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SUMMARY
Mitochondrial activity differsmarkedly between organs, but it is not known how andwhen this arises. Herewe
show that cell lineage-specific expression profiles involving essential mitochondrial genes emerge at an early
stage in mouse development, including tissue-specific isoforms present before organ formation. However,
the nuclear transcriptional signatures were not independent of organelle function. Genetically disrupting
intra-mitochondrial protein synthesis with two different mtDNA mutations induced cell lineage-specific
compensatory responses, includingmolecular pathwaysnotpreviously implicated inorganellarmaintenance.
We saw downregulation of genes whose expression is known to exacerbate the effects of exogenous mito-
chondrial toxins, indicating a transcriptional adaptation tomitochondrial dysfunctionduringembryonicdevel-
opment. The compensatory pathways were both tissue and mutation specific and under the control of tran-
scription factors which promote organelle resilience. These are likely to contribute to the tissue specificity
which characterizes human mitochondrial diseases and are potential targets for organ-directed treatments.
INTRODUCTION

Mitochondria are the principal cellular energy source under aero-

bic conditions. Reducing equivalents generated from intermediary

metabolism donate electrons to complex I, III, and IV of the

respiratory chain, pumping protons from the matrix to the inter-

membrane space. The electrochemical force is harnessed

by complex V to regenerate adenosine triphosphate (ATP) through

oxidative phosphorylation (OXPHOS). ATP is required for all active

cellular processes, including protein synthesis, cell division, and

the maintenance of ionic gradients across the membranes.1,2

Most of the�1,100 proteins constituting the mitochondrial pro-

teome are encoded by the nuclear genome that is inherited from
1212 Cell 186, 1212–1229, March 16, 2023 ª 2023 The Author(s). Pu
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both parents,3,4 but thirteen essential respiratory chain proteins

are encoded by multiple copies of the 16.5-kb mitochondrial

genome (mtDNA), which is inherited independently down the

maternal line.5 mtDNA also codes for 24 rRNAs and tRNAs, which

partner with the nuclear-encoded gene-expression apparatus to

perform intra-mitochondrial protein synthesis. The assembly of

the respiratory chain on the inner mitochondrial membrane also

requires many nuclear-encoded assembly factors. Thus, the

coordinatedand close cooperation between the nuclear andmito-

chondrial genomes is essential for aerobic ATP production and

fundamental for cell viability.

Different tissues and organs have a strikingly different capacity

for oxidative ATP production reflecting their energy
blished by Elsevier Inc.
commons.org/licenses/by/4.0/).
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Table 1. Number of cells after alignment and pre-processing in both batches

Batch A: Wild-type Batch A: 5024 mutation Batch B: Wild-type Batch B: 5019 mutation Batch B: 5024 mutation

2,174 2,456 2,750 1,649 1,991

Batch A consists of wild-type and the 5024 mutation. Batch B consists of wild-type, 5019, and 5014 mutation. In total, 11,020 cells pass the quality

control filtering.
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dependence,4,6–8 but it is not known how or when this emerges

during development. Here we show that cell lineage-specific tran-

scriptional profilesarepresentbyembryonicday8.5 (E8.5) inmice,

including organ-specific mitochondrial protein isoforms present

before organogenesis is complete. Disrupting intra-mitochondrial

protein synthesis down-regulated nuclear genes known to buffer

the effects of mitochondrial toxins when knocked-out in vitro,9

thus maintaining cell lineage viability during in vivo development.

Single cell transcriptomic analysis identified lineage and mtDNA

mutation-specificmechanisms that compensate formitochondrial

dysfunction during key developmental stages in the early embryo,

including transcription factors known to regulate gene networks.

Thesefindings showthatnuclear-mitochondrial crosstalk isestab-

lished during early mammalian development, long before organ

maturation. This provides resilience to mitochondrial insults and

likely contributes to the organ-specific vulnerability that character-

izes rare genetic mitochondrial diseases and common human dis-

orders where mitochondrial mechanisms play a role.

RESULTS

Differential expression of nuclear-encoded
mitochondrial genes during organogenesis
Although mitochondrial function is known to vary between organs

at birth,7,10,11 it is not known when this arises. We determined

whether the differences were apparent when organ-specific cell

lineagesareestablishedduringembryogenesis.Weperformedsin-

gle cell transcript analysis on six whole C57Bl/6 wild-type (WT)

mouse embryos following routine mating (Figure S1A). Embryos

werecollectedatE8.5postplugging,with thedevelopmental stage

confirmed morphologically (Figure 1A). 4,924 cells passed tran-

script quality control (Table 1). Uni-form Mani-fold Approximation

and Projection (UMAP)12 of the single cell transcript resolved the

ectodermal, endodermal, and mesodermal germ layers based on

Foxa1,Pdgfra, andPou3F1expression (Figure1B)13,14andallowed
Figure 1. Differential expression of nuclear-encoded mitochondrial ge

(A) Representative image of an E8.5 mouse embryo, with morphological features

(B) UMAP of single-cell transcripts defining ectodermal, endodermal, andmesode

expression, respectively.

(C) Left, UMAP showing 17 different cell lineages, defined by unbiased analysis of

cell. Right, number of cells in each lineage.

(D) Abundance of mtDNA-encoded transcripts across different cell types, showin

the lineages defined in (C). *p < 0.05.

(E) Violin plots showing transcript abundance of selected nuclear-encoded mitoc

expression across the 17 cell lineages. *p < 0.05. Selected genes represent the top

p values for all nuclear mitochondrial genes with significant differential expressio

(F) Heatmap showing expression levels of known electron transport chain (ETC)

single-cell RNA-seq from E8.5 embryonic cell lineages (right). Strong expression

cardiac lineage, revealing that the heart/muscle-specific expression pattern of th

organogenesis. UMAP, Uni-form Mani-fold Approximation and Projection.

See also Figure S1.
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the identification of 17 distinct tissue lineages based on their tran-

scriptomic signature (Figure 1C).15 There were significant differ-

ences in the overall abundance of mtDNA-encoded transcripts

across several of the identified tissue lineages (Figure 1D), and

we also saw a heterogeneous expression pattern for the nuclear-

encoded mitochondrial transcripts (Table S1, showing all genes

significantly differentially expressed in at least one lineage). Some

nuclear-mitochondrial genes (60%, 631/1043) showed equivalent

expression levelsacrossall tissues, including representativeexam-

ples Ndufb5, Timm44, and Cox10 (Figure S1B). However, the re-

maining 412 showed differential expression in at least one lineage

including essentialmitochondrial genes, with the threemost signif-

icant being Grsf1, Chchd10, & Slc25a4 (Figure 1E). This was also

apparentwhenwespecifically analyzed the transcriptsof all known

tissue-specific gene isoforms of electron transport chain subunits

(Figure 1F). For example, in the cardiac lineagewe saw expression

of Cox6a2 and Cox7a1, which encode heart-specific isoforms of

complex IV subunits (Figure S1C),16 recapitulating the expression

pattern seen in adultmouse heart andmuscle tissues (Figure 1F).17

Furthermore, we saw a clear subpopulation of the cardiac lineage

cells expressing both of these isoforms (Figure S1D), likely repre-

senting cardiomyocytes, which are known to be present by

E8.5.18,19 Like-wise, the oxygen-responsive Cox4i2 isoform20

was differentially expressed in several lineages (Figure 1F).

Together, thesefindings indicate that thecell nucleusalreadymod-

ulatesmitochondrial transcripts in a tissue-specificmanner in early

embryonic development, pre-empting organ maturation, as

opposed to specific genes being expression in response to estab-

lished organ physiological function.

Next, we determinedwhether the lineage-specific nuclear tran-

scriptional signatureswereestablished independently of themito-

chondrion orwere directly influencedbymtDNAgeneexpression.

To do this in vivo,we studied the nuclear transcriptional response

to two different point mutations in themitochondrial tRNAAla gene

(mt-Ta) that disrupt intra-mitochondrial translation and OXPHOS:
nes during organogenesis

labeled. Scale bar, 250 mm.

rmal cell lineages based on Pou3f1 (blue), Foxa1 (yellow), andPdgfra (magenta)

known marker-gene transcript expression levels. Each dot represents a single

g significant differential gene expression in 10 of the 17 lineages. Colors match

hondrial genes Grsf1, Chchd10, and Slc25a4, showing significant differential

three most differentially regulated transcripts across at least two cell lineages.

n in at least one cell lineage can be found in Table S1.

subunit gene isoforms in bulk RNA-seq from adult mouse tissues (left)17 and

of the muscle isoforms Cox7a1 and Cox6a2 is seen in embryonic cells of the

ese isoforms seen in adult tissues is already established by the early stages of
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the previously reported m.5024C>T mutation,21 and the

m.5019A>G mutation (Figure 2A).

Characterization of the m.5019A>G mt-Ta mutation
The m.5019A>G mouse was identified in the offspring derived

from a female heterozygous for the proof-reading deficient

mtDNA polymerase allele PolgAD257A.22 Individual pups were

screened for a high proportion of mitochondrial complex IV defi-

cient colonic crypts as described.21 Laser-capture microdissec-

tion of individual crypts revealed a single mtDNA molecule co-

segregating with the mitochondrial deficiency that bore three

mutations in cis: m.5019A>G, m.15200A>G, and m.16232A>T

(Figures 2B and S2A). m.15200A>G is synonymous at amino

acid Q352 in Cytb and thus does not disrupt mitochondrial func-

tion. m.16232A>T affects the binding site of the Tfam/Polrmt/

Tefm binding complex within the light strand promoter (LSP) re-

gion of the mtDNA control region.23 A competitive in vitro tran-

scription assay showed that m.16232A>T led to a very mild

decrease in transcription initiation, which was extenuated by

increasing levels of Tfam to the transcribed template

(Figures S2B–S2F). Consistent with this, steady-state levels of

the mitochondrial transcripts including the tRNAs, mRNAs, and

polycistronic pre-mRNAs of mitochondria, all sensitive indica-

tors of transcription alterations,24,25 remained unaffected

compared to WT mice (Figures S2G–S2I). The LSP promoter

also plays a role in primer formation for mtDNA replication, but

we found no difference in mtDNA copy number (Figures S2J–

S2K). Unlike in the m.5024C>T mutation,21 we saw no evidence

of an in organellar translation defect in m.5019A>G heart

and liver, highlighting the different molecular mechanisms

involved. Together, these results make it highly unlikely that

m.16232A>T is the primary pathogenic mutation causing the

complex IV deficiency, although a contributory role cannot be

excluded. We therefore concluded that m.5019A>G was the

primary pathogenic mtDNA mutation in this mouse line.
Figure 2. Characterization of the m.5019A>G mt-Ta mutation
(A) Position and effect of the m.5024C>T and m.5019A>G mutations in the mt-T

(B) Representative COX-SDH dual histochemical staining of the colonic crypts fr

tissue indicates COX-deficient crypts, which harbored higher levels of the m

Figure S2A.

(C) tRNA northern blots from heart tissue, showing levels ofmt-Ta in mice bearing

Quantification of northern blot signal, shown in the bar graph, reveals significant

whilst m.5019A>Gmice of comparable heteroplasmy maintain normalmt-Ta leve

as loading control.

(D) High-resolution northern blot of MEFs from m.5019A>G or WT mice, showing

NaCl. Incubation of freshly extracted RNA with NaIO4 results in the removal of a s

tRNAs unaffected. Following the removal of amino acids from the charged tRNA, th

high-resolution Urea PAGE, which can separate RNAmolecules differing in molec

m.5019A>GMEFswhen exposed toNaIO4. 5S rRNA shown as loading control. Ctr

NaIO4 or NaCl.

(E) Western blot of heart lysates from WT and m.5019A>G mice of varying relat

increasing complex I and IV instability with increasing mutation load (%). Cooma

(F) Volcano plots showing differential protein levels of respiratory chain complex

compared toWT controls. Black dots, significantly different based on a two-samp

m.5019A>G mice reveal a mild decrease compared to controls, liver samples ex

(G) NTB staining of hearts fromWT, m.5024C>T, m.5019A>G, and PolgA D257A/D25

m.5019A>G heart compared to m.5024C>T & WT. Cells with normal COX activity

included as a positive control for COX deficiency. COX, Cytochrome c Oxidase;

bryonic fibroblast; WT, wild-type; PAGE, polyacrylamide gel electrophoresis; NT

sent SD.

See also Figures S2 and S3.
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Despite being only 5 base pairs (bp) from the m.5024C>T mu-

tation (Figure 2A),21 them.5019A>Gmutation did not cause tRNA

instability (Figure 2C), likely because themutation causes theG-U

wobble base-pairing to convert to a canonical G-C base-pairing

in themutant tRNA. The acylation state ofmt-Tawasassessedby

periodate oxidation, followed by northern blotting.26 Uncharged

mt-Ta were observed in embryonic fibroblasts derived from the

mouse (MEFs) (Figure 2D), and in the small intestinal epithelium

and heart of m.5019A>G mice (Figure S2L). The high-resolution

northern blotting showed that the m.5019A>G mutated tRNAAla

was the same length asWT tRNAAla, indicating that the post-tran-

scriptional CCA extension was intact, which excludes this as a

contributory pathogenic mechanism. Western blots for subunits

of themitochondrial respiratory complexes in theheart (Figure2E)

and small intestinal epithelium (Figures S2M and S3A) showed a

marked reduction in complexes I and IV (cytochrome c oxidase,

COX), and some reduction in complex III, consistent with a mito-

chondria-specific translational defect. In keepingwith this, quan-

titative proteomic analysis of cerebral cortex and liver showed

reduced abundance of both nuclear and mtDNA-encoded

OXPHOS subunits in m.5019A>G mice compared to controls

(Figure 2F). In the liver, this preferentially involved complexes I,

III, and IV, consistent with a mitochondrial-specific translational

defect (Figure S3B). The bulk proteomic analysis in adult tissues

showed no consistent difference in the abundance of proteins

involved in mitochondrial ribosome assembly nor in the ribo-

somal proteins themselves, making it unlikely that ribosomal sta-

bility contributed to the molecular mechanism.

Mitochondrial function was assessed in multiple tissues by

comparing complex IV activity to nuclear encoded mitochondrial

complex II (succinate dehydrogenase, SDH) in situ.27 Mice of all

ages assayed with >75% m.5019A>G showed COX deficient

cells in many tissues, including the heart (Figures 2G, S3C,

and S3D), colonic and intestinal epithelium, liver, skeletal mus-

cle, kidney (Figure S3D), choroid plexus, and hippocampus
a gene.

om a WT mouse and an m.5019A>G mouse. Blue staining of the m.5019A>G

.5019A>G mutation than adjacent brown COX-normal crypts, quantified in

the m.5024C>T and m.5019A>Gmutations at various heteroplasmy levels (%).

reduction of mt-Ta in high heteroplasmy m.5024C>T mice compared to WT,

ls. Tukey’s multiple comparison test from a one-way ANOVA. 18S rRNA shown

aminoacylation states of mt-Ta and mt-Tw in the presence (‘‘+’’) of NaIO4 or

ingle 30 ribose on all tRNA not charged with an amino acid, leaving the charged

e initial ratio of charged to uncharged tRNA in the live cells can be visualized by

ular weight by a single ribose. A specificmt-Ta aminoacylation defect is seen in

l, RNA samples intentionally deacylated (alkaline treatment) and incubatedwith

ive mutation levels for selected respiratory chain complex subunits, showing

ssie brilliant blue shown as loading control.

subunits in cerebral cortex and liver samples derived from m.5019A>G mice

le t test (FDR = 0.05). While respiratory chain subunit levels in cortex samples of

hibit a stronger response involving components of complex I, III, and IV.
7AmtDNAmutator mice, showing increased incidence of COX deficient cells in

exclude NTB, whilst cells with COX deficiency stain blue. PolgA D257A/D257A is

FDR, false discovery rate. SDH, succinate dehydrogenase; MEF, mouse em-

B, nitrotetrazoleum blue; ns, not significant. ****p < 0.0001, error bars repre-



Figure 3. mt-Ta variants induce an embryo-wide transcriptional response

(A) Bar charts showing KEGG pathways enriched (adjusted p < 0.05) for transcripts with significant differential expression in the three pairwise comparisons of

WT, m.5024C>T, and m.5019A>G. Bar length indicates the number of upregulated pathway genes for the corresponding strain in each comparison.

(legend continued on next page)
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(Figure S3E) from �2 years of age. Physiological studies showed

that the m.5019A>G mutation, like the m.5024C>T mutation, re-

sults in less body fat than WT mice of the same nuclear genetic

background (Figures S3F–S3G).

Mt-Ta variants induce an embryo-wide transcriptional
response
E8.5 embryos with high heteroplasmy levels were isolated from

m.5024C>T andm.5019A>Gmothers.�10,000 live cells were iso-

lated fromsixm.5024C>Tembryos (meanheteroplasmy level 69%,

range 41%–93%, Figure S4A), with 4,447 cells passing QC for 10X

sequencing (Table 1). Allele-specific transcript levels of the linked

m.13715C>Tmutation in m.5024C>T embryos21 confirmed similar

levels across the 17 tissue lineages (Figure S4B), in keeping with

measurements in neonateswhere different tissues all have compa-

rable heteroplasmy levels (Figure S3C). �5,000 live cells were

collected from three m.5019A>G embryos with a mean hetero-

plasmy level of 86%(range72%–94%,FigureS4A),with 1,649cells

passing QC (Table 1). Heteroplasmy values were validated at the

transcript level using the linked m.15200A>G Cytb mutation,28 as

for the m.13715C>T mutation in m.5024C>T embryo cells (Fig-

ure S4B), again showing similar levels across all lineages, as seen

in neonatal m.5019A>G animals (Figure S4C). UMAPs generated

using all 11,020 cells showed near identical clustering patterns for

m.5019A>G, m.5024C>T, and WT cells (Figure S4D), and marker

gene analysis identified the same 17 cell lineages in both mutant

strains as seen in WT embryos (Figure S4E). Pseudobulk analysis

of both m.5024C>T and m.5019A>G embryos showed dysregula-

tion of genes involved in diverse intracellular pathways (Figure 3A),

including changes in expression of nuclear-encodedmitochondrial

genes3 in both mice (Figure S4F; Table S2). These included the

downregulation of transcripts involved in tRNA aminoacylation,

the electron transport chain, and ATP synthesis when compared

to WT embryos (Figure S4F), in keeping with the known defect of

intra-mitochondrial translation.21 We also saw an upregulation of

mtDNA transcripts,which can be seen as a response to themtDNA

mutations in all cell lineages (Figure 3B).

Despite the observed OXPHOS defect defects in adult mice

harboring the m.5024C>T21 and m.5019A>G mutations, we

saw only minor differences in the number of cells committed to

each cell lineage at E8.5 (Figure 3C), no difference in the gene

expression profiles that defined each lineage (Figure 3D), and

no obvious developmental abnormalities originating during

organogenesis (Figure S4G). We therefore sought evidence

that the observed transcriptional changes were mediating an

effective compensatory response.

Intra- and extra-organellar buffering in response to the
mt-Ta mutations
Genome-wide in vitro CRISPR screens using single molecule

inhibitors of specific OXPHOS complexes identified 192 distinct
(B) Violin plots showing mtDNA transcript expression levels in WT, m.5024C>T,

(mutant vs. WT).

(C) Bar chart displaying the fraction of cells committed to each cell of the 17 identi

(D) Violin plots displaying the transcriptional profile of selected lineage-specifi

m.5024C>T, and m.5019A>G mice, showing no significant differences in expres

See also Figure S4.
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genetic modifiers, including 38 knockouts that were synthetic

sick/lethal, 91 that acted as epistatic buffers of the toxin, and

63 that suppressed the toxic effects of specific respiratory

chain poisons.9 We identified 178 mouse homologs from

this list of 192 genetic modifiers, of which sixty-one (34%) were

dysregulated in at least one cell lineage in m.5024C>T mice (hy-

pergeometric p(adj) = 2.07 x 10�6); and thirty-eight (21%) were

dysregulated in at least one cell lineage in m.5019A>G mice

(p(adj) = 4.61x10�2). Twenty-one (12%) of the 178 genetic mod-

ifiers were dysregulated in both mutants (Figure 4A; Table S3).

Thesyntheticsick/lethal genespreferentially killedorsuppressed

cell proliferation when knocked out in vitro before exposing cells

to a specific OXPHOS complex inhibitor.9 By contrast, knocking

out epistatic buffer genes prevented the effects of a specific

OXPHOS inhibitor, and knockout of suppressor genes enhanced

cell growth in the presence of the exogenous mitochondrial toxin.

Byanalogy,wehypothesized that synthetic sick/lethalgeneswould

either not be affected or would have increased expression in

m.5024C>T and m.5019A>G mice, because if expression were

reduced, this would impact cell lineage development. Conversely,

epistatic buffer and suppressor genes would be under-expressed

because knockout of these genes in vitro prevented the toxic ef-

fects of OXPHOS inhibitors (Figure 4B).

In line with this prediction, we saw significant enrichment

for epistatic buffer/suppressor genes with reduced expression in

mt-Ta mice compared to WT (hypergeometric p(adj) = 2.25 x

10�13 form.5024C>T; 3.29 x 10�4 form.5019A>GFigure 4C), pre-

dominantly involving predicted mitochondrial proteins (p(adj) =

2.38 x 10�30 (m.5024C>T); 3.41 x 10�9 (m.5019A>G)) (Figure 4C).

These formed a coherent interaction network29 involving intrinsic

OXPHOS and related proteins centralized around Atp5d and

Mrpl12 and the down-regulation of nuclear-encoded OXPHOS

complex I, III, and IV subunits, mitochondrial ribosomes,

and ATP-synthase (Figure 4D). Several non-mitochondrial or

‘‘extrinsic’’ proteins were also involved in epigenetically regulating

nuclear gene expression (Prmt1), nucleotide synthesis (Impdh2),

and one-carbon metabolism (Mthfd1) (Figure 4C).

Our findings validate the importance of the candidate

genetic modifiers identified through in vitro CRISPR screens by

showing they have biological relevance during embryonic

development and organogenesis in vivo. A further genome-

wide in vitroCRISPR screen using IMT1, an inhibitor ofmitochon-

drial transcription,30 identified 526 genetic modifiers putatively

involved in the cellular response to mitochondrial dysfunction.31

Mouse homologs of many of these genetic modifiers were also

dysregulated in m.5024C>T (25%, p(adj) = 3.55 x 10�15) and

m.5019A>G (20%, p(adj) = 1.06 x 10�13) embryos (Figure S4H;

Table S4), including numerous genes involved in the mTORC1

pathway (Mtor, Rictor, Lamtor4, Rraga, and Rpl11). Thus, the

combined in vitro data indicates that differential regulation of

these genetic modifiers in m.5024C>T and m.5019A>G embryos
and m.5019A>G mouse cells across the 17 identified cell lineages. *p < 0.05

fied cell lineages in WT, m.5019A>G, and m.5024C>T mouse embryos at E8.5.

c marker genes Wnt6, Six3, and Tcf15 in their respective cell types in WT,

sion of these lineage-defining genes. WT, wild-type.
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likely reflects a positive compensation, rather than a passive

response to the reduced synthesis of mtDNA encoded subunits,

although we cannot exclude other parallel mechanisms.

Mutation-specific and cell lineage-specific
transcriptional signatures
Pseudobulk analysis also revealed mutation-specific differential

expressionofmitochondrial genes at the level of thewhole embryo

(Figure 4E) and in pooled cells from specific lineages (Figure S5A;

Table S5). A corresponding WikiPathway analysis (Figure 4F)

showed differential transcription of genes involved in mRNA pro-

cessing, ribosomal pathways, and the pluripotency network

across numerous cell lineages in bothmutant strains,withmultiple

additional pathways being differentially regulated in just one or a

few lineages. A similar analysis using GO Biological Processes

producedcomparable results (FigureS5B), highlighting the impor-

tance of both embryo-wide and lineage-specific transcriptional

changes in response to the mitochondrial mutations. Next, we

used our mouse models to investigate mutation-specific and line-

age-specific expression patterns of the genetic modifiers identi-

fied in genome-wide CRISPR screens.9 Compared to WT em-

bryos, downregulated genes in both mutant lines were enriched

for epistatic buffer/suppressor genes, although this signature

was much stronger across multiple cell-lineages in m.5024C>T

embryos than in m.5019A>G embryos, where fewer cell types

showed strong enrichment (Figure 4G). This pattern was also

seen in the global pathway analysis (Figure 4F) and in the initial

marker gene analysis, where in addition to the downregulated

ameliorating genes (Figure 4C), we saw a small but significant

enrichmentofepistaticbuffer/suppressorgenes thatwereupregu-

lated (hypergeometric p(adj) = 0.0157) in m.5019A>G embryos, a

finding that was not apparent in m.5024C>T embryos (hypergeo-

metric p(adj) = 0.186). Taken together, these findings show evi-

dence of a stronger compensatory down-regulation of epistatic

buffer/suppressor genes in m.5024C>T embryos compared to

m.5019A>G and could potentially explain the reduced mean litter

size of 5 pups for m.5019A>Gmice, compared to 6 pups per litter

for m.5024C>T and WT mice (Figure S5C). For m.5019A>G mice,
Figure 4. Intra- and extra-organellar buffering in response to the mt-T

(A) Venn diagram showing the intersection between published genetic modifiers o

and dysregulated genes in m.5019A>G (blue) and m.5024C>T (red) embryos. A f

Table S3.

(B) Schematic showing the predicted concordance between CRISPR knockout

embryonic cells, highlighting the potential buffering effect of downregulating gen

(C) Dot plot showing relative expression levels of 17 epistatic buffer/suppressor

regulated in at least one mutant strain when compared to WT. Genes labeled in

(D) STRING protein interaction network showing genes from (E); the core network

mitochondrial ribosome. Network generated by STRING v11. Minimum require

confidence in prediction: thicker line corresponds to higher confidence of interac

(E) Violin plots showing pseudobulk expression profiles of illustrative mtDNA and

and m.5019A>G embryos. **p < 0.01. Full dataset shown in Table S2.

(F) Heatmap showing significantly enriched WikiPathways (2019 mouse annota

m.5019A>G and m.5024C>T embryos compared to WT. mRNA processing, pluri

both mutants, whilst other pathways show lineage- and strain-specific enrichme

(G) Heatmap showing enrichment of identified epistatic buffers/suppressors am

compared to WT across all cell lineages. m.5024C>T embryos show a stronger

stronger compensatory response to mitochondrial dysfunction. p < 0.05 for all

Palindromic Repeats; OXPHOS, oxidative phosphorylation.

See also Figures S4 and S5.
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higher maternal heteroplasmy levels were associated with a

decrease in litter size,whichwasnot seen inm.5024C>Tmice (Fig-

ure S5D). Although this could be explained by maternal factors

influencing the pregnancy,wealso sawahigherpre-weaningmor-

tality for m.5019A>G pups, compared to m.5024C>T pups (Fig-

ure S5E), in keeping with a sub-optimal compensatory response

to the m.5019A>G mutation within the pups themselves.

The scaled expression of individual epistatic buffers/suppres-

sors across different cell types revealed lineage-specific expres-

sion patterns for most of the genes (Figures 5A and S6A;

Table S6). For example, the buffering gene Nr2f29 was more

strongly downregulated in mesodermal, neural tube, and neural

crest lineages in m.5024C>T than in m.5019A>G mice. Nr2f2,

also known as chicken ovalbumin upstream promoter transcrip-

tion factor II (COUP-TFII), plays a key role in regulating the devel-

opment of several organs including blood vessels derived from

mesoderm32 and specific neuronal types in the brain.33,34 On

the other hand, multiple OXPHOS subunit transcripts were pref-

erentially upregulated inm.5019A>Gmice, involving complexes I

(Ndufa6, Ndufa10, Ndufb3, Ndufb5, Ndufb7, Ndufb9, Ndufb10,

Ndufb11, Nduf11, Ndufs5, and Ndufs8), IV (Cox5a and Cox14),

and 5 (Atp5b, Atp5d, and Atp5e) particularly in cardiac precur-

sors. On first consideration, this upregulation could be seen as

a beneficial, akin to the ‘‘ragged-red’’ or ‘‘sick mitochondrion’’

response to an intra-mitochondrial translation defect.35

However, all were previously defined as epistatic buffer/sup-

pressor genes,9 so their up-regulation is likely to be disadvanta-

geous in m.5019A>G mice (Figure 4B). Interestingly, we did not

see coordinated regulation of genes involved in the integrated

mitochondrial stress response (ISRmt) in either mutant strain

(Figure S6B), despite the ISRmt being implicated in the cellular

response to metabolic stress.36 However, this is consistent

with previous reports that transcription of Atf4, a key regulator

of the ISRmt,37 is not increased in heart tissue of adult

m.5024C>T mice.38 Taken together, these findings (Figure 5A)

showmutation and lineage-specific differences in transcriptional

compensatory responses that are likely to contribute to organ

specific phenotypes.
a mutations

f mitochondrial dysfunction identified through an in vitroCRISPR screen (gray)9

ull list of these intersecting genes with corresponding p values can be found in

screens using OXPHOS inhibitors and pathogenic mtDNA mutations in E8.5

es whose knockout in the in vitro CRISPR screen was beneficial.

genes identified in the in vitro CRISPR screen that were significantly down-

green are annotated in the Mouse MitoCarta3.0 inventory.

comprises several nuclear-encoded OXPHOS subunits and components of the

d interaction score = 0.4. Thickness of connecting lines indicates degree of

tion.

nuclear gene transcripts encoding mitochondrial proteins in WT, m.5024C>T

tion), based on differentially regulated genes in at least one cell lineage in

potency, and ribosomal protein genes are enriched across multiple lineages in

nt. p < 0.05 for all green squares.

ongst genes that are downregulated in m.5019A>G and m.5024C>T mutants

downregulation signature than m.5019A>G embryos, perhaps representing a

green bars. WT, wild-type; CRISPR, Clustered Regularly Interspaced Short
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Finally, we looked for evidence of a coordinated response

involving transcripts coding for the same OXPHOS complex. In

WT mice, the co-expression of transcripts was most obvious in

the more advanced tissue lineages, particularly the cardiac and

neural crest (Figure 5B). In some cell types, the degree of co-

expressionbetweennuclear transcriptswasstronger in themutant

mice, but this was accompanied by a weaker correlation between

nuclear-encoded and mtDNA-encoded transcripts (Figure S6C),

implying a disruption of nuclear-mtDNA communication. This

was most marked in m.5019A>G mice.

Cell lineage-specific compensatory mechanisms are
coordinated by gene regulatory networks
To determine the upstream mechanism responsible for the

compensatory responses, we performed cis-regulatory analysis

to derive gene ‘‘regulons’’ from the entire dataset using single-

cell regulatory network inference and clustering (SCENIC)39 and

studied their expression in 17 cell lineages in m.5019A>G,

m.5024C>T, and WT E8.5 mice. Each regulon defined a gene

regulatory network co-regulated by a known transcription factor

coding for a gene repressor or activator. We generated a regulon

activity matrix through unbiased hierarchical clustering, which

grouped the threemouse strains by cell lineage (FigureS7A). Rela-

tive scaling of regulon activity in each cell type revealed several

regulons with mutation-specific activity patterns across multiple

cell lineages (Figure 6A; Table S7), aswell as lineage-specific acti-

vationofmany regulons (Figure6A;TableS7),often linked togenes

involved indevelopmentof that tissue type. For example,we found

increased activity of regulons linked to theGATA transcription fac-

tors, includingGata4,Gata5, andGata6 in developingcardiac cells

and Foxa3 in gut progenitor cells (Figures 6B and S7B), as seen

previously.40,41 To further validate this approach, we compared

the genes in our SCENIC-derived regulons topreviously published

in vitroRNA-seqdata fromhumanandmouseneural crest-derived

cell lines with siRNA knockdown of the transcription factor

Sox10.42,43 We saw significant overlap between genes perturbed

by Sox10 knockdown and several of the neural crest-specific reg-

ulons identified in our SCENIC analysis, including Sox10, Sox9,

Tfap2a, and Tfap2c (Figure S7C). Several transcription factors

were more active in WT than mt-Ta mice, including Mecom in

the endothelial lineage, which is involved in arterial endothelial

cell differentiation and proliferation.44 Conversely, Sox9 and

Sox10 showed higher activity in neural crest cells (NSCs) in the

mutant strains than in WT mice (Figure 6C). Sox9 and Sox10 are

essential for the migration and differentiation of neural crest cells

in the developing embryo,45 and were linked to the co-expression

of Ets1, Sox5, Tfapb2, Zeb2, Erbb3, Cdh6, and Cdh11 in both
Figure 5. Mutation- and cell lineage-specific differential expression

expression profiles

(A) Heatmap showing relative expression levels of 51 epistatic buffer/suppressor g

differential expression patterns between WT and m.5024C>T or m.5019A>G. Filt

WT < �0.2, and maximum for the scaled gene expression >0.5 for at least 1 cell

(B) Correlation between individual gene expression levels of nuclear and mtDNA-en

lineages. Left, correlation matrices for WT, m.5024C>T, and m.5019A>G mice. Ou

Inner bar on each graph axis whether the genes are expressed from nuclear DNA

correlation with r2 > 0.5 is counted. Overall, the figure shows that more correlated

expression in cardiac cells for m.5019A>G mice. Additional lineages are shown in

See also Figure S6.
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mutant strains (Figure6D). Thesegenesare involved inneural crest

specification and the epithelium-to-mesenchyme transition, a key

step in neural crestmigrationwhich commences at the 4–5 somite

stage, corresponding to E8.0–8.5,46,47 building on recent findings

thatmitochondrial function plays an important role in specification

and differentiation of the neural crest lineage.48

To provide independent experimental validation of our key

findings, we sub-cloned mouse embryonic fibroblasts (MEFs)

from m.5024C>T mice that had shown several regulons

with increased activity across multiple cell-lineages in vivo

(Figures 6A and S7A). By generating different clones with stable

heteroplasmy levels from 20% to 90% (Figure S7D), we estab-

lished an in vitro system allowing us to evaluate the impact of

knocking down specific gene regulons on an isogenic nuclear

background. To validate the in vitro model, we performed bulk

RNA-seq on 10 clonal MEF lines. Principal component analysis

(PCA) clustered MEF clones based on their heteroplasmy level

(Figure 7A), and we saw evidence of widespread differential

gene expression between low and high heteroplasmy MEF

clones (Figure 7B), supporting our hypothesis that transcriptional

changes play a key role in the adaptive response to mitochon-

drial dysfunction. Pathway enrichment analysis revealed differ-

ential regulation of genes in many of the same pathways

observed in the single cell data (Figures 4F and 7C), despite

the MEFs being a different tissue lineage established at a later

developmental stage and being maintained in vitro.

To validate the role of the gene regulatory networks identified

in m.5024C>T E8.5 embryos (Figure 6A), small interfering (si)

RNAs were designed and validated using qPCR against 5 tran-

scription factors, E2f3, Taf1, Klf12, Maz, and Bclaf1, controlling

SCENIC regulons that were differentially regulated across

multiple cell lineages in m.5024C>T vs. WT E8.5 embryos in vivo

(Figure 6A). These were chosen over cell type-specific regulons,

such as Sox9, Sox 10, and Mecom, on the basis that lineage-

specific effects were less likely to be reproducible in the

m.5024C>T MEF cells. Knockdown of E2f3, Taf1, Maz, and

Bclaf1 suppressed MEF cell proliferation, with the greatest

impact on high heteroplasmy clones (Figure 7D). siRNA against

Klf12 had no impact on cell proliferation likely because, unlike

in vivo cell lineages, this gene had very low expression levels in

untreated MEFs. Given that cell proliferation rates are widely

recognized as being a sensitive indicator of OXPHOS dysfunc-

tion49,50 and that cell proliferation is essential for development,

these findings support ourmain conclusion: that lineage-specific

transcriptional responses act via coordinated gene networks

controlled by specific transcription factors in response to mito-

chondrial dysfunction.
of epistatic buffer/suppressor genes and comparison between

enes identified in CRISPR knockout screens, filtered to show genes that exhibit

ers applied on scaled gene expression: minimum difference between mutant -

type, across all cell lineages and mouse strains.

codedmitochondrial transcripts (MitoCarta v3.0) for the neural crest and cardiac

ter bar on each axis shows the OXPHOS subunits corresponding to each gene.

or mtDNA. Right, sum of the binarized correlations from each matrix where a

gene expression in neural crest cells for m.5024C>T and more correlated gene

Figure S6C for forebrain, mixed mesoderm, and foregut. WT, wild-type.
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DISCUSSION

Defects of intra-mitochondrial translation are the most common

cause of rare inherited mitochondrial disorders, which affect �1

in 8,000 humans.51 Although these diseases share a common

biochemical defect of OXPHOS, there is considerable clinical het-

erogeneity. Strikingly different phenotypes are seen in patients

with closely related mutations affecting the mtDNA-encoded

tRNA genes,52,53 but the reasons for this are not known. The

different properties of mitochondria found in different cell types

hasbeenproposedasanexplanation forpatternsoforgan involve-

ment in rare inherited mitochondrial diseases,16,54 but when and

how this occurs is not clear. Here we show that mice with patho-

genicmt-Tamutations only 5 bpapart inducedistinct nuclear tran-

scriptional responses in specific cell lineages by E8.5 during

embryonic development. This raises the possibility that similar

mechanisms contribute to tissue selectivity, which characterizes

different human mitochondrial disorders and are at play during

development in utero. Nuclear genetic factors required for mito-

chondrial biogenesis are regulated at the transcript level,55

contributing to inter-tissue differences in mitochondrial activity.56

Thus, the lineage-specific transcriptional signatures we saw in

WT mice are likely reflected in distinct mitochondrial proteomes

at the cellular level, in keeping with our observation of tissue-spe-

cific isoform transcripts which emerge before organ maturation.

Signals from the mitochondrion to the cell nucleus are poorly

understood but are likely to occur at multiple levels. In addition

toATP, the cellular redox state (reflected in theNADH/NAD+ ratio)

and organellar calcium release likely play a role in different con-

texts.57 Tricarboxylic acid intermediates are also implicated,

including fumarate, succinate, and a-ketoglutarate, which can

modulate nuclear gene expression through epigenetic modifica-

tions. Amino acid and one-carbon metabolism may also be

involved, as may the mitochondrial unfolded protein response

(UPRmt) and ISRmt.36 However, it is not clear how different

mtDNA mutations could induce different nuclear transcriptional

response. As in humans, our findings inmt-Tamice cannot be ex-

plained by a shared OXPHOS defect, emphasizing the impor-

tance of defining the underlying upstream molecular mecha-

nisms: m.5024C>T compromises the stability of mt-Ta,21

whereas this study reveals that m.5019A>G affects tRNA

charging, likely due to disruption of G:U pairing in the anticodon

stem.58 Here we show they impact on pathways intrinsic and

extrinsic to mitochondria in a cell lineage-specific manner.
Figure 6. Cell lineage-specific compensatory mechanisms are coordin

(A) Heatmap of SCENIC regulon activity across all cell lineages in WT, m.5024C

specific transcriptional activation patterns. Number in brackets is the number of

dataset can be found in Table S7.

(B) UMAPs showing localized activity of the heart-specific Gata4 transcription fact

gut endoderm, in the intestinal lineages. WT, m.5024C>T, and m.5019A>G cells

(C) UMAPs showing differential lineage-specific activity of the Mecom (endothelia

active) regulons in m.5024C>T and m.5019A>Gmice compared toWT. In the main

strain displayed separately in the expanded panels.

(D) Network displaying differentially expressedmarker genes identified in the Sox9

mice, with just under half of the identified marker genes (24/56) being shared by

associated with that gene. Lines between circles indicate predicted protein-prote

WT, wild-type; UMAP, Uni-form Mani-fold Approximation and Projection.

See also Figure S7.
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It is striking howmany of the genes downregulated in response

to themt-Ta mutations were also identified in in vitro screens as

knockouts that buffered or rescued cell lines from mitochondrial

toxins,9 including an inhibitor of intra-mitochondrial transcrip-

tion.31 This independent corroboration implicates the same

mechanisms in tissue-specific compensatory responses before

birth, potentially resolving the long-standing paradox as to why

severe OXPHOS diseases present in neonatal life or later. We

show that many of the buffering mechanisms are under the con-

trol of specific transcriptional factors, raising the intriguing pos-

sibility of delivering systemic treatments against known drug-

gable targets which specifically influence one tissue and not

another. The entire dataset is available as a resource to accel-

erate mitochondrial target discovery (Table S7).

Given the emerging evidence implicating the UPRmt and

related ISRmt in the pathogenesis of mitochondrial disorders,36

we were surprised not to see strong upregulation of ISR tran-

scripts in any of the cell lineages in E8.5mt-Tamice (Figure S6B).

However, only a mild signature of the UPRmt/ISRmt was

observed inmicewith complex IV deficiency due to homozygous

Surf1 mutations,59 and there was no activation of the UPRmt in

mice with cardiomyopathy caused by loss of CLPP.60 Thus, the

presenceof anovertOXPHOSdefect doesnot necessarily trigger

the UPRmt/ISRmt in mice, despite clear biochemical defects in

affected tissues. Recent evidence has cast light on the temporal

dynamics of the ISRmt, defining three distinct phases involving

local and systemic effects that take time to evolve and are partly

dependent on FGF21.61,62 Based on these findings, it possible

that that our observations at E8.5 precede activation of the

ISRmt. If correct, this makes the mechanisms that we have iden-

tified evenmore attractive targets to treat or perhaps prevent the

onset of symptoms in mitochondrial diseases, including TFs

linked to stress responses distinct from the classical ISR (Fig-

ure S7A). Mitochondria also play a role in common late onset dis-

eases involving similar organ systems, leading to type 2 diabetes

mellitus and Parkinson disease.63 Our observations are therefore

likely to have much broader therapeutic relevance than rare in-

herited disorders of mitochondrial metabolism.

Limitations of the study
Our principal findings relate to one embryonic stage (E8.5) in

mice with two mt-Ta mutations. It will be important to extend

this work to include earlier developmental stages to establish

when the compensatory responses first emerge and to
ated by gene regulatory networks

>T, and m.5019A>G mice, showing selected lineage-specific and mutation-

genes (g) identified with high confidence in each regulon. Full regulon activity

or in the cardiac lineage and Foxa3 activity, required for liver development from

are overlaid on the same UMAP. Gray/pink indicate increased regulon activity.

l, less active), Sox9 (neural crest, more active), and Sox 10 (neural crest, more

UMAP, WT, m.5024C>T, andm.5019A>G cells are overlaid, with each mouse

and Sox 10 regulons in the neural crest lineage inm.5024C>T andm.5019A>G

both mutant strains. Lines between circles and boxes indicate the regulon(s)

in interactions. Red text indicates genes involved in neural crest differentiation.
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determine whether they persist or change in later prenatal

stages and throughout life. Studying other mtDNA mutations

and other species will establish whether our observations

have more general relevance. This will be particularly chal-

lenging in humans for ethical reasons. Although transcript

abundance plays an important role in regulating mitochondrial

activity,55,56 other compensatory mechanisms may be involved,

including at the post-transcriptional level,64 and these should

be explored further. In addition, given the relationship between

cell size, mtDNA content, and mtDNA-encoded transcript

abundance, it would also be interesting to explore whether

cell size is important during development and forms part of

the compensatory response, although this could be

confounded by cell cycle effects.

Although not directly relevant to our main conclusions, the

precise molecular mechanism of the m.5019A>G mt-Ta muta-

tion would benefit from further interrogation. Unlike the

m.5024C>T mice, our preliminary analyses showed no evi-

dence of similar defects in organelle translation of mitochondria

isolated from m.5019A>G mice. Despite alterations in rRNA

abundance, quantitative assays of proteins involved in mito-

chondrial ribosome structure and assembly showed no alter-

ations in mitochondrial ribosomes from adult tissues, but a

direct investigation of mitochondrial ribosome assembly was

not performed.

Finally, although we provided independent validation for

transcription factors that were down-regulated across multiple

tissues in vivo, it will be important to carry out similar validation

experiments for all of the compensatory transcription factors,

and in specific cell types. This will enable a further dissection

of downstream molecular mechanisms that are also likely

to be tissue specific. Definitive proof will require in vivo valida-

tion. This could be achieved through targeted gene or protein

disruption, but will be very challenging to perform during devel-

opment and at the single cell level. Targeted small

molecule approaches or single cell multi-omics provide a way

forward.
STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:
Figure 7. Knockdown of key in vivo regulon transcription factors impairs

(A) PCA of bulk RNA-seq data from ten clonal populations of m.5024C>T MEF cells s

heteroplasmy <35%, high heteroplasmy >80%. Clones were selected from a larger

(B) Heatmap of genes showing significant differential expression between low and

transcriptional differences between the two groups.

(C) Bar chart showing WikiPathways (2019 mouse annotation) significantly enriche

m.5024C>T MEF clones. Several of these, including various signaling and pluripoten

lineages (Figure 4F).

(D) Growth curves showing proliferation rates for low and high heteroplasmy m.5

non-targeting siRNA pool (NT), or transfected with an siRNA pool to the indica

in proliferation rate, as was the case for clones targeted with siRNA to G

with siRNA to E2f3, Taf1, Maz, and Bclaf1, there was reduced proliferation that wa

liferation data from 5 low heteroplasmy and 5 high heteroplasmy clones gathered

cate SEM.

PCA, principal component analysis; MEF, mouse embryonic fibroblast; siRNA, smal

See also Figure S7.

1226 Cell 186, 1212–1229, March 16, 2023
d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY

B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Animals

B Cell lines

d METHOD DETAILS

B Identification of the m.5019A>G strain

B mtDNA heteroplasmy measurements

B In vitro transcription assays

B Measurement of aminoacylation status

B Histology

B RNA isolation and northern blot analysis

B Western Blot analysis

B Southern blots

B Preparation of E8.5 embryos for scRNA-seq

B Single-cell heteroplasmy measurements

B 10X chromium scRNA-seq

B scRNA-seq & gene expression analysis

B Proteome profiling of m.5019A>G andWT adult mouse

tissues

B TMT labeling

B High-pH first dimension reverse-phase fractionation

B LC-MS/MS

B Proteomic data analysis

B Single-cell cloning of immortalized m.5024C>T

MEF cells

B Bulk RNA-seq of m.5024C>T MEF clones

B siRNA knockdown of selected transcription factors in

m.5024C>T MEF clones

B Cell proliferation analysis

B Additional datasets

d QUANTIFICATION AND STATISTICAL ANALYSIS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.cell.

2023.01.034.
cell proliferation in a heteroplasmy-dependent manner in vitro

howing differential clustering of clones based on heteroplasmy level. Low

group shown in Figure S7D.

high heteroplasmy m.5024C>T MEF clones, highlighting the widespread

d for genes differentially expressed between low and high heteroplasmy

cy pathways, overlap with those seen in m.5024C>T E8.5 embryonic cell

024C>T MEF clones that were left untreated (mock), transfected with a

ted gene (siRNA). Mock and NT treated clones showed no reduction

apdh (control housekeeping gene) and Klf12. In clones transfected

s more marked in high heteroplasmy clones. Plots show combined pro-

from two independent siRNA knockdowns per clone. Error bars indi-

l interfering RNA.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Total OXPHOS Blue Native WB Antibody Cocktail Abcam ab110412; RRID: AB_2847807

Goat Anti-mouse HRP Promega W4021; RRID: AB_430834

Mouse anti-OXPHOS Cocktail Abcam Ab110413; RRID: AB_2629281

ECL Sheep Anti-mouse IgG HRP-linked Whole Antibody Biorad AAC10P; RRID: AB_321929

Chemicals, peptides, and recombinant proteins

Lipofectaimine 3000 Invitrogen L3000015

Lipofectamine RNAiMAX Transfection Reagent Invitrogen 13,778,030

DMEM-GlutaMAX 4.5 g/L Glucose Gibco 31,966,021

DMEM 4.5 g/L Glucose Gibco 41,966,029

Fetal Bovine Serum Gibco 10,270,106

Pen/Strep Gibco 15,140,122

NaOAc Sigma S2889

NaIO4 Sigma S1878

NaCl Invitrogen AM9670G

MgCl2 Invitrogen AM9530G

BSA Sigma A2153

DTT Thermo Scientific P2325

ATP Invitrogen AM8110G

GTP Invitrogen AM8130G

CTP Invitrogen AM8220G

UTP Invitrogen AM8140G

[a-P32]UTP Hartmann Analytic FP-210

RNase Inhibitor, murine NEB M0314

Lysine Sigma L5501

EDTA Thermo Scientific 17,892

Formamide Sigma 47,671

HindIII NEB R0104

PstI NEB R0140

BamHI NEB R0136

NdeI NEB R0111

SapI NEB R0569

Tris-HCl pH 8.0 Invitrogen AM9855G

Trizma Pre-set crystals pH 8.5 Sigma T8818

Urea Sigma U5128

Xylene cyanol Thermo Scientific 422,690,050

Bromophenol blue Sigma B0126

Polyacrylamide (19:1 acrylamide/bis) Sigma A2917

Glycerol Tolerant Buffer National Diagnostics NAT1220

Gel Loading Buffer II Invitrogen AM8546G

TriZol Ambion 15,596,018

Na2HPO4 Sigma S9763

Ethanol VWR 20,821

SDS Sigma L3771

Saline sodium citrate Invitrogen 15,557,044

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

RNA Secure Ambion AM7005

Heparin Sigma H0200000

IRDye 800CW Streptavidin Li-cor 962-32230

Tween 20 Life Technologies 003,005

RIPA Buffer Sigma R0278

Coomassie Brilliant Blue Thermo Scientific 20,279

NuPAGE 12% Bis-Tris Precast Gel Thermo Scientific NP0343BOX

ECL Western Blotting Detection Reagent GE 28,980,926

Leibovitz’s L-15 Medium Sigma L1518

Trypsin/EDTA Gibco 15,400,054

DRAQ7 Invitrogen D15106

Proteinase K Ambion AM2546

Recombinant mouse Polrmt This manuscript N/A

Recombinant mouse Tfb2m This manuscript N/A

Recombinant mouse Tfam This manuscript N/A

Protease Inhibitor Cocktail Abcam Ab271306

bOG Sigma 850511P

Critical commercial assays

Monarch Genomic DNA Purification Kit NEB T3010

PyroMark PCR Kit QIAGEN 978,703

PyroMark Q48 Advanced Reagents Kit QIAGEN 974,002

PyroMark Q24 Advanced Reagents Kit QIAGEN 970,902

Gentra Puregene Tissue Kit QIAGEN 158,063

RNeasy Plus Mini Kit QIAGEN 74,134

Prime-IT II Random Primer Labeling Kit Agilent 300,385

NEBNext Poly(A) mRNA Kit NEB E7490

NEBNext Ultra II Directional RNA Library Prep Kit NEB E7760

Chromium Single Cell 30 Library + Gel Bead Kit v3 10X Genomics 1,000,075

Chromium Chip B Kit 10X Genomics 1,000,073

High-sensitivity D5000 ScreenTape & Reagents Agilent 5067-5592/5593

High-sensitivity D1000 ScreenTape & Reagents Agilent 5067-5584/5585

D5000 ScreenTape & Reagents Agilent 5067-5588/5589

RNA ScreenTape & Reagents Agilent 5067-5576/5577/5578

QuBit dsDNA HS Assay Kit Invitrogen Q32851

QuBit RNA HS Assay Kit Invitrogen Q32855

KAPA Library Quantification Kit KAPA KK4824

Pierce BCA Protein Assay Kit Thermo Scientific 23,227

TMTpro 16plex Label Reagent Set Thermo Scientific A44522

Deposited data

10X scRNA-seq data files This manuscript, deposited in GEO GEO: GSE200746

Msc80 Schwann cell RNA-seq data files Saur et al.43 GEO: GSE152687

Neural Crest Stem Cell RNA-seq data files Lai et al.42 GEO: GSE160312

Adult Mouse Tissue Transcriptome data files Tabula Muris Compendium17 GEO: GSE132042

Mouse Embryonic Fibroblast Bulk RNA-seq data files This manuscript, deposited in GEO GEO: GSE214740

Experimental models: Cell lines

Primary Mouse Embryonic Fibroblasts

(m.5019A>G, m.5024C>T & WT)

This manuscript & J. Stewart Kauppila et al.21

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

C57Bl/6 wild-type mice Charles River Laboratories Strain code 027; RRID: IMSR_CRL:027

m.5024C>T mice J. Stewart Kauppila et al.21; RRID: MGI:5902139

m.5019A>G mice This manuscript MGI: 6860509

Oligonucleotides

Riboprobe mt-Ta forward:

TAATACGACTCACTATAG

GGAGACTAAGGACTGTA

AGACTTCATC

IDT N/A

Riboprobe mt-Ta reverse:

GAGGTCTTAGCTTAATTAAAG

IDT N/A

Riboprobe mt-Tw forward:

TAATACGACTCACTATAGG

GAGACCAGAAGTTAAACT

TGTGTG

IDT N/A

Riboprobe mt-Tw reverse:

AGAAGTTTAGGATATACTAG

IDT N/A

Riboprobe mt-Tl1 forward:

TAATACGACTCACTATAG

GGAGACTATTAGGGAGA

GGATTTGAAC

IDT N/A

Riboprobe mt-Tl1 reverse:

ATTAGGGTGGCAGAGCCAGG

IDT N/A

Riboprobe 5S rRNA end-labelled oligo:

AGCCTACAGCACCCGGTATTCCCAG

GCGGTCTCCCATCCAAGTACTAACCA

IDT N/A

18S probes IDT N/A

Mouse specific biotin labeled oligos IDT N/A

Pyrosequencing m.5024C>T forward:

ATACTAGTCCGCGAGCCTTCAAA

IDT N/A

Pyrosequencing m.5024C>T reverse:

/5Biosg/AATTGCAAATTCGAAGGTGTAGA

IDT N/A

Pyrosequencing m.5024C>T sequencing:

CACACAAGTTTAACTTCTGA

IDT N/A

Pyrosequencing m.5019A>G forward:

/5biosg/TTCCACCCTAGCTATCATAAGC

IDT N/A

Pyrosequencing m.5019A>G reverse:

CGTAGGTTTAATTCCTGCCAATCT

IDT N/A

Pyrosequencing m.5019A>G sequencing:

GATGTAGGATGAAGTCTTA

IDT N/A

Mouse Non-targeting siRNA SMARTPool Dharmacon D-001810-10-05

Mouse Gapdh ON-TARGETplus siRNA SMARTPool Dharmacon D-001830-20-05

Mouse Klf12 ON-TARGETplus siRNA SMARTPool Dharmacon L-065329-01-0005

Mouse E2f3 ON-TARGETplus siRNA SMARTPool Dharmacon L-045247-00-0005

Mouse Taf1 ON-TARGETplus siRNA SMARTPool Dharmacon L-058598-00-0005

Mouse Maz ON-TARGETplus siRNA SMARTPool Dharmacon L-059837-01-0005

Mouse Bclaf1 ON-TARGETplus siRNA SMARTPool Dharmacon L-058999-00-0005

Recombinant DNA

pBSSVD2005 – SV40 Large-T Antigen D. Ron RRID: Addgene_21826

pAM1 – NLL-MetRS Bibb et al.65 RRID: Addgene_51401

pUC-19 Norrander et al.66 RRID: Addgene_50005

WT LSP Genestrand Eurofins Genomics N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Mutant LSP Genestrand Eurofins Genomics N/A

Software and algorithms

PyroMark Analysis Software QIAGEN 9,024,325

STARsolo (version 2.7.3a) Dobin et al.67 https://github.com/alexdobin/

STAR/blob/master/docs/

STARsolo.md

Scanpy (version 1.7.2) Wolf et al.68 https://scanpy.readthedocs.

io/en/stable/

Prism (v9.0) GraphPad https://www.graphpad.com/

scientific-software/prism/

STRING (v11) Szklarczyk et al.29 https://string-db.org/

Incucyte Software (v2020C) Sartorius https://www.sartorius.com/

en/products/live-cell-imaging-

analysis/live-cell-analysis-software

Proteome Discoverer (v2.4) Thermo Scientific https://www.thermofisher.com/

uk/en/home/industrial/mass-

spectrometry/liquid-chromatography-

mass-spectrometry-lc-ms/lc-ms-

software/multi-omics-data-analysis/

proteome-discoverer-software.html

Mascot (v2.6) Matrix Science https://www.matrixscience.com/

MSnbase (v2.22.0) Gatto et al.69 http://lgatto.github.io/MSnbase/

Perseus (v2.0.7.0) Tyanova et al.70 http://coxdocs.org/doku.php?id=

perseus:start

MitoCarta (v3.0) Rath et al.71 https://www.broadinstitute.org/

mitocarta/mitocarta30-inventory-

mammalian-mitochondrial-proteins-

and-pathways

clusterProfiler (v3.15) Yu et al.72 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

Enrichr Chen et al.73 https://maayanlab.cloud/Enrichr/

Other

Ssniff M�H Low-Phytoestrogen mouse diet Ssniff spezialdiaeten GmbH V155

Ssniff M-Z Low-Phytoestrogen mouse diet Ssniff spezialdiaeten GmbH V115

SAFE105 Universal mouse diet Safe Diets SAFER105*
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Patrick

Chinnery (pfc25@medschl.cam.ac.uk).

Materials availability
The m.5019A>G mouse line and immortalised MEF cell line derived from it are freely available to researchers upon completion of a

non-profit Material Transfer Agreement (MTA). Please direct queries regarding availability of these materials to Dr. Jim Stewart (Jim.

Stewart@newcastle.ac.uk).

Data and code availability
d Single-cell and bulk RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Acces-

sion numbers are listed in the key resources table. Original northern, Southern & western blot images have been deposited and

are publicly available as of the date of publication. The DOI is listed in the key resources table.

d Code to reproduce the analysis and figures is available in Github repository: https://github.com/nmalwinka/2022_Burr_Klimm_

Glynos_Prater__Cell_lineage_specific_mitochondrial_resilience_during_mammalian_organ.
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d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
The mouse lines used in this study were m.5024C>T (Allele symbol: mt-Tam1Jbst, MGI ID: 5902095), m.5019A>G (Allele symbol: mt-

Tam2Jbst, MGI ID: 6860509) and WT, all mice used in this study were bred on the C57BL/6 background.

The initial identification and characterization of the m.5019A>G mouse was carried out at the Max Planck Institute for Biology of

Aging. All animal workwas performed in accordancewith recommendations and guidelines of the Federation of European Laboratory

Animal Science Associations (FELASA). All experiments were approved and permitted by the Landesamt für Natur, Umwelt und Ver-

braucherschutz Nordrhein-Westfalen in accordance with German and European Union regulations.

The mice used were on the C57Bl/6NCrl background strain (Charles River Laboratories, Germany strain code 027). Mice were

housed in a 12 h light/dark cycle at 21�C and fed ad libitum on a standard mouse food (ssniff M�H Low-Phytoestrogen) or an

enhanced diet when breeding or newly weaned mice (ssniff M-Z Low-Phytoestrogen) by Ssniff Spezialdiaeten GmbH.

Mice were sacrificed by exposure of CO2 and death confirmed via cervical dislocation, unless the brain was to be examined, in

which case death was confirmed by exsanguination. Tissues were dissected, drained of blood, and washed in PBS. Tissues for his-

tochemical analysis were frozen in isopentane that was previously cooled to �160�C in liquid nitrogen. Tissues for other analyses

were snap frozen by emersion in an Eppendorf tube, be emersion in liquid nitrogen.

Breeding of the m.5024C>T and m.5019A>G heteroplasmic mouse lines and WT controls in Cambridge, UK, was performed ac-

cording to the Animal (Scientific Procedures) Act 1986 under Home Office Project Licence P6C97520A. All experiments followed the

ARRIVE guidelines and were approved by the University of Cambridge Animal Welfare Ethical Review Body (AWERB).

Mice were kept in individually-ventilated cages (Tecniplast) at 20-24�C, 45-65% humidity, with ad libitum access to SAFE 105 uni-

versal diet (Safe Diets) and water. Breeding females used for timed matings were aged between 8 and 12 weeks. To set up timed

matings, stud males were first moved to an empty cage to acclimatise before introducing the female. Females were subsequently

checked for vaginal plugs each morning, and noon on the day of a positive plug check was designated E0.5. At E8.5 following a pos-

itive vaginal plug check, pregnant females were culled by cervical dislocation, with death confirmed by exsanguination.

Mouse litter size data was collected within 48 h of birth, pre-wean deaths were counted as any pup losses between this initial litter-

size count and weaning of pups at 2-3 weeks of age.

Cell lines
Primary m.5024C>T MEFs were isolated from individual E13.5 embryos and heteroplasmy levels of individual embryos were deter-

mined by pyrosequencing. Primary MEFs were immortalized by transfection with the SV40 large T antigen (pBSSVD2005). The

plasmid was a gift from David Ron (Addgene plasmid # 21826).

Briefly, early passage primary MEFs (passage 0, 2x105 cells/well in a 6 well format) were transfected with 3 mg of SV40 plasmid

using Lipofectamine 3000 (Invitrogen) according to the manufacturer’s instructions. After 24 h, cells were trypsinized and serially

diluted into 96 well plates to achieve single colonies. In the next weeks, 96 well plates were checked regularly for fast growing immor-

talized clones. Upon reaching confluency, immortalized MEFs of individual wells were trypsinized and expanded to larger formats.

Heteroplasmy levels of individual immortalized MEF clones were re-analyzed by pyrosequencing. Primary and immortalized MEFs

were maintained in DMEM-GlutaMAX (Gibco) containing 4.5 g/L of glucose supplemented with 10% fetal bovine serum (Gibco),

1% Pen/Strep (Gibco) and 50 mg/mL Uridine at 37�C and 5% CO2 in a humidified incubator.

METHOD DETAILS

Identification of the m.5019A>G strain
Mouse breeding to introduce mutant alleles, identification of the line through screening of complex IV deficiency in the colon, and

laser-capture microdissection followed by mtDNA sequencing.21

mtDNA heteroplasmy measurements
At weaning, ear skin biopsies were taken from all heteroplasmic mice to allow each animal to be assigned a reference heteroplasmy

value. DNA was extracted from biopsy samples using the Monarch Genomic DNA Purification Kit (NEB) according to the manufac-

turer’s protocol and quantified using a NanoDrop spectrophotometer (Thermo Scientific). Heteroplasmy measurements were made

by pyrosequencing using the QIAGEN Q48 Autoprep or Q24 vacuum workstation systems. Briefly, a section of the mitochondrial

genome containing the mutation of interest was amplified from 50 to 100ng extracted DNA using the PyroMark PCR Kit (QIAGEN)

and primers designed according to the manufacturer’s instructions. After confirming successful amplification by gel electrophoresis,

heteroplasmy levels were analyzed by running PCR product on either the Q48 Autoprep or Q24 vacuum workstation along with an
Cell 186, 1212–1229.e1–e10, March 16, 2023
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appropriate sequencing primer and following the appropriate manufacturer’s protocol. Heteroplasmy was then call using PyroMark

analysis software (QIAGEN) and reported as the percentage of mutant base present in the sample.

In vitro transcription assays
Recombinant mouse Polrmt, Tfb2m and Tfamwere expressed and purified according to previously described protocols.74,75 Mouse

mitochondrial LSP regions 16,110 to 16,259 (for LSP ‘‘A’’ - WT) and 16,120 to 16,259 (for LSP ‘‘B’’ - WT or LSP ‘‘B’’ - mutant variants),

followed by a random DNA sequence upstream of the promoter, were obtained from Eurofins Genomics in the form of linear dsDNA

(GeneStrands). LSP ‘‘A’’ - WT and LSP ‘‘B’’ (WT or the corresponding mutant version) containing DNA fragments were cloned in

pUC19 under HindIII/PstI and PstI/BamHI respectively. Dual promoter templates used in the in vitro transcription reactions were

created by linearization of the previous plasmids with NdeI and SapI, generating run-off transcripts (R.O.) of about 321 nt for LSP

‘‘A’’ - WT and 302 nt LSP ‘‘B’’.

In vitro transcription reactions were performed in 25 mL reaction volume, in buffer containing 25mMTris-HCl pH 8.0, 10mMMgCl2,

64 mM NaCl, 100 mg/mL BSA, 1 mM DTT, 400 mM ATP, 150 mMGTP, 150 mMCTP, 10 mMUTP, 0.02 mM a-32P UTP (3000 Ci/mmol,

Hartmann Analytic GmbH) and 4URNase inhibitorMurine (New England Biolabs). 4 nMof DNA template, 30 nMPolrmt, 40 nMTfb2m

and 0,3, 0,6, 1,1 or 2.2 mMTfam as indicated in the figures, were used in each reaction. All reactionswere set up on ice, initiated by the

addition of ribonucleotides and incubated at 32�C for 10 min, unless otherwise stated. Then, they were stopped by the addition of

stop buffer (10 mM Tris-HCl pH 8, 200mMNaCl, 1 mMEDTA and 100 mg/mL proteinase K) followed by incubation at 42�C for 45min.

Transcripts were purified by ethanol precipitation and pellets resuspended in loading buffer (98% formamide, 10 mM EDTA, 0.025%

xylene cyanol and 0.025 bromophenol blue). Time-course experiments were performed in a total reaction volume of 125 mL per con-

dition and at the indicated times, 25 mL were removed and the reaction ended with stop buffer. Reaction products were resolved on a

denaturing 4% polyacrylamide gel followed by exposure on Phosphorimager. The intensity of the transcripts on the images gener-

ated from Phosphorimager were quantified using the program Multi Gauge.

Measurement of aminoacylation status
Total RNA was extracted from cells or heart tissue using TRIzol.76 Recovered RNA pellets were resuspended in a solution of 100 mM

NaOAc (pH 5) and kept on ice. Once RNA was fully resuspended, a NaIO4 solution was added to 50mM and incubated at room tem-

perature for 30 min. The reaction was quenched by addition of glucose to 100mM followed by a further 5-min incubation at room

temperature. Samples were purified by filtration through MicroSpin G-25 spin columns (GE Healthcare, 27-5325-01) and the RNA

precipitated with ethanol. The precipitated samples were centrifuged at 12,000 g at 4�C for 15 min and the resulting pellets were

washed in 80% ethanol and centrifuged at 7500 g at 4�C for 5 min. The washed pellets were resuspended in 1 M Lysine pH 7.4

for 1 h at 45�C and then passed again through G-25 spin columns. Control samples were prepared alongside by treating samples

with 100mMNaCl instead of NaIO4. A deacylated negative control sample was prepared in advance by incubating 20 mg total mouse

RNA in 200 mM Tris-HCl at 75�C for 5 min then precipitating and resuspending the sample in 100 mM NaOAc (pH 5) with the exper-

imental samples. All samples were subsequently resolved by high resolution denaturing Urea PAGE (8 M Urea, 10% polyacrylamide

(19:1 acrylamide/bis), 1X Glycerol tolerant buffer (GTB)). Between 1.5 mg and 5 mg were loaded into the gel with Gel Loading Buffer II

(Invitrogen, AM8546G) and run for approximately 5 h at 75W. The gel was then blotted by capillary transfer onto AmershamHybond-

N+ membranes which were cross linked in a CL-1000 UV crosslinker at 0.120 J per cm2. The resulting northern blots were then hy-

bridised and visualised.76 Riboprobe primers used for this method are listed in the Key Resources Table

Histology
COX-SDH dual-staining was performed as described in ref. 21 and 38 and NBTx staining was performed as described in ref. 27.

RNA isolation and northern blot analysis
Total RNA was isolated from snap frozen heart tissues with TRIzol (Ambion) following the manufacturer’s standard protocol. The ex-

tracted RNA was quantified with the Nanodrop and resolved on formaldehyde-agarose gel followed by a transfer onto Amersham

Hybond-N+ membrane (GE Healthcare). Transcripts of interest were detected with non-radioactive method.77 Membranes were

probed with mouse-specific biotin-labeled oligonucleotides by overnight incubation in hybridization buffer (5X saline sodium citrate

[SSC], 20mMNa2HPO4, 7%SDS, 0.5x RNA secure [Ambion], and 100 mg/mL heparin) at 50�C followed bywashing and signal detec-

tion with IRDye 800CW dye-labeled streptavidin (dilution 1:5000 in TBS, 0.05% tween 20) in an LI-COR Biosciences imaging system.

Western Blot analysis
Protein was extracted by lysis in RIPA buffer. Samples were quantified by BCA assay and 40 mg was resolved by western blot.76

Steady state levels of OXPHOS complexes were then determined using Total OXPHOS Blue Native WB Antibody Cocktail (1:250,

ab110412) and goat anti-mouse conjugated to HRP (1:2000, Promega W4021). Equal gel loading was verified by staining with Coo-

massie Brilliant Blue (Life technologies).

30 mg of protein lysates from intestinal epithelial tissues were separated by SDS-PAGE in 4-12% Bis-Tris precast gel (Thermo Sci-

entific) using Novex Midi-Cell (Thermo Scientific). Proteins were then transferred to polyvinylidene difluoride (PVDF) membrane (GE

Healthcare) in a Criterion Blotter (Bio-Rad) The membrane was probed with mouse Anti-OXPHOS cocktail antibodies (Abcam) and
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detected with ECL Anti-mouse IgG horseradish peroxidase linked whole antibody (from sheep) (Bio-Rad). Signal development was

detected using ECL Western Blotting Detection Reagent (GE Healthcare) and scanned in LI-COR 43 imaging (LI-COR Biosciences).

Southern blots
DNA was extracted from tissues using the Gentra Puregene Tissue Kit (Qiagen). 5 mg of DNA was digested with SacI (New England

Biolabs) for electrophoresis. DNA was transferred to Hybond-N+ membranes (Amersham) and UV crosslinked for blotting. mtDNA

was detected using the pAM1 plasmid,65 after radiolabeling with the Prime-IT II Random Primer Labeling kit (Agilent Technologies).

18S probes was used as the loading control for nuclear DNA. The membrane was sealed in a plastic bag and exposed to a phosphor

screen by placing them both in a film cassette. The film was scanned using Typhoon FLA 7000 (GE Healthcare) to visualize

the mtDNA.

Preparation of E8.5 embryos for scRNA-seq
At E8.5 following a positive vaginal plug check, pregnant females were culled, the uterus was dissected out and placed in ice-cold

Leibovitz’s L-15 medium (Sigma) supplemented with 2% FBS (Gibco). Embryos were isolated manually under a Leica M205 FA fluo-

rescence dissectingmicroscope. Briefly, uterine tissues were removed to release individual embryos contained in decidual capsules.

The decidua was carefully dissected from around each embryo and extra embryonic tissues, including Reichert’s membrane and the

allantois, were removed. Embryos were confirmed as being the correct stage based on their morphological appearance (Theiler

stage 13).

Following dissection, embryos were pooled and washed twice in chilled PBS before adding 100 mL 1X Trypsin/EDTA (Gibco) and

incubating at 37�C for 10 min. Pools were then pipetted up and down gently 20 times using a P200 pipet to create a single-cell sus-

pension and the trypsin was inactivated by addition of 900 mL chilled L-15medium +2%FBS. Suspensions were then passed through

a 50 mm filter to remove any cell clumps/larger debris into 5 mL round-bottomed polypropylene tubes and stained with DRAQ7

viability dye (Invitrogen). Live cells (i.e. DRAQ7 negative) were sorted using a BD Melody flow sorter into a 1.5 mL microcentrifuge

tube containing L-15 medium +2% FBS to a final volume of 47 mL ready for single-cell sequencing. Finally, 40 live single cells

were sorted into 96-well PCR plates, immediately placed on dry ice, and then stored at �70�C.

Single-cell heteroplasmy measurements
96-well PCR plates containing single cells were centrifuged at 2150 rpm for 5min at 4�C. 4 mL of lysis buffer containing 1%Tween 20,

50 mM Tris-HCl (pH 8.5) and 2 mg/mL Proteinase K was then added to each well. Following a quick centrifugation for 1 min at

1700 rpm, plates were incubated at 37�C for 30 min 8 mL of dH2O was then added to each well and following a second centrifugation

for 1 min at 1700 rpm, plates were further incubated at 80�C for 15 min to inactivate Proteinase K. 4 mL of the cell lysate was added to

21 mL of PyroMark PCR Kit reaction mix that included primers designed to amplify the region of mtDNA containing the mutation.

Measurement of heteroplasmy then proceeded using the QIAGEN Q48 Autoprep.28

10X chromium scRNA-seq
Single-cell RNA-seq libraries were prepared in the Cancer Research UK Cambridge Institute Genomics Core Facility using the

following: Chromium Single Cell 30 Library & Gel Bead Kit v3, Chromium Chip B Kit and Chromium Single Cell 30 Reagent Kits
v3 User Guide (Manual Part CG000183 Rev C; 10X Genomics). Cell suspensions were loaded onto the Chromium instrument with

the expectation of collecting gel-bead emulsions containing single cells. RNA from the barcoded cells for each sample was subse-

quently reverse-transcribed on a C1000 Touch Thermal cycler (Bio-Rad) and all subsequent steps to generate single-cell libraries

were performed according to the manufacturer’s protocol with no modifications. cDNA quality and quantity were measured with

an Agilent TapeStation 4200 (High Sensitivity 5000 ScreenTape) after which 25%of thematerial was used for gene expression library

preparation.

Library quality was confirmed with an Agilent TapeStation 4200 (High Sensitivity D1000 ScreenTape) to evaluate library sizes, and

Qubit 4.0 Fluorometer (Thermo Scientific Qubit dsDNA HS Assay Kit) to evaluate dsDNA quantity. Each sample was normalized and

pooled at equimolar concentration. To confirm the final concentration, the pooled library was qPCRed using KAPA Library Quanti-

fication Kit on a QuantStudio 6 Flex before sequencing.

Initially a pool of 2 samples was sequenced on 1 lane of SP flowcell, which was then followed by a pool of 3 samples, also

sequenced on 1 lane of SP flowcell. Sequencing was performed on an Illumina NovaSeq6000 with the following parameters:

28 bp, read 1; 8 bp, i7 index; and 91 bp, read 2.

scRNA-seq & gene expression analysis
Quality control and pre-processing

Raw FASTQ files from 10X sequencing were demultiplexed and aligned in a two-pass alignment to the Mus musculus reference

genome (version Mus_musculus.GRCm38.102) using STARsolo (version 2.7.3a)67 with default settings set according to the 10X

chromium chemistry used. For the expression matrix analysis, we used Scanpy (version 1.7.2)68 and perform standard pre-process-

ing steps: removing cells with less than 200 genes, removing genes that have been detected in less than 3 cells, normalisation to

10,000 reads per cell, and log-transformation. After this quality control, we have 11,020 cells in total.
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Clustering and cell-type annotation

To cluster the cells with Scanpy, we first construct a k-nearest-neighbour graph with the default k = 15 and, second, perform a

modularity maximisation with resolution parameter 10. For each cluster, we then identify differentially expressed genes (DEGs)

with aWilcoxon rank-sum tests, for which we choose a significance threshold of 0.05 for and use the Benjamini–Hochberg procedure

to obtain multiple-testing corrected p values. To annotate each cluster with a cell type, we compare the obtained top 100 DEGs with

the top 100marker genes as identified by ref. 15. Specifically, for each cluster, we compute the Jaccard index between the DEGs and

each of the twenty cell types and then assign the cell type with the highest Jaccard index to this cluster.

For data processing for identification of marker genes, SCENIC regulons, and data visualisation on UMAP, raw counts were

processed using Seurat (v.4.0.5) and SCTransform (sctransform R package, v.0.3.2) with regressing out batch effect, followed by

Harmony (v.0.1.0). SCENIC analysis was performed on the integrated dataset using SCENICRpackage (v.1.2.4) and python Arboreto

module (v.0.1.5).Cell-type-specific, and cell-type-and-genotype-specific marker genes were calculated with Seurat function ‘‘Find-

Markers’’, using a Wilcoxon rank-sum test with significance threshold of 0.05 and use of the Benjamini-Hochberg procedure78 to

obtain multiple-testing corrected p values.

Enrichment with buffering genes from ref. 9,31 was performed for each cell type & genotype specific markers (also for each regulon

genes) using hypergeometric test with adjusting for multiple testing (Holm method). Heatmaps were produced using R package

ComplexHeatmap (v.2.8.0) with hierarchical clustering using euclidean distance (for grouped by cell type- Figure 6, or individual

cell type like in Figure 7A). Pathway analysis was performed using enrichR R package (v.3.0).

Pearson correlation of genes involved in oxidative phosphorylation (as annotated in mouse MitoCarta v3)71 was calculated sepa-

rately forWT,m.5019A>G andm.5024C>T embryos for selected cell types. Tomeasure the number of correlated gene pairs (right) for

each genotype, correlation data was binarised with a cut-off of >0.5 for correlation coefficient r2, to count presence or absence of

correlation between pairs of genes. Quantile-quantile (qq) plots were created to visually inspect changes in gene pair correlations

between WT and mutant genotypes.

Proteome profiling of m.5019A>G and WT adult mouse tissues
Mouse tissues used for proteomics were collected within 10 min of cervical dislocation and directly snap frozen into liquid nitrogen.

The tissues were then conserved at �70�C.
For liver samples, 100 mg of liver was homogenised using a Precelly’s 24 (Bertin Instruments) in 300 mL ice-cold lysis buffer (1%

SDS/50mM of HEPES buffer plus protease inhibitor (Abcam)). To remove debris, two successive centrifugation steps were carried

out on the supernatant, each at 16,000 g for 10 min at 4�C. Protein concentration of the supernatant was estimated through a Pierce

BCA Protein Assay Kit (Thermo Scientific) and 100 mg was submitted to the Cambridge Center for Proteomics (University of Cam-

bridge) for TMT labeled Tandem Mass Spectrometry.

For brain samples a modified protocol from ref. 79 was followed. Briefly; 100 mg of cortex per sample was homogenised using a

Precellys 24 (Bertin Instruments) in 300 mL ice-cold lysis buffer (10mM Tris-HCl (pH7.4), 0.15 mM NaCl, 1 mM EDTA, PBS containing

1%beta-OG (Sigma) (w/v), protease inhibitor). Subsequently, all samples were incubated at 4�C for 1hwithmild agitation followed by

centrifugation at 10,000 g for 30 min at 4�C. The supernatant was quantified using the Bradford assay and 100 mg was delipidated

with a tri-n-butyl phosphate (TBP)/acetone/methanol mixture. The resulting pellet was washed sequentially with TBP, acetone, and

methanol and air-dried. Samples were submitted to Cambridge Center for Proteomics (University of Cambridge) for TMT labeled

Tandem Mass Spectrometry.

TMT labeling
TMT labelling was performed using a TMTpro 16plex Label Reagent Set (Thermo Scientific) according to the manufacturer’s proto-

col. 100 mg of each digested protein sample was labeled individually with 12 TMTpro tags for the two experiments. Post-labelling,

samples were combined and cleaned on a Sep-Pak C18 cartridge, dried and dissolved in 20 mM ammonium formate (pH 10).

The solution was then pipetted into a sample vial and placed into the autosampler of a Waters Acquity UPLC pump (Waters Corpo-

ration, Milford MA).

High-pH first dimension reverse-phase fractionation
The following LC conditions were used for the fractionation of the TMT samples: desalted peptides were resuspended in 0.1 mL

20 mM ammonium formate (pH 10.0) + 4% (v/v) acetonitrile. Peptides were loaded onto an Acquity bridged ethyl hybrid

C18 UPLC column (Waters; 2.1 mm i.d. x 150 mm, 1.7 mm particle size), and profiled with a linear gradient of 5-60%

acetonitrile +20 mM ammonium formate (pH 10.0) over 60 min, at a flow-rate of 0.25 mL/min. Chromatographic performance was

monitored by sampling eluate with a diode array detector (Acquity UPLC, Waters) scanning between wavelengths of 200 and

400 nm. Samples were collected in 1-min increments and reduced to dryness by vacuum centrifugation.

LC-MS/MS
Dried fractions from the high pH reverse-phase separations were resuspended in 40 mL of 0.1% formic acid and placed into a glass

vial. 2 mL of each fraction was injected by the HPLC autosampler and separated by the LC method detailed below. Fractions were

combined into pairs (i.e. the first fraction with the middle fraction etc) and were analyzed by LC-MS/MS.
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LC-MS/MS experiments were performed using a Dionex Ultimate 3000 RSLC nanoUPLC (Thermo Scientific) system and a Lumos

Orbitrapmass spectrometer (Thermo Scientific). Peptides were loaded onto a pre-column (Thermo Scientific PepMap 100C18, 5mm

particle size, 100 Å pore size, 300 mm i.d. x 5 mm length) from the Ultimate 3000 auto-sampler with 0.1% formic acid for 3 min at a

flow rate of 15 mL/min. After this period, the column valve was switched to allow elution of peptides from the pre-column onto the

analytical column. Separation of peptides was performed by C18 reverse-phase chromatography at a flow rate of 300 nL/min using

a Thermo Scientific reverse-phase nano Easy-spray column (Thermo Scientific PepMap C18, 2mm particle size, 100 Å pore size,

75 mm i.d. x 50 cm length). Solvent A was water +0.1% formic acid and solvent B was 80% acetonitrile, 20% water +0.1% formic

acid. The linear gradient employed was 2-40% B in 93 min. (Total LC run time was 120 min including a high organic wash step and

column re-equilibration).

The eluted peptides from the C18 column LC eluant were sprayed into the mass spectrometer by means of an Easy-Spray source

(Thermo Scientific). Allm/z values of eluting peptide ions were measured in an Orbitrap mass analyzer, set at a resolution of 120,000

and were scanned between m/z 380-1500 Da. Data dependent MS/MS scans (Top Speed) were employed to automatically isolate

and fragment precursor ions by collision-induced dissociation (CID, Normalised Collision Energy (NCE): 35%)which were analyzed in

the linear ion trap. Singly charged ions and ions with unassigned charge states were excluded from being selected for MS/MS and a

dynamic exclusion window of 70 s was employed. The top 10 most abundant fragment ions from each MS/MS event were then

selected for a further stage of fragmentation by Synchronous Precursor Selection (SPS) MS380 in the HCD high energy collision

cell using HCD (High energy Collisional Dissociation), (NCE: 65%). The m/z values and relative abundances of each reporter ion

and all fragments (mass range from 100 to 500 Da) in each MS3 step were measured in the Orbitrap analyser, which was set at a

resolution of 60,000. This was performed in cycles of 10MS3 events before the Lumos instrument reverted to scanning them/z ratios

of the intact peptide ions and the cycle continued.

Proteomic data analysis
Proteome Discoverer v2.4 (Thermo Scientific) and Mascot (Matrix Science) v2.6 were used to process raw data files. Data were

searched against the UniProt M. musculus database (63,550 entries) and with the common repository of contaminant proteins

(cRAP, 125 sequences). Protein identification allowed an MS tolerance of ±10 ppm and an MS/MS tolerance of ±0.8 Da ppm along

with permission of up to 2 missed tryptic cleavages. Quantification was achieved by calculating the sum of centroided reporter ions

within a ±2 millimass unit (mmu) window.

Pre-processing and statistical analysis of the protein abundance were carried out using Perseus (v2.0.7.0)70: After the categorical

annotation of groups, feature rows were filtered so that there are minimal three values in at least one group; Data were then normal-

ised and logarithmised with missing values imputed from normal distribution; Two sample t-test was used to extract differential fea-

tures applying the cut-off value of S0 = 1 and FDR = 0.05. Data correlation and principal component analysis were tested using

MSnbase (v2.22.0).81 The tissue specific expression pattern was checked against the Mouse Expression Atlas. Mitochondrial pro-

teins and pathways were annotated referring to MitoCarta (v3.0).71 Gene Set Enrichment Analysis was executed using clusterProfiler

(v3.15),72 with additional pathway enrichment analysis explored using Enrichr.73

Single-cell cloning of immortalized m.5024C>T MEF cells
Clonal populations were isolated by sorting single cells from a suspension of immortalized m.5024C>T MEF cells using a BD

FACSMelody cell sorter. Cells were sorted into individual wells of a flat-bottomed 96-well plate containing 200 mL of culture medium.

One week after sorting, wells were checked for presence of a single colony of cells. After two weeks, successful clones were

expanded to 24-well plates and samples were taken for DNA extraction and heteroplasmy measurement. Selected low and high het-

eroplasmy clones were further expanded to T-75 flasks and used for RNA-seq and siRNA experiments.

Bulk RNA-seq of m.5024C>T MEF clones
1x107 cells per MEF clone were harvested following trypsinization and total RNA was extracted from the resulting cell pellets using

the QIAGEN RNeasy PlusMini Kit according to themanufacturer’s instructions, including removal of genomic DNA via eliminator col-

umn. Purified RNAwas eluted in RNAse-free water and RNA integrity was checked using Agilent RNA Tapestation andQubit RNAHS

assays. cDNA libraries were generated from 1000 ng of total RNA using the NEB PolyA Kit and NEB Ultra II Directional Library Kit.

Library QC was performed using Agilent DNA 5000 Tapestation and Qubit dsDNA HS assays. Following QC, sample libraries were

pooled and sequenced on a Novaseq 6000 SP flowcell with 50 bp paired end reads.

QC of the sequencing was assessed using FastQC (v0.11.9), fastq_screen (v0.14.1), Qualimap (v.2.2.1) and summarised with

MultiQC (v1.11). Reads were aligned to the human genome (GRCh38) with STAR aligner (v2.7.8a), with a mean of 87.4% reads

uniquely mapping and mean of 12.4 M paired reads/sample. Gene quantification was determined with STAR.

Counts extracted with STAR were used to perform differential gene analysis in R (version 4.2.1) using package DESeq2 (v.1.36.0).

Since the samples were sequenced in pool on 2 separate lanes, counts were combined using DESeq2 function "collapseReplicates".

Genes with no expression were filtered out. Read counts were normalised on estimated size factors. Fold changes were calculated

with function lfcShrink using estimator "ashr". Principal component analysis (PCA) was performed on rlog-transformed count data for

all genes. GO enrichment analysis was performed using enrichR package (v.3.1) and Kegg pathway analysis using clusterProfiler

(v.4.4.4), on DEGs with absolute log2 fold change >1 and adjusted p value < 0.05.
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siRNA knockdown of selected transcription factors in m.5024C>T MEF clones
Knockdowns were performed in 24-well plates using ON-TARGETplus siRNA SMARTPools from Dharmacon. Briefly, for each well,

oligos were diluted to a concentration of 6 pmol in 100 mL of Opti-MEM I Reduced SerumMedium (Gibco) and 1 mL of Lipofectamine

RNAiMAX reagent was added with gentle mixing, followed by incubation at room temperature for 10-20min. Meanwhile, freshly tryp-

sinisedMEF cells were diluted to a concentration of 20,000 cells per mL in antibiotic-free culturemedium. 500 mL of diluted cells were

added to each well andmixed gently by rocking the plate back and forth. This resulted in a total volume of 600 mL per well, containing

10,000 cells and a final oligo concentration of 10 nM. Plates were then transferred to an IncuCyte S3 Live-Cell Analysis System (Sarto-

rius) housed in an humidified incubator held at 37�C and 5% CO2.

Cell proliferation analysis
Following siRNA knockdowns, cell proliferation rate was measured on an IncuCyte S3 Live-Cell Analysis System (Sartorius). Eight

brightfield images (103 magnification) per well were recorded at 3-h intervals. A confluency mask was created using the

IncuCyte software (v2020C) and applied to all images to calculate a confluency % for each image. For each timepoint, mean con-

fluency and SEM were calculated for each well using the eight individual images.

Two independently conducted proliferation experiments weremerged andmeans for each clone calculated. For the late time point

(60h), Pearson correlation was used to assess correlation between heteroplasmy and mean confluency. Two statistical methods

were used to assess change in confluency due to heteroplasmy levels: t-test at the late time point (60h) and area under curves (AUC).

Additional datasets
The Tabula Muris Consortium data was used to compare with expression of genes involved in oxidative phosphorylation in E8.5 WT

mouse embryo. Bulk RNA-seq stages: 1month and 9-month-old, were selected because there were highest number of replicates for

these stages, and they were representing post-natal young and adult mouse. Raw counts were processed with DESeq2, and vari-

ance stabilizing transformation was used to visualise gene expression on the heatmap together with the mouse embryo.

In order to validate genes identified in SCENIC regulons, Sox10 regulon. Two separate Sox10 siRNA RNA-seq datasets

(GSE160312 in human pluripotent stem cells,42 and GSE152687 in mouse Schwann cells,43 were used to identify genes regulated

by the transcription factor (TF) Sox10, andwere comparedwith the SCENIC Sox10 regulon genes that were predicted to be regulated

by Sox10 TF. For each regulon identified by SCENIC (with minimum 30 genes), percentage of overlap with the siRNA datasets was

calculated, and plotted as a line-plot with regulons ordered by the percent overlap.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data in Figures 2C and S2 were analyzed in GraphPad Prism v9. Details of the tests are found in the accompanying figure legend.
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Supplemental figures

Figure S1. Differential expression of nuclear-encoded mitochondrial genes during organogenesis, related to Figure 1

(A) Overview of the experimental isolation and preparation of E8.5 embryonic cells for single-cell RNA-seq.

(B) Violin plots showing expression profiles of illustrative nuclear-encoded mitochondrial genes Ndufb5, Timm44, and Cox10, showing no significant differential

expression across the 17 cell lineages. For the full dataset see Table S1.

(C) Dot plot showing relative expression of the Cox6a1, Cox6a2, Cox7a1, and Cox7a2 gene isoforms in the 17 identified cell lineages of WT E8.5 embryos.

Diameter of each dot is proportional to the percentage of cells expressing each isoform in the corresponding lineage, darker shading indicates higher average

expression in that lineage.

(D) Heatmap showing relative expression of the heart/muscle specific Complex IV subunit isoforms Cox7a1 and Cox6a2 in WT E8.5 cardiac lineage cells. The

majority of Cox6a2 expressing cells also express Cox7a1, suggesting co-expression of the two isoforms in early cardiomyocytes. WT, wild-type
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Figure S2. Characterization of the m.5019A>G mt-Ta mutation, related to Figure 2

(A) Heteroplasmy levels of COX-positive and COX-deficient colonic crypts isolated from m.5019A>G mice measured by pyrosequencing, showing a significant

increase of mutation level in COX-deficient crypts. Mann-Whitney U Test.

(legend continued on next page)
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(B) Schematic of the plasmid used for the m.16232A>T in vitro competitive transcription assay. The WT LSP sequence (LSP ‘‘A’’, left) leads to a 331nt transcript,

and the m.16232A>T mutation leads to the smaller 314nt transcript (LSP ‘‘B’’, right).

(C) Autoradiograms of wild-type (WT) andm.16232A>T transcripts under varying DNA/Tfam concentrations. Left are twoWT promoters, and right are theWT and

m.116232A>T promoters.

(D) Bar graph showing quantification of radiography signals from Figure S2C. Preferential transcription of the WT sequence over m.16232A>T is seen as Tfam

concentration increases. bp/Tfam = number of DNA base pairs per molecule of Tfam.

(E) Time course experiment of the competitive transcription assay. Left are two WT promoters, and right are the WT and m.16232A>T promoters.

(F) Bar graph showing quantification of radiography signals from Figure S2E. Higher relative transcription of WT vs m.16232A>T is seen at all experimental

timepoints.

(G) Northern blots of steady-state mitochondrial tRNAs from heart tissue of WT and m.5019A>G mice with varying levels of mutation, showing no significant

difference between WT and m.5019A>G for any of the assayed tRNAs. 18s rRNA shown as loading control.

(H) Northern blots of mt-Nd5, mt-Nd6, and mt-Co3 transcripts from small intestinal epithelium of WT and m.5019A>G mice.

(I) Quantification of the northern blot signals from Figure S2H, with no significant differences in expression level seen for any of the transcripts. Mann-Whitney U

test. 18S rRNA shown as loading control.

(J) Southern blot of relative mtDNA copy number from heart tissue of WT and m.5019A>G mice detected using the pAM1 plasmid.

(K) Quantification of the Southern blot signals from Figure S2J, revealing no significant difference in copy number between WT and m.5019A>G tissues. Mann-

Whitney U test. 18S rRNA shown as loading control.

(L) High-resolution northern blot of MEFs from m.5019A>G or WT mice, showing aminoacylation states of mt-Ta, mt-Tw, and mt-Tl1 in the presence (‘+’) or

absence (‘- ‘) of NaIO4. Incubation of freshly extracted RNA with NaIO4 results in the removal of a single 3’ ribose on all tRNA not charged with an amino acid,

leaving the charged tRNAs unaffected. Following the removal of amino acids from the charged tRNA, the initial ratio of charged to uncharged tRNA in the live cells

can be visualized by high-resolution Urea PAGE, which can separate RNA molecules differing in molecular weight by a single ribose. A specific mt-Ta amino-

acylation defect is seen in m.5019A>G heart tissue when exposed to NaIO4. 5S rRNA shown as loading control. Ctrl, RNA samples intentionally deacylated

(alkaline treatment) and incubated with NaIO4 or NaCl.

(M) Western blots of selected mitochondrial complex subunits in small intestinal epithelium of m.5019A>G and WT mice.
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Figure S3. Additional characterization of the m.5019A>G mt-Ta mutation, related to Figure 2

(A) Quantification of western blots in Figure S2M, showing significant reduction of Ndufb8 (complex I) and mt-Co1 (complex IV) at the protein level in m.5019A>G

mice. Sidak’s multiple comparison test from a two-way ANOVA.

(B) Heat maps showing the protein expression ratio of respiratory complex subunits found in liver samples from m.5019A>G mice and WT controls. Comparing

the m.5019A>G samples to their WT counterparts, reveals a significant decrease in the protein levels of most subunits belonging to respiratory complexes I, III,

and IV.

(legend continued on next page)
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(C) Pixel color analysis of heart sections quantifying relative amount of NBT staining of histology images fromWT, m.5024C>T, m.5019A>G and PolgAD257A/D257A

mice. x axis represents white to dark blue pixel colors (left to right) and y axis the log10 of the number of pixels with that color.

(D) Representative NBT histology sections of various tissues from WT and m.5019A>G mice of varying mutation levels. COX deficiency increases with

m.5019A>G heteroplasmy across all tissues assayed, with the most striking effect seen in small intestine and colon. Panel showing m.5019A>G 75% Heart also

appears in Figure 2F.

(E) Brain sections from 100-week-old WT and m.5019A>G mice stained with NBT. Blue-staining COX-deficient cells are visible in the choroid plexus and hip-

pocampus of m.5019A>G mice but not in WT controls.

(F) Body weight measurements from male and female WT and m.5019A>G mice at 20–36 weeks and 49–68 weeks of age. Body mass of the mutant mice was

decreased due to a lower accumulation of body fat compared to wild-type animals. n = 9 animals per group. Mann-Whitney U test.

(G) Heart weight measurements frommale and female WT and m.5019A>Gmice at 20–36 weeks and 49–68 weeks of age. Hearts fromm.5019A>Gmice did not

show evidence of enlargement, unlike m.5024C>T mice at the same age, which showed signs of developing cardiomyopathy. n = 9 animals per group. Mann-

Whitney U test. COX, Cytochrome c Oxidase, WT, wild-type, LSP, light strand promoter, ROD, relative optical density; NBT, nitrotetrazoleum blue; ns, not

significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, error bars indicate SD.
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(legend on next page)
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Figure S4. mt-Ta variants induce an embryo-wide transcriptional response, related to Figures 3 and 4
(A) Representative single-cell heteroplasmymeasurements from cells isolated from them.5024C>T andm.5019A>G embryo pools used for 10X single-cell RNA-

seq. Heteroplasmy measured by pyrosequencing, horizontal bars represent population mean.

(B) Single-cell heteroplasmy calls from scRNA-seq data based on m.5024C>T and m.5019A>G transcript variants. Wilcoxon Rank-Sum test revealed no sig-

nificant difference between the heteroplasmy distributions in the m.5024C>T & m.5019A>G datasets (p = 0.308).

(C)Mean bulk tissue heteroplasmymeasurements from various tissues of threem.5024C>T (red) and threem.5019A>G (blue) littermates taken at P0 (day of birth).

Similar heteroplasmy levels were seen acrossmultiple tissue types, suggesting that tissue-specific differential segregation of heteroplasmy does not occur widely

during embryogenesis in these mouse strains. Heteroplasmy measured by pyrosequencing.

(D) UMAP showing overlay of all cells passing QC fromWT, m.5024C>T, and m.5019A>G embryos. Cells colored according to batch with no evidence of strong

batch effects seen.

(E) UMAP showing overlay of all cells passing QC from WT, m.5024C>T, and m.5019A>G embryos. Cells colored according to cell type, confirming that cells

cluster strongly according to lineage across multiple batches. NB: Blood cell lineage was only identified in m.5019A>G embryos.

(F) Heatmap showing relative expression levels of mtDNA and nuclear encoded mitochondrial gene transcripts in m.5019A>G, m.5024C>T, and WT embry-

onic cells.

(G) Representative images of WT, m.5024C>T, and m.5019A>G embryos, with corresponding heteroplasmy measurements, at E13.5, showing comparative

morphology at the end of organogenesis. Embryos appear normal for this developmental stage across all mouse strains. Images taken with a combined

magnification factor of 1003 (103 objective, 103 eyepiece).

(H) Venn diagram showing the intersection between published geneticmodifiers of mitochondrial dysfunction identified through an in vitroCRISPR screen (gray)31

and dysregulated genes in m.5019A>G (blue) and m.5024C>T (red) embryos. WT, wild-type; UMAP, Uni-formMani-fold Approximation and Projection; CRISPR,

Clustered Regularly Interspaced Short Palindromic Repeats.
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Figure S5. Mutation- and cell lineage-specific transcriptional signatures, related to Figure 4

(A) Top 20 most upregulated genes, ranked left to right by relative transcript expression score (-log10(p.adj) * abs(l2fc)) compared to WT, in the mid hindbrain and

mixed mesoderm lineages for both m.5019A>G and m.5024C>T embryos. Ranked lists for other lineages can be found in Table S5.

(B) Heatmap showing significantly enriched GO Biological Processes (2018 annotation), based on differentially regulated genes for each cell lineage in

m.5024C>T and m.5019A>G embryos compared to WT. p < 0.05 for all green squares.

(C) Litter sizes (weaned pups) for WT, m.5024C>T and m.5019A>Gmice. Average litter size for the m.5019A>G strain was significantly smaller than both WT and

m.5024C>T strains. p values calculated by one-way ANOVA with Tukey’s correction for multiple comparisons.

(D) Scatterplot of litter size at weaning vs. mother heteroplasmy (skin biopsy) for m.5024C>T andm.5019A>Gmouse colonies. A significant reduction in litter size

was seen at high mother heteroplasmy for the m.5019A>G strain, but not for the m.5024C>T strain. Fit lines represent quasi-Poisson GLM with 95% confidence

intervals.

(E) Bar chart showing number of pre-wean deaths recorded in m.5024C>T and m.5019A>G litters. Chi-squared test confirmed significantly higher incidence of

pre-wean deaths in m.5019A>G litters compared to m.5024C>T. GO, Gene Ontology; WT, wild-type; ns, not significant; ****p < 0.0001, error bars represent SD.
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Figure S6. Mutation- and cell lineage-specific expression patterns of buffering genes in response to themt-Tamutations, related to Figure 5

(A) Unfiltered heatmap showing relative expression levels of epistatic buffer/suppressor genes identified in CRISPR knockout screens across all cell lineages and

mouse strains. CRISPR, Clustered Regularly Interspaced Short Palindromic Repeats.

(legend continued on next page)
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(B) Heatmap showing relative expression levels of ISRmt genes in WT, m.5024C>T, and m.5019A>G cells across all cell lineages. Transcription of the key ISRmt

regulator Atf4 was downregulated in multiple lineages, particularly in m.5019A>G cells, suggesting that ISRmt is not activated in the mutant strains. ISRmt gene

list consists of genes annotated under the Gene Ontology term ‘‘Integrated Stress Response Signaling’’ (GO ID: 0140467) plus known Atf4 target

genes.37 *p < 0.05

(C) Correlation between individual gene expression levels of nuclear and mtDNA-encoded mitochondrial transcripts (MitoCarta v3.0) for the forebrain, mixed

mesoderm, and foregut cell lineages. Left, correlation matrices for WT, m.5024C>T, and m.5019A>Gmice. Outer bar on each axis shows the OXPHOS subunits

corresponding to each gene. Inner bar on each axis showswhether the genes are expressed from nuclear DNA ormtDNA. Right, sum of the binarized correlations

from each matrix, where a correlation with r2 > 0.5 is counted.

ll
OPEN ACCESS Article



Figure S7. Cell lineage-specific compensatory mechanisms are coordinated by gene regulatory networks, related to Figures 6 and 7

(A) SCENIC heatmap showing binary activity of identified regulons. A regulon is defined as ‘‘active’’ by having a minimum of 50% cells showing regulon activity in

at least one group. Both embryo-wide and lineage-specific patterns of regulon activity are seen in addition to mutation specific signatures for some regulons.

(B) UMAPs showing localized activity of the heart-specific Gata5 and Gata6 regulons, showing increased regulon activity in cardiac lineage cells. WT,

m.5024C>T, and m.5019A>G cells are overlaid on the same UMAP. Red, increased regulon activity.

(C) Scatterplots showing the percentage overlap between marker genes in SCENIC regulons (Figure S7A) and differentially regulated genes identified in two

published RNA-seq datasets comparing WT and Sox10 knockdown in human (GEO: GSE160312)42 and mouse (GEO: GSE152687)43 neural crest-derived cells.

Neural crest-specific regulons identified by SCENIC, including Sox10, Sox9, Tfap2a, and Tfap2c, were amongst those with the highest overlap, confirming the

validity of the SCENIC analysis.

(D) Heteroplasmy measurements of 80 single cell clones isolated from cultured immortalized MEF cells derived from m.5024C>T embryos. Measurements were

made by pyrosequencing in technical triplicate from bulk-extracted DNA (mean heteroplasmy for each clone shown). Clones highlighted in red were selected as

‘high’ and ‘low’ heteroplasmy clones used for validatory experiments described in Figure 7. UMAP, Uni-form Mani-fold Approximation and Projection; WT, wild-

type; MEF, mouse embryonic fibroblast.
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