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Abstract

Heritable mitochondrial DNA (mtDNA) mutations are common, yet only a few recurring pathogenic
mtDNA variants account for the majority of known familial cases in humans. Purifying selection
in the female germline is thought to be responsible for the elimination of most harmful mtDNA
mutations during oogenesis. Here we show that deleterious mtDNA mutations are abundant
in ovulated mature mouse oocytes and preimplantation embryos recovered from PolG mutator
females but not in their live offspring. This implies that purifying selection acts not in the maternal
germline per se, but during post-implantation development. We further show that oocyte mtDNA
mutations can be captured and stably maintained in embryonic stem cells and then reintroduced
into chimeras, thereby allowing examination of the effects of specific mutations on fetal and
postnatal development.

© The Author(s) 2019. Published by Oxford University Press on behalf of Society for the Study of Reproduction. All rights reserved. For permissions,
please e-mail: journals.permissions@oup.com
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Summary sentence

Our studies show that high heteroplasmy deleterious mtDNA mutations presenting in mature
mouse oocytes are eliminated during post-implantation development. The occurrence of purifying
selection against deleterious mtDNA mutations during fetal development plays an important role
in preventing the accumulation of pathogenic mutations that would cause consequences to species

survival.
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Introduction

The mammalian mitochondrial DNA (mtDNA) genome is composed
of 37 genes encoding 13 protein coding genes (i.e., 11 subunits of
the electron transport chain and 2 subunits of ATP synthase, 22
tRNAs and 2 rRNAs (16S RNA and 12S RNA) critical for the
production of energy via oxidative phosphorylation (OXPHOS).
Typically, each mitochondrion contains multiple copies of the mito-
chondrial genome and each cell contains thousands of mitochondria
[1]. Mutation rates in mtDNA are considerably higher than in the
nuclear genome [2, 3], possibly due to the lack of protective histones
and less active mtDNA repair mechanisms [4]. Pathogenic mtDNA
mutations have been implicated in a variety of human diseases
affecting multiple organs and tissues. Co-existence of mutant and
wildtype mtDNA in the same cell is often observed, a state known
as heteroplasmy. The incidence of somatic mtDNA mutations is
particularly high, occurring randomly across cell, tissue, and organ
types and accumulating during development and further in aging
[5, 6]. In addition, heritable mtDNA mutations cause maternally
transmitted diseases in offspring [7-9]. Although inherited mtDNA
diseases are common and reported at a frequency of 1 in 5000, only
a few recurring mtDNA variants account for the majority of known
familial cases [7, 10, 11].

Naturally occurring animal models of mtDNA disease are rare.
The mtDNA mutator mouse (PolG™™%)  expressing a deficient
proof-reading 3-5’exonuclease in the catalytic subunit of polymerase
gamma, is an experimental knock-in model. Deficient polymerase
allows replicative errors leading to the accumulation of mtDNA
mutations [12, 13], the frequency of which increases with age,
causing premature aging phenotypes including weight and hair loss,
reduced fertility, heart enlargement, anemia, thin skin, and osteo-
porosis [12]. Although the occurrence of somatic mtDNA mutations
in PolG™"™* mutator mice is high, the transmission of deleterious
germline mutations to live offspring is relatively rare [7, 8, 14]. These
observations imply that most deleterious mtDNA mutations are
selectively purged during intergenerational transmission [8]. While
the exact timing or developmental stage at which such purifying
selection operates is unknown [15], it has been suggested that most
mtDNA mutations may adversely affect oocyte development and
maturation in ovaries leading to selective elimination of most dele-
terious mutations in mature oocytes [8, 9, 16, 17]. We reasoned that
many deleterious mtDNA mutations may actually escape negative
selection during oogenesis owing to low energy dependence of female
germ cells on OXPHOS [18]. However, these variants are negatively
selected after fertilization, during embryonic and fetal development
when the emergence of the somatic lineage and energy demands on
OXPHOS are activated.

To test this hypothesis, we directly examined the spectrum of
mtDNA mutations in ovulated MII oocytes and wildtype PolG*¥/*
blastocysts, embryonic stem cells (ESCs), fetuses, and full-term off-
spring from heterozygous PolG™" females. Similar to that found
in mother’s somatic tissues, high heteroplasmy, deleterious mtDNA

mutations were found in mature oocytes, blastocysts, and ESCs but
were largely absent in viable PolG"™ fetuses and live offspring.
It is important to note that oocytes, blastocysts, and ESCs repre-
sent various developmental phases of the female germline. We also
demonstrate that most mtDNA mutations can be captured and stably
maintained in individual PolG""** ESCs supporting the generation
of stem cell libraries carrying defined mtDNA defects. Moreover,
reintroduction of mutant ESCs into chimeras provides an approach
to study effects of specific mtDNA variants on fetal and postnatal
development.

Materials and methods

Animals

All mice were maintained under specific-pathogen-free conditions
in the Small Lab Animal Unit at Oregon Health & Science Uni-
versity (OHSU). Mice were housed under controlled lighting con-
ditions (daily light period, 6 AM-6 PM). All animal experiments
were approved by the Institutional Animal Care and Use Com-
mittee at OHSU. All guidelines of the approved protocols were
fully followed in the current study. Chimeric animals were weaned
at 21 days. To produce wildtype PolG*"** offspring, heterozygous
PolG™"t females (C57BL/6N-Polgmut/N; kindly provided by Dr.
Nils-Goran Larsson) [12] were crossed with wildtype PolG*"*t males
(C57BL/6N; Charles River laboratory).

Collection of Mll oocytes, blastocysts, fetuses, and
tissues

Heterozygous PolG™* females were generated by pairing wildtype
PolGY"* (CS7BL/6N) females with heterozygous PolG™"*"* male
and wildtype PolG*"** (C57BL/6N) females and wildtype PolG*/*t
F1 offspring from heterozygous PolG™"* females were superovu-
lated with 5 international units pregnant mare’s serum gonadotropin
and human chorionic gonadotropin. MII oocytes and blastocysts
were individually collected. Skin samples from the tail were biopsied
from PolG™"* mothers and their offspring after weaning. Fetuses
were collected from euthanized pregnant PolG™"** mothers. Various
tissues (brain, eye, heart, kidney, liver, skin, spleen, ovary, testis, and
tail) were collected from euthanized chimeric animals. Primary skin
fibroblast (SF) cell lines were derived from tail tip skin as described
before [5]. Single SF colonies were seeded on P-100 plates and
subcloned before extracting mtDNA for sequencing.

DNA extraction

MII oocytes, blastocysts, fetuses, and single SF colonies were indi-
vidually collected and transferred into a 6 pl of DNA lysis buffer,
and DNA was extracted with a Pico Pure DNA extraction kit
(Applied Biosystems). Chimera animal skin DNA was extracted
using a Purogen DNA purification kit (Qiagen) according to the
manufacturer’s instructions.
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Whole mtDNA sequencing

Mitochondrial DNA was amplified from whole DNA by single or
double fragment(s) PCR reaction as previously described [5, 19,
20] using the following primers designed with Primer-BLAST tool
(NCBI) that specifically recognize genuine mtDNA but not nuclear
mitochondrial pseudo genes.

Single Fw-1546: TCTGGAACGGAAAAAACCTTTAATAGTG.

Single Rv-1545: AGAGCTGTCCCTCTTTTGGCTATAATTTA.

Double Fw-3222: GGATCCTACTCTCTACAAAC.

Double Rv-11423: TAGTTTGCCGCGTTGGGTGG.

Double Fw-11271: CTACCCCCTTCAATCAATCT.

Double Rv-3335: CCGGTTTGTTTCTGCTAGGG.

Single PCR conditions were: 94°C for 1 min then 98°C for 10 s,
64.2°C for 30 s and 68°C for 16 min, 30 cycles and then 72°C for
10 min. Double PCR conditions were: 95°C for 5 min then 94°C for
30s,56°C for 30 s and 68°C for 10 min, 30 cycles and then 68°C for
20 min (TAKARA LA Taq, Cat No. RR02AG). The concentration of
PCR products was measured by Qubit 2.0 Fluorometer (Invitrogen).
PCR products were used for library preparation following Nextera
XT DNA kit (Illumina). Sequencing was performed on the Illumina
MiSeq platform at Molecular & Cellular Biology Support Core at
Oregon National Primate Research Center.

MiSeq data analysis

MiSeq sequencing data were analyzed using NextGENe software
[19]. In brief, sequence reads ranging from 100 to 200 bps were
quality filtered and processed using NextGENe software and an
algorithm similar to BLAT. Sequence error correction feature (con-
densation) was performed to reduce false positive variants and
produce sample consensus sequence and variant calls. Alignment
without sequence condensation was used to calculate the percentage
of the mitochondrial genome with depth of coverage of 1000.
Starting from quality FASTQ reads, the reads were quality filtered
and converted to FASTA format. Filtered reads were then aligned to
the Mus musculus strain C57BL/6 ] mitochondrion sequence refer-
ence (GenBank: AY172335.1) followed by variant calling. Variant
heteroplasmy was calculated by NextGENe software as follows;
Base heteroplasmy (Mutant Allele Frequency %) = mutant allele
(forward + reverse)/total coverage of all alleles C, G, T, A (Forward
+ Reverse) *100. The clinical significance of the mtDNA variants
was analyzed by homology search to human database in MitoMaster
(http://www.mitomap.org/MITOMASTER/WebHome).

Validation of mtDNA mutations by Sanger sequencing
Some mtDNA mutations with > 15% heteroplasmy were confirmed
by Sanger sequencing. The PCR products were purified, sequenced,
and analyzed by Sequencher v. 5.0 (GeneCodes).

Derivation and culture of ESCs

Superovulated PolG*/** and PolG"*"* females were paired
with PolG*"* or CS7BL/6JUbc-GFP (Jackson laboratory) males.
Embryos (morula-blastocyst stage) were flushed and collected from
the uteri of E2.5 mated females. Embryos were then cultured
in KSOM medium for 24h. The zona pellucida was removed
with acidic Tyrodes solution (Sigma-Aldrich) and blastocysts
were individually transferred into mitomycin C (Sigma-Aldrich)-
treated mouse embryonic fibroblast (mEF) feeder layers in ESC
derivation medium: KODMEM (Invitrogen) containing 1 mM L-
glutamine, 100 units/ml penicillin, 100 pg/ml streptomycin, 100 pM
B-mercaptoethanol (Sigma), 100 pM nonessential amino acids

(Invitrogen), 1000 units/ml LIF (Millipore), 10% FBS, and 10%
KOSR (Invitrogen).

After ICM outgrowth, the colony was picked up manually and
dispersed into single cells using 0.15% trypsin solution (Sigma-
Aldrich) before seeding onto mEF in ESC medium containing 1 pM
PD0325901 (Axon) and 3 pM CHIR99021 (Axon).

Chimera generation from mutant ESCs

The method of chimera injection, embryo transfer, and delivery of
offspring has been described elsewhere [21, 22]. In brief, approx-
imately 10 ESCs were injected into 4-8-cell stage host embryos
from ICR strain. Injected embryos were cultured 24h in AA-KSOM
(Millipore) at 37°C under 5% CO; in air.

The presence of GFP (+) cells in embryos was examined by
fluorescence. Chimeric blastocysts were transferred into the uteri
of pseudo-pregnant ICR females. Cesarean sections were performed
on embryonic day 20.5 if animals did not deliver spontaneously.
Implantation sites were examined at weaning on day 21 or at
caesarian section.

Fasting glucose and glucose tolerance test

Fasting blood glucose levels in mice were determined from tail vein
blood drops after 12h of fasting using One Touch Ultra kit (Johnson
and Johnson).

For glucose tolerance test, 1 g/kg glucose was injected into
the peritoneum after 12h fasting and blood glucose levels were
determined from tail vein blood drops collected before injection and
after injection in 15 and 30 min and 1 and 2h intervals using One
Touch Ultra kit.

Echocardiography
Under light anesthesia (0.5-1.5% isoflurane), cardiac structure
and function were evaluated i vivo by high-frequency ultra-
sound (Vevo2100 with MS-400 prove, FUJIFILM VisualSon-
ics). Ventricular size was quantified in the parasternal long-
axis. Left ventricular (LV) ejection fraction (%) was calculated
as [(LVEDV-LVESV)/LVEDV] X 100, where LVEDV is LV
volume and LVESV is LV

end-diastolic end-systolic

volume [23].

Optokinetic response test and optical coherence
tomography

Optokinetic response test (OKR) thresholds were measured using
a virtual optomotor system (VOS; CerebralMechanics) that allows
evaluation of the left and right eyes independently. Thresholds were
evaluated at every third month, using methods described elsewhere
[24-27]. Thresholds were evaluated by one primary operator with
periodic confirmation from a second operator. Mice were imaged
when OKR showed a blind pattern. Before imaging, pupils were
dilated with 1% tropicamide and 2.5% phenylephrine. Artificial
tears were used throughout the procedure to maintain corneal clarity.
Sedation was induced by ketamine (80 mg/kg)/xylazine (5 mg/kg).
SD-optical coherence tomography (OCT) images were obtained
using the Envisu R2200-HR SD-OCT device (Bioptigen, Durham,
NC) with the reference arm placed at approximately 1187 mm.
Horizontal and vertical linear scans (2 mm width, 1500 a-scans/b-
scan - 20 frames/b-scan) were obtained first while centered on the
optic nerve, then with the nerve displaced either temporally/nasally
or superiorly/inferiorly [28].
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Table 1. Pregnancy outcomes of ESC chimeric embryos carrying mtDNA mutations.

Cell line (sex) Pathogenic mutations (heteroplasmy %)  Type of negative selection No. of ET No. of No. of total No. of live No. of No. of high
for mutations implantation term pups pups (%/ET)  chimeras chimerism
(%/ET) (%/ET) chimerasP (sex)
ND6-100 (female) 6106A > T COXI (94%) 13026 T > C High heteroplasmy 533 195 (36.6%) 90 (16.9%) 76 (14.3%) 35 4 (female)
NDS (95%) 13967C > T ND6 (100%)
ND2-50 (female) 4871A > TND2 (50%) High heteroplasmy 588 227 (38.6%) 74 (12.6%) 64 (10.9%) 34 2 (female)
1 (male)
ATP8-62 (male) 7769C > G ATP8 (62%) High heteroplasmy 394 139 (35.3%) 47 (11.9%) 39 (9.9%) 25 7 (male)
COXIII-81 (female) 6726A > G COXI (63%) Selected gene with high 278 93 (33.5%) 23 (8.3%)* 19 (6.8%)* 12 1 (male)
9138G > A/9278A > T COXIII heteroplasmy
(81%/81%) 12853C > T/13441C > T
NDS (52%/91%)
Control-1 (female) None None 239 92 (38.4%) 40 (16.7%)* 35 (14.6%)* 17 3 (female)
1 (male)

2The rate of term pups in COXIII-81 chimeras was significantly lower than that in control-1 chimeras (P < 0.01).
bHigh chimerism chimera was defined as >50% chimerisms determined by coat colors and whole mtDNA sequencing for C4891T SNP between B6N ESC (C) and host ICR (T).

Auditory brainstem response test

Auditory brainstem response (ABR) thresholds were obtained in
mice in response to tone bursts at 4, 8, 16, and 32 kHz. Waveforms
were generated from a Tektronix AWG 2020 using a 256 kHz sam-
pling rate with 12-bit amplitude resolution. The speaker (Realistic,
SuperTweeter, Cat. No. 40-1310B) delivered sound via a tightly fit
tube into the animal’s ear canal. Stainless-steel needle electrodes were
placed on the animal’s vertex (noninverting), below the ipsilateral
ear (inverting) and on the front leg (ground). Biological signals were
bandpass filtered (high pass at 300 Hz and low pass at 3000 Hz)
and amplified (100 000) with a differential amplifier (Grass P511).
Responses to 300 stimulus repetitions were averaged using a digital
storage oscilloscope (Tektronix, TDS 420) with a sampling rate of
25 kS/s. Thresholds were scored as the lowest intensity at which a
response could be visually detected above noise in at least two of the
five waves of the ABR [29].

Histological analyses

Mice were euthanized by exposure to CO; followed by cervical dislo-
cation. The euthanasia method followed the OHSU policy on Carbon
Dioxide Euthanasia of Rodents, and is consistent with the American
Veterinary Medical Association guidelines for the Euthanasia of
Animals. Tissues were extracted and fixed in 10% neutral buffered
formalin overnight, embedded in paraffin, and processed by the
pathology service unit of the Oregon National Primate Research
Center.

Mitochondrial respiratory chain enzyme assays
Respiratory chain complex I and IV activities were assayed in
each ESC line and muscle tissue homogenates by spectrophotomet-
ric methods as described previously [30]. A VersaMax microplate
reader system (Molecular Devices) in combination with SoftMax
Pro software was used for activity measurements and calculations.
Enzyme activities were expressed as a percentage relative to rotenone
inhibition in complex I and as absolute value (nmol/min/mg protein)
in complex IV.

Statistical analyses
Fisher’s protected least significant difference test (Fisher’s test)
was used for the comparisons in Table 1 and Figure 3B, D and E.

Student’s #-test was used for the remaining data, which were
presented as the mean £ SEM. Significance was set at P < 0.05.

Data availability

Sequencing data have been uploaded to the sequence read archive
under accession number SRP131410. All other data are available
from the authors upon reasonable request.

Results

MtDNA mutations in oocytes and offspring

To investigate the exact timing during which the negative selection
for mtDNA mutations operates, we initially examined the entire
spectrum of somatic mtDNA mutations in SF of the PolG™ut
females by whole mtDNA sequencing and compared those to the
germline mutations measured directly in individual MII oocytes and
live PolG*"** F1 offspring generated by intercrossing with PolG*/*t
males (Figure 1A). Heterozygous PolG™"* F1 offspring were omit-
ted from analyses due to masking of the initial germline mtDNA
mutations with additional de novo mutations generated by deficient
polymerase gamma. Whole mtDNA sequencing was performed using
Illumina MiSeq-based platform and single-nucleotide variants with
heteroplasmy levels >2% were included in analyses [31]. This cut-
off level was set based on a previous report determining that hetero-
plasmy levels less than 2% may also represent technical error of the
method [32].

Sequencing in individual SF (z = 20) from tails of four
young PolG™* females revealed that each cell carried multiple
mtDNA variants (Table S1) with a mean number of 10.0 £ 1.7
and mean heteroplasmy level of 17.4 + 1.6% (Figure 1B and C;
Supplemental Table S1). Remarkably, individual mature MII oocytes
(n = 81) collected from the same females also showed a comparable
number of mtDNA variants with a mean number of 10.0 & 0.9 and
mean heteroplasmy level of 15.8 + 0.8% (P > 0.05). As expected,
individual SF from PolG*“** live offspring contained significantly
lower number of mutations with a mean number of 4.6 &+ 0.7 and
mean heteroplasmy of 7.3 + 1.5% (P < 0.05). Since more than half
mtDNA variants present in oocytes of PolG™* females disappear in
live born offspring, these results suggest that the purifying selection
likely acts after fertilization.
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Figure 1. Spectrum of mtDNA mutations in somatic cells of Po/G™/Y*! females and their germline transmission. (A) Schematic illustration of experimental
design. To investigate the timing when purifying selection for mtDNA mutations operates, somatic mutations in the SF of Po/G™UY"! mothers (Mother) and
germline transmitted variants in Mll oocytes (Mll), PolGWY"! plastocysts, PolGW'W! viable fetuses at E9.5, and PolGYY"! live offspring SF (Pup) were examined
by mtDNA whole genome sequencing (MiSeq). (B) Quantification of mtDNA mutations in Po/G™4! female SFs (Mother, n = 20) and their MIl oocytes (M,
n=81), and PolG"" pup SFs (Pup, n = 20). (C) Quantification of heteroplasmy levels of mtDNA variants in Po/G™“"" female SFs (n = 20) and their Ml oocytes
(n = 81) and PolG""! pup SFs (n = 20). (D) Quantification of mtDNA mutations in Po/G""W! blastocysts at E3.5 (n = 20) and PolG*""t viable fetuses at E9.5
(n = 20). (E) Effect of heteroplasmy levels on germline transmission of mtDNA mutations in Po/G™ " females SFs (n = 20) and their MIl oocytes (n = 81) and
PolGWYt pup SFs (n = 20). Purple, pink, and blue colors represent mtDNA variants with high (>50%), moderate (10-49%), and low (<10-2%) heteroplasmy
levels, respectively. In B-D, error bars are mean + SEM; ns denotes P > 0.05.

To further dissect the developmental stage of purifying selection, variants while viable fetuses (7 = 20) showed significantly fewer
we examined mtDNA mutations in PolG*"** blastocysts (E3.5) and mutations at 4.2 £ 1.0 (Figure 1D and Supplemental Table S1).
viable fetuses (E9.5; with beating hearts) recovered from PolG™* These results imply that the purifying selection process is operative

females. PolG"""t blastocysts (2 = 20) carried, on average, 16.3 £ 3.4 during post-implantation development.
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To evaluate the role of heteroplasmy levels in the transmission
of mtDNA mutations from mothers to their oocytes and offspring,
mtDNA variants were divided into high (>50%), moderate (11—
49%), and low (2-10%) heteroplasmy subgroups for compari-
son. The number of mutations with various heteroplasmy levels in
mother’s somatic cells was comparable to those in MII oocytes, while
most variants in live pups were at low heteroplasmy (Figure 1E and
Supplemental Figure S1A). These results support the conclusion that
most mtDNA mutations, including those with high and moderate
heteroplasmy levels are tolerated in mature oocytes (i.e., female
germline) but not in live offspring.

Gene-specific negative selection of mtDNA variants
The majority of mtDNA variants detected in mothers’ somatic
cells, MII oocytes, and transmitted to live pups resided in
protein-coding genes (76.9-84.7%), while frequencies of rRNA
(6-15.4%), tRNA (5.5-7.7%) variants, and the variants in the
non-coding control region (CR) (0-2%) were relatively lower
(Supplemental Figure S1B).

To determine whether selective elimination of mutations
is gene-specific, we examined germline transmission of non-
synonymous, protein-coding variants in OXPHOS enzyme com-
plexes. In MII oocytes, 45.8% (367/800) of mtDNA variants were
non-synonymous in protein-coding genes (Supplemental Table S2).
The mean number of variants in complexes IIl and V was comparable
between mother’s SFs, MII oocytes, and live born PolG*"* pups
(Figure 2A). The mean numbers of variants found in complexes I
and IV, including mt-Nd4l, mt-Nd5, me-CoxI, me-CoxII, mt-CoxIII,
and mt-Atp6 were similar between mother’s SFs and MII oocytes but
significantly reduced in PolG*"* pups (P < 0.05; Figure 2A and B).
In contrast, the mean number of mutations in m#-Nd1, mt-Nd2,
mt-Nd3, mt-Nd4, mt-Nd6, mt-Cyth, and mt-Aip8 genes was
comparable between the groups (Supplemental Figure S2A).

To further dissect the impact of heteroplasmy on germline trans-
mission of mtDNA variants, non-synonymous protein-coding vari-
ants were grouped into high, moderate, and low heteroplasmy levels.
The mean number of high and moderate heteroplasmy protein
coding variants transmitted to PolG*"** pups was significantly lower
compared to mother’s somatic cells or MII oocytes (P < 0.05;
Figure 2C). In contrast, the mean numbers of low heteroplasmy
mutations in mother, MII oocytes, and PolG""** pups were com-
parable. These results suggest that the purifying selection varies for
specific mtDNA genes and their heteroplasmy levels.

Purifying selection for RNA-coding variants was also examined.
The mean numbers of variants with high and moderate heteroplasmy
levels found in tRNAs (0.3 £+ 0.07) and rRNAs (0.3 £ 0.06) in
oocytes were similar to that in mother’s SF (tRNA0.3 £+ 0.09;
rRNAO0.3 £+ 0.09) (Supplemental Figure S2B and C and Supple-
mental Table S2). The mean numbers of variants in tRNAs and
rRNAs transmitted to pups (tRNAO.1 + 0.05; rRNAO.1 + 0.07)
were reduced compared to those in oocytes, but the difference
was not significant (P > 0.05; Supplemental Figure S2B and C and
Supplemental Table S2), likely indicating that most RNA-coding
mutations are inconsequential. The mean number of mutations
observed in the CR in mother’s SF was at 0.1 £ 0.05, which
was comparable to the mean number of 0.2 £+ 0.06 in MII
oocytes and no mutations were found in the CR in PolG""** pups
(Supplemental Figure S2D). In addition, no mutations were found in
the conserved sequence block of the CR implicated in replication or
transcription [33, 34] (Supplemental Table S2).

In summary, these results suggest that most deleterious mtDNA
variants with high heteroplasmy levels are tolerated by mature,
ovulated oocytes but negatively selected in live offspring.

Generation of ESCs with specific mtDNA variants

We assumed that most mtDNA variants found in MII oocytes are
pathogenic based on the observation that they are negatively selected
in live offspring. Here, we developed an assay to directly test the
developmental consequences of selected oocyte mtDNA mutations.
Since the majority of oocyte mtDNA variants are also present in
preimplantation blastocysts, we asked if we could capture these
variants in PolG""* ESCs. To this end, we established a total
of 28 stable ESC lines from 37 expanded blastocysts produced
from crossing PolG™** females with PolG*"** males. Genotyping
revealed that 8 ESC lines were PolG*"** and each carried between
1 and 5 high heteroplasmy (>50%) non-synonymous variants in
protein-coding genes that were stably maintained during extended
culture (Supplemental Figure S3A and Supplemental Table S3). We
further characterized four individual ESC lines designated ND6-
100, ND2-50, ATP8-62, and COMIII-81, each carrying between
1 and 5 mtDNA variants (Figure 3A). An unaffected ESC line
(Control-1) derived from PolG*"* was used as a control. To predict
the possible phenotype of these variants, mouse ESC mutations
were first compared to a human mtDNA disease database (MITO-
MAP: http://www.mitomap.org/MITOMAP). We noted that all non-
synonymous variants are either reported as coding polymorphisms
or not described in the human database, and therefore, their function
was unclear (Supplemental Table S3).

We next measured OXPHOS complex activities in undifferenti-
ated mutant ESCs. COXIII-81 and ND6-100 cells displayed signif-
icantly reduced complex I and IV activities while ND2-50 line pre-
sented reduced complex I activity (Supplemental Figure S3B and C).
ATP8-62 cell line carrying variants in complex V displayed normal
complex I and IV activities. These outcomes demonstrate the feasi-
bility of creating a library of ESCs carrying specific mtDNA variants
(Figure 3A and Supplemental Figure S3B and C).

Impact of mtDNA variants on fetal development

in chimeras

Since most deleterious mtDNA mutations cause early fetal demise,
we reasoned that complementation of the mutant ESCs with nor-
mal extra-embryonic tissues of host embryos in chimeras could
allow extension of phenotypic studies in fetal and postnatal stages
[35, 36]. ESCs were injected into host 4-cell ICR embryos, and
chimeric blastocysts were transferred to recipients. The degree of
ESC contribution in chimeric embryos and fetuses was determined
by GFP expression or by coat color pigmentation in live offspring. In
addition, we used ESC mtDNA mutations and neutral polymorphism
at position (4891C > T) between ESCs and ICR strains to aid in
chimerism detection (Supplemental Table S4).

In blastocysts, a contribution of GFP positive COXIII-81 ESCs
was seen in 79.1% (220/278) of embryos with an implantation
rate of 33.5% (93/278), which was comparable to controls (74.1%,
177/239 and 38.4%, 92/239, respectively) (Figure 3B-D). However,
the number of viable E9.5 fetuses with beating hearts detected
in COXIII-81 chimeras (10.0%, 1/10) was significantly reduced
over controls (50.0%, 10/20) (Figure 3E). In addition, degenerated
fetuses were observed in COXIII-81 chimeras but not in controls
(Figure 3F). Similarly, development to full-term (8.3%, 23/278) and
to live pups (6.8%, 19/278) was also significantly reduced over
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controls (16.7% 40/239 and 14.6% 35/239) (Table 1). Only one
surviving (chimera #605 in Supplemental Figure S4) out of 12 born
pups from COMIII-81 ESCs carried a high stem cell contribu-
tion (Table 1 and Supplemental Figure S4A). Genotyping of four
degenerated E9.5 fetuses revealed that affected chimeras had high
ESC contributions (Supplemental Figure S4A). In addition, hetero-
plasmy levels of 9138G > A and 9278A > T mutations in mt-
CoxlIII gene carried in degenerated fetuses were significantly higher
compared to live born chimeras (Figure 3G and H). Similar pat-
terns were observed for three other mutations in this cell line
including 6726A > G in mt-CoxI and 12853C > T and 13441
C > T in mt-Nd5 (Supplemental Figure S4B-D). These results indi-
cate that these mtDNA variants adversely affect early fetal devel-
opment, particularly before E9.5, corroborating pathogenicity in
these variants (Figure 2B). It should be noted that chimeras with low
ESC contribution may avoid this negative selection and develop to
full-term.

In contrast to COXIII-81 ESCs, implantation, full-term and
live pup development rates for ND6-100, ND2-50, and ATP8-62
high ESC-chimeras were comparable to controls (Table 1). These
results suggest that these mutations can be rescued in chimeras
allowing assessment of these specific mtDNA defects on postnatal
development.

Postnatal phenotypes of mtDNA variants

Postnatal survival to weaning at day 21 in ESC chimeras was moni-
tored. Most live born chimeric offspring including COXIII-81, ND2-
50,and ND6-100 survived to weaning with an exception of ATP8-62
pups (Figure 4A). Since some mtDNA mutations are associated with
diabetes mellitus in humans [37, 38], we performed glucose tolerance
tests on several high contribution (>50%) 3—-6 month old ND6-100,
ND2-50, and ATP8-62 chimeras and compared those to controls.
For each animal, two times of measurements were performed. Mean
2h blood glucose levels in ND6-100 (145.8 + 9.0 mg/dl), ND2-
50 (172.3 + 18.3 mg/dl), and ATP8-62 (145.5 + 13.5 mg/dl)
chimeras were all significantly elevated compared to controls
(105.5 £ 11.4 mg/dl) (Figure 4B). Mean fasting blood glucose levels
in ND6-100 (151.5 + 9.4 mg/dl), ND2-50 (125.8 + 3.4 mg/dl), and
ATP8-62 (129.7 + 10.3 mg/dl) chimeras was also significantly higher
than in controls (92.7 £+ 8.2 mg/dl) (Supplemental Figure S5A). In
addition, intractable cutaneous ulcers that are associated with severe
diabetes [39] were observed in ND6-100, ND2-50, and ATP8-62
chimeras (Supplemental Figure S5B), but not in controls. COXIII-
81 chimera (7 = 1) also displayed elevated fasting blood glucose
(117.5 + 33.5 mg/dl in Supplemental Figure SSA) and 2h glucose
levels (154.5 £+ 45.5 mg/dl in Figure 4B); however, the differences
did not reach significance perhaps reflecting the small animal
number.

Since mutations in MT-COXIII, MT-ND2, and MT-ND6 genes
have been implicated in vision impairment in humans [40], eye
response tests were performed in 4 month old chimeras. Chimeric
mice with pigmented eyes (ESC phenotype) were selected from
COXII-81 (1 = 2), ND6-100 (n = 4), ND2-50 (n = 4), and
ATP8-62 (n = 1) groups and compared to controls (n = 4). The
mean optokinetic response spatial frequencies (c/d) in COXIII-
81 (0.279 + 0.02), ND6-100 (0.148 + 0.06), and ND2-50
(0.076 =+ 0.04) chimeras were all significantly lower than in controls
(0.388 £ 0.005) (Figure 4C). However, the mean optokinetic
response spatial frequency (c/d) in ATP8-62 (0.386 + 0.02) was
comparable to controls (Figure 4C). These results imply that

mt-CoxIII, mt-Nd6, and mt-Nd2 but not mi-Atp8 variants are
implicated in eye-related impairments.

We also examined hearing impairment by ABR and found
that all chimeras were unaffected (Supplemental Figure S5C). We
next sacrificed one high contribution chimera from each NDé6-
100, ND2-50, and ATP8-62 groups and performed histological
examinations of all major organs. Histological staining revealed
no significant findings except for extramedullary hematopoiesis
in livers (Supplemental Figure S5D), suggestive of abnormal blood
system. We also measured mitochondrial OXPHOS complex I and
IV activities in muscles of ND6-100 (z = 3), ND2-50 (z = 3),
and ATP8-62 (n = 1) high contribution chimeras and compared
those to controls (n = 3). Tissues were not available from the
high contribution COXIII-81 chimeras. ND6-100 chimeras showed
significantly reduced complex I and IV activities while ND2-50
chimeras displayed only reduced complex I activity compared
to controls. As expected, ATP8-62 chimera carrying mutations
in the complex V showed normal complex I and IV activities
(Supplemental Figure SSE and F).

These outcomes demonstrate that chimeras carrying specific gene
mutations in mitochondrial complex I and IV may develop metabolic
deficiencies. Particularly, high heteroplasmy mutations in m:-Nd6,
mit-Nd2, and mt-Atp8 genes are associated with various phenotypes
in chimeras including premature death and impairment of glucose
metabolism and vision.

Mutations in MT-ATP6 and MT-ATP8 genes affecting mitochon-
drial respiratory chain complex V deficiency cause infantile car-
diomyopathy in humans, often resulting in life-threatening heart dys-
function [41]. Here, ATP8-62 chimeras carried a high heteroplasmy
mutation in the mt-Atp8 gene (7769C > G) that results in proline
to alanine at position 2 of ATPase 8. We examined heart function
using echocardiography in high contribution chimeric males (7 = 6)
at 4-5 months of age and compared to age-matched controls (7 = 6).
The mean ejection fraction of ATP8-62 chimeras (50.1 + 5.5%) was
significantly lower than in controls (67.6 = 1.9%) (Figure 4D), and
the mean diastolic left ventricle volume (56.8 & 6.2 nl) was higher
than that of controls (40.8 £ 2.9 pl) (Figure 4E). In addition, right
ventricular dilatation was observed in ATP8-62 chimeras relative to
controls (Figure 4F and G) and 5 of 6 chimeras showed evidence of
bi-ventricular failure (Figure 4H). Thus, ATP8-62 chimeras demon-
strate reduced pumping function with chamber enlargement, salient
features of human cardiomyopathy.

Discussion

Only a few mutations, among numerous potential mtDNA vari-
ants, are implicated in inherited mitochondrial disorders in children
[42]. The prevailing concept proposes that the vast majority of
deleterious mtDNA mutations are negatively selected in the female
germline implying that such purifying selection eliminates mature
oocytes with mutations. We set out to investigate this assumption
directly in ovulated oocytes from heterozygous PolG mutator model
[8, 43]. Using whole mtDNA genome sequencing at the specific
developmental stages of the mouse germline, we show that mature
MII oocytes, PolG**** blastocysts, and ESCs carry mtDNA variants
similar to those found in somatic cells of PolG™** females. These
results contrast with assumptions that severe mtDNA mutations may
adversely affect oogenesis [9, 44] but are consistent with conclu-
sions that many pathogenic mtDNA variants are present in mature
oocytes [45]. However, our results could not rule out the possibility
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that oocytes carrying specific deleterious mutations were eliminated
during oogenesis.

We also show that many deleterious mtDNA variants do not
affect normal fertilization and preimplantation development, and
can be captured in stable ESC lines. However when re-introduced
into host embryos, such mutant ESC lines demonstrate metabolic
deficiencies resulting in fetal demise in chimeras. Although less
information is available concerning how specific mtDNA defects
contribute to early development, evidence indicates that cardiac
development occurring between embryonic days 9.5 and 13.5 is
highly dependent on mitochondrial oxidative metabolism [46, 47].
It is likely that high heteroplasmy mtDNA mutations that change
amino acids in mtDNA-encoded proteins and thus cause severe
biochemical defects in OXPHOS are strongly selected against due
to their fetal lethality. The occurrence of purifying selection against
deleterious mtDNA mutations during fetal development plays an
important role in preventing the accumulation of pathogenic muta-
tions that would cause damage to mitochondrial OXPHOS with
possible consequences to species survival.

Pregnancy loss in humans occurs frequently in couples but the
underlying cause is unknown. Recent studies show possible asso-
ciations between repeated pregnancy loss and mtDNA mutations
in the D-loop region [48] or in MT-ND1 [49] and suggest that
mitochondrial mutations in oocytes could be a critical determinant of
the developmental competence of an early human embryo. We show
that some mtDNA variants, particularly in OXPHOS protein-coding
genes are associated with fetal demise in mice before E9.5. These
results support conclusions from recent studies that spontaneous
mtDNA mutations in oocytes can cause fetal loss [48, 49].

In contrast to strong purifying selection against protein-coding
mutations, our study shows that selection against tRNA and rRNA
gene mutations was less distinct, possibly due to mild pathogenicity
or low heteroplasmy levels [45, 50]. Interestingly, tRNA genes com-
prise less than 10% of the mtDNA genome but account for almost
60% of known germline mutations in humans. Strong purifying
selection was reported for m.3875delC tRNA™* mutation [45].
Pathogenic tRNA mutations often must reach high heteroplasmy
thresholds before they induce clinical effects [50]. For example, over
85% tRNAY* mutant molecule in skeletal muscle of patients is a
prerequisite for the phenotypic onset of myoclonic epilepsy and
ragged-red fibers [51].

Since most mtDNA mutations cause early fetal demise, it is
difficult to perform phenotypic studies on the impact of pathogenic
mtDNA mutations on somatic tissues during postnatal development.
Indeed, we show that selected pathogenic mtDNA mutations in ESCs
cause fetal loss even in chimeras. For example, high incidences of fetal
demise were seen in COXIII-81 chimeras. However, other chimeras
with mutant ESCs (ND6-100, ND2-50, ATP8-62) developed to
full-term and provided an opportunity to study their phenotypic
expression in postnatal mice. Observations in these animals detected
premature death, impairment of glucose metabolism and vision, or
cardiomyopathy. All these conditions are typically associated with
mitochondrial disease in humans [52-55]. The limitation of this
approach is that specific mtDNA mutations cannot be generated at
will but rather must be passively selected from the available pool of
mutant ESC lines. Nevertheless, this technology provides a critical
tool to study mtDNA mutations in vivo.

Supplementary data

Supplementary data are available at BIOLRE online.
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