with Stopcock Thermo Fisher Scientific Cat#53100250
230 mm Ceramic Metal Desiccator Plate Thermo Fisher Scientific Cat#53120230
10 mm Hole punch McMaster-Carr Cat#3418A1
25 mm Hole punch McMaster-Carr Cat#3418A25
Expanded Plasma Cleaner Harrick Plasma Cat#PDC-001
12-Well 3.0 um Transparent PET Membrane Cell Corning Cat#353181
Culture Inserts
26 G Blunt-ended needle VWR Cat#89134-164
3 mL Luer-Lok Syringe BD Biosciences Cat#309657
High-vacuum grease Dow Corning Cat#1597418

Cloning cylinders

Fisher Scientific

Cat# 09-552-21

MATERIALS AND EQUIPMENT

Preparation of complete medium

Reagent Final concentration

Amount

DMEM w/ 4.5 g/L glucose, sodium pyruvate, and -
L-glutamine (Corning, C#10013CM)

Penicillin Streptomycin solution 100x (Corning, 1x
Cat#30-002-Cl)

GlutaMAX Supplement (Thermo Fisher Scientific, 1%
Cat#35050061)

MEM Non-essential Amino Acids 100x 1%
(Thermo Fisher Scientific, Cat#11140050)

Fetal Bovine Serum (FBS) (Omega Scientific, 10%
Cat#FB-11)

Total n/a

870 mL

10 mL (from 100% stock)
10 mL (from 100x stock)

10 mL (from 100x stock)

100 mL

1000 mL

Medium can be stored at 4°C for up to 1 month.

66

STAR Protocols 2, 100850, December 17, 2021 9



¢? CellP’ress

OPEN ACCESS

STAR Protocols

Preparation of uridi ppl d pl d
Reagent Final concentration Amount
DMEM w/ 4.5 g/L glucose, sodium pyruvate, and L-glutamine - 869 mL

Uridine (Acros Organics, Cat#140770250)
Penicillin Streptomycin solution
GlutaMAX Supplement

MEM Non-essential Amino Acids

Fetal Bovine Serum (FBS)

Total

50 mg/L
1x

1%

1x

10%
n/a

1 mL (from 50 mg/mL stock)
10 mL (from 100X stock)

10 mL (from 100x stock)

10 mL (from 100X stock)
100 mL

1000 mL

Medium can be stored at 4°C for up to 1 month.

Note: Uridine stocks are prepared and filtered through a 0.22 um filter in advance then stored

at-20°C for up to 1 year.

Preparation of SIMR selection medium

Reagent

Final concentration

Amount

DMEM w/ 4.5 g/L glucose, sodium pyruvate, and L-glutamine
Penicillin Streptomycin solution

GlutaMAX Supplement

MEM Non-essential Amino Acids

Dialyzed Fetal Bovine Serum (FBS) (Thermo Fisher Scientific,
Cat#26400-044)

Total

1%
1%
1%
10%

n/a

870 mL
10 mL (from 100X stock)
10 mL (from 100x stock)
10 mL (from 100x stock)
100 mL

1000 mL

Medium can be stored at 4°C for up to 1 month.

SIMR selecti di

Preparation of gal

Reagent

Final concentration

Amount

DMEM, no glucose (Thermo Fisher Scientific, Cat#11966025)
Galactose (Millipore Sigma, Cat#G5388-100G)

Penicillin Streptomycin solution

GlutaMAX Supplement

MEM Non-essential Amino Acids

Sodium Pyruvate (Coming, Cat#25000Cl)

Fetal Bovine Serum (FBS)

Total

45g/L
1%

1%

1x

1x
10%
n/a

430 mL

2259

5 mL (from 100x stock)
5 mL (from 100x stock)
5 mL (from 100% stock)
5 mL (from 100% stock)
50 mL

500 mL

Medium can be stored at 4°C for up to 1 month.

Note: The galactose should be added by dissolving in 40 mL of DMEM and then adding back
to the medium before filtering through a 0.22 um PES filter.

Preparation of paraformaldehyde

Reagent

Final concentration

Amount

16% Paraformaldehyde (Thermo Fisher Scientific, Cat#28906)
Dulbecco’s Phosphate-Buffered Salt Solution 1X
Total

4%

4%

1mL
3mL
4 mL

Paraformaldehyde solution should be made freshly before use.

A CRITICAL: Paraformaldehyde is a toxin and carcinogen that should be handled only in a
chemical fume hood for proper ventilation with appropriate PPE including safety glasses,
a lab coat, closed-toed shoes, and nitrile gloves. All waste containing paraformaldehyde
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should be labeled and disposed of through proper channels. Paraformaldehyde should be
stored in a flammable storage cabinet.

Preparation of crystal violet staining solution

Reagent Final concentration Amount
Methanol 20% 20 mL
Deionized water 80% 80 mL
Crystal Violet (Fisher Chemical, Cat#C581-25) 0.5% w/v 5g
Total n/a 100 mL

Crystal violet solution can be kept in the flammable chemical cabinet for up to 6 months.

A CRITICAL: Crystal violet staining solution contains methanol which is a flammable toxin
and should be stored in a flammable storage cabinet. Appropriate PPE including safety
glasses, a lab coat, closed-toed shoes, and nitrile gloves should be used when preparing
and working with this solution. All waste containing crystal violet staining solution should
be labeled and disposed of through proper channels.

STEP-BY-STEP METHOD DETAILS
Mitochondrial preparation

O Timing: 2-3 h

MitoPunch requires a freshly isolated stock of cell-free mitochondria for transfer into recipient cells.
This protocol uses the Qiagen Qproteome Mitochondrial Isolation Kit (Qiagen, Cat#37612) with mi-
nor optimizations for efficiency and purity in this application; however, other mitochondrial isolation
methods are also compatible with MitoPunch. Here we define purity as the absence of intact mito-
chondrial donor cells that escape through the disruption and mitochondrial isolation process. We
have measured the purity of our mitochondrial isolates in Figure 3-figure supplement 1 of (Sercel
etal., 2021).

1. Harvest mitochondrial donor cells.

. Aspirate culture medium from T-225 flasks.

. Pipette 20 mL DPBS into each flask.

. Release cells from the flasks using a cell scraper.

. Suspend scraped cells in DPBS and collect into 50 mL conical tubes.

. Centrifuge tubes at 500 X g for 10 min at 4°C. Aspirate supernatant.
Wash cell pellets in 10 mL DPBS and centrifuge again at 500 x g for 10 min at 4°C. Aspirate
supernatant.

Faali T o NN e BN o 1

ACRITICAL: Keep samples on ice when outside the centrifuge for the remainder of the mito-
chondrial isolation process.

2. Disrupt mitochondrial donor cells using the Qiagen Qproteome Mitochondrial Isolation Kit.

Note: The buffers used in the following steps are from the Qiagen Qproteome Mitochondrial
Isolation Kit and must be handled according to manufacturer protocol.

a. Resuspend cell pellets in ice-cold Lysis Buffer at a concentration of ~1 x 107 cells per 1 mLand
transfer to 2 mL tubes.
i. Prepare Lysis Buffer with 1:100 Protease Inhibitor Solution prior to resuspension.
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Figure 4. Filter insert seeding and harvesting

(A) Filter insert without cells in DPBS.

(B) Filter insert seeded with 1 x 10° 143BTK— pO0 cells imaged after washing with DPBS.

(C) Filter insert seeded with 1 x 10° 143BTK— p0 cells imaged after washing with DPBS and ~7 min incubation with
Accutase.

Scale bars represent 200 pm.

b. Incubate on end-over-end shaker for 10 min at 4°C.

Note: Ensure microcentrifuge is chilled to 4°C during this incubation in preparation for the
next step.

c. Centrifuge the samples at 1000 x g for 10 min at 4°C and aspirate supernatant without dis-
rupting the pellet.

d. Resuspend each cell pellet in 1.5 mL ice cold Disruption Buffer with a 1 mL pipette tip.
i. Prepare Disruption Buffer with 1:100 Protease Inhibitor Solution prior to resuspension.
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e. Disrupt cells using a blunt-ended 26G (VWR, Cat#89134-164) needle attached to a 3 mL Luer-
Lok syringe.
i. Slowly pull the entire lysate into the syringe and expel the volume 10 times, avoiding the
formation of bubbles in the suspension.

Note: If clogging of the disruption needle occurs, see troubleshooting 3.

3. Mitochondrial purification.
a. Centrifuge lysate at 1000 x gfor 10 min at 4°C and transfer supernatant to a new sterile 1.5 mL
tube.

Optional: Repeat this step to reduce the probability of intact cells contaminating the mito-
chondrial preparation.

Note: Pellet will be diffuse and easily disrupted. Take care in removing supernatant to mini-
mize the mass of pellet that is carried over to the next step.

Note: Supernatants should be combined at this point.
b. Centrifuge the supernatant at 6000 X g for 10 min at 4°C. Carefully aspirate supernatant.
Note: The pellet now contains isolated mitochondria.

c. Resuspend the pellet with 1 mL Mitochondrial Storage Buffer using a 1 mL pipette tip and
centrifuge at 6000 x g for 20 min at 4°C.

A CRITICAL: Prepare the MitoPunch apparatus during this centrifugation step to minimize
time between resuspension of mitochondrial isolate and MitoPunch transfer as MitoPunch
efficiency is negatively impacted by older mitochondrial preparations.

d. Remove supernatant. The mitochondrial mass should appear as a compact, pin-head-sized
pellet at the bottom of the 1.5 mL tube.

e. Resuspend the mitochondrial pellet in a volume of DPBS with calcium and magnesium
(Thermo Fisher Scientific, Cat#14040133) equal to 120 pL times the number of MitoPunch rep-
licates and keep on ice.

MitoPunch mitochondrial transfer
®Timing: 1 h

The following instructions describe the process of delivering freshly isolated mitochondria to recip-
ient cells using the MitoPunch apparatus. Briefly, the mechanism by which MitoPunch delivers iso-
lated mitochondria to recipient cells requires pressure generated by a solenoid-driven mechanical
plunger. Isolated mitochondria are loaded into a PDMS reservoir to which a cell culture filter insert
seeded with recipient cells is sealed. The solenoid is activated which drives the mechanical plunger
into the underside of the PDMS reservoir, causing the internal pressure of the reservoir to increase.
This increase in pressure forces mitochondrial suspension directly through the pores in the filter
insert and into the recipient cell cytoplasm. We have previously quantified the transfer efficiency
of MitoPunch by delivering fluorescently labeled isolated mitochondria to 143 BTK— p0 and BJ pO
recipient cells and measuring the fraction of the recipients positive for the fluorescent marker by im-
aging flow cytometry (Sercel et al., 2021). We observe ~50% of 143 BTK— pO recipient cells
and ~15% of BJ p0 recipients as positive for the fluorescent mitochondria. Additionally, we
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measured the mean and median number of fluorescent mitochondrial puncta present in recipient
cells by imaging flow cytometry. We observed a mean of ~5 and a median of ~3 puncta for 143
BTK— pO recipients and a mean of ~2 and a median of ~1 puncta for BJ p0 recipients. Finally, it is
important to keep the isolated mitochondrial sample on ice while performing MitoPunch transfers
and to minimize the time that isolated mitochondria are kept on ice prior to transfer.

4. Spray 70% ethanol into a tissue and wipe down the MitoPunch apparatus before entering itinto a
biosafety cabinet.

5. Connect MitoPunch apparatus to breadboard and connect breadboard to power supply (Fig-
ure 1B). Connect power supply to the 120 V wall outlet and ensure device has power by testing
piston actuation.

6. Remove a sterile PDMS reservoir from an autoclave bag and place on MitoPunch apparatus.

7. Wash PDMS reservoir 3 times with 120 pL DPBS with calcium and magnesium, pipetting up and
down 3 times with each wash, being sure to cover the entire surface area of the reservoir.

Note: This step is important to remove any traces of bleach or ethanol from pre-autoclave
sterilization and to help the hydrophobic PDMS more readily hold the mitochondrial suspen-
sion evenly without pooling into a large droplet.

8. Pipette 120 pL mitochondrial suspension or DPBS control into the PDMS reservoir.

9. Remove 12-well dish of recipient-cell-seeded filter inserts from the incubator and enter it into
the biosafety cabinet. Using sterile forceps, remove one filter insert and secure it into the top
plate of the MitoPunch apparatus.

a. To secure, remove the top internal ring from the upper plate of the MitoPunch and place the plas-
tic wings of the filter insert on the remaining ring such that the filter insert is supported within the
hole of the top plate. Carefully screw the top internal ring until tight against the filter wings.

10. Lower the top plate along the optomechanical assembly rods such that the filter insert contacts
the PDMS reservoir and ensure it is firmly pressed against the PDMS, creating a seal.

11. Actuate the MitoPunch piston using the switch on the breadboard. Leave the piston in the pro-
tracted position for 3 s, release the piston switch, remove the filter insert from the apparatus,
and replace it in the 12-well dish in its original medium.

A CRITICAL: Apply gentle pressure to the top plate with a hand while actuating the solenoid
to maintain a seal between the filter insert and the PDMS.

12. After completing all MitoPunch transfers, place the 12-well dish in a humidified 37°C incubator
for 2 h prior to collecting the recipient cells.

Recipient cell collection
®Timing: 1h

Mitochondrial recipient cells need to be harvested and plated on 10 cm dishes after the 2 h incuba-
tion that follows mitochondrial transfer for expansion and selection.

13. Aspirate medium from the wells containing filter inserts.
a. Carefully aspirate medium from within the filter insert, being mindful to not contact the cell
layer on the PET membrane.
b. Aspirate medium from outside the filter insert, making sure to collect the medium retained at
the contact point between the bottom of the filter insert and the well.

Note: The PET filter can retain medium and reduce the efficacy of dissociation reagents if not
handled properly.
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A CRITICAL: Change aspirator tip between samples to avoid contamination of intact cells
from the mitochondrial preparation that may be present on the outside of the filter insert.

14. Wash filter inserts with DPBS without calcium and magnesium.
a. Apply 0.5 mL DPBS gently to the filter insert and 1.5 mL DPBS to the well outside the filter
insert.
b. Carefully aspirate DPBS from within the filter insert and then from outside the insert, being
sure to remove any residual liquid retained between the bottom of the filter and the well.

A CRITICAL: Ensure that DPBS reaches both sides of the filter insert.

A CRITICAL: Change aspirator tip between samples to avoid contamination of intact cells
from the mitochondrial preparation that may be present on the outside of the filter insert.

15. Apply Accutase dissociation reagent to the filters and incubate for 5 min in a 37°C humidified
incubator.
a. Pipette 0.5 mL Accutase to the filter insert and 1.5 mL to the well outside the insert.

A CRITICAL: Ensure that Accutase reaches both sides of the filter insert.

Note: Visually inspect the plate under an inverted microscope to verify that the cells have
released from the filter. If dissociation is incomplete (Figure 4B), return plate to the incubator
for 3 min and repeat until cells have released from the membrane (Figure 4C).

16. Once the cells are released from the membrane, apply 0.5 mL uridine-supplemented medium to
the filter insert and gently disrupt the cell layer with a 1 mL pipette tip.
a. Do notdraw liquid from outside the filter to reduce the risk of intact mitochondrial donor cell
contamination.
17. Pipette the full volume from the filter insert to a 10 cm dish containing 10 mL warm uridine-sup-
plemented complete medium. If few cells are observed in the dish, see troubleshooting 4.
18. Place 10 cm dishes in a 37°C humidified incubator.

SIMR clone selection
® Timing: 1 week

Recipient cells need to be cultured in a dialyzed, nucleotide-free selection medium to isolate stable
mitochondrial recipient cells. The selection medium is not permissive for p0 cells as they are inca-
pable of generating nucleotides de novo. A negative p0 control is essential for determining the
endpoint of the following selection protocol.

19. Incubate the 10 cm dishes of MitoPunch recipient cells in a 37°C humidified incubator with
uridine-supplemented complete medium for 3 d following transfer.

A CRITICAL: Monitor confluence daily and do not allow cultures to exceed 80% confluence. If
cultures reach >80% confluence, proceed with step 20.

20. Exchange the complete medium for SIMR selection medium.
a. Exchange the medium daily with 10 mL fresh SIMR selection medium and record the conflu-
ence of the p0 negative control.

Note: Small colonies will form on the MitoPunch recipient plates and be visible by microscopy
typically 3-5 d into SIMR selection medium treatment.
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21. Continue daily feeding with SIMR selection medium until the p0 control plate is no longer viable,
typically 5-7 d under SIMR selection medium treatment.

Note: Proceed to either clone isolation or crystal violet staining as soon as the control plate is
no longer viable.

Alternatives: When the recipient cells used were determined to require galactose SIMR selec-
tion medium in Test recipient cell sensitivity to different SIMR clone selection media condi-
tions, proceed to step 22.

22. At 5 d post-delivery, feed cells with galactose SIMR selection medium.

Note: Follow selection scheme developed in “Test recipient cell sensitivity to different SIMR
clone selection media” for the specific recipient cells used.

a. Selection medium should be exchanged daily and condition of the cells noted.

23. Continue galactose selection until the DPBS control transfer has completely died, up to 7 d post-
transfer.
a. After death of the control, exchange the selection medium for SIMR selection medium to
allow clones to grow large enough to harvest.

Note: When selection fails to slow cell growth and induce cell death, see troubleshooting 5. In
the event no clones appear after selection, see troubleshooting 6.

SIMR clone harvesting
O Timing: 1h

After the selection process, isolate SIMR clones from 10 cm dishes and passage them onto 6-well
dishes for expansion. This must be done before clones overgrow as large clones can merge with
neighboring clones or become internally over confluent and die.

24. Select clones for isolation that are not adjacent to or in contact with other clones.

Note: When selecting multiple clones, mark the location of desired clones with a permanent
marker or a microscope mounted object marker.

25. Aspirate the medium from the dish and wash with 5 mL of DPBS. Aspirate the DPBS.

26. For each clone to be isolated, coat one side of a cylinder in sterilized high-vacuum grease.
Gently adhere each cylinder to the dish and fully encompass one clone within the cylinder.

27. Slowly add 200 uL of Accutase to each cylinder and incubate for 5 min in a 37°C humidified
incubator.

A CRITICAL: Watch for any leaks from the bottom of the cylinder while adding dissociation
reagent and immediately stop when one appears. Any leaked dissociation reagent can
prematurely disrupt other clones adhered to the plate.

28. After incubation, verify that the cells have fully dissociated from the dish under an inverted
microscope.
a. When the cells have not fully dissociated, incubate for another 3 min.

29. Once the cells have fully dissociated, use a micropipettor to move the cell suspension into a well
of a 6-well dish containing 2 mL of warm complete medium.
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30. Incubate the newly plated clones in a 37°C humidified incubator and continue to expand until
ready for use in downstream analysis.

Crystal violet staining
®Timing: 2 h

This protocol enables visualization of clone morphology, number, and distribution. Plates treated
with this protocol can be stored indefinitely away from light. Additionally, when stain does fade
with time, plates can be re-stained with additional crystal violet to increase color saturation for future
imaging.

31. Aspirate medium from the plate, taking care to not disturb clones.

32. Apply 1 mL of freshly diluted 4% paraformaldehyde to the dish and tilt the dish to fully coat the
surface.

33. Incubate at RT in a chemical fume hood for 15 min.

34. Aspirate the 4% paraformaldehyde from the dish and dispose of in the appropriate chemical
waste container.

35. Apply 2 mL of crystal violet solution to each plate and tilt to fully coat. Incubate at RT in the
chemical fume hood for 30 min.

36. Remove excess crystal violet using a serological pipette and dispose of it in the appropriate
chemical waste container.

37. Rinse each plate twice with DI water to remove excess crystal violet solution.

38. Dry plates upside-down on an absorbent surface to allow any residual crystal violet solution to
drip off the plate.

39. Store plates away from light until ready to analyze.

EXPECTED OUTCOMES

Mitochondrial preparations performed as written in this protocol typically yield 60-100 pg of
isolated protein per T-225 plate of donor cells. MitoPunch transfer of HEK293T mitochondria
into 143BTK— pO cells can generate between dozens to hundreds of independent SIMR clones
(Figure 5). Other cell lines used as donor or recipient cells, particularly transferring mutant
mtDNA-bearing mitochondria, can reduce the SIMR clone yield (Patananan et al., 2020; Sercel
et al., 2021).

LIMITATIONS

Using this protocol, MitoPunch can only deliver isolated mitochondria into adherent cells that can
attach to the PET filter membrane. Additionally, MitoPunch is unable to generate SIMR clones in
recipient cells that already contain mtDNA unless a secondary antibiotic selection is applied simul-
taneously with the SIMR restrictive medium scheme (Dawson et al., 2020). The pressure generated
by the MitoPunch apparatus as described in this protocol is fixed, and some cell types may require
different levels of pressure to generate SIMR clones efficiently (Sercel et al., 2021). MitoPunch deliv-
ery into p0 primary fibroblasts yields fewer SIMR clones than transfers into transformed p0 cells, and
SIMR clones isolated from MitoPunch transfer into p0 primary fibroblasts can be difficult to expand
before the cells reach the Hayflick limit and senesce. Furthermore, mtDNA and nDNA of different
haplotypic backgrounds may suffer from biochemical or genetic incompatibilities and reduce the
SIMR generation efficiency of MitoPunch transfers using material from such sources. Combinations
of mitochondria and recipient cells from different species face incompatibility that prohibits SIMR
clone generation. Lastly, isolated donor mitochondria must be freshly isolated prior to every deliv-
ery, as extended time in suspension or flash-freezing prior to MitoPunch delivery have a negative ef-
fect on SIMR generation efficiency (data not shown).
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143 BTK- p0 NDF p0

PBS Control
MitoPunch

HEK293T
MitoPunch

Figure 5. Crystal violet staining of SIMR clones

Images of Crystal Violet stained SIMR clones generated by MitoPunch transfer of HEK293T mitochondria or DPBS with
calcium and magnesium vehicle into 143BTK— p0 and NDF p0 recipient cells on 10 cm dishes after SIMR clone
selection.

TROUBLESHOOTING
Problem 1
Construct MitoPunch apparatus: MitoPunch piston is not actuating.

Potential solution

Ensure the electrical wiring of the MitoPunch device is properly connected and remains connected
between samples. Always test fire the MitoPunch device before placing the PDMS reservoir on the
platform. Additionally, verify that the piston is installed in the correct orientation such that the piston
is driven up toward the PDMS reservoir when actuated.

Problem 2
Test recipient cell sensitivity to different SIMR clone selection media conditions: Restrictive medium
selection does not reduce cell viability of recipient cells.

Potential solution

When the recipient cells are not completely mtDNA deficient the restrictive media will not effectively
induce cell cycle arrest and death. Verify that the recipient cells are p0 prior to beginning MitoPunch
using qPCR to measure mtDNA copy number and respirometry to quantify mitochondrial electron
transport chain activity.

Problem 3
Mitochondrial preparation: Needle clogs persistently during mechanical isolation step of mitochon-
drial isolation.
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Potential solution

Mitochondrial donor cell cultures that reach 100% confluency cause more clogging than cells from
plates at lower confluency. Only grow donor cell cultures to 80%-90% confluence before harvesting
for mitochondrial isolation.

Problem 4
Recipient cell collection: Few cells are recovered after MitoPunch and collection from filter inserts.

Potential solution

Carefully remove all cell growth medium from inside, outside, and below the PET filter insert.
Medium is easily trapped between the bottom surface of the insert and the 12-well culture dish,
and this excess medium can impact the efficacy of the dissociation reagent used to collect cells.
Additionally, ensure dissociation reagent is applied to both sides of the filter insert as MitoPunch
recipient cells grown on the filters extend projections through the pores in the membrane and
must be exposed to reagent from both sides for complete dissociation.

Problem 5
SIMR clone selection: Restrictive medium selection does not reduce cell viability of recovered
MitoPunch recipient cells.

Potential solution

This problem can be caused by three main factors. The first is allowing the recipient cell cultures to
reach 100% confluence before introducing restrictive medium. Begin medium selection before cul-
tures reach 80% confluence. The second is not feeding recipient cell cultures with restrictive medium
with sufficient frequency. Apoptotic cells on the dishes will release nucleotides into the medium
which can be scavenged by nascent SIMR cells and pO cells alike, leading to constant cell viability
throughout the selection process. When daily feeding is insufficient, increase the frequency of media
exchange to ensure selection occurs. Third, not all lines are sufficiently sensitive to SIMR selection
medium and require galactose SIMR selection medium to induce selection. Follow the steps in
Test recipient cell sensitivity to different SIMR clone selection media conditions to determine the
sensitivity of the chosen recipient cell line to the selection scheme.

Problem 6
SIMR clone selection: No SIMR clones are observed following MitoPunch and restrictive medium
selection.

Potential solution

When no SIMR clones are observed, verify that the mitochondrial isolation yielded coupled
mitochondria. Perform a mitochondrial isolation and measure the respiration rate of the mitochon-
drial isolate using a Seahorse Extracellular Flux Analyzer. When the isolation does not yield coupled
mitochondria, verify that the buffers used in the isolation protocol are stored at the appropriate
temperatures and are supplemented with protease inhibitor.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be ful-
filled by the lead contact, Michael A. Teitell (mteitell@mednet.ucla.edu).

Materials availability
This study did not generate new unique reagents. Dimensions of custom fabricated parts necessary
to replicate this work are included in the text of this protocol.
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Data and code availability
This study did not generate or analyze new code or datasets.
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The permanent transfer of specific mtDNA sequences into mammalian cells could generate improved
models of mtDNA disease and support future cell-based therapies. Previous studies documented
multiple biochemical changes in recipient cells shortly after mtDNA transfer, but the long-term
retention and function of transferred mtDNA remains unknown. Here, we evaluate mtDNA retention
in new host cells using ‘MitoPunch’, a device that transfers isolated mitochondria into mouse and
human cells. We show that newly introduced mtDNA is stably retained in mtDNA-deficient (p0)
recipient cells following uridine-free selection, although exogenous mtDNA is lost from metabolically
impaired, mtDNA-intact (p+) cells. We then introduced a second selective pressure by transferring
chloramphenicol-resistant mitochondria into chloramphenicol-sensitive, metabolically impaired
p+mouse cybrid cells. Following double selection, recipient cells with mismatched nuclear (nDNA)
and mitochondrial (mtDNA) genomes retained transferred mtDNA, which replaced the endogenous
mutant mtDNA and improved cell respiration. However, recipient cells with matched mtDNA-

nDNA failed to retain transferred mtDNA and sustained impaired respiration. Our results suggest
that exogenous mtDNA retention in metabolically impaired p+recipients depends on the degree of
recipient mtDNA-nDNA co-evolution. Uncovering factors that stabilize exogenous mtDNA integration
will improve our understanding of in vivo mitochondrial transfer and the interplay between
mitochondrial and nuclear genomes.

Mutations in the multi-copy mitochondrial genome (mtDNA) can impair the biosynthesis of ATP, metabolites,
fatty acids, reactive oxygen species, and iron sulfur clusters!™. Even a single nucleotide polymorphism can have
profound effects on cellular function and contribute to pathologies including cardiomyopathies, diabetes, auto-
immune diseases, neurological disorders, cancer, and even agings"\ The degree of pathology often depends on
the ratio of mutant to wild-type mtDNA populations within the same cell, a situation known as heteroplasmy”.
One in 5,000 people have some degree of a pathological mtDNA disorder, and up to 1 in 8 individuals carry low
levels of a mtDNA mutation that can be inherited through the maternal germline®-'". Mitochondrial replacement
therapy (MRT) aims to prevent transmission of mtDNA disorders from affected mothers to offspring, but limited
treatments exist for those already living with a pathological mtDNA mutation'>',

Our ability to repair mutant mtDNA and improve metabolically impaired cells would advance disease mod-
eling studies and potential cell-based therapies for mtDNA disorders. Gene therapy and now gene editing is a
viable treatment option for some nucleus-encoded disorders>!'*!°. In contrast, specific mtDNA mutations are
difficult to generate or repair because current gene modifying approaches do not work well inside mitochondria.
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«Figure 1. Stable mitochondrial integration in p0 cells. (a) Schematic showing selection of p0 cell with
successfully retained exogenous mtDNA. (b) 143BTK- p0 cells with transferred HEK293T or MELAS A3243G
mitochondria were selected on uridine-deficient media. Approximately 2 weeks after mitochondrial transfer,
colonies were imaged on an inverted microscope and 5 x objective. (¢) 143BTK- p0 +dsRed- labeled HEK293T
mitochondria were visualized by DIC and fluorescence microscopy 1 and 2 weeks after mitochondrial
transfer. (d) Sanger sequencing of 3 clones derived from 143BTK- p0 cells transferred HEK293T or MELAS
mitochondria. Orange highlight denotes mtDNA position 3243. (e) Seahorse Extracellular Flux analysis to
quantify oxygen consumption rate of bulk culture generated from 143BTK- p0 cells transferred HEK293T
or MELAS mitochondria. (f) Seahorse Extracellular Flux analysis to quantify oxygen consumption rate of
clones generated from (e). (e, f) Oligomycin, FCCP, and rotenone/myxothiazol are an ATP synthase inhibitor,
uncoupler, and complex I/1I1 inhibitors, respectively. Each data point represents the average of 3 technical
replicates and the error bar denotes standard deviation.

Zinc finger nucleases (ZFNs) and transcription activator-like effector nucleases (TALENS) target and degrade
detrimental mtDNAs both in vitro and in vivo, shifting heteroplasmy ratios. However, these modifiers can be
challenging to engineer, only degrade pre-existing target mtDNAs, are inefficient with incomplete removal of
target mtDNASs, and they cannot generate new mtDNA sequences inside cells'®?*. To bypass most of these issues,
the transfer of mitochondria containing desired mtDNA sequences into cells of interest can generate desirable
hybrid cells with unique mtDNA-nDNA pairings. Current mitochondrial transfer approaches for somatic cells
include MitoCeption?, microinjection®, cell fusion®, co-culturing?”?, isolated mitochondrial co-incubation®,
magnetomitotransferm, and large cargo delivery platforms“. These techniques have in common the provision
of mitochondria containing exogenous mtDNA into mtDNA-deficient (p0) recipient cells, often followed by
selection in uridine-deficient culture medium?®. p0 cells are typically generated using DNA intercalating drugs,
such as ethidium bromide, or DNA polymerase chain terminators, such as 2',3'- dideoxycytidine, to remove
recipient cell mtDNA***, However, these drugs can cause off target nDNA mutations and are not equally effec-
tive in removing all endogenous mtDNA from all cell types. In addition, p0 mammalian cells do not naturally
exist, leading to questions about physiological relevance. An ability to transfer isolated mitochondria and retain
exogenous mtDNA in unmodified, endogenous mtDNA containing (p+) recipient cells would alleviate many
of these potential concerns.

We recently developed a simple mechanical force based hardware device called ‘MitoPunch’ to transfer
isolated mitochondria into mammalian cells. Here, we used MitoPunch to transfer chloramphenicol-resistant
(CAP-R) mitochondria into chloramphenicol-sensitive p+recipient cybrid cells that contain mutant mtDNA
with impaired respiration. We evaluated whether introduced CAP-R mtDNA into p+ recipient cybrid cells was
retained or transient and lost when the recipient cell nNDNA matched and co-evolved, or was mismatched, with
the cybrid cell mtDNA strain, and the resultant effect on respiratory function.

Results

MitoPunch transfer of mitochondria into p0 cells. To begin, we used MitoPunch to transfer iso-
lated mitochondria into p0 cells, to evaluate the reacquisition of respiratory function or to generate a model of
mtDNA disease in a cell system that prior studies indicated should work?-23:35, o0 cells lack a functional elec-
tron transport chain (ETC), which blocks dihydroorotate dehydrogenase enzymatic activity and stops endog-
enous pyrimidine biosynthesis, leading to cell death with time***¥". Thus, p0 cells can only persist in vitro
in uridine-supplemented media or in uridine-deficient medium when they reacquire ETC activity. Isolated
dsRed-labeled HEK293T?8 or mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS)
A3243G cybrid® mitochondria were MitoPunch transferred into 143BTK- p0 osteosarcoma cells in an attempt
to generate 143BTK—- p0+HEK293T or 143BTK- p0+ MELAS hybrid cells, respectively (Fig. 1a). Post-transfer,
we grew cells for 4 days in uridine-replete media for recovery, followed by a shift to 10 days of uridine-deficient
growth conditions to select for cells with reacquired ETC activity (Fig. 1b). The presence of undisrupted donor
cells was minimized by introducing additional centrifugation spins in the mitochondrial isolation procedure
and by passing the mitochondrial isolate through a 3 um filter before reaching the recipient cells, which is an
indirect benefit of the MitoPunch transfer pipeline. We isolated three clones from 143BTK- p0+HEK293T
or 143BTK- p0+MELAS bulk cultures that contained hundreds or tens of independent colonies, respectively.
Since 143BTK- p0+HEK293T cells received dsRed-labeled mitochondria, we could observe the turnover of
transferred mitochondria over time, with the label disappearing between one and two weeks after mitochondrial
transfer (Fig. 1¢). This observation further confirms that there was no whole cell contamination from the mito-
chondrial donor and is consistent with the predicted turnover rate for mitochondrial proteins*®!. Following
the 10 day uridine-deficient selection, clones were isolated and expanded. Two months post-transfer, when no
original HEK293T or MELAS mitochondrial proteins remained, sequencing of three independent clones of each
new hybrid cell type showed persistence of the exogenous mtDNA (Fig. 1d). To assess mitochondrial function,
we measured the oxygen consumption rate (OCR) for each bulk culture and each of the six individual clones
(Fig. le,f). HEK293T cells have a robust respiratory proﬁle, while the 143BTK- p0 and MELAS cells have abol-
ished respiration. Compared to 143BTK- p0 cells with abolished respiration, 143BTK- p0+HEK293T hybrid
cells showed an improved respiratory profile. In contrast, 143BTK- p0+MELAS hybrid cells recapitulated the
impaired respiratory profile observed for MELAS patient-derived cells'>#2. Additionally, we performed qPCR
on 143BTK- p0 cells containing either MELAS or wild type (WT) transferred mitochondria to compare the
restored mtDNA levels to unmodified 143BTK- parental cells (Supplementary Fig. S1). After several weeks of
cell culture and freeze-thaw cycles, 143BTK- p0+ WT transfers showed mtDNA copy numbers comparable to
143BTK- parent cells. However, 143BTK- p0+MELAS cells maintain a slightly lower mtDNA copy number.
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«Figure 2. Transfer of functional mtDNA is not maintained in p+mutant cells. (a) Schematic showing selection
of p+ mutant cell with transferred exogenous mtDNA. (b,c) Isolated dsRed-labeled HEK293T mitochondria
were transferred by MitoPunch into MELAS cybrid cells and immediately analyzed by ImageStream. Brightfield
and fluorescence data was collected for 10,000 cells. The number of transferred mitochondria was quantified
for each cell. (d) MELAS + HEK293T were visualized by DIC and fluorescence microscopy 1 and 2 weeks after
mitochondrial transfer. (e) Sanger sequencing of HEK293T, MELAS, and MELAS + HEK293T cells. Arrows
denote mtDNA position 3243. (f) Seahorse Extracellular Flux analysis to quantify oxygen consumption rate of
HEK293T, MELAS, and MELAS + HEK293T cells. Oligomycin, FCCP, and rotenone/myxothiazol are an ATP
synthase inhibitor, uncoupler, and complex I/III inhibitor, respectively. Each data point represents the average of
3 technical replicates and the error bar denotes standard deviation.

In sum, the MitoPunch mitochondrial transfer and selection pipeline yields permanently retained exogenous
mtDNA in a p0 recipient cell type, as anticipated, and can model defective respiration that characterizes a typi-
cally severe mtDNA disease.

Transferred WT mtDNA is lost from p + MELAS cells.  We next examined whether MitoPunch transfer
could improve the mitochondrial function of p + (endogenous mtDNA containing) recipient cells with impaired
respiration. As above, we performed MitoPunch transfer of isolated dsRed-labeled HEK293T mitochondria this
time into human cybrid cells containing an A3243G MELAS mtDNA mutation (Fig. 2a). Immediately follow-
ing MitoPunch, we visualized potential MELAS+HEK293T hybrid cells using ImageStream flow cytometry
(Fig. 2b) to assess the number of recipient cells with exogenous mitochondria and the number of dsRed-labeled
mitochondrial “speckles” per cell. ImageStream data showed that ~25% of MitoPunch recipient MELAS cybrid
cells acquired 1-6 dsRed speckles per cell, providing a crude estimate of mitochondria transferred (Fig. 2c). We
performed an independent experiment and again applied uridine-deficient media selection because MELAS
cybrid cells show markedly impaired cellular respiration (Fig. 1e)**2**1%_ Similar to p0 recipient cells, exog-
enous HEK293T mitochondrial proteins remain for one to two weeks post-transfer in selection media (Fig. 2d).
However, unlike p0 recipients, MELAS cells do not retain exogenous mtDNA beyond 2 months post-transfer, as
shown by the continued presence of only the A3243G mtDNA sequence for MELAS + HEK293T bulk cultures
containing tens of colonies (Fig. 2e).

We examined a second, independent, MELAS cybrid cell recipient (MELAS2), homoplasmic for A3243G
mtDNA, by transferring WT functional mitochondria isolated from donor cells obtained from the same indi-
vidual. MitoPunch transfer cells underwent selection for four weeks in uridine-deficient media with ~ 50 inde-
pendent MELAS2 + WT colonies obtained (Supplementary Fig. S1). However, a similar number of independent
colonies were also obtained for MitoPunch transfer cells that received 1 x phosphate buffer saline (PBS), pH 7.4,
indicating that very low level ETC function in MELAS cybrids is sufficient for survival in uridine-free media
selection. We anticipate that ~ 25% of recipient cells obtained WT mtDNA similar to MELAS + HEK293T cells
(Fig. 2b,c). However, MELAS2 + WT cells also did not show evidence for exogenous mtDNA after four weeks of
selection by sequencing the bulk culture containing ~ 50 independent colonies (Supplementary Fig. S1).

We measured the OCR of MELAS + HEK293T cells in bulk cultures containing tens of independent colonies
as a second assessment of retained exogenous mtDNA one month post-transfer. In contrast to transfers into
143BTK- p0 recipient cells, MELAS + HEK293T cells replicated the impaired respiratory profile characteristic
of the parent MELAS cybrid cells without improved respiration (Fig. 2f). In addition, when isolated MELAS
and HEK293T mitochondria were mixed at 1:1 or 10:1 ratios and then MitoPunch transferred into 143BTK- p0
recipient cells, we observed significant MELAS mtDNA retention in the 10:1 mixture in addition to the antici-
pated retention of HEK293T mtDNA (Supplementary Fig. S1). This indicates that the MitoPunch transfer and
selection pipeline can generate heteroplasmic clones in addition to homoplasmic clones that may resemble
certain physiologic conditions, at least in certain p0 recipient cells. Increasing the MELAS mtDNA population
relative to WT mtDNA also resulted in increasingly impaired respiration, as anticipated for an increasingly
mutant mtDNA heteroplasmic state (Supplementary Fig. S1). Overall, these data indicate that two independent
MELAS recipient cells examined here do not retain exogenous mtDNA that can potentially improve respiration.
This is different from 143BTK- p0 cells (Fig. 1, Supplementary Fig. S1) and suggests strong selective pressure
to remove exogenous mtDNA and retain endogenous mutant mtDNA in these p + recipients despite potential
respiratory advantages for retaining WT mtDNA.

Transfer of CAP-R mtDNA confers resistance to Amt-ND4 cells.  We addressed the inability of our
standard transfer and selection protocol to isolate p+cells with stable exogenous mtDNA by using an anti-
biotic-resistant mitochondrial donor to apply additional selective pressure for exogenous mtDNA retention.
Prior studies generated and used mtDNA mutations that confer resistance to the mitochondrial translation
inhibitor, chloramphenicol (CAP). CAP-resistant (CAP-R) mitochondria first showed utility for mitochondrial
transfer by microinjection and cybridization with CAP-S cells having WT respiratory profiles***-**, Since these
studies showed exogenous mtDNA retention in WT p +cells, we examined whether this would work with our
MitoPunch pipeline to permanently improve mitochondrial function in p+mutant cells (Fig. 3a). We used
mouse fibroblast cell line CAP-R 501-1, which contains a mtDNA T2433C substitution resulting in chloram-
phenicol-resistance, as a mitochondrial donor. CAP-R 501-1 was derived from L929 mice with co-evolved C3H/
An nucleus and mitochondrial haplotypes (Fig. 3b). In addition to antibiotic resistance, CAP-R 501-1 cells show
increased OCR compared to the abolished OCR in 1929 p0 fibroblasts, but less basal respiration, maximal res-
piration, and mitochondrial-derived ATP production compared to the unmodified L929 parental cells (Fig. 3¢,
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«Figure 3. Chloramphenicol selection for transferred CAP-R mtDNA retention. (a) Selection of mouse p0 or
p+mutant cells with successfully retained exogenous CAP-R 501-1 mtDNA. (b) Cell lines used with known
nuclear and mitochondrial mouse backgrounds. (c) Seahorse Extracellular Flux analysis quantification of
basal and maximal cellular respiration in Amt-ND4, Amt-ND6, CAP-R 501-1, and L929 p0 cells. Two-tailed,
unpaired Student’s t-test comparing samples to L929p0. * represents significance with *<0.05, ** <0.01,
%<0.001, ****<0.0001. Black * represents significance for Basal Respiration and Blue * represents significance
for Maximal Respiration. The bar height denotes average of 3 replicates and the error bars are the standard
deviation. (d) Phosphate buffered saline (PBS) or CAP-R 501-1 mitochondria were transferred into 1.929 p0,
Amt-ND4, and Amt-ND6 recipient cells and were selected on uridine-deficient, CAP-supplemented media. Four
weeks after mitochondrial transfer, colonies were imaged with an inverted microscope and 5 x objective. Scale
bar denotes 100 um. (e) RFLP analysis of CAP-R 501-1, L929 p0, L929 p0+ CAP-R 501-1, Amt-ND4 + CAP-R
501-1, and Amt-ND6 + CAP-R 501-1 bulk culture cells two weeks after mitochondrial transfer. (f) Following
Amt-ND4 + CAP-R 501-1 mitochondrial transfer, cells were cultured in (1) uridine-supplemented media for
four days, (2) uridine-deficient, CAP-supplemented media for 24 days, and (3) uridine-supplemented media
with or without CAP for 7 days. RFLP analysis of CAP-R 501-1, Amt-ND4, and Amt-ND4+ CAP-R 501-1
mitochondria. In (e-f), arrows denote the difference between CAP-S (502 bp) and CAP-R (434 bp) PCR
products post-Maell digestion on a 2.5% agarose gel electrophoresis. CAP-R 501-1 control is the same in each
panel. Each of these panels were cropped from different parts of the same gel with the same exposure level.

Supplementary Fig. $3). To establish that this mitochondrial donor will work in a p0 background, we MitoPunch
transferred isolated CAP-R 501-1 mitochondria into mouse L929 p0 cells (L929 p0+ CAP-R 501-1) that were
grown in uridine-deficient, CAP-supplemented media (Fig. 3a). Four weeks post-transfer and sequential selec-
tion, tens of colonies were observed (Fig. 3d) and assessed as a bulk culture by restriction fragment length poly-
morphism (RFLP) analyses for retention of the CAP-R 501-1 mtDNA (Fig. 3e). L929 p0+ CAP-R 501-1 stably
integrated the exogenous CAP-R mtDNA as shown by a 434 bp PCR product that results from cleavage by Maell
only when there is a T2433C substitution®.

To attempt to extend this result for p+ mutant cells, we used two independent p+ recipient cybrid cells gener-
ated with different nuclear and mitochondrial DNA origins. A recent study showed that nucleus-mitochondrial
genome (mtDNA-nDNA) interactions control mtDNA heteroplasmy*’. Therefore, we tested whether recipient
cells with mismatched or matched endogenous mtDNA-nDNA pair origins integrate exogenous mtDNA. For
this, we used a recipient mouse cybrid cell line with a defect in complex 1 NADH dehydrogenase subunit 4
(delA10227, Amt-ND4). Amt-ND4 is a mismatched recipient cell line that originated from a cytoplasmic fusion
between an L929 p0 cell (C3H/An mouse strain) and an enucleated cytoplast from the NIH3T3 mouse strain
containing this deletion mutation*®. We also used a second independent recipient mouse cybrid cell line with a
defect in complex 1 NADH dehydrogenase subunit 6 (1C13887, Amt-ND6). Amt-ND6 is a matched recipient cell
line that originated from a cytoplasmic fusion between an L929 p0 cell (C3H/An mouse strain) and an enucle-
ated cytoplast from the L929 parental cell line (C3H/An mouse strain) containing this insertion mutation**»*
(Fig. 3b). Both Amt-ND4 and Amt-ND6 recipient cells have severely impaired basal and maximal respiration in
contrast to a robust respiratory profile for CAP-R 501-1 mitochondrial donor cells (Fig. 3c).

We MitoPunch transferred isolated CAP-R 501-1 mitochondria into Amt-ND4 (Amt-ND4 + CAP-R 501-
1) and Amt-ND6 (Amt-ND6 + CAP-R 501-1) recipient cells. Following two weeks of sequential selection in
uridine-deficient, CAP-supplemented media, up to 10 colonies were obtained (Fig. 3d). RFLP analysis of the
bulk culture showed that Amt-ND4 + CAP-R 501-1 cells retained exogenous CAP-R 501-1 mtDNA four weeks
after mitochondrial transfer with an undetectable level of endogenous mtDNA (Fig. 3e, Supplementary Fig. S2).
We were surprised by this result because Amt-ND4 and CAP-R 501-1 are not of the same mitochondrial origins
(Fig. 3b). Our data show that endogenous mutant mtDNA was completely replaced by a mtDNA sequence
of interest using an additional selection step and without making cells p0 first. To address stability, following
four weeks on uridine-deficient, CAP-supplemented media, Amt-ND4 + CAP-R 501-1 cells were grown with or
without CAP for one additional week (Fig. 3f, Supplementary Fig. S2). RFLP analyses of the bulk culture again
showed no endogenous CAP-S mtDNA and instead exogenous CAP-R mtDNA five weeks after mitochondrial
transfer. Thus, exogenous mtDNA stabilized in Amt-ND4 cells without ongoing antibiotic selection, indicating
permanent mtDNA replacement. In contrast, however, Amt-ND6 + CAP-R 501-1 bulk cultures did not retain
exogenous mtDNA by RFLP analyses (Fig. 3e, Supplementary Fig. S2), even though nucleus and mitochondrial
origins were the same, another unanticipated result (Fig. 3b).

Stable transfer of CAP-R mtDNA restores respiration in p0 and Amt-ND#4 cells.  Following per-
manent retention of exogenous CAP-R 501-1 mtDNA in 1929 p0 and Amt-ND4 p+ cells (Fig. 3e), we assessed
changes in mitochondrial function. For this, we measured mitochondrial (ATPmito) and glycolytic (ATPglyco)
ATP production using the Seahorse Extracellular Flux Analyzer. 1929 p0+ CAP-R 501-1 bulk culture cells recov-
ered ATPmito, basal and maximal respiration, in contrast to L929 p0 cells at levels comparable to CAP-R 501-1
parent donor cells (Fig. 4a, Supplementary Fig. S3). Repression of ATPglyco also accompanied increased ATP-
mito, basal and maximal respiration in Amt-ND4+CAP-R 501-1 bulk culture cells (Fig. 4b, Supplementary
Fig. $3). In addition, the Amt-ND4 + CAP-R 501-1 respiratory profile was comparable to the CAP-R 501-1 par-
ent mitochondrial donor. However, Amt-ND6 + CAP-R 501-1 bulk culture cells did not restore ATPmito, basal
or maximal respiration (Fig. 4c, Supplementary Fig. S3). A lack of improvement in mitochondrial function in
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«Figure 4. p0and p+mutant recipient cells have restored respiration with transferred CAP-R mitochondria.
(a-c) Seahorse Extracellular Flux analysis and quantification of ATP levels contributed by mitochondria
(ATPmito) and glycolysis (ATPglyco). Cells were cultured in uridine-deficient, CAP-supplemented media. (a)
Analysis of CAP-R 501-1 mitochondrial donor, 1929 p0 recipient, and L929 p0+ CAP-R 501-1 cells. (b) Analysis
of CAP-R 501-1 mitochondrial donor, Amt-ND4, and Amt-ND4 + CAP-R 501-1 bulk culture cells from three
independent transfers. (c) Analysis of Amt-ND6, CAP-R 501-1, and Amt-ND6+ CAP-R 501-1 bulk cultures
from two independent transfers. (a-c) Two-tailed, unpaired Student’s t-test comparing samples to L929 p0,
Amt-ND4, or Amt-ND6. * represents significance for ATPmito and # represents significance for ATPglyco.
*<0.05,*<0.01, ***<0.001, ***<0.0001. $<0.05, ¥ $<0.01, ¥ £ £<0.001, % ¥ ¥ £<0.0001. The bar height
denotes average of 4 replicates and the error bars are the standard deviation. (d) Seahorse Extracellular Flux
analysis and quantification of ATPmito and ATPglyco in 1.929 p0, Amt-ND4, CAP-R 501-1, 1.929 p0+ CAP-R
501-1 bulk cultures from three independent transfers, and Amt-ND4+ CAP-R 501-1 bulk cultures from
three independent transfers. Cells were cultured in uridine-supplemented, CAP-supplemented media. Two-
tailed, unpaired Student’s t-test comparing samples to Amt-ND4. * represents significance for ATPmito and ¥
represents significance for ATPglyco. * <0.05, ** <0.01, ***<0.001, ****<0.0001. <0.05, # $<0.01, % ¥ $<0.001,
1% % $<0.0001. There were no statistically significant differences when comparing the samples to L929 p0
cells. The bar height denotes average of 5 replicates and the error bars are the standard deviation. (e) Schematic
showing summary of p + mitochondrial transfer efficiency in a given selection condition.

Amt-ND6 + CAP-R 501-1 cells is likely from failed replacement of mutant mtDNA without exogenous mtDNA
integration.

We note that in our studies Amt-ND4 + CAP-R 501-1 mitochondrial transfer is only efficient with serial selec-
tion in uridine-deficient and CAP-supplemented media. Without double selection, or only CAP-supplemented
media, exogenous CAP-R 501-1 mtDNA does not stably integrate into either the respiratory-incompetent L929
p0 or Amt-ND4 p+ recipient cells as observed by continued lack of oxygen consumption (Fig. 4d, Supplementary
Fig. $3). Currently, to transfer and permanently retain exogenous mtDNA in a p+, mutant recipient cell, our
pipeline requires the transfer of mitochondria conferring antibiotic resistance and selection for stable hybrid
cells in both uridine-deficient and antibiotic-supplemented media (Fig. 4e). Following five weeks of selection,
transfer cells with permanently retained exogenous mtDNA do not require further selective growth conditions.
However, and unexpectedly for the limited number of situations we have examined thus far, a recipient cell must
have mismatched nDNA-mtDNA origins for exogenous mtDNA integration to occur using our MitoPunch
mitochondrial transfer pipeline.

Discussion

Prior studies of mitochondrial transfer primarily used p0 cells as recipients due to the relative ease of integrating
exogenous mtDNA**"%, However, DNA-intercalating and DNA polymerase chain terminating drugs used to
deplete mtDNA to generate p0 cells can have off-target nDNA effects®!. Although mtDNA diseases do correlate
with reduced mtDNA copy numbers in cells, no p0 cells exist in vivo with the exception of red blood cells?*52-5%,
p0 tumor cells in experimental mouse systems acquire exogenous mtDNA from host cells, which stimulates
tumor progression and aggression®>***”. However, the majority of mitochondrial transfer events reported in vivo
usually involve some form of tissue injury and p+ recipient cells®**. The molecular mechanisms underpinning
mitochondrial transfer and permanent exogenous mtDNA integration in p+ cells are currently unknown and
require new systems to control and study this phenomenon®813:31.6061,

Here, our mitochondrial transfer method improved respiration in metabolically impaired cells containing
endogenous, mutant mtDNA. Other studies performed mitochondrial transplantation into p+ cells in vitro»
and in vivo®*-®8 for therapeutic purposes, but only observed short term changes that do not indicate permanent
retention of exogenous mtDNA. For example, one study restored ATP production in an A3243G MELAS cell
line using Pep-1 mediated mitochondrial transfer®?. Mitochondrial function did improve in these dysfunctional
cells after delivery, but the study was limited to four days in duration and the approach was unable to replace the
endogenous detrimental mtDNA population. Another longer-term, four week study co-incubating mitochondria
with WT cardiomyocytes reported only a temporary increase in mitochondrial function which, after two days,
returned to the pre-transfer level of reduced respiration®. We observed that two weeks after transferring WT
mitochondria into MELAS cells, whose respiration is similar to that ofa pO cell (Supplementary Fig. S1)%, the
recipient cells survive uridine-deficient media selection without stably integrating exogenous WT mtDNA. This
occurred for two independent MELAS cell lines with either matched or mismatched mitochondrial donors. In
our studies, mutant mtDNA recipient cells persisted from the lack of selective pressure to integrate exogenous
mtDNA. Our findings support a prior cell-to-cell mitochondrial transfer study and indicate there is a funda-
mental inability to transfer mitochondria into mutant p+ recipient cells®. In addition, the transfer of equal
amounts of HEK293T and MELAS mitochondria into a 143BTK- p0 recipient cell yields co-retention of both
functional and dysfunctional mtDNA. Our data suggest for currently unknown reasons that the co-introduction
of multiple mitochondrial sources into a p0 cell that did not co-adapt to either mtDNA population results in
the retention of both populations. It may be that nDNA preferentially maintains co-adapted mtDNA due to
metabolic requirements®.

To circumvent a retention roadblock and apply an additional selective pressure to retain exogenous mtDNA,
we used antibiotic-resistant mitochondria from CAP-R 501-1 cells. Previous studies have used cell fusion, co-
incubation, and microinjection to deliver CAP-R mitochondria into WT cells***7°, We also achieved antibiotic-
resistant mitochondrial transfer into mutant p+ cells. However, permanent exogenous mtDNA retention only
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occurred for cells with mismatched, not co-adapted mtDNA-nDNA pairs. Exogenous mtDNA retention occurred
for both a mismatched p+recipient and also a p0 recipient. For Amt-ND4 + CAP-R 501-1 cells, there was no
detectable endogenous mtDNA five weeks after mitochondrial transfer. These unexpected results suggest that
the endogenous mtDNA-nDNA co-evolution somehow influences mtDNA sequence retention’”2. How this
correlates with the retention and function of non-native mtDNA sequences in humans is unclear. Mitochondrial
replacement therapies and three-person in vitro fertilization technologies used to prevent the transmission
of mtDNA disorders from affected mothers have resulted in live births, suggesting the successful retention of
exogenous mtDNA”>74. However, pathogenic mtDNA sequences have been observed in ESCs derived from these
embryos, which may indicate problems with permanent exogenous mtDNA retention’. Understanding the bio-
logical pathways necessary to retain transferred mtDNA in vitro may therefore provide insight into improving
mitochondrial replacement therapies.

Our protocol, unlike cybridization which typically requires immortal or cancerous cell fusion, can utilize
replication, or ‘Hayflick;-limited cells, to permit reprogramming to induced pluripotent stem cells. Such ‘primary’
cell recipients have a limited number of cell divisions and cannot replicate long after mtDNA depletion to generate
a p0 cell. Our future ability in MRT in cells capable of fate transitions is of great clinical significance. Further work
is needed to uncover changes to the metabolome, transcriptome, and proteome with mitochondrial transfer, to
determine the extent of functional restoration in recipient cells. Our p+, CAP-R mitochondrial transfer pipeline
could be a tool for screening recipient cells for potential factors involved in exogenous mtDNA integration.

Methods

Cell culture. The A3243G MELAS cybrid cell line was obtained from Carlos Moraes (University of Miami)’.
143BTK- p0 human osteosarcoma cells, cybrid cell lines with the A3243G mutation or wildtype mtDNA from
the same patient, and CAP-R mouse fibroblasts (501-1) were obtained from Douglas Wallace (University of
Pennsylvania)®**#477. 1929 p0 and mouse cybrids with a mutation in the mitochondrial-encoded NADH
dehydrogenase 4*% (Amt-ND4, delA10227) or mitochondrial-encoded NADH dehydrogenase 6*>% (Amt-ND6,
iC13887) were obtained from Jose Antonio Enriquez Dominguez (Centro Nacional de Investigaciones Car-
diovasculares Carlos III (CNIC)). HEK293T cells expressing mitochondria-label dsRed protein (pMitoDsRed,
Clontech Laboratories) were generated as previously published®. Cells were maintained in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; Gibco, Cat. #11966-025) supplemented with 10% Fetal Bovine Serum (FBS;
Omega Scientific, FB-11), 0.7 mM non-essential amino acids (Gibco, Cat. #11140-050), GlutaMAX (Gibco, Cat.
#35050061), penicillin and streptomycin antibiotics (ThermoFisher Scientific, Cat. #15070063), and 50 pg/mL
uridine (Sigma, Cat. #U3003). Cultured cells were routinely tested for mycoplasma with the Lonza Mycoalert
Mycoplasma Detection Kit. Cells were passaged every other day and incubated at 37 °C and 5% CO,.

Mitochondrial transfer workflow. Mitochondria were isolated from ~ 5 x 10° donor cells using the Qpro-
teome Mitochondria Isolation Kit (Qiagen, Cat. #37612). After isolation, around 15 pg of mitochondrial protein
were suspended in 120 uL of 1 x phosphate-buffered saline (1 x PBS), pH 7.4, with calcium and magnesium and
subsequently transferred into recipient cells by MitoPunch. After mitochondrial transfer, recipient cells that
stably retained the exogenous mitochondria were obtained after a two-week selection in a uridine-free media
that allows only cells with functional mitochondria to survive. For mitochondrial transfer experiments involving
CAP-R mitochondria, transferred cell were selected in media lacking uridine and supplemented with 100 ug/mL
CAP (Fisher Scientific, Cat. #22-055-125GM).

MitoPunch. The MitoPunch is a force-based delivery tool to transfer isolated mitochondria. Using a 5 V
solenoid (Sparkfun, Cat. #ROB-11015) on a threaded plug (Thor Labs, Cat. #SM1PL) inside a threaded cage
plate (Thor Labs, Cat. #CP02T), this solenoid will apply a force to a deformable PDMS (10:1 ratio of Part A base:
Part B curing agent, 25 mm diameter, 0.67 mm height bottom circular layer, outer diameter, 22 mm; inner diam-
eter, 10 mm; height, 1.30 mm upper circular layer) fluid reservoir containing approximately 120 uL of isolated
mitochondrial suspension. This force propels the mitochondrial suspension into ~ 200,000 adherent cells seeded
onto a porous membrane with 3 um pores (Corning, Cat. #353181) and placed above the PDMS. The solenoid is
controlled using a 5 V power supply mini board (Futurlec, Cat. #MINIPOWER) and a 12V, 3 Amp DC power
supply (MEAN WELL, Cat. #RS-35-12).

ImageStream. After MitoPunch mitochondrial transfer, cells were collected in 1.5 mL tubes and centri-
fuged at 1,000 x g for 5 min. The supernatant was aspirated and cells were washed 3 x with 0.5 mL PBS. After final
wash, PBS was aspirated and cells were fixed with 100 uL of 4% paraformaldehyde (Thermo Fisher Scientific,
Cat. #28906) for 15 min on ice. 1 mL of PBS with 5% FBS (Omega Scientific, FB-11) was added to fixative and
centrifuged at 500 x g for 10 min. Supernatant was removed, cells were resuspended in PBS with 5% FBS and
imaged on Amnis ImageStream* MK II.

Oxygen consumption rate flux analysis. The Seahorse Extracellular Flux Analyzer measures cellular
oxygen consumption rates (OCR) to quantify mitochondrial function. Cells were plated at ~ 15,000 cells/well
density in a XF96 microplate (Seahorse Bioscience, Cat. #100882-004) 24 h prior to analysis. Prior to exper-
iments, a drug titration experiment was performed to determine the optimal concentrations of oligomycin,
FCCP, and antimycin A. Treatments of 1 pM oligomycin (ATP synthase inhibitor), 0.3 uM carbonyl cyanide-
4-(trifluoromethoxy) phenylhydrazone (FCCP, uncoupling agent), and 1 uM antimycin A (ubiquinone inhibi-
tor) were added to characterize specific ETC complexes. Estimations of ATP production rates were completed
using the Agilent Seahorse XF ATP Real-Time rate assay’®. Oligomycin-sensitive respiratory rates were con-
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verted to rates of mitochondrial ATP production (ATPmito) assuming a P/O ratio of 2.737%%. Glycolytic ATP
rates (ATPglyco) production was estimated using the proton prediction rate (PPR) from lactate efflux provided
by the XF96 Seahorse. PPR was corrected for respiratory CO, acidification and geometric assay volume using
values provided by Agilent. ATPglyco was estimated using a 1:1 ratio between lactate efflux and ATP generation.

Restriction fragment length polymorphism (RFLP) analysis. Total mtDNA was isolated from cells
using the DNeasy Blood and Tissue kit (Qiagen, Cat. #69504). mtDNA surrounding the CAP site were ampli-
fied by Polymerase Chain Reaction (PCR) using the following primers—forward: GAGGGTCCAACTGTCTCT
TATC and reverse: TCCTTTCGTACTGGGAGAAATC. After PCR amplification, the product was digested with
the Maell restriction enzyme that cuts 5'-ACGT-3' specifically at mtDNA sequence location 2501. The digested
product was run on a 2.5% agarose gel at 100 V for 1 h and quantified using a Gene Genius bioimaging system.
Last-cycle hot RFLP was not performed.

Microscopy. Cell morphology images were taken on an Olympus CKX31 (Cat. #CKX31SF5) inspection
microscope with a 4 x objective. Brightfield, DIC, and fluorescence images were obtained with a Zeiss Axio
Observer Z1 microscope and Hamamatsu EM CCD camera (Cat. #C9100-02).

Sequencing of MELAS A3243G site.  To detect presence of mtDNA containing the A3243G substitution,
total DNA was isolated using the DNeasy Blood and Tissue kit (Qiagen, Cat. #69504). PCR amplification of
MELAS region was performed using PCR primers: forward- CCTCGGAGCAGAACCCAACCT and reverse-
CGAAGGGTTGTAGTAGCCCGT. PCR products were purified using the QIAquick PCR purification kit (Qia-
gen, Cat #28104) and were Sanger sequenced using the forward primer.

mtDNA gPCR quantification. Total DNA was extracted (Qiagen, Cat. # 69504) from cultured cells and
mtDNA quantified using SYBR Select Master Mix for CEX (Life Technologies, Cat. # 4472942). mtDNA-encoded
MT-NDI was amplified with the following primers: forward: CCCTAAAACCCGCCACATCT; reverse: CGA
TGGTGAGAGCTAAGGTC. mtDNA levels were normalized to nucleus-encoded 36B4 gene (RPLP0) using the
following primers: forward: TGGCAGCATCTACAACCCTGAAGT; reverse: TGGGTAGCCAATCTGAAG
ACAGACA. gPCR was run on a BioRad CFX Thermal Cycler using the following protocol: (1) 50 °C for 2 min,
(2) 95 °C for 2 min, and (3) 40 cycles at 95 °C for 10 s and 60 °C for 45 s. Samples were compared by calculating
AACT and fold differences.
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Figure S1. Selective pressure to retain mutant A3243G MELAS mtDNA.

(a) Quantification of mtDNA levels by gPCR in 143BTK- p0, 143BTK- p0 + MELAS
clones 1 and 2, 143BTK- p0 + WT clones 1, 2, and 3, and the 143BTK- parent cell
lines. The bar height denotes the average of three technical replicates. (b) MELAS2 +
Wildtype and MELAS2 + PBS buffer cells were fixed with paraformaldehyde and stained
with crystal violet to identify cell colonies. (c¢) Sanger sequencing of Wildtype, MELAS2,

and MELAS2 + Wildtype. The arrow denotes mtDNA position 3243. (d) Sanger
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sequencing of 143BTK- p0 + HEK293T:MELAS (10:1) and 143BTK- p0 +
HEK293T:MELAS (1:1). Arrows denote mtDNA position 3243. (e) Seahorse
Extracellular Flux analysis to quantify oxygen consumption rate of 143BTK- p0 +
HEK293T:MELAS (10:1) and 143BTK- p0 + HEK293T:MELAS (1:1) cells. Oligomycin,
FCCP, and rotenone/myxothiazol are an ATP synthase inhibitor, uncoupler, and
complex /11l inhibitor, respectively. Each data point represents the average of three

technical replicates and the error bar denotes standard deviation.
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Figure S2. Uncropped gel for Figure 3e-f. PCR products post-Maell digestion on a
2.5% agarose gel electrophoresis. Numbers on lanes correspond to the following
samples: M) Marker, 1) Amt-ND6 + CAP-R 501-1 bulk culture 2, 2) Amt-ND6 + CAP-R
501-1 bulk culture 3, 3) Amt-ND4 + PBS bulk culture, 4) Amt-ND4 + CAP-R 501-1 bulk
culture cultured for 5 weeks post-transfer in uridine-deficient, CAP-supplemented
media, 5) Amt-ND4 + CAP-R 501-1 bulk culture cultured for 4 weeks in uridine-deficient,
CAP-supplemented media and one additional week in CAP-deficient media, 6) Amt-
ND6, 7) Amt-ND4, 8) CAP-R 501-1, 9) L929 p0, 10) L929 p0 + CAP-R 501-1, 11) Amt-
ND4 + CAP-R 501-1 bulk culture 1, 12) Amt-ND4 + CAP-R 501-1 bulk culture 2,

13)Amt-ND4 + CAP-R 501-1 bulk culture 3. Unmarked lanes on the gel are the same
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transfer cell lines (L929 p0 + CAP-R 501-1, Amt-ND4 + CAP-R 501-1, and Amt-ND6 +
CAP-R 501-1) cultured in different media conditions (uridine-supplemented, complete,
and galactose media) at different time points throughout the selection process to

optimize our selection protocol.
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Figure S3. Basal and Maximal oxygen consumption rates corresponding to ATP
production rates. (a) Seahorse Extracellular Flux analysis to quantify basal and
maximal respiration and ATP production in L929 p0, L929 parent, and CAP-R 501-1 cell

lines. Two-tailed, unpaired Student’s t-test comparing samples to L929 p0. * represents

98



significance for ATPmito and f represents significance for ATPglyco. * < 0.05, ** < 0.01,
***<0.001, ****<0.0001. £ <0.05, ¥ <0.01, £ £ ¥ <0.001, £ ¥ ¥  <0.0001. The bar
height denotes the average of four replicates and the error bars are the standard
deviation. (b) Seahorse Extracellular Flux analysis to quantify basal and maximal
respiration in CAP-R 501-1, L929 p0, and L929 p0 + CAP-R 501-1. (c¢) Seahorse
Extracellular Flux analysis to quantify basal and maximal respiration in CAP-R 501-1,
Amt-ND4, and Amt-ND4 + CAP-R 501-1 clones 1, 2, and 3. (d) Seahorse Extracellular
Flux analysis to quantify basal and maximal respiration in CAP-R 501-1, Amt-ND6, and
Amt-ND6 + CAP-R 501-1 clones 2 and 3. For (b-d), cells had been previously cultured
in uridine-deficient, CAP-supplemented media. Two-tailed, unpaired Student’s t-test
comparing samples to L929 p0, Amt-ND4, or Amt-ND6. The bar height denotes average
of four replicates and the error bars are the standard deviation. (e) Seahorse
Extracellular Flux analysis to quantify basal and maximal respiration in CAP-R 501-1,
L929 p0, Amt-ND4, L929 p0 + CAP-R 501-1, and Amt-ND4 + CAP-R 501-1. Cells had
been previously cultured in uridine-supplemented, CAP-supplemented media. Two-
tailed, unpaired Student’s t-test comparing samples to Amt-ND4. The bar height
denotes average of five replicates and the error bars are the standard deviation. For (b-
e), * represents significance with * < 0.05, ** < 0.01, ***<0.001, ****<0.0001. There were
no statistically significant differences when comparing the samples to L929 p0. Black *
represents significance for basal respiration and blue * represents significance for

maximal respiration.
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Mammalian cells, with the exception of erythrocytes, harbor mitochondria, which
are organelles that provide energy, intermediate metabolites, and additional
activities to sustain cell viability, replication, and function. Mitochondria contain
multiple copies of a circular genome called mitochondrial DNA (mtDNA), whose in-
dividual sequences are rarely identical (homoplasmy) because of inherited or
sporadic mutations that result in multiple mtDNA genotypes (heteroplasmy).
Here, we examine potential mechanisms for maintenance or shifts in heteroplasmy
that occur in induced pluripotent stem cells (iPSCs) generated by cellular
reprogramming, and further discuss manipulations that can alter heteroplasmy to
impact stem and differentiated cell performance. This additional insight will assist
in developing more robust iPSC-based models of disease and differentiated cell
therapies.

iPSCs: Today and the Future

Induced pluripotent stem cells (iPSCs, see Glossary) and embryonic stem cells (ESCs) are
promising cell types for ex vivo disease modeling, drug screening, and upcoming applications in
regenerative medicine. iPSCs and ESCs self-renew without limit in tissue culture and can form
any cell type. Since their introduction in 2006, iPSCs have become a major focus for both basic
and applied research, in part, because of their unique growth characteristics and
cellular properties, and their high potential in personalized medicine without the ethical implications
carried by the derivation of ESCs [1]. Tremendous effort has been focused on mechanisms and
manipulations that regulate and optimize stem cell pluripotency and differentiation. For example,
autologous therapies from differentiated iPSCs can be made from any individual with the promise
of reduced immunogenicity compared to allogeneic, non-self ESC-derived therapeutics [2]. As of
August 2020, there were >600 active clinical trials involving stem cells of any type, which is an
indication of strong and growing interest in applying these cells in future therapies. However,
only seven of these trials utilized iPSCs in any manner, typically ex vivo (ClinicalTrials.gov). While
there currently are no FDA-approved treatments involving iPSCs or their derivatives, a deeper un-
derstanding of their derivation, maintenance, and differentiation is needed to improve their efficacy
and assure their safety in clinical and laboratory applications [3,4].

Among an array of potential impediments to overcome for bringing iPSCs into the clinic, the mito-
chondria and its genome, mtDNA, may play key roles. Recent findings indicate that iPSCs and
ESCs depend on cellular metabolism, and especially upon mitochondria, to maintain pluripotency
and develop functional, differentiated cell types. Beyond optimizing stem cell functions through
improved basic understanding, recent studies of iPSCs show that mutations in mtDNA that
develop during cellular reprogramming can facilitate transplanted cell immune rejection [5,6].
Therefore, we now evaluate and discuss what is known about mtDNA changes through somatic
cell reprogramming to iPSCs, followed by differentiation into functional cell types. Understanding
the dynamics and biology of mtDNA in reprogramming, pluripotency, and differentiation will enable

Trends in Cell Biology, April 2021, Vol. 31, No. 4

¢ CelPress

Highlights
iPSCs can differentiate into clinically rele-
vant cell types, but understanding how
mtDNA changes with reprogramming
and how these changes affect iPSC
and progeny metabolism will help to
maximize their disease modeling, drug
screening, and therapeutic potential.

Reprogramming of somatic cells with
mtDNA heteroplasmy can yield retained,
evenly distributed, or skewed iPSC
heteroplasmy ratios that will affect mito-
chondrial metabolism and potentially
cell performance.

mtDNA manipulation techniques have
potential for controlling the range of
mtDNA genotypes within iPSCs and
their differentiated progeny cells for de-
sired applications.

"Molecular Biology Interdepartmental
Program, University of California, Los
Angeles, Los Angeles, CA, USA 90095
2Department of Biology, California State
University Northridge, CA, USA 91330
3Depanment of Pathology and
Laboratory Medicine, David Geffen
School of Medicine, University of
California, Los Angeles, Los Angeles,
CA, USA 90095

“Molecular Biology Institute, University
of California, Los Angeles, Los Angeles,
CA, USA 90095

SCalifornia NanoSystems Institute,
University of California, Los Angeles,
Los Angeles, CA, USA 90095
SDepartment of Bioengineering,
University of California, Los Angeles,
Los Angeles, CA, USA 90095

7Eli and Edythe Broad Center of
Regenerative Medicine and Stem Cell
Research University of California, Los
Angeles, Los Angeles, CA, USA 90095
GDepanment of Pediatrics, David Geffen
School of Medicine, University of
California, Los Angeles, Los Angeles,
CA, USA 90095

https://doi.org/10.1016/j.tcb.2020.12.009

© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http-//creativecommons.org/licenses/by-nc-nd/4.0/).

101


Alex Sercel


¢ CelPress Trends in Cell Biology

improved disease modeling and drug screening ex vivo, and help to develop safer cell-based re-  *Jonsson Comprehensive Cancer Center,
. . David Geffen School of Medicine,

generative therapies of the future. University of Califomia, Los Angeles

Los Angeles, CA, USA 90095

Mitochondria and mtDNA Genetics Ohttps:/teitell-lab.dgsom.ucla.edu/

. N N N N . 11 3
Mitochondria exist within the cytoplasm of all nucleated mammalian cells as double-membrane-  1hese authors contributed equally to
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bound organelles that contain the circular, maternally inherited double-stranded mtDNA. Structurally, e wor
mitochondria exist on a spectrum that spans separate, punctate, ovoid organelles at one extreme to
fused, elongated, and branching networks that appear to fill the cell cytoplasm at the other extreme. ., orrespondence:

Each mitochondrion contains dozens to thousands of copies of mtDNA per cell. mtDNA replication  meitell@mednet.ucla.edu (M.A. Teitell).
occurs independently of nuclear DNA (nNDNA) replication throughout the cell cycle. However, counter
evidence also exists that suggests that the rate of mtDNA replication may vary with cell cycle stage
[7,8]. The ~16.5-kbp mtDNA encodes 13 electron transport chain (ETC) proteins in addition to 22
tRNAs and 2 rRNAs for protein translation; all of which are essential for generating ATP by oxidative
phosphorylation (OXPHOS). Reports estimating the de novo mtDNA mutation rate range in mag-
nitude; however, this mutation rate is consistently 10x to 100x greater than similar reports for the
nDNA [9-11]. mtDNA mutations typically present as deletions or SNPs that are either synonymous
or nonsynonymous in protein-coding regions [12]. In general, cells may exclusively contain mitochon-
dria with only single, identical mtDNA sequences, a condition termed homoplasmy, or they may
contain a mixture of different, co-existing mtDNA genotypes, a condition termed heteroplasmy
(Box 1) [13-17]. Heteroplasmy is quantified as the copy number ratio of a specific mtDNA sequence
to the total mtDNA in a cell, notated as a percentage.

The heteroplasmy percentage of a cell can be dynamic and shift through several different mecha-
nisms. Certain cell types experience reductions in mtDNA copy number during development leading
to a genetic bottleneck, in which the proportion of specific mtDNA sequences can be reduced or
enriched in the remaining mtDNA population [18]. Moreover, heteroplasmy can shift based on a
replicative advantage of certain mtDNAs caused by the biochemical consequences of different
mMtDNA sequences [19-21]. Some mtDNA mutations cause respiratory dysfunction in cells and
confer pathology in organisms, and such mutations were previously considered detrimental only

Box 1. Origins and Quantification of mtDNA Heteroplasmy

Unlike the diploid nDNA, mtDNA is polyploid and exists as dozens to thousands of copies per cell [107]. mtDNA is
dispersed throughout each mitochondrion in tightly compacted nucleoprotein structures, known as nucleoids, that are
associated with the matrix side of the mitochondrial inner membrane [108]. Because of the high rate of mtDNA mutation,
estimated up to 100x higher than nDNA [10], a cell carrying a single mtDNA sequence (homoplasmy) is comparatively rare.
Instead, a mixture of different mtDNA sequences and genotypes are typically present in each cell, creating a condition
termed heteroplasmy. Most cells within healthy humans often have low levels of mtDNA mutations, which can remain
low or expand and increase over time. These mutations can become significant for human health because mtDNA, which
contains no intron sequences unlike NDNA, has coding and non-coding genes and regulatory regions that are essential for
the function of OXPHOS.

mtDNA mutations and heteroplasmy are either maternally inherited or may accumulate during aging (see Figure 2 in main
text). The mechanisms that cause sporadic mtDNA mutations are heavily debated. Because mtDNA is situated close to
the ETC and its oxidative respiratory complexes, one potential mechanism is that ROS introduce base modifications and
DNA breaks. However, some studies have concluded that ROS does not cause mtDNA mutations [49,109,110], but instead
that mtDNA lesions are introduced by replication errors [111]. mtDNA replication is continuous even in senescent cells and
requires the only nucleus-encoded, mitochondria-localized DNA polymerase, Pol y. Replication errors may occur either by
nucleotide imbalances, mutations to Pol y, or low expression of mitochondrial transcription factor A [76,112,113].

To study the role of mtDNA mutations in human health requires robust tools to quantify heteroplasmy, which is defined as
the percentage of total copies of a specific mtDNA sequence compared to all mtDNA copies within a cell. Common
approaches to quantifying heteroplasmy due to point mutations and deletions include Southern blotting, restriction frag-
ment length polymorphism, and allele refractory mutation system —quantitative PCR analyses. Advances in digital PCR
and next generation sequencing potentially enable even more sensitive methods to quantify mtDNA heteroplasmy [114].
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at high mutant heteroplasmy ratios. However, it is now recognized that even low mutant
heteroplasmy ratios may result in an increased propensity for certain diseases, with different levels
of mutant mtDNA causing threshold effects that lead to different outcomes in cell and organ func-
tion. As an example, the m.3243A>G mtDNA mutation is commonly associated with the metabolic
disease mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes (MELAS). At
20-30% mutant heteroplasmy, there is an association with type 1 or type 2 diabetes, whereas
at 50-80% mutant heteroplasmy the mitochondrial ETC complex | may become dysfunctional
and cause cardiomyopathies. Even higher mutant heteroplasmy ratios up to 90-100% are
often perinatal lethal or may cause other diseases such as Leigh syndrome [22-24]. Combined
observations over many years indicate that specific cell types, mtDNA mutations, and mutant
burdens yield cellular and organismal phenotypes that range from unaffected to lethal patho-
physiologies. Neurological disorders, cardiomyopathies, and muscle dysfunction may occur
because specific MtDNA mutations and/or an elevated mutant burden impairs mitochondrial
gene expression and/or ETC function, secondarily affecting energy production, the tricarboxylic
acid (TCA) cycle, and a range of other essential mitochondrial activities [24,25]. Because of the
importance of heteroplasmy in cellular fitness and disease penetrance, a deep understanding of
mitochondria and mtDNA in PSCs is essential for effective utilization as research tools and potential
therapeutic products.

PSC Mitochondria

The promise of PSC-derivative therapies is inextricably linked to mitochondrial function and interme-
diate cellular metabolism. Mitochondria in PSCs exist with lower density, perinuclear localization,
and punctate morphology compared to mitochondrial features of typical somatic cells. These
fragmented PSCs fuse into elongated, branching, filamentous networks with differentiation
into cells of the three embryonic germ lineages, ectoderm, endoderm, and mesoderm (Figure 1).
Conversely, the mitochondria of somatic cells revert to a lower density, perinuclear localization,
and fragmented morphology with disordered mitochondrial cristae and a reduction in mtDNA
copy number during cellular reprogramming to pluripotency [26-28]. This shift in mitochondrial mor-
phology from fused networks to punctae upon reprogramming parallels a shift in the stoichiometry of
glycolytic and mitochondrial proteins as well. Levels of enzymes and structural proteins that support
glycolysis increase, along with ETC complex Il lll, and V proteins, whereas the expression of ETC
complex | and IV proteins decrease [29,30]. ETC complex | provides a large multisubunit protein
structure that is essential for regulating OXPHOS. A reduction in the expression of ETC complex |
proteins during somatic cell reprogramming shifts energy production and nucleotide biosynthesis
for cell replication to an enhanced glycolytic nutrient flux [29] (Figure 1). Accordingly, iPSCs show
a shift in nutrient utilization towards glycolysis and away from OXPHOS compared to differentiated
cells [31]. However, iPSCs also remain dependent on mitochondrial metabolism and the TCA
cycle for intermediate metabolites that modify the epigenome, which in tumn regulates pattemns of
gene expression to control stem cell pluripotency and differentiation potential [32—41]. In addition,
reactive oxygen species (ROS), often described as a cell damaging and unwanted byproduct of
OXPHOS, have concentration- and species-specific roles in maintaining pluripotency, initiating
somatic cell reprogramming, and facilitating iPSC differentiation; all of which depend upon
metabolically active mitochondria [42-44]. Yet, despite the reduction in OXPHOS that occurs for
iPSCs, mutant heteroplasmy can also reduce somatic cell reprogramming efficiency and affect
iPSC performance [22] (Figure 1). Reversible shifts in mitochondrial structure and function associate
with pluripotent and terminally differentiated cell states, but to what extent remodeling is a cellular
response to, or an active driver of, cell state conversion and maintenance remains to be fully
understood. Quantifying the changes in mitochondrial structure and function during cellular
reprogramming helps to elucidate mechanisms of metabolic plasticity and ‘rewiring’ that occur
during transitions between somatic cells and iPSCs.
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Biophotonic Laser Assisted Surgery
Tool: high-throughput transmembrane
delivery device that uses a 532 nm
wavelength non-damaging laser pulse to
enable the almost simultaneous transfer
of up to micron-sized cargo directly into
the cytoplasm of ~2 x 10° adherent
mammalian cells.

Genetic bottleneck: phenomenon
that occurs when the mtDNA copy
number falls dramatically, leaving a
smaller subset of the original mtDNA
genotypes that were initially present
remaining in a cell. After such an event,
the proportions of different mtDNA
genotypes can shift and may not
recapitulate the same proportions found
before the bottleneck.

Heteroplasmy: the state of more than
one mitochondrial genotype existing
within a cell. The greater the
heteroplasmy of an mtDNA variant, the
higher its copy number relative to other
mtDNA genotypes within that cell.
Homoplasmy: the state of only having
one mitochondrial genotype within a cell.
Induced pluripotent stem cell: a
pluripotent stem cell derived from
somatic cells that have undergone
cellular reprogramming and reversion to
pluripotency typically by viral
transduction or mRNA transfection.
iPSCs can be generated from the cells of
different tissues of healthy or diseased
individuals.

MitoPunch: high-throughput
mitochondrial transfer device that uses
pressure to deliver isolated mitochondria
directly into the cytoplasm of ~2 x 10°
cells simultaneously.

Oxidative Phosphorylation: this
biochemical process utilizes the
transport of elections sourced from
biomolecule catabolism between the
protein complexes of the mitochondrial
electron transport chain to generate a
hydrogen ion gradient and
electrochemical potential across the
mitochondrial inner membrane, which
enables the activity of complex V ATP
synthase.

Photothermal Nanoblade: single-cell
intracellular delivery device that uses a
532-nm nondamaging laser pulse to
enable delivery of up to micron-sized
cargo into individual adherent cells.
Pluripotency: this state describes

a cell that has the potential to
differentiate into cells of all three
embryonic germ layers and, thus, any
cell within the body.
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Figure 1. Remodeling of Mitochondrial Metabolism Is Required for Cellular Reprogramming to Pluripotency.
Somatic cell reprogramming to iPSCs includes a transition in mitochondrial morphology from an elongated, filamentous, and
branching network structure to a collection of small, punctate, and separate organelles. Concurrent with this morphologic
shift, metabolism skews from mainly OXPHOS in somatic cells used in this illustration towards mainly glycolytic metabolism in
reprogrammed iPSCs. Additional changes that occur during reprogramming include a reduction in mtDNA copy number,
alterations in TCA cycle metabolite levels, changes in Ca®* handling and the production of Fe-S dlusters, and a required,
time-coordinated oxidative burst. Mitochondrial dysfunction can disrupt these key metabolic transitions and may resutt in
incomplete reprogramming, spontaneous differentiation [19], or cell death. Abbreviations: iPSC, induced pluripotent stem
cell; mtDNA, mitochondrial DNA; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic acid.

Somatic Cell Reprogramming and mtDNA Heteroplasmy

Cellular reprogramming does not always generate iPSCs with heteroplasmy identical to the
somatic source cells. Mutant mtDNA copy number can be enriched or reduced during somatic
cell reprogramming, prolonged iPSC culture, and with iPSC differentiation [5,45-48]. Monitoring
and controlling iPSC mutant heteroplasmy is important because mtDNA mutations can impact
iPSC survival, proliferation, and differentiation potential, despite a higher reliance on glycolytic
metabolism in pluripotency [49]. For example, iPSCs harboring the m.3243A>G mutation are
viable despite decreased OXPHOS and elevated ROS levels; however, reprogramming efficiency
was reduced and differentiation potential was impaired, particularly for high-energy-demanding cell
types such as neurons and cardiomyocytes [22,50]. In addition, somatic cell reprogramming can
cause increased levels and activity of telomerase, which supports indefinite mitotic division [51].
Mitochondrial dysfunction by mutation in somatic cells also reduces telomerase activity and shortens
telomere regions [52]. It remains unclear whether increased mutant mtDNA heteroplasmy can affect
iPSC telomeres; however, differentiated cells from iPSCs with an increased mutant mtDNA burden
may show reduced longevity compared to low mutant heteroplasmy counterparts.

Few studies have investigated heteroplasmy changes with somatic cell reprogramming to
pluripotency, but the results suggest outcomes with a high degree of variability (Table 1 and
Figure 2). One study reported that fibroblasts with m.3243A>G mutant heteroplasmy of 77.7%
yielded iPSCs with mutant heteroplasmy that ranged from undetectable to 99.4% after
reprogramming, with most iPSC clones showing >80% mutant heteroplasmy [53]. A separate
study also showed that fibroblasts with elevated mtDNA mutant heteroplasmy yielded iPSCs
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Replicative advantage: increase in
replication rate of specific mtDNA
genotypes relative to other mtDNA
species in a cell. This may include
mtDNA deletions that reduce the
number of nucleotides that must be
polymerized to increase the speed of
mtDNA replication, and some mtDNA
point mutations that can enhance
replication by other biochemical means.
Threshold effect: phenomenon of
mutant mtDNA causing different
phenotypic effects based on the
proportion of mutant to wild type mtDNA
present. Many copies of mtDNA exists
within cells, allowing wild type mtDNA to
offset the deleterious effects of mutant
mtDNA with progressively greater
penetrance of the mutant phenotype in
situations of greater representation
within a cell.
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Table 1. Heteroplasmy Shifts of mtDNA Mutations Following Cellular Reprogramming to Human iPSCs

Mutation Initial heteroplasmy in fibroblasts Heteroplasmy in iPSCs after Refs
reprogramming
77.70% 3.6-99.4%* [53]
69.67% 1.11%-85.05%" [55]
66.30% 0.67%-2.00%" [55]
29% 33-100%" [54]
50% 47.5-97.5%"° [22]
m.3243A>G
80% 62.5%-92.5%" [22]
80% 67.5%-97.5%" [22]
50% 47.5%-92.5%" [22]
80% 72.5%-97.5%" [22]
80% 67.5%-97.5%" [22]
84% 0-100%" [54]
m.13513G>A
50% 0-56%" [48]
52% 0-87%" [54]
m.8993T>C 85% 88% [104]
55% 32% [105]
100% 100%"° [106]
m.11778G>C
100% 100%° [106]
m.14484T>C + m4160T>C  100% 100%"° [106]
90% 70% [56]
m.8344A>G
60% 60% [56]

#Skewed distribution.
Even distribution.
From a homoplasmic cell line.

with extremely high or low mutant heteroplasmy [54]. In addition, fibroblasts from different
individuals harboring the same mtDNA mutation with similar mutant heteroplasmy ratios may show
dramatically different heteroplasmy shifts with reprogramming. In one case, dermal fibroblasts from
two different individuals containing the m.3243A>G mutation at similar heteroplasmy levels
(69.67% and 66.3%, respectively) showed either an even (1.11-85.05%) or a skewed mutant
heteroplasmy distribution that contained almost all wild-type (WT) mtDNA in the iPSCs [55]. In a sec-
ond case, fibroblasts isolated from three individual patients containing the same MELAS mutation
similarly showed an extreme range of heteroplasmic shifts after reprogramming [62]. Reports of ele-
vated mutant heteroplasmy for some iPSC clones do not guarantee that all somatic cells or
specific MtDNA mutations with elevated heteroplasmy ratios survive reprogramming. In some
cases, iPSCs with >80% mutant heteroplasmy become inviable, enabling iPSCs with more WT
mtDNA sequences to overtake a reprogrammed population of cells to skew mutant heteroplasmy
lower in the population [48]. Moreover, passaging iPSCs over time may decrease mutant
heteroplasmy levels [48,56,57].

Altogether, three distinct distributions of mutant heteroplasmy appear to arise in populations of
iPSCs generated from heteroplasmic fibroblasts (Figure 3). In one type, iPSCs retain the mutant
heteroplasmy ratios of the source somatic cells. In the second, we call even distribution, iPSCs
show an unbiased range of heteroplasmy from low to high. In the third, we call skewed distribution,
mutant heteroplasmy copy number ratios exist as either low, high, or at both extremes relative to WT
mtDNA sequences (Table 1). These three distributions suggest potentially different mechanisms of
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materials. The single iPSC clones analyzed
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m.8344A>G from [56], m.8993T>C from
[104] and [105], m.11778G>C from [106],
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[106]. (B) Heteroplasmy shifts measured in
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left to right: n=10, results sourced from a
bar chart and the text, n=4, results sourced
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shifting mutant heteroplasmy with reprogramming, which requires further studies to define molecular
underpinnings. These observations motivate consideration of heteroplasmy when deriving iPSCs
from patient cells and tissues with unknown mutant heteroplasmy levels, or when developing a dis-
ease model with iPSCs [46]. Despite the large number of known human mtDNA SNPs (~2000)
and deletions [19,58], only seven have been studied in iPSCs. This small sample size makes gener-
alizing these phenomena difficult; however, ignoring these shifts can potentially lead to poor repro-
ducibility and differences in functional capabilities for iPSC clones used for developing personalized
cell models and regenerative therapeutics.

Potential Mechanisms of Shifting Heteroplasmy with Reprogramming

The mechanisms regulating heteroplasmy shifts during somatic cell reprogramming are currently
unknown and understanding them may facilitate the generation of iPSC lines that are functionally
consistent. One study measured heteroplasmy in iPSC clones and clonally derived fibroblasts
from the same clonal patient-derived fibroblast lines and reported similar heteroplasmic variance
in both cell types [22]. This result suggests that heteroplasmy shifts are minimal during
reprogramming and that any changes are due to heteroplasmic heterogeneity in the starting cell
population. Further studies will help to confirm whether heteroplasmic drift is from stochastic fluc-
tuations in reprogrammed somatic cells, or whether there are biological pressures that influence
heteroplasmy shifts during iPSC derivations. In the absence of additional studies, an inference
from work on somatic cells may provide some insight for potentially conserved mechanisms of
heteroplasmy selection (Figure 2).
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Figure 3. Potential Origins and Mechanisms of mtDNA Heteroplasmy Shifts During Reprogramming. Every
nucleated somatic cell typically contains more than one mtDNA sequence. This situation, called heteroplasmy, can result
from mtDNA point mutations and deletions due to several potential mechanisms, including Pol y replication errors, nucleotide
imbalances, and reactive-oxygen-species-induced mtDNA damage. Fibroblast cell lines with heteroplasmic mtDNA
mutations that result in MELAS (mitochondrial encephalopathy and lactic acidosis syndrome), LS (Leigh syndrome), LHON
(Leber's hereditary optic neuropathy), and MERRF (myoclonic epilepsy with ragged red fibers) human mtDNA diseases or
syndromes have been reprogrammed to iPSCs. Resulting iPSCs can exhibit any of three different potential heteroplasmy
patterns between WT and mutant mtDNA, including skewed, even, and retained mtDNA distributions. The mechanisms for
generating these three distinct mtDNA distributions are not understood, although described mechanisms for somatic cell
and germ cell shifts in heteroplasmy may operate during reprogramming and can include a genetic bottleneck, mtDNA-
nDNA communication, epigenetic memory, metabolite conditions, and replicative advantages for certain mtDNA sequences.
These factors, or their combinations, could lead to the heteroplasmy variations reported for individual iPSC clones.
Abbreviations: mtDNA, mitochondrial DNA; nDNA, nuclear DNA; Pol, DNA polymerase; WT, wild type.

Heteroplasmy selection mechanisms seem to operate at different levels of complexity. mtDNA
heteroplasmy is known to shift during reproduction and early development at the cellular level,
which has been reviewed extensively elsewhere [59-61]. In these studies, an mtDNA bottleneck,
or purifying selection, occurs during oogenesis with the mtDNA copy number and heteroplasmy
ratio dramatically reduced, followed by subsequent re-expansion upon fertilization and implanta-
tion. This process can enrich for certain mtDNA sequences and skew heteroplasmy ratios [18].
mtDNA copy number reduction also occurs during cellular reprogramming and may give rise to
a similar genetic bottleneck in iPSC generation [27,28,62-65]; however, the precise timing of
this reduction and segregation during reprogramming remains unclear and warrants further
investigation [22,50,54].

Recently reported observations show that selective pressure for specific heteroplasmy ratios is
generated among tissue types with different metabolic requirements. Individual patients can
demonstrate tissue-specific mutant heteroplasmy ratios potentially influenced by the unique
metabolic demands of different tissues [66]. Specific MtDNA mutations and heteroplasmy ratios
may provide a selection advantage through cellular fitness at the mitochondrial level by altering
the epigenetic, metabolic, and/or energetic state of a cell. For example, the m.3243A>G mutation
can promote tumorigenicity through altered ROS and TCA cycle metabolite concentrations that
enhance the proliferation rate of transformed cells [67,68], and other tumor types show changes
in mutant heteroplasmy levels with respect to normal tissue [69-71]. Specifically, work in human
prostate cancer has shown strong heteroplasmy shifts in malignant cells relative to benign tissue,
with higher heteroplasmy ratios correlating with greater metabolic rewiring and reduced patient
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survival [72]. Similarly, iPSCs require certain metabolic conditions to sustain pluripotency
(Figure 1). There may be mtDNA variants that enhance or impair the induction or maintenance
of these metabolic states to provide a selective advantage or disadvantage for iPSC proliferation
and survival. Reprogramming initiates metabolic rewiring in somatic cells and the energetic and
metabolic demands particular to the iPSC fate may generate selective pressure for specific
heteroplasmy ratios. Advances in single-cell sequencing approaches also help to enable the
analysis of cell-to-cell genomic variation [73]. A recent study performed single cell sequencing
on patient blood and showed that T cells harbor a reduced level of m.3243A>G heteroplasmy
compared to other hematopoietic lineage cells [74]. Moreover, our literature meta-analysis
suggests that the analysis of multiple clonal iPSC lines derived from clonal somatic cells are
required to unravel heteroplasmy shifts due to reprogramming, which could provide insight into
the mechanisms controlling these shifts (Figure 2). Altogether, cellular heterogeneity and tissue-
type-specific selective pressures may influence heteroplasmy shifts during cellular reprogramming
and suggest that single cell approaches to quantify these shifts will provide greater insight into the
mechanisms and consequences thereof.

Heteroplasmy selection can occur at the level of mtDNA in individual cells. Mechanisms related to
mtDNA replication may influence heteroplasmy, including expression levels and activity of the
mitochondrial DNA polymerase, Pol y, nucleotide imbalances, and selective replication of specific
mtDNA sequences, such as those containing deletions [19,75,76]. mtDNA deletions and specific
point mutations are known to generate a replicative advantage in mitochondrial biogenesis and
mtDNA replication [20,77]. These effects may compound with potential heteroplasmy shifts
that occur with cellular reprogramming, followed by mtDNA copy number expansion in iPSCs
stimulated to differentiate. The cooperative regulation of mtDNA transcription from elements
encoded within the nDNA and mtDNA may represent another genetic level of selective pressure
that controls heteroplasmy. In studies of mother-offspring pairs, selection of the mtDNA variants
present in the offspring were often influenced by the mother’s nuclear genetic background [16],
and the heteroplasmy of iPSCs may be affected by the parental cell source [47]. Additionally,
patient fibroblasts with similar heteroplasmy for the same mutation can show unique ranges of
iPSC heteroplasmy, perhaps from the influence of nDNA on mtDNA populations [55]. This
phenomenon has also been observed in ESCs derived from somatic cell nuclear transfer
embryos. ESCs from mtDNA corrected embryos were initially found to contain the donor
mtDNA, suggesting that the disease would not arise in future generations [46]. However, these
ESCs eventually reverted to the maternal haplotype, indicating likely residual native mtDNA and
implying that the compatibility between the mtDNA and the germ-cell nDNA could affect
mtDNA replication efficiency and the desired heteroplasmy shift. Mitochondrial metabolism may
also affect heteroplasmy shifts by influencing the nuclear epigenome through alterations in the
levels of a-ketoglutarate, succinate, s-adenosylmethionine, and other epigenetic-modifier levels
in the cell [24,78,79]. Specific heteroplasmy states may poise cells to maintain pluripotency
and provide a selective advantage during reprogramming.

Manipulating Heteroplasmy In Vitro

With our current lack of detailed mechanistic insight into the regulation of heteroplasmy during
cellular reprogramming, methods that manipulate mtDNA sequences and heteroplasmy in
somatic tissues may provide a path forward for specifying heteroplasmy ratios in iPSCs.
Engineered endonucleases targeted to the mitochondria within cells have been used to degrade
mutant mtDNA to enrich for WT heteroplasmy. Mitochondria-targeted transcription activator-like
effector nucleases (MitoTALENSs) degraded mutant mtDNA in fibroblasts prior to reprogramming
to pluripotency and differentiation to progeny cells to reduce heteroplasmic levels of m.3243A>G,
m.5024 C>T, and m.13513 G>A mutations [57,80,81]. To date, only mitoTALENs have shifted
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the heteroplasmy of iPSCs; however, other endonucleases have the potential to manipulate levels
of specific MmtDNA sequences in iPSCs including mitochondrial zinc finger nucleases (mitoZFNs)
and possibly the CRISPR/Cas gene editing system. mitoZFNs have successfully eliminated
mutant mtDNA from human osteosarcoma cells [82], and two studies targeted mitoZFNs to
the m.5024C>T mutation in mice, which showed a reduction of mutant mtDNA copy number
in heart and skeletal muscle cells. However, neither study fully eliminated mutant heteroplasmy
or measured the long-term effects of mitoZFN treatment on mutant heteroplasmy [83,84]. The
CRISPR/Cas gene editing system has also been shown to degrade specific mtDNAs [85,86].
However, all endonuclease-enabled mtDNA manipulation tools are limited to eliminating specific
mtDNA sequences and are unable to yield genetic knock-ins, which require the function of spe-
cific DNA repair mechanisms that are not as extensive or robust in the mitochondria as those in
the nucleus. Some mtDNA repair mechanisms are well understood and characterized, such as
base excision repair, whereas other mechanisms, such as double-stranded DNA and nucleotide
excision repair, are poorly elucidated, as reviewed elsewhere [87,88]. In addition to our limited
knowledge on the effects of endonucleases in stem cells, endonucleases have potential off-
target effects, are time consuming to design for specific sequences, and must be engineered
for import into the mitochondrial matrix [81,83]. Investigators have also looked beyond endonu-
cleases to manipulate cellular pools of MtDNA. An exciting new study of a modified bacterial
cytidine deaminase toxin showed direct editing of the mtDNA in transformed human cells,
which shifted heteroplasmy and induced functional metabolic changes with minimal off-target ac-
tivity [89]. This technology currently has a ~30% targeting efficiency and has promise for in vitro
and in vivo mtDNA editing but has yet to be used in iPSCs or other stem cell types.

The transfer of mitochondria containing WT mtDNA sequences into somatic cells followed by
reprogramming to iPSCs provides a potential route towards eliminating deleterious mtDNA
mutations. Cytoplasmic hybrids, or ‘cybrids’, provide one type of widely used mitochondrial
transfer approach almost exclusively applied to generating transformed, immortalized cells
containing an mtDNA genotype of interest. In one study, cybridization corrected cells with
homoplasmy for m.14484T>C and m.4160T>C mutations in a patient sample, producing one
viable, nonimmortal cybrid fibroblast line out of 12 total lines that contained only nonmutant
mtDNA [90]. Cells from this one successful line were later reprogrammed to iPSCs and differen-
tiated into retinal ganglion cells that appeared to contain no mutant mtDNA. Currently this is the
only study to successfully reprogram cybrids with a corrected mtDNA mutation, and further
work is needed to assess the reproducibility, efficiency, or generality of this approach in iPSCs.

Additional approaches to stably introduce exogenous mtDNA sequences involve transferring
isolated mitochondria into cells. A growing literature shows mitochondrial coincubation with
mammalian cells yields efficient uptake of mitochondria from the culture medium with a range
of changes to cell energetics and activity, but the majority of these studies report on effects
seen within a limited time frame following transfer [91,92]. Several reports show stable integration
of exogenous mtDNA from isolated mitochondrial co-incubation but require high levels of isolated
mitochondria or antibiotic selection schemes that limit the mtDNA genotypes that can be trans-
ferred [93,94]. While co-incubation facilitates mitochondrial uptake, long-term maintenance of
stably integrated exogenous mtDNA is difficult to achieve.

Microinjection has been used to directly transfer mitochondria into the cytoplasm of human cells to
yield stable mitochondrial transfer [95]; however, the method is laborious and prone to damaging
cells by disrupting the plasma membrane when inserting the glass microneedle. One recent tech-
nology that reduces the damage caused to recipient cells, called a ‘photothermal nanoblade’,
was used to transfer isolated mitochondria into transformed cells that lacked mtDNA to engineer
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cellular metabolism [96]. However, this approach and its high throughput variant, the Biophotonic
Laser Assisted Surgery Tool, have limited accessibility and have not been used directly with
PSCs because of their requirement for expertise in lasers and advanced optics [97]. A variation
of this technology, called MitoPunch, uses a solenoid driven piston to deliver isolated mitochon-
dria into adherent mtDNA-depleted mammalian cells [98,99]. This method has been used to
generate fibroblasts that stably express homoplasmic exogenous mtDNA and yield functional
iPSCs after reprogramming [100]. These methods have not been used to alter heteroplasmy directly
iniPSCs, but they represent the potential of altering the mtDNA content of somatic cells that are then
reprogrammed for downstream applications. Isolated mitochondrial transfer into somatic cells using
these and a range of other methods, including MitoCeption and Magnetomitotransfer, to promote
mitochondrial uptake by recipient cells [91,101], is an exciting new area of research that holds
promise for generating future cellular therapeutics for individuals living with mutant mtDNA-caused
disorders (Figure 4).

Concluding Remarks

iPSCs hold promise for studies in development, physiology, and pathophysiology, and for future
treatments of a wide array of diseases. Despite their therapeutic potential, several roadblocks
have slowed the progress of iPSC products into clinical applications. Here, we evaluate and
discuss one potential barrier that has been largely under the radar conceming mtDNA
heteroplasmy shifts during somatic cell reprogramming and the importance of heteroplasmy
ratios for iPSC functions and utility. We discuss the metabolic and mitochondrial demands of
somatic cell reprogramming and put forth a conceptual framework based on the currently limited
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Figure 4. Controlling Heteroplasmy in iPSCs for Clinical Applications. The utility of reprogramming patient-derived
somatic cells into iPSCs may become limited for many reasons including the uncontrolled generation of suboptimal
mtDNA heteroplasmy ratios. Tools and approaches have been developed to controllably manipulate the mtDNA content in
somatic cells that can then be converted to iPSCs, or in iPSCs themselves, including targeted endonucleases, somatic
cell nuclear transfer, and engineered mitochondrial transfer modalities. Methodologies to specify heteroplasmy levels in
iPSCs could improve applications in disease modeling, drug screening, and regenerative medicine by tailoring mtDNA
populations for specific applications. Abbreviations: iPSC, induced pluripotent stem cell; mtDNA, mitochondrial DNA.
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Outstanding Questions

Will mtDNA heteroplasmy in iPSCs
adversely affect differentiated cell
therapies in regenerative medicine?

What are the metabolic and genetic
regulators of mtDNA heteroplasmy?

Whatis the timing of mtDNA heteroplasmy
shifts during reprogramming to
pluripotency?

Does the reduction in mtDNA copy
number during cellular reprogramming
resemble the mtDNA bottleneck that
occurs in oocyte development?

Can cytidine deaminase toxin enable
efficient, on-target mtDNA editing in
stem cells, including iPSCs and ESCs?
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experimental data available to define three distinct heteroplasmy distributions identified within
iPSC populations. We postulate mechanisms for these shifts based on evidence from studies
of somatic and germ cells and encourage the community to expand on these experiments to
enhance our understanding of mtDNA genetics in iPSCs. Finally, we explore current and future
technologies and techniques to manipulate mtDNA sequences in order to model and possibly
correct diseases of the mitochondria. Understanding the mechanisms that foster heteroplasmy
shifts in somatic cell reprogramming should lead to the production of reproducible, consistent,
and better-defined iPSC populations (see Outstanding Questions). An increased focus in this
area of research is necessary to determine whether there are predictable shifts of heteroplasmy
during cellular reprogramming, and careful time course experimentation using single cell -omics
approaches will aid in understanding which selective pressures may be driving such changes.
In addition, implementing recent advances in mitochondrial transfer and mtDNA genome editing
techniques in tractable in vitro cell systems will enable studies of how heteroplasmy effects
reprogramming, iPSC function, and iPSC differentiation into other cell types. This increased
understanding will provide tools to manipulate mutant mtDNA levels in cells for disease modeling
or therapeutic applications. Even simpler methods, such as partial mtDNA depletion or single
cell expansions, may provide paths forward to remove deleterious mtDNA sequences from
established or novel patient-derived iPSC lines [102].

There exist hundreds of documented disease-causing mutations to the mtDNA [103], and yet we
do not know the rates at which specific mutations expand within cells of different fates, or how
other sequences may become eliminated. Further advances in methods to control mtDNA
sequences and the ratios of these sequences within cells are needed to minimize the risk of
detrimental outcomes for patients treated in the future with stem cell-based products. The role
of mitochondria as simple cellular ‘power plants’ is an oversimplification, and the broad range
of mitochondrial functions, all of which are affected by mtDNA heteroplasmy, touch on most if
not all aspects of cell and organismal biology, directly or indirectly. Perhaps the future of cell-
based therapeutics depends on our ability to understand and manipulate this second, often
overlooked, cellular genome.
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SUMMARY

Generating mammalian cells with desired mitochondrial DNA (mtDNA) sequences is enabling for studies of
mitochondria, disease modeling, and potential regenerative therapies. MitoPunch, a high-throughput mito-
chondrial transfer device, produces cells with specific mtDNA-nuclear DNA (nDNA) combinations by trans-
ferring isolated mitochondria from mouse or human cells into primary orimmortal mtDNA-deficient (p0) cells.
Stable isolated mitochondrial recipient (SIMR) cells isolated in restrictive media permanently retain donor
mtDNA and reacquire respiration. However, SIMR fibroblasts maintain a p0-like cell metabolome and tran-
scriptome despite growth in restrictive media. We reprogrammed non-immortal SIMR fibroblasts into
induced pluripotent stem cells (iPSCs) with subsequent differentiation into diverse functional cell types,
including mesenchymal stem cells (MSCs), adipocytes, osteoblasts, and chondrocytes. Remarkably, after
reprogramming and differentiation, SIMR fibroblasts molecularly and phenotypically resemble unmanipu-
lated control fibroblasts carried through the same protocol. Thus, our MitoPunch “pipeline” enables the pro-
duction of SIMR cells with unique mtDNA-nDNA combinations for additional studies and applications in mul-
tiple cell types.

INTRODUCTION tion (Patananan et al., 2018). Each mitochondrion contains

>1,100 nucleus-encoded and imported proteins (Calvo et al.,
Mammalian mitochondria are cellular power plants with addi- 2016) with numerous copies of a circular ~16.5-kilobase pair
tional roles in apoptosis, reactive oxygen species (ROS) and (kbp) mitochondrial genome (mtDNA) encoding 13 proteins
Fe-S cluster generation, Ca* regulation, and metabolite produc-  required for electron transport chain (ETC) activity and

,!?. Cell Reports 33, 108562, December 29, 2020 © 2020 The Author(s).

= This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

116


Alex Sercel


¢ CellP’ress

OPEN ACCESS

respiration. As many as 1:5,000 people have mtDNA mutations
that impair high-energy-demand tissues and contribute to debil-
itating diseases, including cancer, diabetes, and metabolic syn-
dromes (Schaefer et al., 2004). In addition, cells may contain a
mixture of different mtDNA sequences, a situation termed heter-
oplasmy, with up to 1 in 8 asymptomatic individuals carrying an
unsuspected pathogenic mtDNA mutation (Elliott et al., 2008;
Rebolledo-Jaramillo et al., 2014). Thus, an ability to controllably
manipulate mtDNA sequences could enable studies of mito-
chondria and potentially develop disease models or therapies
for mtDNA disorders.

In human reproduction, several types of mitochondrial
replacement strategies were developed to exchange pathogenic
mtDNA in a zygote with non-detrimental mtDNA from a healthy
donor oocyte. These approaches have potential for preventing
transmission of mtDNA disorders from carrier mothers to their
children (Wolf et al., 2015; Wolf et al., 2019). However, in vitro
methods to change mtDNA sequences within somatic cells
and tissues remain limited (Patananan et al., 2016). Cell fusions
that produce “cybrids” permanently retain donor mitochondria
(Wong et al., 2017), although fusion partners are typically trans-
formed cells that cannot be reprogrammed. Also, endonucle-
ases imported into mitochondria can shift heteroplasmy ratios
to alter mitochondria and cell functions by targeting specific se-
quences for destruction. However, these endonucleases are
laborious to produce, are limited to certain mtDNA sequences,
are inefficient, and do not yield homoplasmy (Campbell et al.,
2018; Yahata et al., 2017; Yang et al., 2018). Of note, a recent
and exciting development using a bacterial cytidine deaminase,
DddA, to edit mtDNA single-base sequences is tempered by low
efficiency and an undesirable off-target rate (Mok et al., 2020).

Several methods transfer isolated mitochondria into mtDNA-
deficient cells, known as p0 (rho null) cells, to restore respiration
(Kim et al., 2018; Nzigou Mombo et al., 2017). In addition, some
studies reported endoyctosis of mitochondria by mammalian
cells (Clark and Shay, 1982; Kesner et al., 2016). However, these
studies were not concerned with rescuing pO cells and gener-
ating stable isolated mitochondrial recipient (SIMR) clones that
permanently retain donor mtDNA (Kesner et al., 2016; Kitani
et al., 2014; Sun et al., 2019). A recent study did produce a
limited number of SIMR clones by coincubating high concentra-
tions of isolated HEK293T donor mitochondria with p0 osteosar-
coma cells (Patel et al., 2017). We (Dawson et al., 2020) and
others (Ali Pour et al., 2020) have recently reported similar find-
ings in which cells are capable of endocytosing exogenous
mitochondria and even altering metabolic functions for a limited
period of time (~1 week), but these exogenous mtDNAs are lost
over time. To address this problem, we previously developed a
photothermal nanoblade to stably transfer small quantities of
isolated mitochondria into p0 osteosarcoma cells (Wu et al.,
2016). Unfortunately, the nanoblade is laborious and low
throughput, and two of three SIMR clones reported did not reset
the p0 cell metabolome. A technique that generates many non-
transformed stable clones is desirable to examine novel
mtDNA-nuclear DNA (nDNA) combinations through reprogram-
ming to pluripotency and differentiation into multiple cell types.

Here, we describe a simple-to-use mitochondrial transfer
technique called “MitoPunch” to rapidly generate numerous
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non-transformed SIMR clones. We apply MitoPunch to imple-
ment a pipeline that demonstrates donor mtDNA functions in
recipient host primary cells at different cell fates. Our study es-
tablishes this resource pipeline to generate primary SIMR cells
using non-immortalized materials. We also measure the status
of the metabolome, transcriptome, and biophysical properties
of SIMR cells with defined mtDNA-nDNA combinations to guide
future studies generating somatic cells with desired mtDNA-
nDNA combinations.

RESULTS

MitoPunch Generates SIMR Cells with a Range of Cell
Types and mtDNAs

MitoPunch is a massively parallel, pressure-driven, large cargo
transfer platform based on prior photothermal nanoblade and
biophotonic laser-assisted cell surgery tool (BLAST) technolo-
gies (Sercel et al., 2020; Wu et al., 2016; Wu et al., 2015). Mito-
Punch uses a mechanical plunger to physically deform a pliable
polydimethylsiloxane (PDMS) reservoir containing isolated mito-
chondria suspended in phosphate-buffered saline (1x PBS [pH
7.4)) (Figure 1A). Plunger activation propels the suspended cargo
within the PDMS delivery chamber through a porous membrane
containing numerous 3-pum-diameter holes on which a confluent
layer of adherent cells is grown. This action directly forces iso-
lated mitochondria into the cytosol of recipient cells.

To demonstrate MitoPunch generation of SIMR cells, we
transferred isolated mitochondria from ~1.5 x 107 HEK293T
cellsinto ~2 x 10° 143BTK— p0 osteosarcoma cells. Post-trans-
fer, we select for and isolate SIMR colony clones with perma-
nently retained donor mtDNA using uridine-deficient media.
This selection is enabling because respiration-defective p0 cells
have inactive dihydroorate dehydrogenase and depend on
exogenous uridine or restored respiration for pyrimidine biosyn-
thesis (Grégoire et al., 1984). Compared to the coincubation of
the same amount of isolated mitochondria with cells (Clark and
Shay, 1982; Kesner et al., 2016), only 143BTK— p0 cells with
HEK293T mitochondria from MitoPunch transfer (143BTK—
p0+HEK293T) permanently retained donor mtDNA and survived
uridine-deficient media selection (Figure 1B). In a representative
set of mitochondrial transfer experiments, MitoPunch generated
~75 independent crystal-violet-stained SIMR clones in compar-
ison to no clones obtained by coincubation (Figure 1B).

We next examined whether MitoPunch could generate SIMR
clones with defined mtDNA-nDNA pairs that transfer features
of mitochondrial disease. We isolated mitochondria from cybrid
cells containing either an A3243G mtDNA substitution commonly
associated with mitochondrial encephalopathy, lactic acidosis,
and stroke-like episodes (MELAS) or wild-type (WT), non-mutant
mtDNA from the same individual (Picard et al., 2014). The
A3243G point mutation is in the tRNAEY gene and results in
altered production and assembly of ETC complexes with
impaired oxidative phosphorylation (Chomyn et al., 1992; Sasar-
man et al., 2008). Following MitoPunch into 143BTK— p0 recip-
ients and 2 weeks of selection, two of several dozen independent
SIMR clones that permanently retained MELAS (143BTK—
p0+MELAS) or WT (143BTK— p0+WT) mtDNA were tested for
oxygen consumption rate (OCR) using the Seahorse
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Figure 1. MitoPunch Is a Versatile Mitochondrial Transfer Technology

(A) Schematic representation of the MitoPunch mitochondrial transfer platform.

(B) Images of crystal-violet-stained SIMR colonies from coincubation or MitoPunch delivery of either 1x PBS (pH 7.4) (sham control) or isolated HEK293T cell
mitochondria into 143BTK— p0 osteosarcoma cells after selection in uridine-depleted medium. Data are the means + SD of three technical replicates.

(C) OCR measurements for ~1.5 x 10% 143BTK—, 143BTK— p0, WT cybrid, MELAS cybrid, 143BTK— p0+MELAS SIMR, and 143BTK— p0+WT SIMR cells by
Seahorse XF96 Extracellular Flux Analyzer. Values were calculated by standard procedures (see STAR Methods). Data are the means + SD of four technical
replicates.

(legend continued on next page)
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Extracellular Flux Analyzer. Results showed 143BTK—
pO+MELAS clones had significantly impaired basal respiration,
maximal respiration, and spare respiratory capacity compared
to patient-matched 143BTK— p0+WT and native 143BTK— con-
trol cells (Figure 1C), indicating stable mtDNA transfer of the pri-
mary metabolic deficit of the MELAS phenotype.

We then expanded mitochondrial donor and recipient cell pair-
ings beyond these initial studies to demonstrate the versatility of
MitoPunch. As examples, mitochondria were isolated from har-
vested C57BL/6 mouse tissues and MitoPunch transferred into
C8H/An-derived L929 p0 immortalized fibroblasts. Two weeks
of selection yielded dozens of SIMR clones from each mitochon-
drial source. SIMR clones generated with high-energy-demand
heart, lung, or muscle-derived mitochondria showed the most
robust respiratory profiles, in contrast to SIMR clones that
received low-energy-demand spleen- or kidney-derived mito-
chondria (Figure 1D). We also evaluated MitoPunch delivery of
heteroplasmic mtDNA mixtures into cells. Mitochondria isolated
from mouse cybrid lines containing mtDNA mutations in the
cytochrome B (mt-Cytb), NADH dehydrogenase subunit 4 (mt-
na4), and NADH dehydrogenase subunit 6 (mt-nd6) genes
were MitoPunch transferred individually or in 1:1 mixtures by
protein content into L929 pO0 fibroblasts. SIMR cells with a single
source of mutant mtDNA continued to show severe respiratory
impairments (Figure 1E). In contrast, SIMR cells with a mixture
of non-overlapping mutant mtDNAs showed markedly improved
respiratory profiles, strongly suggesting that both mtDNAs were
stably maintained (Figure 1E). Thus, MitoPunch and selection is a
versatile approach for generating human or mouse SIMR cells
with desired mtDNA-nDNA pairs. Co-transfer of multiple mtDNA
types into the same recipient cell also provides a simple method
to examine complementation for mutant mtDNA mixtures.

MitoPunch Generates Non-Transformed, Non-
Malignant SIMR Cells
To obtain SIMR cells with mtDNA-nDNA combinations using
non-immortalized recipient cells, we established a human fibro-
blast mitochondrial recipient pipeline. Hayflick-limited BJ fore-
skin (BJ) fibroblasts, neonatal dermal fibroblasts (NDFs), and
adult dermal fibroblasts (ADFs) were treated for 3 weeks with
FDA-approved 2',3'-dideoxycytidine (ddC) (Nelson et al., 1997)
to deplete endogenous mtDNA. Primary p0 human fibroblasts
had undetectable mtDNA (Figures S1A and S1B) and cellular
respiration (Figures S1C and S1D) by gPCR and Seahorse assay,
respectively. Because ddC could cause nDNA alterations, we
examined BJ p0 fibroblasts by whole-genome sequencing and
identified only a few non-synonymous mutations at 0.6 muta-
tions per megabase, on average, with no chromosomal breaks
and no changes in DNA copy number (Table S1).
Subsequently, mitochondria isolated from a human peripheral
blood mononuclear cell lot (PBMC1) were transferred into
fresh pO fibroblasts, followed by an empirical and reproducible

Cell Reports

selection protocol with uridine-deficient galactose medium.
From 5-10 BJ fibroblasts, NDFs, or ADFs, p0+PBMC1 SIMR
clones were isolated that showed the correct mtDNA-nDNA
sequence pairs and human leukocyte antigen (HLA) recipient
cell haplotypes (Figures 2A-2C). Primary, non-immortal SIMR
clones were also obtained from independent PBMC2 and
HEK293T cell mitochondrial transfers. We observed variable ef-
ficiencies for HEK293T cell and the PBMC2 mitochondrial trans-
fers, whereas ADFs p0+PBMC2 did not yield clones (Figure S1E).
Analysis of the bulk culture representing 23 BJ pO+HEK293T
SIMR clones confirmed the correct mtDNA-nDNA pairing and
HLA haplotype (Figures S1F and S1G).

We examined the respiratory function of BJ p0+PBMC1 and BJ
p0+HEK293T SIMR fibroblasts by Seahorse assay, which showed
statistically improved basal and maximal respiration and spare
respiratory capacity for both SIMR cell types compared to BJ
pO fibroblasts, albeit remaining lower than levels for control BJ fi-
broblasts (Figures 2D and S1H). Immunofluorescence (IF) micro-
scopy showed BJ p0 fibroblasts with a fragmented mitochondrial
network morphology lacking mtDNA-containing nucleoids, as
observed previously for p0 cells (Kukat et al., 2008) (Figure 2E).
In contrast, native BJ fibroblasts showed a reticular mitochondrial
network with dozens of nucleoids per cell (Figure 2E). By IF
nucleoid speckle numbers, both BJ p0+PBMC1 and BJ
pO+HEK293T SIMR cells appeared to restore mtDNA content to
levels equivalent to or exceeding that of native BJ fibroblasts (Fig-
ures 2E and S1l). SIMR cell mitochondria showed a reticular mito-
chondrial network morphology similar to that of native BJ fibro-
blasts, although with denser and more swollen mitochondria
(Figures 2E and S1l). Despite SIMR fibroblasts permanently re-
taining donor mtDNA, OCR and IF suggest that assimilation of
transferred mtDNA results in cells with features in between those
of BJ p0 and native BJ fibroblasts.

SIMR Fibroblasts Are Reprogrammable

We reprogrammed BJ p0+PBMC1 and BJ p0+HEK293T SIMR fi-
broblasts along with native BJ fibroblasts using OCT4, SOX2,
KLF4, cMYC, NANOG, and LIN28 RNAs and quantified for TRA-
1-60* staining clones. In two independent experiments, native
BJ fibroblasts yielded an average of 136 reprogrammed TRA-1-
60* clones (0.068% efficiency), compared to 21 (0.011%) and
three (0.0015%) clones for BJ p0+PBMC1 and BJ pO+HEK293T
cells, respectively (Figures 3A and S1J). Three unique reprog-
rammed clones of BJ p0+PBMC1-iPSCs (1, 2, and 11) and BJ
pO+HEK293T-iPSCs (1, 2, and 4) were tested for pluripotency bio-
markers and stained positive for OCT3/4 and SOX2 transcription
factors by flow cytometry, as did BJ-induced pluripotency stem
cell (iPSC) control, but not native BJ fibroblasts, as expected (Fig-
ures 3B and S1K). Conversely, the differentiated cell biomarker
CD44 (Quintanilla et al., 2014) was negative in all reprogrammed
BJ p0+PBMC1-iPSC, BJ p0+HEK293T-iPSC, and control BJ-
iPSC clones and immunostained only the native BJ fibroblasts

(D) OCR measurements for ~1.5 x 10% L929 p0 and L929 p0 SIMR cells generated with mitochondria from C57BL/6 mouse tissues. Data are the means + SD of 12

technical replicates (L929 p0 cells had four technical replicates).

(E) OCR measurements for ~1.5 x 10* L929 p0 and L929 p0 SIMR cells generated by transferring isolated mitochondria alone or in combinations from mouse
cybrids with non-overlapping mtDNA mutations (Mito 1, Mito 2, and Mito 3). Data are the means + SD of eight technical replicates.
Statistical significance for (B)«E) by unpaired, two-tailed Student’s t test. *p £ 0.05; **p £ 0.01; **p £ 0.001; ***p £ 0.0001. See also Figure S1.
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(Figures 3B and S1K). BJ-iPSC and all SIMR-iPSC reprogrammed
clones were also SSEA-4* (Abujarour et al., 2013) and OCT4" by IF
(Figures 3C and S1L). Seahorse assays of BJ p0+PBMC1-iPSC
and BJ pO+HEK293T-iPSC clones showed minimal or no statisti-
cal differences in basal respiration, maximal respiration, and spare
respiratory capacity compared to the native BJ-iPSC control (Fig-
ures 3D and S1M). Thus, SIMR fibroblast reprogramming gener-
ated iPSCs with donor mtDNA.

for double-stranded DNA (dsDNA) (green) and
TOM20 (red) with colocalization indicated (yellow).
Images (100x) were acquired on a Leica SP8
confocal microscope. Scale bars, 15 pm.

See also Figure S1 and Table S1.

Other studies have shown iPSC re-
programming of fibroblasts from individ-
uals with pathogenic mtDNA mutations
(Cherry et al., 2013; Folmes et al., 2013;
Hamaldinen et al., 2013; Kang et al.,
2016; Kodaira et al., 2015; Ma et al.,
2015; Matsubara et al., 2018; Pek et al.,
2019; Perales-Clemente et al., 2016;
Russell et al., 2018; Yang et al., 2018),
but this has not been attempted for
SIMR fibroblasts with donated, non-
native mutant mtDNA. Therefore, mito-
chondria containing an A3243G MELAS
mtDNA mutation or WT mtDNA were iso-
lated, followed by MitoPunch transfer
into BJ pO fibroblasts and selection. BJ
pO+MELAS SIMR fibroblasts showed
impaired proliferation during reprogramming and did not yield
iPSCs (data not shown). Therefore, we switched to NDF p0 recip-
ient fibroblasts and generated SIMR fibroblasts using isolated
MELAS (NDF pO0+MELAS), WT (NDF p0+WT), or NDF (NDF
p0+NDF) mitochondria. Seahorse assays showed that NDF
p0+MELAS fibroblasts had a significant reduction in basal respi-
ration, maximal respiration, and spare respiratory capacity
compared to native NDF, NDF pO+NDF, and NDF pO+WT
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Figure 3. SIMR Fibroblasts Can Be Reprog-
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(C) Representative phase contrast and IF micro-
scopy images of native BJ fibroblast (negative
control), BJ-iPSC (positive control), and three BJ
p0+PBMC1-iPSC clones immunostained for plu-
ripotency biomarkers SSEA-4 and OCT4. Scale
bars, 100 pm.

(D) OCR measurements for ~1.5 x 10* native BJ-
iPSCs and BJ p0+PBMC1-iPSC clones 1, 2, and

-
OO N D D ®

-
o

o
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0.01

See also Figure S1 and Table S2.
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fibroblasts (Figure STN). Restriction fragment length polymor-
phism (RFLP) PCR analyses confirmed the generation of homo-
plasmic NDF pO+MELAS SIMR fibroblasts (Figure S10). We also
generated ~25%-50% heteroplasmic NDF pO+MELAS/WT fi-
broblasts, which was verified by RFLP analyses (Figure S10).
Homoplasmic NDF pO+MELAS fibroblasts underwent RNA-
based reprogramming as described earlier, but all developing
iPSC clones spontaneously differentiated (Figure S1P). Reprog-
ramming of NDF pO+MELAS/WT heteroplasmic fibroblasts (Fig-
ures S10) yielded 20iPSC clones, but all clones retained only WT
mtDNA by RFLP analysis (Figures S1P and S1Q). To examine
whether the reprogramming method influenced mutant mtDNA
SIMR-iPSC generation, NDF pO+MELAS fibroblasts underwent
integrating DNA, lentiviral, and Sendai virus reprogramming stra-
tegies. In all cases, NDF pO+MELAS cells spontaneously differ-
entiated despite early signs of reprogramming (Table S2). In
addition, no NDF pO+MELAS-iPSCs were obtained when re-
programming was performed with additional uridine supplemen-
tation, antioxidant N-acetylcysteine, a Rho-associated protein
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kinase (ROCK) inhibitor, or low oxygen
tension (data not shown). Similar results
were also obtained with all four reprog-
ramming strategies for NDF p0 SIMR fi-
broblasts containing additional mtDNA
mutations including a cytochrome B dele-
tion, a Kearns-Sayre common deletion,
and A8344G or T8993G mtDNA substitu-
tions (Table S2). Thus, SIMR fibroblasts
readily maintain a large variety of mtDNA
sequences, in contrast to SIMR-iPSCs,
which can be generated only with non-detrimental mtDNA se-
quences. Further biochemical investigations are needed to
determine how mtDNA sequences dictate SIMR reprogram-
ming, whereas native mutant mtDNA fibroblasts can be reprog-
rammed (Hamalainen et al., 2013; Ma et al., 2015; Pek et al.,
2019).

S N 7 X
BJ p0+PBMC1-iPSC

SIMR-iPSCs Produce Functional, Differentiated Cell
Types

We next determined whether SIMR-iPSCs with isogenic nuclei
and non-native donor mtDNAs could differentiate. We chose to
examine defined medium differentiation of mesenchymal stem
cells (MSCs) because of their relevance to potential therapies
and current use in over 850 clinical trials (Hsu et al., 2016). A
BJ-iPSC control, BJ p0+PBMC1-iPSCs, and BJ p0O+HEK293T-
iPSCs were differentiated into MSCs and validated with an
antibody panel against surface biomarkers established by the In-
ternational Society for Cellular Therapy (ISCT) (Dominici et al.,
2006). Flow cytometry verified that the BJ-MSC control, BJ
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p0+PBMC1-MSC clones, and BJ pO+HEK293T-MSC clones
were positive for MSC biomarkers CD73, CD90, and CD105,
and negative for a cocktail of non-MSC biomarkers, including
CD11b, CD19, CD34, CD45, and HLA-DR (Figures 4A and
S1R). BJ-MSCs and all SIMR-MSC clones from both mtDNA do-
nors adhered to plastic, consistent with ISCT criteria for MSCs
(Figures 4B and S18S).

Seahorse assays of BJ-MSC control, BJ p0+PBMC1-MSC
clones, and BJ p0+HEK293T-MSC clones revealed no or mild
differences in basal respiration, maximal respiration, and spare
respiratory capacity, indicating that respiratory changes are
mutable for p0 fibroblasts after MitoPunch with reprogramming
and differentiation (Figures 4C and S1T). Quantitative phase mi-
croscopy (QPM) was used to examine key cellular biophysical
properties in SIMR MSCs and detected minimal to no differences
in cell growth rate, area, and biomass among the BJ-MSC con-
trol, BJ p0+PBMC1-MSC clones, and BJ p0+HEK293T-MSC
clones (Figures 4D and S1U). The function of SIMR-MSC clones
and the BJ-MSC control was compared by co-culture with hu-
man PBMC-isolated T cells in a standard immunosuppression
assay, which measures MSC clinical immunomodulatory perfor-
mance (Djouad et al., 2003; Ghannam et al., 2010). All BJ
p0+PBMC1-MSC and BJ p0+HEK293T-MSC clones repressed
T cell proliferation (Figures 4E and S1V). BJ p0+PBMC1-MSC
clone 11 showed the greatest immunosuppression and reduc-
tionin T cell proliferation, whereas no large differences were de-
tected between the remaining SIMR-MSC clones and the BJ-
MSC control. Finally, we performed directed trilineage differenti-
ation of SIMR-MSCs into adipocytes, osteoblasts, and chondro-
cytes to demonstrate the clinical potential of MitoPunch-engi-
neered lines. The BJ-MSC control, BJ p0+PBMC1-MSCs, and
BJ p0+HEK293T-MSCs all formed these three MSC-differenti-
ated lineages (Figures 4F and S1W). Adipocytes and chondro-
cytes were phenotypically similar between the BJ control and
SIMR clones, whereas SIMR osteoblasts tended to qualitatively
produce more calcium deposits. Thus, our mitochondrial trans-
fer strategy enables the generation of iPSCs, MSCs, and further
differentiated cell types from pO0 fibroblasts by stable incorpora-
tion of specific, non-detrimental, and non-native donor mtDNAs.

SIMR Cell Metabolism and RNA Transcript Changes with
Fate Transitions

We used ultra-high-performance liquid chromatography-mass
spectrometry (UPHLC-MS) to quantify 154 steady-state metabo-
lites in native BJ, BJ p0, BJ p0+PBMC1 clones, and BJ
pO+HEK293T clones at fibroblast, iPSC, and MSC fates. Hierar-
chical clustering showed distinct, grouped profiles for fibroblasts,
iPSCs, and MSCs independent of mitochondrial transfer status
(Figures S2A and S2B; Table S3). Principal component analysis
(PCA) of metabolite data also showed three main clusters repre-
senting fibroblast, iPSC, and MSC fates but no clear differences
between SIMR and native control cells within each fate (Figures
S2C and S2D). Metabolite set variation analysis (MSVA) and
Euclidean distance analysis of the BJ p0+PBMC1-iPSC and BJ
p0+PBMC1-MSC clones showed similar metabolite pathway pro-
files to themselves and to their respective BJ-iPSC and BJ-MSC
controls (Figures S2A, S2E, and S2F). In contrast, BJ
pO0+HEK293T-iPSC clones 1 and 2 clustered separately from
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clone 4 and the BJ-iPSC control for several metabolic pathways,
particularly purine, pyrimidine, glutathione, and ethanol meta-
bolism (Figures S2B, S2E, and S2F). This separation in BJ
p0+HEK293T-iPSC clones was no longer present upon further dif-
ferentiation to BJ p0+HEK293T-MSC clones (Figures S2B, S2E,
and S2F). In summary, steady-state metabolite analyses showed
that SIMR cells are comparable to native control cells, with only a
few differences that are resolved upon iPSC reprogramming and
differentiation to MSCs.

We utilized RNA sequencing (RNA-seq) to evaluate whole-
transcriptome profiles for SIMR cells at fibroblast, iPSC, and
MSC fates. DESeqg2 was used to identify significant differentially
expressed genes (DEGs), defined as genes showing an absolute
log 2-fold change > 0.5 and adjusted p < 0.05. For both BJ
p0+PBMC1 and BJ p0+HEK293T SIMR cells, the greatest num-
ber of DEGs compared to native BJ control cells with an adjusted
p < 0.05 occurred at the fibroblast fate (Figures 5A and S3A).
RNA-seq identified 1741, 194, and 224 elevated and 1827, 68,
and 115 repressed DEGs by comparing BJ p0+PBMC1 cells to
native BJ parent cells at the fibroblast, iPSC, and MSC fates,
respectively (Figure 5A; Table S4). Transcriptomic analysis of
the independently generated BJ pO+HEK293T cells similarly
identified 1,377, 537, and 239 elevated and 1,564, 648, and
210 repressed DEGs compared to native BJ parent cells at fibro-
blast, iPSC, and MSC fates, respectively (Figure S3A; Table S4).

Reactome pathway enrichment analysis of DEGs showed
diverse pathways altered in SIMR fibroblast transcript profiles
compared to those in native BJ fibroblasts, including those asso-
ciated with extracellular matrix organization and the complement
cascade (Figure S3B; Table S5). Differential expression and
pathway enrichment analyses comparing all SIMR-iPSCs and
SIMR-MSCs to native BJ-iPSC and BJ-MSC controls, respec-
tively, identified a dramatically smaller number of DEGs, with
overrepresented pathways driven primarily by a cluster of his-
tone transcripts (Figures S3C and S3D; Table S5).

Further detailed transcriptome analyses uncovered metabolic
pathway differences based on cell condition and fate. Somatic
cell reprogramming to iPSCs requires a metabolic shift from pre-
dominantly oxidative phosphorylation to mainly glycolysis, which
corresponds with all BJ p0+PBMC1-iPSC and BJ p0+HEK293T-
iPSC clones showing elevated expression of glycolysis-associ-
ated transcripts by gene set variation analysis (GSVA) (Figures
S4A and S4B). Additionally, GSVA showed increased expression
of ETC transcripts in BJ p0, BJ p0+PBMC1, and BJ pO+HEK293T
SIMR fibroblasts compared to that in native BJ fibroblasts (Fig-
ures S4A and S4B). However, immunoblots for succinate dehy-
drogenase (SDHB; complex Il), ubiquinol-cytochrome ¢ reduc-
tase core protein 2 (UUQCRC2; complex lll), cytochrome C
oxidase Il (MT-COXII; complex IV), and ATP synthase F1 subunit
alpha (ATP5A; complex V) demonstrated the opposite result,
with ETC proteins in SIMR fibroblasts reduced compared to
those in the native BJ fibroblast control (Figure S4C). Overall,
whole-transcriptome data analysis showed that initial large dif-
ferences between SIMR clones and native control cells at the
fibroblast fate progressively dissipated during reprogramming
and differentiation.

We examined the RNA transcript levels of 1,158 nuclear genes
listed in the MitoCarta2.0 database that encode proteins that
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localize to the mitochondria. Hierarchical clustering analysis of
transcripts from these genes identified a separation of BJ
p0+PBMC1, BJ pO+HEK293T, and BJ p0 transcripts away
from the native BJ transcripts at the fibroblast fate (Figures 5B
and S3B). Pathway analysis of DEGs between these two groups
showed an enrichment for genes encoding ETC proteins in the
native BJ fibroblasts (Table S4). Of note, this differential clus-
tering was not observed at the iPSC and MSC fates (Figures
5B and S5A).

Closer examination of mtDNA-encoded transcripts only
demonstrated, as anticipated, that BJ p0 cells have dramatically
lowered expression of all 13 coding gene transcripts compared
to transcripts from SIMR and native fibroblast cells (Figures 5C
and S5B). Additionally, both BJ p0+PBMC1 and BJ
p0+HEK293T fibroblasts showed significantly reduced expres-
sion of the 13 mtDNA-encoded genes compared to native BJ
fibroblasts (Figures 5C and S5B). By contrast, no significant
difference was observed in mtDNA transcript levels after reprog-
ramming SIMR and control fibroblasts to iPSCs, followed by dif-
ferentiation to MSCs (Figures 5C and S5B).

We then used the MitoXplorer pipeline (Yim et al., 2020) to
quantify the representation of 38 distinct mitochondrial pro-
cesses within the identified DEGs. As anticipated from abolished
respiration, BJ p0 fibroblasts showed DEGs for 29 mitochondrial
processes compared to native BJ fibroblasts, especially within
oxidative phosphorylation, mitochondrial genome translation,
and amino acid metabolism processes (Figure 5D). Similarly,
BJ p0+PBMC1 and BJ p0+HEK293T fibroblasts had altered
gene expression profiles in 30 and 29 mitochondrial processes,
respectively, in comparison to native BJ fibroblasts (Figures 5D
and S5C). Further analysis at this fate using MitoXplorer high-
lighted differences between the two SIMR lines, as the BJ
p0+PBMC1 had fewer DEGs for mtDNA-associated oxidative
phosphorylation and mitochondrial genome translation
compared to BJ pO+HEK293T fibroblasts. Furthermore, both
SIMR fibroblast lines had more DEGs associated with nuclear-
encoded mitochondrial translation and calcium signaling and
transport than the BJ p0 line, when compared to native BJ fibro-
blasts. Of note, the number of affected mitochondrial processes
was dramatically reduced by reprogramming, with only 7 and 16
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processes exhibiting DEGs in BJ p0+PBMC1-iPSCs and BJ
pO+HEK293T-iPSCs, respectively (Figures 5D and S5C). Finally,
BJ p0+PBMC1-MSCs and BJ pO+HEK293T-MSCs exhibited
only 3 and 8 mitochondrial processes with DEGs, respectively,
with only ROS defense similarly altered between the two
SIMR-MSC lines and MSC control (Figures 5D and S5C). These
data uncover transcriptomic alterations to translation, among
additional mitochondrial processes, at the fibroblast fate as a
potential difference maker for exogenous mtDNA function in
SIMR cells. Combined, the results show that, although SIMR
cell mitochondrial function becomes more similar to that of the
BJ control with reprogramming and differentiation, differences
still exist that are based on the transferred mtDNA sequence.

DISCUSSION

Here, we use MitoPunch to report on a rapid, versatile pipeline to
generate transformed or non-immortal cells with specific mtDNA-
nDNA combinations, an advance with certain advantages over cy-
brid technology (Patananan et al., 2016; Wong et al., 2017), un-
controlled selection in physiologic mitochondrial “bottlenecks”
(Latorre-Pellicer et al., 2019), or time-consuming screens for cells
with desired mtDNA mutations (Fayzulin et al., 2015; Lorenz et al.,
2017). We show that the transcriptome and metabolome of SIMR
fibroblasts resemble those of p0 matched recipient cells and that
reprogramming to pluripotency followed by differentiation resets
these profiles to closely resemble those of unmanipulated control
cells. Our studies would be difficult orimpossible using other mito-
chondrial transfer approaches, such as those that use immortal
cell lines incapable of reprogramming. Although it is also possible
to generate SIMR cells with the nanoblade and microinjection,
these low-throughput methods suffer practical and experimental
limitations. In contrast, MitoPunch is an accessible approach to
generate numerous clones with desired, stable mtDNA-nDNA
combinations within 2 weeks.

SIMR clone formation was achieved for all p0 recipient fibro-
blasts studied. Of note, some mtDNA-nDNA combinations pro-
duced SIMR clones at lower efficiencies than other combina-
tions, which could only be detected using a high-throughput
platform like MitoPunch. In contrast to 143BTK— p0+HEK293T

Figure 4. SIMR iPSCs Produce MSCs with Trilineage Differentiation Potential

(A) Flow cytometry of MSC biomarkers CD73, CD90, and CD105, and a cocktail of negative MSC biomarkers. Immunostained samples are indicated in color, with
isotype negative controls in gray. Data for BJ-MSC control are the same data as in Figure S5A. Representative clones for native BJ-MSCs and BJ p0+PBMC1-
MSCs are indicated.

(B) Bright-field microscopy showing unmanipulated BJ-MSC and BJ p0+PBMC1-MSC clones 1, 2, and 11 adhering to plastic at 20X magnification (scale bars,
100 um). Data for BJ-MSC control are the same data as in Figure S5B.

(C) OCR measurements for ~1.5 x 10* native BJ-MSCs and BJ p0+PBMC1-MSC clones 1, 2, and 11. Data for BJ-MSC control are the same as in Figure S5C.
Data are the means + SD of three technical replicates. Statistical significance by unpaired, two-tailed Student's t test. *p £ 0.05; **p % 0.01.

(D) Quantitative phase microscopy of native BJ-MSCs and a 1:1:1 mix of BJ p0+PBMC1-MSC clones 1, 2, and 11. Data for BJ-MSC control are the same as in
Figure S5D. Shown are box-and-whisker Tukey plots with outliers identified. Data were averaged from 77 and 172 cells for native BJ-MSCs and BJ p0+PBMC1-
MSCs, respectively. Statistical significance by Welch'’s t test.

(E) T cells were added into native BJ-MSC or BJ p0+PBMC1-MSC clone 1, 2, or 11 cultures at 1:2, 1:1, 5:1, and 10:1 T cell:MSC ratios. After 5 days of co-culture,
T cell proliferation was measured using a CFSE dye dilution assay by flow cytometry. The data labeled “NS” (no stimulus) denote T cells without CD3/CD28 bead
activation. The data labeled “-ve” (negative) denote no addition of MSCs to stimulated T cells. The data labeled “+ve” (positive) denote a 1:1 addition of myeloid-
derived suppressor cells to T cells. Data are the means + SD of three technical replicates.

(F) Trilineage differentiation of native BJ-MSCs and BJ p0+PBMC1-MSC clones 1, 2, and 11. Representative sections were fixed and stained with 1 pM Bodipy
493/503, 1% alizarin red S, and 0.1% Safranin O, respectively. Shown are adipocytes (first row, 20 X; scale bars, 100 um), osteocytes (second row, 20X; scale
bars, 200 um), and chondrocytes (fourth row, 5x; scale bars, 500 um).

See also Figure S1.
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SIMR cells that produced ~75 clones, MitoPunch transfers into
primary fibroblasts yielded fewer SIMR clones, possibly related
to the Hayflick limit or a sub-optimal response to the MitoPunch
procedure. For example, ADF pO0 recipients grew the slowest,
reached senescence shortly after mtDNA depletion (data not
shown), and resulted in the fewest SIMR clones. On average,
twice as many BJ pO+HEK293T clones were obtained compared
to BJ p0+PBMCH1 clones, which may be from a more compatible
mtDNA-nDNA pairing and more favorable metabolic profile (La-
torre-Pellicer et al., 2016). SIMR fibroblasts also showed a 10-
fold reduction in reprogramming efficiency compared to native
fibroblast controls. A similar reduction was observed in mouse
embryo fibroblast reprogramming with non-native mtDNA,
perhaps from a lower mtDNA-nDNA compatibility (Latorre-Pel-
licer et al., 2019).

Evidence for incomplete mtDNA-nDNA assimilation in SIMR
fibroblasts was observed in transcriptome data that showed
hundreds of DEGs between SIMR and unmanipulated fibro-
blasts. Also, MitoCarta2.0- and mtDNA-encoded transcripts
were most similar for SIMR and pO fibroblasts, despite SIMR
cell culture in restrictive medium requiring ETC activity for
growth and survival. These data suggest that exogenous
mtDNA in SIMR fibroblasts do not fully communicate and influ-
ence the nDNA, despite being able to support a selectable level
of ETC activity and adequate synthesis of metabolites for cell
proliferation. Supporting evidence for this suggestion includes
that ddC exposure yielded minimal nDNA damage and that
the metabolome and transcriptome profiles of SIMR fibroblasts
are mostly reset to unmanipulated BJ-iPSC profiles in SIMR-
iPSCs. Our results agree with a report showing that p0O cells
have altered metabolism and an epigenome that can only be
partially reset by cybrid formation (Smiraglia et al., 2008). Our
study provides a platform for investigating the resetting of p0
cell transcription and metabolism after stable mtDNA trans-
plantation and subsequent cell fate changes. Further work is
needed to determine whether cells that receive exogenous
mtDNA by other forms of mitochondrial transfer also have dis-
rupted mtDNA transcription profiles.

In summary, we provide a proof-of-principle mitochondrial
transfer pipeline to generate cells of different fates with spe-
cific mtDNA-nDNA combinations, including clonal lines with
genome pairings not found in nature. Future studies will
generate SIMR-derived cells representing high-energy-de-
mand tissues, such as cardiomyocytes or neurons, and will
investigate the current inability to generate SIMR-iPSCs con-
taining mutant mtDNAs to enable patient-specific disease
and drug screening models with isogenic nuclei for mtDNA
diseases. Furthermore, our results show that the interpretation
of mitochondrial transfer experiments must consider that cells
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initially generated may not show complete mtDNA-nDNA inte-
gration and subsequent restoration of cellular pathways. This
is particularly salient for cells that lack subsequent reprogram-
ming potential, such as transient or transformed mitochondrial
transfer cell lines, since our results show that reprogramming
and differentiation are required for resetting the nDNA expres-
sion profile. Finally, this mitochondrial transfer pipeline by-
passes the evolutionary pairwise selection of mtDNAs and
nDNAs in cells to expand upon the repertoire of genomic
combinations present in the human population and generates
a library of cells at various fates with defined mtDNA-nDNA
combinations and unique functional properties for research
and potential therapeutic applications.
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Detailed methods are provided in the online version of this paper
and include the following:
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O CellLines
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Figure 5. Transcriptome Features of SIMR and Native mtDNA Cells

(A) Number of DEGs for BJ p0+PBMC1 cells compared to native BJ cells at fibroblast, iPSC, and MSC fates.

(B) Hierarchical clustering of nuclear-encoded MitoCarta2.0 database genes from native BJ, BJ p0, and BJ p0+PBMC1 cells at fibroblast, iPSC, and MSC fates.
(C) Normalized, batch-adjusted read counts shown as box-and-whisker Tukey plots for 13 MitoCarta2.0-annotated mtDNA-encoded genes for native BJ, BJ p0,
and BJ p0+PBMCH1 cells at the fibroblast, iPSC, and MSC fates. Statistical significance was by Welch'’s t test.

(D) MitoXplorer-categorized DEGs for BJ p0+PBMC1 compared to native BJ cells at the fibroblast, iPSC, and MSC fates divided into the 38 mitochondrial

processes.
See also Figures S2, S3, S4, and S5 and Tables S8, S4, and S5.
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BD Bioscience
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Chemicals, Peptides, and Recombinant Proteins
2',3'-dideoxycytidine Sigma D5782, CAS 7481-89-2
Dialyzed FBS Life Technologies Cat#26400-044
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Hoechst 33342 ThermoFisher Cat#R37605
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CytoTune-iPS 2.0 Sendai Reprogramming Fisher Scientific Cat#A16517
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Human MSC Analysis Kit BD Bioscience Cat#562245
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CD4+ T cell isolation kit
Vybrant CFDA SE. Cell Tracer Kit

Agilent
Miltenyi Biotec
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MesenCult Osteogenic Differentiation StemCell Technologies Cat#05465
medium

ACF Enzymatic Dissociation/Inhibition StemCell Technologies Cat#05426
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MesenCult-ACF Chondrogenic StemCell Technologies Cat#05455
Differentiation Medium

Y-27632 Stem Cell Technologies Cat#72304
BCA protein assay ThermoFisher Cat#23225
CellROX Green Flow Cytometry Assay Kit ThermoFisher Cat#C10492
KAPA Stranded RNA-Seq Kit with Ribo- Kapa Biosystems, Roche Cat#07962304001

Erase

Deposited Data

RNaseq count matrices and raw reads This paper GEO: GSE115871
Metabolite relative amounts This paper N/A

Experimental Models: Cell Lines

HEK293T ATCC Cat#CRL-3216

BJ Foreskin Fibroblast ATCC Cat#CRL-2522
Primary Dermal Fibroblast; Normal, Human, ATCC Cat#PCS-201-012
Adult

Primary Dermal Fibroblast Normal; Human, ATCC Cat#PCS-201-010

Neonatal

Leigh Syndrome ATP Synthase 6 (T8993G) Coriell Institute Cat#GM13411

Fibroblast

Kearns-Sayre Syndrome (common Coriell Institute Cat#GM06225

deletion) Fibroblast

MELAS (A3243G) Cybrid (CL3) Gift from Douglas Wallace (Children’s N/A
Hospital of Philadelphia Research Institute)

Wildtype Cybrid (CL9) Gift from Douglas Wallace (Children’s N/A
Hospital of Philadelphia Research Institute)

MELAS (A3243G) Cybrid Gift from Carlos Moraes (University of N/A
Miami)

MERRF (A8344G) Cybrid Gift from Carlos Moraes (University of N/A
Miami)

A Cytochrome B 3.0 Cybrid Gift from Carlos Moraes (University of N/A
Miami)

L929 p0 Mouse Fibroblast Gift from Jose Antonio Enriquez Dominguez N/A
(Centro Nacional de Investigaciones
Cardiovasculares Carlos Il (CNIC))

Oligonucleotides

ND1 forward -CCCTA IDT N/A

AAACCCGCCACATCT

ND1 reverse - CGAT IDT N/A

GGTGAGAGCTAAGGTC

GAPDH Forward - TGCAC IDT N/A

CACCAACTGCTTAGC

GAPDH Reverse - GGCA IDT N/A

TGGACTGTGGTCATGAG

RPLPO Forward -CGA IDT N/A

CCTGGAAGTCCAACTAC
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RPLPO Reverse -ATCT IDT N/A
GCTGCATCTGCTTG

D Loop Forward - TTCCAA IDT N/A
GGACAAATCAGAGAAAAAGT

D Loop Reverse - AGCC IDT N/A
CGTCTAAACA CAGTGTA

RFLP Forward - CCTC IDT N/A
GGAGCAGAACCCAACCT

RFLP Reverse - CGAA IDT N/A
GGGTTGTAGTAGCCCGT

Software and Algorithms

FlowJo Software Version 10.4.2 FlowdJo, LLC N/A

Salmon v0.9.1

Statistical Language R v3.6.0
Bioconductor v3.9.0

R Bioconductor package tximport v1.12.3
R Bioconductor package DESeq2 v1.24.0
R package ggpubr v0.1.6

R package pheatmap v1.0.12

R package gplots v3.0.1

R package FactoMineR v2.2

R package factoextra v1.0.6

R Bioconductor package Mfuzz v2.38.0

R package ggplot2 v3.2.0

R Bioconductor package GSVA v1.32.0

R Bioconductor package limma v3.40.6

R Bioconductor package clusterProfiler
v3.12.0

R Bioconductor package ReactomePA
v1.28.0

TraceFinder v3.3
MitoXplorer 1.0

(Harrow et al., 2012; Mudge and Harrow,

2015; Patro et al., 2017)
(R Core Team, 2017)
(Huber et al., 2015)

(Soneson et al., 2015)

(Huber et al., 2015; Love et al., 2014)
(Kassambara, 2017)

(Warnes et al., 2016)

(Kolde, 2015)

(Husson, 2020)

(Kassambara, 2019)

(Kumar and Futschik, 2007)
(Wickham, 2019)

(Hanzelmann et al., 2013)

(Benjamini and Hochberg, 1995; Ritchie
et al., 2015)

(Yu and He, 2016)

(Yuetal., 2012)

ThermoFisher
(Yim et al., 2020)

https://github.com/COMBINE-lab/salmon/
releases

https://www.r-project.org/
https://bioconductor.org/news/
bioc_3_3_release/
https://support.bioconductor.org/p/
106345/
https://bioconductor.org/packages/
release/bioc/html/DESeq2.html
https://www.rdocumentation.org/
packages/ggpubr/versions/0.1.6
https://www.rdocumentation.org/
packages/pheatmap/versions/1.0.8
https://cran.r-project.org/web/packages/
gplots/index.html
https://www.rdocumentation.org/
packages/FactoMineR/versions/1.34
https://www.rdocumentation.org/
packages/factoextra/versions/1.0.5
https://bioc.ism.ac.jp/packages/3.6/bioc/
html/Mfuzz.html
https://cran.r-project.org/web/packages/
ggplot2/index.html
https://anaconda.org/bioconda/
bioconductor-gsva
https://www.bioconductor.org/install/

https://bioconductor.org/packages/3.7/
bioc/vignettes/clusterProfiler/inst/doc/
clusterProfiler.html
https://anaconda.org/bioconda/
bioconductor-reactomepa
Cat#OPTON-30493
http://mitoxplorer.ibdm.univ-mrs.fr

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr.
Michael A. Teitell (mteitell@mednet.ucla.edu).
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Materials Availability
All materials generated in this study are available upon reasonable request to the Lead Contact, Dr. Michael A. Teitell.

Data and Code Availability

All raw RNA-Seq reads, transcript abundance values, and processed gene count matrices are submitted to the NCBI Gene Expres-
sion Omnibus (GEO). The accession number for the RNA-seq reads reported in this paper is GEO: GSE115871. All other data are
available upon request. All software used is available either commercially or as freeware. All custom code is available on GitHub
at https://bitbucket.org/ahsanfasih/mitoDesigner/src/master/.

EXPERIMENT MODEL AND SUBJECT DETAILS

Cell Lines

HEK293T cells expressing mitochondria-targeted DsRed protein (pMitoDsRed, Clontech Laboratories) were made as previously
described (Miyata et al., 2014). Primary, non-transformed human fibroblast sources include BJ (ATCC, Cat. # CRL-2522), ADF
(ATCC, Cat. # PCS-201-012), and NDF (ATCC, Cat. # PCS-201-010). Isogenic cybrid cell lines derived from the same patient con-
taining either the homoplasmic A3243G MELAS substitution or homoplasmic WT sequence were obtained from Douglas Wallace
(Children’s Hospital of Philadelphia Research Institute). An alternative A3243G MELAS cybrid cell line, in addition to A8344G MERRF
and Acytochrome B 3.0 cybrid cell lines, were from Carlos Moraes (University of Miami). Two primary A3243G MELAS fibroblast lines
were from Anu Suomalainen Wartiovaara (University of Helsinki). Primary fibroblasts associated with Leigh Syndrome (T8993G, Cat.
# GM13411) and Kearns Sayre Syndrome (common deletion, Cat. # GM06225) were obtained from the Coriell Repository.

BJ, NDF, ADF, and HEK293T-DsRed cells were grown at 37°C and 5% CO, in complete media containing DMEM (Corning, Cat. #
10013CV) supplemented with 10% Fetal Bovine Serum (FBS, Hyclone, Cat. # SH30088.03HI10), penicillin-streptomycin (Corning, Cat.
# 30-002-Cl), GlutaMax (ThermoFisher, Cat. # 35050-061), and non-essential amino acids (MEM NEAA, ThermoFisher, Cat. # 11-
140-050). BJ p0, NDF p0, ADF p0, MELAS, MERRF, Acytochrome B 3.0, Leigh Syndrome, and Kearns Sayre Syndrome cells
were grown in complete media supplemented with 50 ng/ml uridine (Sigma, Cat. # U3003). iPSCs were grown on matrigel (Corning,
Cat. # 356234) coated plates in mTeSR1 media (StemCell Technologies, Cat. # 85850) according to the manufacturer’s protocol.
MSCs were grown in defined, MesenCult-ACF media (StemCell Technologies, Cat. # 05449) following the manufacturer’s protocol.
Cells tested negative repeatedly for mycoplasma using a universal mycoplasma detection kit (ATCC, Cat. # 30-1012K).

Human Tissues

The following human tissues were used: PBMC1 (PBMCs from leukopak donor 351, Caucasian female, 42 year old, Donor ID:
D326351, HemaCare Corp) and PBMC2 (PBMCs from leukopak donor 298, Hispanic/Latino male, 25 year old, Donor ID:
D316153, HemaCare Corp).

METHOD DETAILS

mtDNA Depletion and qPCR Verification

A 1000x stock of ddC (Sigma, Cat. # D5782) was prepared in water and added to BJ, ADF, and NDF cells grown in complete media
with 50 ug/ml uridine to an appropriate final concentration. Cells were passaged every 3-4 d with fresh ddC added over 3 weeks.
Following ddC treatment, total DNA was extracted (QIAGEN, Cat. # 69504) and mtDNA quantified using SYBR Select Master Mix
for CFX (Life Technologies, Cat. # 4472942). mtDNA-encoded MT-ND1 was amplified with the following primers: forward:
CCCTAAAACCCGCCACATCT; reverse: CGATGGTGAGAGCTAAGGTC. mtDNA levels were normalized to nucleus-encoded
GAPDH using the following primers: forward: TGCACCACCAACTGCTTAGC; reverse: GGCATGGACTGTGGTCATGAG. RPLPO
served as an alternative nucleus-encoded gene for normalization using the following primers: forward: CGACCTGGAAGTCCAAC-
TAC; reverse: ATCTGCTGCATCTGCTTG. gPCR was run on a BioRad CFX Thermal Cycler using the following protocol: 1) 50°C
for 2 min, 2) 95°C for 2 min, and 3) 40 cycles at 95°C for 10 s and 60°C for 45 s. Samples were compared by calculating AACT
and fold differences.

Mitochondrial Transfer into p0 Recipients

Mitochondria were harvested from HEK293T-DsRed cells, PBMCs (PBMC1 or PBMC2), or other cell types using a Qproteome Mito-
chondria Isolation Kit (QIAGEN, Cat. # 37612) following the manufacturer’s protocol. Mitochondrial pellets were re-suspended in 1x
PBS, pH 7.4, at 1 mg total protein/ml. Mitochondrial suspensions were delivered into p0 cells using MitoPunch.

The MitoPunch platform is a force-based mitochondrial transfer device. Briefly, a 5V solenoid (Sparkfun, Cat. # ROB-11015) is
mounted on a threaded plug (Thor Labs, Cat. # SM1PL) and inserted into a threaded cage plate (Thor Labs, Cat. # CP0O2T). Above
the solenoid, assembly rods (Thor Labs, Cat. # ER3) support an upper plate (Thor Labs, Cat. # CP02). The upper plate holds a custom
machined aluminum washer (outer diameter, 25 mm; inner diameter, 10 mm) that supports a deformable PDMS (10:1 ratio of Part A
base: Part B curing agent) fluid reservoir above the solenoid. The PDMS reservoir is composed of a bottom circular layer (25 mm
diameter, 0.67 mm height) chemically bonded to an upper circular ring layer (outer diameter, 25 mm; inner diameter, 10 mm; height,
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1.30 mm) and can hold approximately 120 ul of isolated mitochondrial suspension. Cells are seeded onto a porous membrane with
3 um pores (Corning, Cat. # 353181) 24 h prior to mitochondrial transfer.

To perform mitochondrial transfer, this membrane with adherent cells is secured on top of the PDMS reservoir using an upper plate
(Thor Labs, Cat. # CP02). The solenoid is controlled by a 5V power supply mini board (Futurlec, Cat. # MINIPOWER) and powered by a
12V, 3 Amp DC power supply (MEAN WELL, Cat. # RS-35-12). The activated solenoid strikes the center of the PDMS chamber, de-
forming the bottom circular layer by approximately 1.3 mm. This deformation rapidly injects the mitochondrial suspension through the
membrane and into the monolayer cell culture on the opposite side. A tunable MitoPunch prototype was developed by NanoCav LLC
with variable plunger force which improves SIMR generation efficiency especially in replication-limited fibroblasts.

As a comparison to MitoPunch, we performed isolated mitochondria coincubation control experiments. An equal number of co-
incubation recipient cells were seeded alongside MitoPunch recipients in 12 well dishes instead of the porous membrane. After
~24 h, an equal volume of mitochondrial isolate as loaded into the PDMS reservoir for MitoPunch was pipetted into the cell medium
of each coincubation recipient well and incubated at 37°C for 2 h before being released, collected, and plated on 10 cm dishes for
selection as described below.

For human fibroblasts and mouse recipients, cells were grown in complete media with 50 pg/mL uridine for 4 d following mitochon-
dria delivery and on day 5 post-delivery, cells were shifted to uridine-free complete media prepared with 10% dialyzed FBS (Life
Technologies, Cat. # 26400-044). On day 8 post-delivery, cells were shifted to glucose-free, galactose-containing medium
(DMEM without glucose, GIBCO, Cat. # 11966025) supplemented with 10% dialyzed FBS and 4.5 g/I galactose. Colonies emerged
at approximately 10 d post-delivery and cells were shifted back to uridine-free medium before colonies were counted by microscopy
or isolated using cloning rings. For human 143BTK- p0 recipients, cells were grown in complete media with 50 pg/mL uridine
following mitochondria delivery and shifted to uridine-free complete media prepared with 10% dialyzed FBS on day 3 post-delivery,
and clones emerged approximately 10 d post-delivery and were quantified.

Confocal microscopy

Cells, ~1x10%, were plated on glass coverslips (Zeiss, Cat. # 474030-9000) in 6 well dishes in 2 mL of media and cultured for approx-
imately 24 h. The media was aspirated and cells then fixed by incubation of 1 mL freshly diluted 4% paraformaldehyde (Thermo Fisher
Scientific, Cat. #28906) in 1x PBS, pH 7.4, for 15 min at RT. Paraformaldehyde was removed and cells were washed 3x with PBS, and
then washed 3x with PBS with 5 min RT incubation during each wash. Cells were permeabilized by a 10 min RT incubation with 0.1%
Triton X-100 (Sigma, Cat. # X100). Permeabilized cells were washed 3x with PBS and then blocked by incubation for 1 h at RT with2%
bovine serum albumin (BSA) dissolved in PBS. After blocking, cells were incubated with primary antibodies at 1:1000 dilution in 2%
BSA blocking buffer against dsDNA (Abcam, Cat. # ab27156) and TOM20 (Abcam, Cat. # ab78547), and then washed 3x with 5 min
RT incubation with PBS. After washing, cells were incubated for 1 h with secondary antibodies (Invitrogen, Cat. #'s A31573 and
A21202) diluted 1:100 in 2% BSA blocking buffer protected from light at RT, and washed 3x with 5 min incubations with PBS. To
mount coverslips on slides, samples were removed from the 6 well dish, dipped in deionized water, dried with a Kimwipe, and
mounted using ProLong Gold Antifade Mountant with DAPI (Invitrogen, Cat. # P3691) on microscope slides (VWR, Cat. # 48311-
601). Mounted samples were allowed to dry protected from light at RT for 48 h prior to imaging with a Leica SP8 confocal microscope.

Mitochondrial Oxygen Consumption Measurements

OCR was measured using a Seahorse XF96 Extracellular Flux Analyzer (Agilent). For fibroblasts or MSCs, 1 - 2 x10° cells per well
were seeded onto a V3 96-well plate (Agilent, Cat. # 101085-004) and grown overnight before analysis. iPSCs were treated similarly
but plated on matrigel-coated V3 plates. A mitochondrial stress test quantified OCR at basal respiration and after the sequential addi-
tion of mitochondrial inhibitors oligomycin, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and rotenone.

Mitochondrial Isolation from Mouse Tissues and Delivery

Spleen, liver, lung, bone marrow, heart, skeletal muscle, and kidney were harvested from an ~8 month-old female C57BL/6 mouse.
Briefly, tissue was dissociated by passage through a cell strainer using the plunger of a syringe, and mitochondria were isolated from
dissociated tissue using the Qproteome Mitochondria Isolation Kit (QIAGEN, Cat. # 37612) following the manufacturer’s protocol.
Mitochondrial suspensions were delivered into L929 p0 fibroblasts using MitoPunch. L929 p0 recipient cells were grown in complete
media supplemented with 50 png/mL uridine for 4 d following mitochondria delivery. On day 5 post-delivery, cells were shifted to uri-
dine-free complete media prepared with 10% dialyzed FBS (Life Technologies, Cat. # 26400-044). On day 8 post-delivery, cells were
shifted to glucose-free, galactose-containing medium (DMEM without glucose, GIBCO, Cat. # 11966025) supplemented with 10%
dialyzed FBS and 4.5 g/ galactose. Colonies emerged at approximately 10 d post-delivery and cells were shifted back to uridine-free
medium before colonies were counted by microscopy or isolated using cloning rings.

iPSC Reprogramming

Reprogramming of fibroblast lines to iPSCs was done using the StemRNA-NM Reprogramming kit (Stemgent, Cat. # 00-0076)
following the manufacturer’s protocol. Briefly, fibroblasts were plated on a matrigel (Corning, Cat. # 356234) coated 6-well plate
at 2x10° cells/well on 0 d. Daily transfections of non-modified (NM)-RNA reprogramming cocktail were performed for 4 d using
Lipofectamine RNAIMAX (ThermoFisher, Cat. # 13778100). On 10-12 d, iPSC colonies were identified by staining with TRA-1-60
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antibody (Stemgent, Cat. # 09-0068). TRA-1-60* iPSC colonies were picked and re-plated on matrigel coated 12-well plates and
maintained in mTeSR 1 medium (StemCell Technologies, Cat. # 85850). Alternative reprogramming strategies for fibroblasts included
using ReproRNA-OKSGM (Stem Cell Technologies, Cat. # 05930), STEMCCA Lentiviral (MilliporeSigma, Cat. #SCR510), and Cyto-
Tune-iPS 2.0 Sendai (Fisher Scientific, Cat. # A16517) kits according to the manufacturers’ protocols.

MSC Differentiation

MSC lines were generated from iPSCs using the STEMdiff Mesenchymal Progenitor Kit (StemCell Technologies, Cat. # 05240)
following the manufacturer's protocol over the course of 21 d. Briefly, iPSCs were dispersed as single cells, plated at ~5 x 10%
cells/cm?, and cultured for 2 d on Matrigel with mTeSR1 medium before the medium was changed to STEMdiff -ACF Mesenchymal
Induction Medium. STEMdiff -ACF Mesenchymal Induction Medium was changed daily for 3 d, and on day 4, the medium was
changed to MesenCult -ACF Plus Medium. Cells were fed again with MesenCult -ACF Plus Medium on day 5. On day 6, cells
were collected with Gentle Cell Dissociation Reagent (StemCell Technologies, Cat. # 07174) and passaged onto plastic plates
with MesenCult -ACF Plus Medium with 10 uM ROCK inhibitor (Y-27632; Stem Cell Technologies, Cat. # 72304). Daily half-medium
changes were made for ~1 week when cells were ~80% confluent. Cells were further passaged by dissociation with ACF Enzymatic
Dissociation Solution and resuspended in MesenCult -ACF Plus Medium before further analysis.

Human mtDNA D-Loop Sequencing

Total DNA was extracted from 1x10° cells using the QIAGEN DNasy Blood and Tissue kit. PCR was performed using Phusion high-
fidelity PCR master mix with HF buffer (NEB, Cat. # M0531S) and the following primers: forward - TTCCAAGGACAAATCAGA-
GAAAAAGT, reverse — AGCCCGTCTAAACATTTTCAGTGTA. PCR was run on an Eppendorf vapo.protect thermal cycler at 1)
98°C for 2 min, 2) 30 cycles at 98°C for 15 s, 58°C for 30 s, 72°C for 30 s, and 3) 72°C for 5 min. PCR products were run on a
0.8%-1% agarose TAE gel, extracted with the QIAGEN QIAQuick Gel Extraction kit (QIAGEN, Cat. # 28704), and Sanger sequenced
using the same PCR primers.

ROS Quantification

CellROX Green Flow Cytometry Assay Kit (ThermoFisher, Cat. # C10492) was used according to the manufacturer’s protocol. Briefly,
7.5x10% cells were plated in a 6-well plate ~24 h prior to measurements. 250 1M tert butyl hydroperoxide (TBHP) and 750 uM CellROX
reagent were added to the cells ~2 h and 1 h prior to quantification, respectively. Cells were released using Accutase, washed once
with FACS buffer (5% FBS in 1x DPBS, pH 7.4), and quantified using a LSRFortessa flow cytometer (BD Bioscience).

iPSC Flow Cytometry

iPSCs were harvested by 15 min RT incubation with Gentle Cell Dissociation Reagent. Cells were centrifuged at 300 x g for 5 min,
washed in TmI DPBS + 10% FBS, and re-suspended in 100 uL BD Perm/Fix Buffer (BD Bioscience). Cells were incubated at 4°C
for 15 min and washed twice in DPBS + 10% FBS. Following the second wash, cells were incubated in 50l DPBS + 10% FBS con-
taining conjugated antibodies. Antibodies used were OCT3/4 AlexaFluor488 (BD Bioscience 561628 1:10), SOX2 V450 (BD Biosci-
ence 561610 1:10), Mouse IgG1 k Isotype Control AlexaFluor488 (BD Biosciences 557782 1:10), Mouse IgG1, k Isotype Control V450
(BD Bioscience 560373 1:10), and CD44 PE (BD Bioscience 562245 1:21). Cells were incubated with conjugated antibodies for 30 min
and then washed twice in DPBS + 10% FBS. Data was acquired on a LSRFortessa flow cytometer (BD Bioscience) and analyzed
using FlowJo software (FlowJo, LLC).

MSC Flow Cytometry
MSCs were harvested by 5 min, 37°C incubation with Accutase (BD Biosciences). Cells were centrifuged at 300 x g for 5 min, washed
in 1ml DPBS + 10% FBS, and re-suspended in DPBS + 10% FBS at 5x10° cells/ml. Cells were incubated in 100u DPBS + 10% FBS
for 30 min at 4°C with the antibodies provided in the Human MSC Analysis Kit (BD Biosciences, Cat. # 562245) for 30 min and then
washed twice in DPBS + 10% FBS. Data was acquired on a LSRFortessa flow cytometer (BD Bioscience) and analyzed using FlowJo
software (FlowJo, LLC).

Fluorescence Microscopy

iPSCs were cultured on matrigel-coated 6-well plates and fixed with 4% paraformaldehyde for 10 min. Blocking was done for 1 hin 1x
PBS, pH 7.4, with 5% FBS and 0.3% Triton X-100. Cells were stained with SSEA4 (eBioscience, Cat. # 12-8843-42) and OCT4 (eBio-
science, Cat. # 53-5841-82) antibodies, and Hoechst 33342 dye (ThermoFisher, Cat. # R37605) overnight at 4°C in blocking buffer.
Phase contrast and fluorescence images were obtained with a Zeiss Axio Observer Z1 microscope and Hamamatsu EM CCD camera
(Cat. # C9100-02).

MSC Immunosuppression Assay
MSC inhibition of T cell proliferation was performed as described previously (Hsu et al., 2015). Briefly, MSCs were plated in a 12-well

plate the day before assay. PBMCs were isolated by Ficoll gradient from a healthy de-identified leukopak donor. CD4* T cells
were isolated from PBMCs using the CD4* T cell Isolation Kit (Miltenyi Biotec, Cat. # 130-096-533) and labeled with CFDA SE
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(ThermoFisher, Cat. # V12883). Labeled CD4* T cells were stimulated with Dynabeads Human T-activator CD3/CD28 (ThermoFisher,
Cat. #11131D) at a ratio of one bead per T cell. T cells were added into MSC cultures at the following T cell: MSC ratios: 1:2, 1:1, 5:1,
and 10:1. After 5 d of co-culture, T cell proliferation was measured using CFSE signature dye dilution by flow cytometry.

Tri-lineage Differentiation

Adipocytes, osteoblasts, and chondrocytes were generated from MSCs. For adipocyte differentiation, MSCs between passages 3 -
4 were plated on 6-well plates with MesenCult-ACF Basal Medium (StemCell Technologies, Cat. # 05449) at 4 -5 x 10° cells per well.
Differentiation was performed using the MesenCult Adipogenic Differentiation Kit (StemCell Technologies, Cat. # 05412) according to
the manufacturer’s protocol. Media changes were done every 3 -4 d until 13 d. For osteogenic lineage differentiation, MSCs between
passages 3 -4 were plated on a 6-well plate with MesenCult-ACF Basal Medium (StemCell Technologies) at 3—4 x 10* cells per well.
Differentiation was performed using MesenCult Osteogenic Differentiation medium (StemCell Technologies, Cat. # 05465) according
to the manufacturer’s protocol. Medium changes were done every 3 — 4 d until 13 d. For 3-D pellet chondrogenic differentiation,
MSCs were first released from T25 flasks using ACF Enzymatic Dissociation/Inhibition Solution (StemCell Technologies, Cat. #
05426) and collected in polypropylene tubes at 2.5 — 3 x 10° cells per tube with MesenCult-ACF Chondrogenic Differentiation Me-
dium (StemCell Technologies, Cat. # 05455) according to the manufacturer’s protocol. Medium changes were done every 3 -4 days
until 13 d.

Tri-lineage Differentiation Analyses

Osteogenic differentiation was assayed by staining cells with 1% Alizarin Red solution. Medium was removed from cells grown on 6-
well plates and cells were washed 3 times with 1X DPBS. Cells were fixed in 4% PFA in 1X DPBS at 4°C for 15 min prior to 15 min
incubation with 1% alizarin red at RT. Alizarin red solution was aspirated and the cells were imaged using a standard inverted
microscope.

Adipogenic differentiation was assayed by staining cells with 0.1% Bodipy solution. Medium was removed from cells grown on 6-
well plates and cells were washed 3x with 1X DPBS. Cells were fixed in 4% PFA in 1X DPBS at 4°C for 15 min and washed twice with
1X DPBS prior to a 10 min incubation with 0.1% Bodipy at RT. Bodipy solution was aspirated and the cells were washed with 1X
DPBS prior to acquiring phase contrast and fluorescence images with a Zeiss Axio Observer Z1 microscope and Hamamatsu EM
CCD camera (Cat. # C9100-02).

Chondrocyte differentiation was assayed by staining chondrogenic spheroids and spheroid sections with 0.1% Safranin O so-
lution. For staining whole spheroids, the medium was removed from the spheroids and they were fixed in 4% PFA for 15 min at RT.
The spheroids were washed twice with 1x PBS, pH 7.4, before 15 min incubation with 0.1% Safranin O solution at RT. The stained
spheroids were washed twice with 1ml water and transferred by serological pipette to a 48-well dish for imaging. For spheroid
section staining, spheroids were fixed in 10% formalin for 18 h, washed twice in water, and placed in 70% ethanol. Spheroids
were microtome sectioned by the UCLA Translational Pathology Core Laboratory, tissue placed on microscope slides. Sections
were deparaffinized and rehydrated by washes in xylenes, ethanol, and water. Unstained sections were stained with hematoxylin
and eosin or 0.1% Safranin O for 10 min at RT prior to washing in ethanol. Sections were imaged under a standard inverted
microscope.

UPHLC-MS Metabolomics Processing

Ultra-high-performance liquid chromatography mass spectrometry (UHLPC-MS) was performed as described previously (Xiao et al.,
2018) to quantify metabolites from ~7x10° cells. Briefly, cells were rinsed with cold 150 mM ammonium acetate, pH 7.3, followed by
addition of ice-cold 80% methanol. Cells were detached with scrapers, transferred into microcentrifuge tubes, and 1 nmol D/L-nor-
valine added. After vortexing, the suspension was centrifuged at 4°C at maximum speed. The supernatant was transferred into a
glass vial, metabolites dried down under vacuum using an EZ-2Elite evaporator at 30°C, and re-suspended in 70% acetonitrile.
To normalize samples, pellets were re-suspended in 58 mM Tris-HCI, pH 6.8, 5% glycerol, and 17 mg/ml sodium dodecyl sulfate
and quantified by BCA protein assay (ThermoFisher, Cat. # 23225).

Metabolites were separated on a Luna NH2 (150 mm x 2 mm, Phenomenex) column using 5 mM NH4AcO, pH 9.9 (buffer A), aceto-
nitrile (buffer B), and the following gradient: initially at 15% buffer B, 18 min gradient to 90% buffer B, 9 min isocratic at 90% buffer B,
7 min isocratic at 15% buffer B. Samples were analyzed with an UltiMate 3000RSLC (Thermo Scientific) coupled to a Q Exactive mass
spectrometer (Thermo Scientific) run with polarity switching (+3.50 kV / —3.50 kV) in full scan mode and m/z range of 65-975. Me-
tabolites were quantified with TraceFinder 3.3 using accurate mass measurements (<3 ppm) and retention times of pure standards.

RNA Extraction

Fibroblasts, iPSCs, and MSCs were grown in biological triplicates and technical duplicates to 70 — 80% confluence and purified using
the RNeasy Mini Kit (QIAGEN, Cat. # 74104) and RNase-free DNase (QIAGEN, Cat. # 79254) following the manufacturer’s protocols.
All samples showed a A260/280 ratio > 1.99 (Nanodrop; Thermo Scientific). Prior to library preparation, quality control of the RNA was
performed using the Advanced Analytical Technologies Fragment Analyzer (Advanced Analytical, Inc.) and analyzed using PROSize
2.0.0.51 software. RNA Quality Numbers (RQNs) were computed per sample between 8.1 and 10, indicating intact total RNA per
sample prior to library preparation.
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RNA-Seq Library Preparation

Strand-specific ribosomal RNA (rRNA) depleted RNA-Seq libraries were prepared from 1 ng of total RNA using the KAPA Stranded
RNA-Seq Kit with Ribo-Erase (Kapa Biosystems, Roche). Briefly, rRNA was depleted from total RNA samples, the remaining RNA
was heat fragmented, and strand-specific cDNA was synthesized using a first strand random priming and second strand dUTP
incorporation approach. Fragments were then A-tailed, adapters were ligated, and libraries were amplified using high-fidelity
PCR. All libraries were prepared in technical duplicates per sample (n = 60 samples, 120 libraries total), and resulting raw
sequencing reads merged for downstream alignment and analysis. Libraries were paired-end sequenced at 2x150 bp on an lllu-
mina NovaSeq 6000.

Restriction-Fragment Length Polymorphism Heteroplasmy Assay

To quantify relative levels of mtDNA containing the A3243G substitution, total DNA was isolated from cells using the DNeasy Blood
and Tissue kit (QIAGEN, Cat. # 69504). PCR amplification of the MELAS region to generate a 634 bp product was performed using the
following primers: forward - CCTCGGAGCAGAACCCAACCT and reverse - CGAAGGGTTGTAGTAGCCCGT. Apal digestion (NEB
Biolabs, Cat. # R0114S) of the PCR product was performed according to manufacturer’s protocol for 2 h at 25°C, and deactivated
at 65°C for 20 min. Sample was separated on a 2.5% agarose gel at 100V for 1 h.

QUANTIFICATION AND STATISTICAL ANALYSIS

mtDNA Depletion and qPCR Verification
Statistical details are provided in each figure legend.

Mitochondrial Oxygen Consumption Rate Measurements
Statistical details are provided in each figure legend.

Metabolomics Data Analysis

Data analysis, including principal components analysis (PCA) and clustering, was performed using the statistical language R v3.6.0
and Bioconductor v3.9.0 packages (Huber et al., 2015; R Core Team, 2017). Metabolite abundance was normalized per pg of protein
content per metabolite extraction, and metabolites not detected were set to zero. Metabolite normalized amounts were log trans-
formed and then scaled and centered into Z-scores for relative comparison using R base function scale() with parameters “scale =
TRUE, center = TRUE”. Heatmaps and Euclidean distance similarity plots were created using the Z-scores in R package pheatmap
v1.0.12, and hierarchical clustering was performed using the Euclidean distance measure.

PCA was performed using R packages FactoMineR v2.2 and factoextra v1.0.6. PC scores computed from normalized metabolite
counts with function PCA() using parameters “scale.unit = TRUE, ncp = 10, graph = FALSE”.

Pathway-level metabolite set enrichment analysis was performed using R Bioconductor package GSVA v1.32.0 (Hanzelmann
et al., 2013). Metabolite normalized abundances were standardized using a log2(normalized amounts + 1) transformation, and me-
tabolites per sample were converted to a pathways per sample matrix using function gsva() with parameters “method = gsva, maseq =
FALSE, abs.ranking = FALSE, min.sz = 5, max.sz = 500”. GSVA pathway enrichment scores were then extracted and significance
testing for multiple transfer conditions was calculated using R Bioconductor package limma v3.40.6, as described above. Pathway
metabolite sets were constructed using the KEGG Compound Database and derived from the existing Metabolite Pathway Enrich-
ment Analysis (MPEA) toolbox (Kanehisa et al., 2012; Kankainen et al., 2011).

RNA-Seq Pre-Processing

Fibroblasts, iPSCs, and MSCs were each sequenced in biological triplicates and technical duplicates (n = 60 total samples) to ac-
count for variation in extraction and culturing. Raw sequencing reads were converted into fastq files and filtered for low quality reads
and lllumina sequencing adaptor contamination using bcl2fastq (lllumina). Reads were then quasi-mapped and quantified to the
Homo sapiens GENCODE 28 (GRCh38.p12, Ensembl 92, April 2018) transcriptome using the alignment-free transcript level quantifier
Salmon v0.9.1 (Harrow et al., 2012; Mudge and Harrow, 2015; Patro et al., 2017). A quasi-mapping index was prepared using param-
eters “salmon index -k 31 —type quasi”, and comprehensive transcript level estimates were calculated using parameters “salmon
quant - A-seqBias -gcBias-discardOrphansQuasi”. Transcript level counts were collapsed to gene level (HGNC) counts, transcripts
per million abundances (TPM) and estimated lengths using R Bioconductor package tximport v1.12.3 (Soneson et al., 2015).

Differential Gene Expression Analysis

The resulting sample gene count matrix was size factor normalized and analyzed for pairwise differential gene expression using R
Bioconductor package DESeq2 v1.18.1. Expression changes were estimated using an empirical Bayes procedure to generate
moderated fold change values with design “~ Batch + Sample,” modeling batch effect variation due to day of RNA extraction (Huber
etal., 2015; Love et al., 2014). Significance testing was performed using the Wald test, and resulting P values were adjusted for mul-
tiple testing using the Benjamini-Hochberg procedure (Benjamini and Hochberg, 1995). DEGs were filtered using an adjusted false
discovery rate (FDR) g value < 0.05 and an absolute log, transformed fold-change > 0.05.
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MitoXplorer Analysis
Differential expression analysis was performed using DESeq2, specifying an absolute log2 transformed fold change threshold > 0.5.
Result lists including all genes were uploaded to the MitoXplorer 1.0 pipeline (http://mitoxplorer.ibdm.univ-mrs.fr/index.php)
comparing SIMR-fibroblasts, -iPSCs, or -MSCs to the corresponding cell fate of the BJ control. DEGs were filtered using a log, trans-
formed fold-change threshold of 0.05. Subsequently, the number of upregulated and downregulated DEGs for each mitochondrial
process were counted.

Gene Expression PCA and hierarchal clustering

Variance stabilized transform (VST) values in the gene count matrix were calculated and plotted for PCA using R Bioconductor pack-
ages DESeq2, FactoMineR, and factoextra, as described in the metabolomics methods (Huber et al., 2015; Love et al., 2014). For
PCA of nucleus-encoded mitochondrial protein and mtDNA transcripts, relevant transcripts were extracted using localization evi-
dence derived from MitoMiner v4.0, subsetting VST matrices using genes listed in MitoCarta 2.0 (Calvo et al., 2016; Smith and Rob-
inson, 2016). Clonal heatmaps were prepared using R Bioconductor packages pheatmap v1.0.8 and gplots v3.0.1 (Warnes et al.,
2016; Kolde, 2015). Heirarchal clustering was performed using R based function hclust and plotted using the dendextend package.

Metabolic Transcript Gene Set Variation Analysis (GSVA)

GSVA on metabolic transcripts was performed similarly to metabolomics data as noted above. Pathway-level metabolic gene set
enrichment analysis was performed using R Bioconductor package GSVA v1.32.0 function gsva() with parameters “method =
gsva, rnaseq = FALSE, abs.ranking = FALSE, min.sz = 5, max.sz = 500" using a logo(TPM + 1) transformed gene expression matrix
(Hanzelmann et al., 2013). GSVA pathway enrichment scores per sample were extracted and assessed for significance using R Bio-
conductor package limma v3.40.0, as described above except with a Benjamini-Hochberg adjusted P value threshold = 0.01.
Pathway metabolite sets were constructed using the KEGG PATHWAY Database, utilizing gene sets annotated to the metabolic
pathways overview map HSA01100 (Kanehisa et al., 2012). Significance testing across clones and conditions for each gene set
were calculated using Kruskal-Wallis ANOVA.

Gene Set Overrepresentation Analysis (ORA)

DEGs were extracted and analyzed for pathway/gene ontology (GO) term overrepresentation using the R Bioconductor package
clusterProfiler v3.12.0 and ReactomePA v1.28.0, using a background gene set of all genes expressed with at least one read count
in the sample gene count matrix (Yu and He, 2016; Yu et al., 2012). Overrepresented Reactome/KEGG pathways and GO terms were
identified across DEG lists and conditions using clusterProfiler function compareCluster() with significance testing cutoffs of p < 0.05,
and an adjusted FDR < 0.25.

HLA Class | Genotyping

MHC Class | HLA genotypes were identified using OptiType v1.3.1(Szolek et al., 2014). All raw RNA-Seq sample FASTQs were
aligned to the HLA Class | reference transcriptome packaged in OptiType using BWA MEM v0.7.17 with standard parameters (Li
and Durbin, 2010). HLA subset reads were then analyzed for Class | genotype using OptiType in paired-end RNA mode with standard
parameters.
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Figure S1. The MitoPunch Pipeline Generates Functional Cells with Unique mtDNA-nDNA Pairings, Related
to Figures 1,2, 3, and 4.

(A) Native BJ fibroblasts were exposed to the indicated doses of ddC for three weeks. mtDNA levels were
quantitied by qPCR using primers for MT-ND1 and normalized to GAPDH. Data are the mean + SD of three
independent biological replicates.

(B) Native ADF and NDF cells were exposed to the indicated doses of ddC for three weeks. mtDNA levels were
quantified by qPCR using primers for MT-ND1 and normalized to RPLP0. Data represents the mean of three
technical replicates.

(C) OCR measurements for ~2.0x10* native BJ and BJ p0 fibroblasts. Agents injected were oligomycin (O),
Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and antimycin A (AA) at the indicated time points.
Data are the mean + SD of five technical replicates.

(D) OCR measurements for 1.5 —2.0x10* NDF, ADF, NDF p0, and ADF p0 (by exposure to the indicated amounts
of ddC) fibroblasts. Data are the mean + SD of four technical replicates.

(E) Mitochondria from HEK293T cells and from ~3x107 peripheral blood mononuclear cells (PBMC2) were
MitoPunch transterred into BJ p0, NDF p0, or ADF p0 recipient fibroblasts. Following selection, SIMR colonies
were stained with crystal violet and quantified. Clone counts from a single representative mitochondria transfer into
~1x10° recipient p0 fibroblasts are shown.

(F) D-loop hypervariable region mtDNA sequences from native BJ, HEK293T cell, and BJ p0+PBMC2 SIMR
fibroblasts. Stars denote single nucleotide polymorphisms.

(G) MHC Class IHLA A, B, and C locus genotyping using OptiType v1.3.1 for native BJ, BJ p0, HEK293T, and BJ
pO+HEK293T SIMR cells.

(H) OCR measurements for ~1.5x10* native BJ, BJ p0, and BJ p0+HEK293T SIMR fibroblasts. Data are the mean =
SD of four technical replicates. Statistical significance for by unpaired, two-tailed Student’s t test. ***p <0.001;
kD <0.0001

(I) Representative images of native BJ, BJ p0, and BJ p0+HEK293T SIMR fibroblasts immunostained for dsDNA
(green) and TOM20 (red) with co-localization indicated (yellow). Images (100X) acquired on a Leica SP8 confocal
microscope. Scale bars are 15 pm.

(J) Native BJ and BJ SIMR fibroblasts reprogrammed to iPSCs with TRA-1-60" clones counted by microscopy.
Data is the mean of biological duplicates. BJ fibroblast control shows the same data used in Figure 3A.

(K) Flow cytometry of pluripotency biomarkers SOX2 and OCT3/4, and fibroblast biomarker CD44.
Immunostained samples are shown in color with isotype negative controls in grey. Representative data for native BJ
fibroblasts and BJ-iPSCs, and for BJ p0+HEK293T-iPSC cells. The native BJ fibroblast and BJ-iPSC data shown
here is the same as in Figure 3B.

(L) Representative phase contrast and IF microscopy images of unmodified BJ fibroblast (negative control), BJ-
iPSCs (positive control), and three BJ p0+HEK293T-iPSC clones immunostained for pluripotency biomarkers
SSEA-4 and OCT4. Scale bar is 100 pm.

(M) OCR measurements for ~1.5x10* native BJ-iPSCs and BJ p0+HEK293T-iPSC clones 1, 2, and 4. BJ-iPSC
control shows the same data used in Figure 3D. Data are the mean + SD of four technical replicates. Statistical
significance was by unpaired, two-tailed Student’s t test. *p < 0.05

(N) OCR measurements for ~1.5x10* native NDF, NDF p0+NDF, NDF p0+WT, and NDF p0+MELAS SIMR
fibroblasts. Data are the mean + SD of five technical replicates.

Statistical significance was by unpaired, two-tailed Student’s t test. **p < 0.01; ****p <0.0001

(O) RFLP analysis of mtDNA from homoplasmic NDF p0+NDF, NDF p0+MELAS, and NDF p0+WT SIMR
fibroblasts, and 1:1 heteroplasmic NDF p0+MELAS/WT SIMR fibroblasts. Apal restriction enzyme cleaves the 634
bp amplicon into 424 bp and 210 bp bands when the MELAS A3243G sequence is present.

(P) Representative phase contrast images (4X) of native NDF, NDF p0+NDF, NDF p0+MELAS, and NDF
pO+MELAS/WT cells during reprogramming to iPSCs. Exposure and tint adjusted for subpanel consistency.

(Q) RFLP analysis of mtDNA from 20 independent, 1:1 heteroplasmic NDF p0+MELAS/WT-iPSC clones. Apal
restriction enzyme cleaves the 634 bp amplicon into 424 bp and 210 bp bands when the MELAS A3243G sequence
1s present.

(R) Flow cytometry of MSC biomarkers CD73, CD90, CD105, and a mix of negative MSC biomarkers.
Immunostained samples are shown in color with isotype negative controls in grey. BJ-MSC control shows the same
data used in Figure 4A. Representative clones for native BI-MSCs and BJ p0+HEK293T-MSCs are shown.

(S) Brightfield microscopy showing native BJ-MSC, BJ p0+HEK293T-MSC clones 1, 2, and 4 adhering to plastic at
20X (scale bar, 100 pm) magnitications. BJ-MSC control shows the same data used in Figure 4B.
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(T) OCR measurements for ~1.5x10* native BJ-MSCs and BJ p0+HEK293T-MSC clones 1, 2, and 4. BI-MSC
control shows the same data used in Figure 4C. Data are the mean = SD of three technical replicates. Statistical
significance was by unpaired, two-tailed Student’s t test. *p < 0.05

(U) Quantitative phase microscopy of unmodified BJ-MSCs and a 1:1:1 mix of BJ p0+HEK293T-MSC clones 1, 2,
and 4. BJ-MSC control shows the same data used in Figure 4D. Shown are box-and-whisker Tukey plots with
outliers identified. Data was averaged from 77 and 124 cells for native BJ-MSCs and BJ p0+HEK293T-MSCs,
respectively. Statistical significance was by Welch’s T test. *p < 0.05

(V) T cells were added into native BJ-MSC or BJ p0+HEK293T-MSC clone 1, 2, or 4 cultures at 1:2, 1:1, 5:1, and
10:1 T cell: MSC ratios. After 5 days of co-culture, T cell proliferation was measured using a CFSE dye dilution
assay by flow cytometry. The data labeled “NS” (no stimulus) denotes T cells without CD3/CD28 bead activation.
The data labeled “-ve” (negative) denotes no addition of MSCs to stimulated T cells. The data labeled “+ve”
(positive) denotes a 1:1 addition of MDSCs to T cells. Data are the mean + SD of three technical replicates.

(W) Tri-lineage differentiation of native BJ-MSCs and BJ p0+HEK293T-MSC clones 1, 2, and 4. Representative
sections were fixed and stained with 1 uM Bodipy 493/503, 1% alizarin red S, and 0.1% Safranin O, respectively.
Shown are adipocytes (first row 20X; scale bar 100 pum), osteocytes (second row 20X; 200 um), and chondrocytes
(third row 5X; 500 pum).
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Figure S2. SIMR Metabolome Tracks Mainly with Cell Fate, Related to Figure S.

(A) Quantification of 154 metabolites in native BJ, BJ p0, and BJ p0+PBMC1 cells by UHPLC-MS. Z-scores were
calculated from the normalized, log transformed abundance of metabolites across averaged samples. Samples were

clustered by similarity using an unbiased approach.
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(B) Quantification of 154 metabolites in native BJ, BJ p0, and BJ p0+HEK293T cells by UHPLC-MS. Z-scores
were calculated from the normalized, log transformed abundance of metabolites across averaged samples. Samples
were clustered by similarity using an unbiased approach.

(C) PCA of normalized metabolite abundance. Colors denote fibroblasts (red), iPSCs (green), and MSCs (yellow),
whereas shapes denote native BJ control (e), BJ p0 (A), and B p0+PBMC1 (+) cells. Scatter plot shows the first
(Dim1) and second (Dim2) principal components along the x- and y- axes, respectively.

(D) PCA of normalized metabolite abundance. Colors denote fibroblasts (red), iPSCs (green), and MSCs (yellow),
whereas shapes denote native BJ control (e), BJ p0 (A), and BJ p0+HEK293T (+) cells. Scatter plot shows the first
(Dim1) and second (Dim2) principal components along the x- and y- axes, respectively.

(E) Metabolite set variation analysis (MSVA) indicating metabolite pathway enrichment across averaged samples.
Rows indicate independent KEGG metabolic pathways analyzed. Higher MSVA enrichment scores indicate elevated
pathway enrichment relative to all samples, lower MSVA enrichment scores indicate reduced pathway enrichment
relative to all samples. Samples annotation is by cell fate (top row) and by mtDNA transfer condition (second row).
Clone number for BJ p0+PBMC1 and BJ p0+HEK293T SIMR cells are indicated by a number in the transfer
condition row.

(F) Euclidean distance similarity matrix of whole metabolite profiles across all sample comparisons. Heatmap values
indicate the Euclidean distance between the two indicated samples (n = 54).
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Figure S3. SIMR Fibroblast Transcriptome Homeostasis Reset by Cell Fate Transitions, Related to Figure 5.
(A) Number of DEGs for BJ p0+HEK293T cells compared to native BJ cells at fibroblast, iPSC, and MSC fates.

(B) Reactome pathway database overrepresentation analyses (ORA) of BJ p0+PBMC1, BJ p0+HEK293T, and BJ p0
compared to native BJ fibroblasts.
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(C) Reactome pathway database ORA of BJ p0+PBMC1, BJ p0+HEK293T, and BJ p0 compared to native BJ
iPSCs.
(D) Reactome pathway database ORA of BJ p0+PBMC1, BJ p0+HEK293T, and BJ p0 compared to native BJ
MSCs.
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Figure S4. SIMR Cell Pathway Analysis Through Fate Transition, Related to Figure 5.

(A) Heatmap of gene set variation analysis (GSVA) showing enrichments for transcripts that encode metabolic
pathways between averaged clones. Rows indicate independent KEGG metabolic pathways analyzed (HSA01100).
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(B) Means of individual GSVA scores averaged for all 18 sample and clone fates and conditions (n = 6 for BJ
samples; n = 2 for each SIMR clone) for enrichments of oxidative phosphorylation and glycolysis-gluconeogenesis
encoding pathway genes.

(C) Immunoblots of ETC complex proteins for native BJ and BJ p0 control cells with BJ p0+PBMC1 and BJ
pO+HEK?293T SIMR cells at fibroblast, iPSC, and MSC fates.
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Figure S5. Mitochondrial-Associated Transcriptional Changes, Related to Figure 5.
(A) Hierarchical clustering of MitoCarta 2.0 database genes from native BJ, BJ p0, and BJ pO+HEK293T cells at
fibroblast, iPSC, and MSC fates.
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(B) Normalized, batch adjusted read counts shown as box-and-whisker Tukey plots for 13 MitoCarta annotated
mtDNA-encoded genes for native BJ, BJ p0, and BJ p0+HEK293T cells at the fibroblast, iPSC, and MSC fates.
Statistical significance was by Welch’s T test.

(C) MitoXplorer categorized DEGs for BJ p0+HEK293T compared to native BJ cells at the fibroblast, iPSC, and
MSC fates divided into the 38 mitochondrial processes.
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Chapter 8: Conclusion

151



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 p0 cells with ranging technical limitations.

In addition to these techniques to stably rescue p0 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 pO 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 p0 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 p0 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 p0 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 pO 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 p0O 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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