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Somatic cell nuclear transfer (SCNT) is a key technology with broad applications that
range from production of cloned farm animals to derivation of patient-matched stem
cells or production of humanized animal organs for xenotransplantation. However,
effects of aberrant epigenetic reprogramming on gene expression compromise cell and
organ phenotype, resulting in low success rate of SCNT. Standard SCNT procedures
include enucleation of recipient oocytes before the nuclear donor cell is introduced.
Enucleation removes not only the spindle apparatus and chromosomes of the oocyte
but also the perinuclear, mitochondria rich, ooplasm. Here, we use a Bos taurus
SCNT model with in vitro fertilized (IVF) and in vivo conceived controls to demonstrate
a ~50% reduction in mitochondrial DNA (mtDNA) in the liver and skeletal muscle,
but not the brain, of SCNT fetuses at day 80 of gestation. In the muscle, we also
observed significantly reduced transcript abundances of mtDNA-encoded subunits of
the respiratory chain. Importantly, mtDNA content and mtDNA transcript abundances
correlate with hepatomegaly and muscle hypertrophy of SCNT fetuses. Expression of
selected nuclear-encoded genes pivotal for mtDNA replication was similar to controls,
arguing against an indirect epigenetic nuclear reprogramming effect on mtDNA amount.
We conclude that mtDNA depletion is a major signature of perturbations after SCNT. We
further propose that mitochondrial perturbation in interaction with incomplete nuclear
reprogramming drives abnormal epigenetic features and correlated phenotypes, a
concept supported by previously reported effects of mtDNA depletion on the epigenome
and the pleiotropic phenotypic effects of mtDNA depletion in humans. This provides a
novel perspective on the reprogramming process and opens new avenues to improve
SCNT protocols for healthy embryo and tissue development.
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INTRODUCTION

Somatic cell nuclear transfer (SCNT) is a platform technology
with a broad spectrum of current and future applications. These
include multiplication of agriculturally important genetics to
improve livestock, generation of animal models for human
diseases, production of pharmaceuticals and xenotransplants,
and reprogramming of human somatic cells into pluripotent
embryonic stem cells (SCNT-ESCs) for patient-matched cell
therapies (Niemann and Lucas-Hahn, 2012; Matoba and Zhang,
2018). The successful production of SCNT-ESCs from human
embryos (Tachibana et al., 2013) and the cloning of monkeys
(Liu et al, 2018), combined with significant advances in
gene editing technology (Tan et al, 2016), have further
boosted interest in SCNT technology and its current and
future applications.

More than three decades after inception (Campbell et al,
1996; Wilmut et al, 1997), SCNT is still fraught with low
success rates and a high frequency of phenotypic abnormalities,
which have been ascribed to aberrant epigenetic reprogramming
of the somatic donor nucleus and impaired epigenetic status
of SCNT embryos (Kang et al, 2001; Santos et al, 2003;
Beaujean et al., 2004; Chan et al, 2012; Zhang et al.,, 2016),
fetuses (Hiendleder et al., 2004a; Liu et al., 2008; Zhang et al.,
2014), and offspring (Xue et al., 2002; de Montera et al., 2010;
Shen et al., 2013). However, considering that SCNT is typically
based on oocyte enucleation followed by insertion of a nuclear
donor cell with foreign mitochondria (Campbell et al., 1996),
and the central roles of mitochondria in energy production,
cell signaling, and growth and development, mitochondrial
perturbations have long been suspected to contribute to SCNT
failures (Hiendleder et al., 2003, 2005).

Varying degrees of donor cell introduced heteroplasmy that
disrupt the uniparental mode of mitochondrial DNA (mtDNA)
inheritance in mammals (Hiendleder, 2007) and the specific
effects of heterologous mtDNA haplotypes in cytoplast-donor
cell combinations (Bruggerhoff et al.,, 2002; Hiendleder et al.,
2004b; Jiao et al., 2007; Yan et al., 2010) were the focus
of earlier studies to elucidate mitochondrial effects on SCNT
outcomes. Nonetheless, the degree of mtDNA heteroplasmy after
SCNT is generally low (Hiendleder, 2007), and the majority
of SCNT experiments failed to detect advantages in embryo
development when homoplasmy was preserved (Edwards et al.,
2003; Murakami et al., 2003; Yang et al., 2006; Lee and Song,
2007). Furthermore, in the non-SCNT mouse model, high
levels of artificial heteroplasmy almost exclusively affect behavior
phenotypes (Sharpley et al., 2012), with no evidence for increased
abnormality and mortality rates (Jenuth et al., 1996; Battersby
et al., 2003; Sharpley et al., 2012) commonly associated with
SCNT (e.g., Rhind et al.,, 2003; Sakai et al., 2005; Hill, 2014).
Similarly, phenotypic effects of different mtDNA-nuclear DNA
(nDNA) combinations in backcrossed mice appear to be limited
to brain morphology and behavior phenotypes (Roubertoux
et al., 2003). It is therefore unlikely that mtDNA heteroplasmy
or mtDNA-nDNA incompatibility accounts for a significant
proportion of the losses and aberrant phenotypes observed in
intraspecies SCNT.

Perturbation of mitochondria and mtDNA content through
removal of mitochondria-rich perinuclear cytoplasm (Nagai
et al., 2006) and disruption of the oocyte cytoskeleton by SCNT
procedures (Katayama et al., 2006) provide an alternative
pathway for mitochondrial effects on the development
of reconstructed embryos. The fundamental importance
of mtDNA for pre- and postnatal development is clearly
demonstrated by mtDNA depletion syndromes in humans that
are characterized by a tissue-specific reduction in mtDNA and
respiratory deficiencies that manifest in a range of phenotypes,
including hydrops, tendon and limb deformities, hepatomegaly,
hypertrophic cardiomyopathy, nephropathy, muscle hypotonia,
respiratory distress, and lactic acidosis (von Kleist-Retzow
et al, 2003; Sarzi et al, 2007; Suomalainen and Isohanni,
2010; El-Hattab and Scaglia, 2013; Finsterer and Ahting, 2013;
Nogueira et al., 2014). These mtDNA depletion phenotypes show
striking similarities with and may be identical to developmental
abnormalities observed after SCNT (e.g., Rhind et al., 2003;
Chavatte-Palmer et al,, 2004; Wells et al., 2004; Sakai et al,
2005; Brisville et al., 2013; Hill, 2014). Importantly, mouse
models with mtDNA depletion have clearly demonstrated
significant detrimental effects of reduced mtDNA amount
on embryo survival and organogenesis (Larsson et al., 1998;
Huo and Scarpulla, 2001; Hance et al, 2005). Nevertheless,
mtDNA quantity in postimplantation SCNT tissues has, to
our knowledge, not been studied. Here, we use a day 80 (29%
term) Bos taurus model to demonstrate the deleterious effects of
SCNT procedures on mtDNA amount and mitochondrial gene
expression that are associated with hallmarks of an SCNT-specific
overgrowth phenotype.

MATERIALS AND METHODS

Ethics Statement

Fetuses were not specifically generated for this study, as all
samples were obtained from a tissue bank for day 80 B. taurus
fetuses that were used in previous studies (e.g., Hiendleder
et al., 2003, 2004a,b). All experiments involving animals were
performed in accordance with the relevant guidelines for the
care and use of animals and with approval by the responsible
animal welfare authority, the Regierung von Oberbayern
(Bavaria, Germany).

Fetuses

We used samples from Al (n = 24), IVF (n = 21), and SCNT
(n = 22) fetuses that consisted of males and females, singletons
and nonsingletons, with Brown Swiss and Simmental genetics.
This data set is referred to as the entire data set. In order to
confirm key findings, we analyzed two stringently defined core
subsets that consisted of samples from singleton Brown Swiss
fetuses only. The AI and IVF fetuses in the core subsets had
the same sire, a son of the nuclear donor cow for SCNT fetuses.
We were thus able to perform highly standardized comparisons
between female SCNT (n = 14) and Al (n = 9) and between
male and female IVF (n = 9) and AI (n = 13), tissues. A detailed
description of samples is presented in Supplementary Table 1.
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Oocyte Maturation for SCNT and IVF

Unless otherwise indicated, chemicals and reagents used in
experiments were purchased from Sigma Chemical Co. (St.
Louis, MO, United States). Briefly, cumulus-oocyte complexes
(COCs) were obtained by aspiration from Brown Swiss and
Simmental ovaries, washed in TCM 199 Hepes (Seromed, Berlin,
Germany), and transferred to four-well plates (Nunc, Roskilde,
Denmark) with 400 pl modified Parkers medium (MPM)
containing TCM199 (Biochrom, Berlin, Germany) supplemented
with L-glutamine (100 mg/L), NaHCO3 (800 mg/L), HEPES
(1400 mg/L), sodium-pyruvate (250 mg/L), L-lactic-calcium-salt
(600 mg/L), gentamicin (55 mg/L, Seromed), and 10% estrous
cow serum (ECS) containing 0.01 U/ml b-FSH and b-LH (Sioux
Biochem, Sioux Center, IA, United States) for SCNT and 0.2 U/ml
0-FSH (Ovagen, ICPbio, Auckland, New Zealand) for IVF.
Brown Swiss and Simmental oocytes for SCNT were matured
for 18 h at 39°C in an atmosphere of 5% CO; with maximum
humidity, incubated for 5 min in modified phosphate-buffered
saline [mPBS; PBS plus 4 mg/ml bovine serum albumin (BSA)]
containing 3 mg/ml hyaluronidase, vortexed for 4 min, and
stripped of cumulus cells by gentle pipetting. Oocytes for IVF
were matured for 20-22 h at 39°C in an atmosphere of 5% CO;
and maximum humidity.

Nuclear Donor Cell Preparation

Granulosa cells collected from a Brown Swiss cow were washed
twice in saline solution, dispersed in 0.1% (w/v) trypsin (Gibco,
Grand Island, NY, United States), and transferred to 5-cm culture
dishes with Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco) supplemented with 10% (v/v) fetal calf serum (FCS)
(Biochrom, Berlin, Germany), 2 mM L-glutamine, 0.1 mM f-
mercaptoethanol, 2 mM nonessential amino acids, 100 IU/ml
penicillin, and 100 pg/ml streptomycin. Cells were cultured
until subconfluence at 37°C in a humidified atmosphere of 5%
CO3 in air, frozen in 10% (v/v) dimethylsulfoxide in FCS, and
stored in liquid nitrogen. For SCNT experiments, cells were
thawed and cultured for three to six passages until confluence
just before SCNT.

Somatic Cell Nuclear Transfer and
Culture of Embryos

Somatic cell nuclear transfer was performed at 20-25°C
with Leitz micromanipulators (Leica Microsystems, Wetzlar,
Germany) and a Wilovert stereo microscope. Oocytes with polar
body were placed in mPBS containing 5 pg/ml cytochalasin B
and incubated for 5-10 min before enucleation. Enucleation was
performed in a small drop of mPBS in a micromanipulation
chamber by aspirating the polar body with a small volume
of surrounding cytoplasm into a micropipette. Oocytes were
stained with 2 pg/ml Hoechst 33342 dye and assessed by
an epifluorescence microscope (Zeiss, Jena, Germany) to
confirm enucleation. A donor cell was then transferred into
the perivitelline space and the resulting karyoplast-cytoplast
complex (KCCs) exposed to a double electric pulse of 2.1 kV/cm
for 10 ps using the Zimmermann Cell Fusion Instrument
(Bachofer, Reutlingen, Germany). The KCCs were placed in

the incubator in Ham F-12 medium supplemented with 0.3%
BSA and activated by a 5-min incubation in 7% ethanol 2 h
postfusion followed by 5 h culture in 10 pg/ml cycloheximide
and 5 pg/ml cytochalasin B (E-Chx). This was followed by three
washes in culture medium and transfer into 100 pl drops of
synthetic oviduct fluid medium (SOF) supplemented with 2%
basal medium Eagle (BME) amino acids (Gibco), 1% minimum
essential medium (MEM) nonessential amino acids (Gibco), and
10% (v/v) ECS. The SOF drops were covered with paraffin
oil (Merck, Darmstadt, Germany) and reconstructed embryos
cultured at 39°C in a humidified atmosphere of 5% CO,
5% O, and 90% N,. Fetuses were collected from a total of
14 SCNT sessions.

In vitro Fertilization and Culture of
Embryos

Matured COCs were washed three times in fertilization medium
(Tyrode albumin lactate pyruvate) supplemented with sodium
pyruvate (2.2 mg/ml), heparin sodium salt (2 mg/ml), and BSA
(6 mg/ml) and transferred to 400 pl droplets of medium. Frozen-
thawed spermatozoa that had been subjected to the swim-up
procedure for 90 min were coincubated with COCs at 2 x 10°
cells/ml for 18 h in maximum humidity, 39°C, and 5% CO, in air.
Presumptive zygotes were mechanically denuded by vortexing,
washed three times in SOF culture medium with 2% BME
(Invitrogen, Karlsruhe, Germany), 1% MEM (Invitrogen), and
10% ECS and transferred to 400 pl droplets of medium covered
with mineral oil. The culture atmosphere was 5% CO,, 5% O3,
90% N, and 39°C at maximum humidity.

Embryo Transfer and Artificial

Insemination

On day 7 after SCNT and IVE all viable embryos were
transferred nonsurgically to synchronous Simmental recipient
heifers. Insemination of heifers with frozen-thawed semen was
performed by standard procedures. In order to match the transfer
of more than one embryo in SCNT and IVF experiments, a
subgroup of heifers for collection of Al fetuses was mildly
stimulated hormonally before AI to induce twinning. Heifers
received 500 IE ECG (Intergonan, Intervet, im.) between days
9 and 13 of the estrous cycle followed by 2 ml PGF2a (Estrumate,
Intervet, i.m.) 60 h later. Al was performed after 48-60 h.
Pregnancies were confirmed on day 28 by ultrasonographic
examination and on day 79 by palpation.

Samples and Phenotype Data

Fetuses were recovered at day 80 post conception after recipient
heifers were humanely killed in an abattoir. Fetal weight and
dimensions, including crown-rump length (CRL) and thorax
circumference (TC), and absolute and relative liver weight were
recorded. All fetuses were from viable intact pregnancies.

To capture potential differences in mtDNA content or gene
expression that originate early in development, we used tissues
representing the three germ layers ectoderm (brain), endoderm
(liver), and mesoderm (skeletal muscle).
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Brain samples were obtained from the upper-left cerebral
hemisphere, liver samples from the Lobus hepatis sinister, and
skeletal muscle samples from the left Musculus biceps femoris
region. All tissue samples were collected on ice. Samples for DNA
extraction were snap frozen in liquid nitrogen and those for RNA
extraction placed in RNAlater (Ambion, Austin, United States)
and stored at —80°C after 24 h at 4°C. For assessment of
muscle mass, the spinal column with cervical, thoracic, and
lumbar vertebrae and the left and right sixth rib were removed
from the fetal carcass, cleaned of tissue (Xiang et al., 2014),
and their lengths measured using photographic images and the
image analysis program analySIS (analySIS, IBM, St Leonards
NSW, Australia).

Quantitation of Mitochondrial DNA

Total DNA was extracted from fetal brain, liver, and muscle tissue
with the E.Z.N.A. Tissue DNA Mini Kit II including RNase A
treatment (PEQLAB Biotechnologie GmbH, Erlangen, Germany)
and quantified by repeated spectrophotometry of samples.

A conserved 176 nt segment (GenBank no. V00654) of
the mtDNA control region was amplified from 5 ng DNA
with primers 5-ACACAGAATTTGCACCCTAACC-3' and
5'-GCCCCATGCATATAAGCAAG-3' using a Light-Cycler
and the LightCycler-FastStart DNA Master SYBR Green
I Kit (Roche Diagnostics, Mannheim, Germany) with the
following conditions: annealing temperature (AT), 60°C;
melting point (MP), 80°C; and fluorescence acquisition (FA),
77°C. Quantification cycles (Cq) were calculated with the
second derivative maximum method (LightCycler software
version 3.5.28). The mtDNA Cq was normalized against
a 365-nt segment (GenBank no. NR_036642) of nuclear
RNA18S gene (5-AAGTCTTTGGGTTCCGGG-3' and 5'-
GGACATCTAAGGGCATCACA-3’; AT, 60°C; MP, 90°C; FA,
87°C). Amplified fragments were verified by gel electrophoresis
and sequencing. Primers were from Microsynth, Balgach,
Switzerland.

Gene Expression Analyses

Total RNA for gene expression analyses was extracted from 100
to 200 mg of tissue as described (Chomczynski and Sacchi, 1987)
using Trizol (Invitrogen, Karlsruhe, Germany). After DNase I
treatment (Invitrogen, Karlsruhe, Germany), RNA concentration
was measured by a spectrophotometer and integrity determined
by gel electrophoresis. One microgram of each RNA sample
was reverse transcribed in a total volume of 60 pl: 5x buffer
(Promega), 10 mM deoxyribonucleotide triphosphates (ANTPs)
(Roche, Mannheim, Germany), 50 pM hexamers (Gibco-BRL,
Grand Island, United States), and 200 U Superscript RT enzyme
(Promega, Madison, United States).

Real-time quantitative PCR (qPCR) to quantify expression
levels of reference genes UBB, H3F3A, and YWHAZ and
target genes MT-ND1, MT-CYTB, MT-COX3, MT-ATPS, POLGA,
POLGB, and TFAM was performed with the KAPA SYBR FAST
qPCR Kit (Kapa Biosystems, Wilmington, United States) on a
CFX384 Real-Time PCR Detection System (Bio-Rad, Munich,
Germany). Cq-values were obtained using a single threshold.
Details of all primers (Microsynth, Balgach, Switzerland) and

amplicons are presented in Supplementary Table 2. Expression
of target genes was normalized against the geometrical mean of
expression of three reference genes. Fragments were verified by
gel electrophoresis and sequencing.

All gPCR reactions were performed in duplicate. For each
primer pair, the efficiency of the PCR was determined by building
a standard curve with serial dilutions of a known amount of
template, covering at least three orders of magnitude so that
the calibration curve’s linear interval included the interval above
and below the abundance of the targets. All primers achieved an
efficiency of reaction between 90 and 110% (3.6 > slope > 3.1)
and a coefficient of determination (R?) > 0.99.

Statistical Analyses
We used the general linear model procedure of IBM SPSS
Statistics version 24 (IBM Corp., Armonk, NY, United States)
and performed ANOVA to determine effects of treatment on
investigated parameters.

We analyzed the entire fetal dataset with the model

Yijk = Ti + S§j + Pk + eijk

where Yijk is the measured parameter, T(i = SCNT, Al IVF) is
the treatment, S(j = female, male) is the sex effect, P(k = singleton,
nonsingleton) is the pregnancy type, and eijk is the random error.

To determine differences between SCNT and Al groups in the
more stringently defined fetal core subset consisting of female
singleton fetuses with Brown Swiss genetics only, we used the
model

Yi=Ti+ei

where Yi is the measured parameter, T(i = SCNT, Al) is the
treatment effect, and ei is the random error.

To test for potential effects of in vitro embryo culture in a
stringently defined fetal core subset consisting of female and male
singleton fetuses with Brown Swiss genetics, we used the model

Yij = Ti + Sj + eij

where yij is the measured parameter, T(i = IVE AI) is the
treatment, S(j = female, male) is the sex effect, and eij is
the random error.

Least squares means with standard errors of means for fetal
parameters were computed and compared using two-tailed ¢-test
with a significance threshold of P < 0.05.

Regressions and correlation coefficients were calculated with
GraphPad Prism 7.02 (GraphPad Software, La Jolla, CA,
United States) with a significance threshold of P < 0.05 and
graphs produced with the same software.

RESULTS

Abnormal SCNT Phenotype

SCNT fetuses were heavier (+25.9%, P < 0.001) and had higher
absolute (+66.0%, P < 0.001) and relative (+32.1%, P < 0.001)
liver weights than AI controls (Figure 1A). Morphometric
analyses revealed that CRL of SCNT fetuses was similar to
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FIGURE 1 | Abnormal phenotype after somatic cell nuclear transfer (SCNT) involves hepatomegaly and muscle hypertrophy. (A) Effects of SCNT on fetal phenotype
as compared with in vitro fertilization (IVF) and artificial insemination (Al) controls at day 80 of gestation. Crown rump:thorax is crown-rump length to thorax
circumference ratio, rib length is the combined length of both sixth ribs, spine:rib length is the ratio of the length of the spinal column to the combined length of both
sixth ribs, and thorax:rib length is the ratio of thorax circumference to combined length of both sixth ribs. Means + standard error of the mean (SEM) and P-values
for significant effects of treatment (Al, IVF, and SCNT) on phenotypic parameters in ANOVA (F-test) are shown. Significant differences between group means are
indicated by asterisks (t-test; *P < 0.05, **P < 0.01, *P < 0.001). The number of fetuses analyzed for each parameter is given inside bars. (B) SCNT fetus
displaying typical phenotype with increased muscle mass (top) compared to Al control (bottom).
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Al controls (P > 0.05), but thorax circumference (TC) was
increased (+7.9%, P < 0.001) and CRL:TC ratio, therefore,
decreased (—8.6%, P < 0.001). These data could be explained
by (i) a disproportionate general increase in TC or (ii) increased
muscle mass in the TC region. Comparative visual assessment
of SCNT and AI fetuses provided strong support for the latter
explanation (Figure 1B). However, the lack of definition of
individual muscles at the day 80 fetal stage precluded a direct
analysis of muscle mass. We therefore opted for an indirect
assessment of muscle mass and removed all muscle tissue from
the spinal column and the left and right sixth rib for comparison
of skeletal dimensions with external measurements of fetuses.
The combined length of both ribs, analogous to TC measurement,
and the ratio of spinal column length to combined rib length,
analogous to CRL:TC ratio, were indeed similar (both P > 0.05)
for SCNT and Al fetuses. Furthermore, TC to rib length ratio
in SCNT fetuses was higher than that in AI fetuses (+7.4%,
P = 0.001), indicating a higher muscle mass (Figures 1A,B).
Increased TC and decreased CRL:TC ratio of SCNT fetuses
is therefore caused by increased muscle mass and not by a
general increase in TC.

Although IVF control fetuses were heavier (+20.1%,
P = 0.006) and had higher absolute (+23.7%, P < 0.001)
liver weight than AI controls (Figure 1A), their relative liver
weight was similar to controls (P > 0.05). Furthermore,
morphometric analyses revealed an increase in CRL (+11.5%,
P < 0.001) and TC (+4.7%, P < 0.05) of IVF fetuses that
resulted in an increased CRL:TC ratio (+6.6%, P < 0.05) as
compared with AI controls. Skeletal parameters including
increased combined rib length (+10.1%, P < 0.01) and TC
to rib length and spine to rib length ratios similar to Al
controls (both P > 0.05) further supported a proportionate
increase in size but otherwise normal phenotype of IVF
fetuses (Figure 1A).

Two core subsets of the entire data set, where only singletons
were retained and genetics was more strictly controlled, were
used to confirm key findings obtained with the entire data set
(see section “Materials and Methods”). Analyses of the SCNT-
AT and IVF-AI subsets confirmed hepatomegaly and muscle
hypertrophy of SCNT fetuses (Supplementary Figure 1A) and
the increased size but otherwise normal phenotype of IVF fetuses
(Supplementary Figure 1B).
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Mitochondrial DNA Depletion in SCNT

Tissues
Relative mtDNA amount in the SCNT liver and skeletal muscle
was significantly lower than in AI controls (—56.2%, P < 0.001
and —54.6%, P = 0.001), while mtDNA amount in the SCNT
brain was unaffected (P > 0.05; Figure 2A). In contrast,
comparisons between IVF and AI fetuses indicated similar
mtDNA amounts in all three tissues (P > 0.05; Figure 2A).
Analyses of the core subsets of fetuses confirmed the
significant reduction in mtDNA in the SCNT skeletal muscle
(—60.7%, P = 0.001; Supplementary Figure 2A), but reduced
mtDNA amount in the SCNT liver was no longer significant
(—28.20%, P > 0.05). As in the entire dataset, mtDNA amounts
in all three tissues of IVF fetuses were similar (P > 0.05) to Al
controls (Supplementary Figure 2B).

Reduced Mitochondrial Gene Expression

in mtDNA-Depleted SCNT Muscle

The mtDNA depletion in the SCNT liver and skeletal muscle
could be expected to impact transcript abundance of mtDNA-
encoded subunits of respiratory chain enzyme complexes.
Quantitation of MT-ND1 (complex I), MT-CYTB (complex III),
MT-COX3 (complex IV), and MT-ATPS8 (complex V) transcripts
revealed a significant reduction in all measured transcripts in
the SCNT muscle as compared with Al controls (MT-ATPS:
—38.7%, P < 0.001; MT-COX3: —23.7%, P < 0.01; MT-CYTB:
—29.4%, P < 0.001; MT-NDI1: —33.4%, P < 0.05; Figure 2B),
while none of these transcripts were affected in the liver (P > 0.05,
Figure 2B). All transcript abundances for mtDNA-encoded genes
in tissues from IVF fetuses were similar to Al controls (P > 0.05,
Figure 2B).
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FIGURE 2 | Somatic cell nuclear transfer (SCNT) affects mitochondrial DNA (mtDNA) amount and mitochondrial gene expression. (A) Effects of SCNT on relative
mtDNA amount of fetal tissues as compared with in vitro fertilization (IVF) and artificial insemination (Al) controls at day 80 of gestation. (B) Effects of SCNT on
transcript abundance of mMtDNA genes encoding subunits for respiratory chain enzyme complexes |, lll, IV, and V (MT-ATP8, MT-COX3, MT-CYTB, and MT-ND1) in
liver (top row) and skeletal muscle (bottom row). Means =+ standard error of the mean (SEM) and P-values for significant effects of treatment (Al, IVF, and SCNT) on
phenotypic parameters in ANOVA (F-test) are shown. Significant differences between group means are indicated by asterisks (t-test; *P < 0.05, **P < 0.01,

P < 0.001). The number of fetuses analyzed for each parameter is given inside bars.
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Comparisons in the core subsets of fetuses confirmed a
significant reduction in MT-ATP8 (—34.93%, P < 0.05) and
MT-NDI (—35.11%; P < 0.05) transcript of the SCNT skeletal
muscle, while none of the four transcripts in that tissue were
affected by IVF (Supplementary Figures 2C,D). Furthermore,
and again in accordance with the entire dataset, none of the four
transcripts in the liver was affected by SCNT or IVF (P > 0.05;
Supplementary Figures S2C,D).

Expression of Nuclear Genes Involved in
mtDNA Replication Is Not Affected by
SCNT

We next examined expression of three nuclear-encoded
genes that are pivotal for mtDNA replication and could
potentially have been adversely affected by aberrant epigenetic
reprogramming. However, SCNT, AI, and IVF fetuses
demonstrated similar transcript levels (P > 0.05) in the
liver and skeletal muscle for subunits of mtDNA polymerase
gamma (POLGA and POLGB) and mitochondrial transcription
factor A (TFAM) (Figure 3). Analyses of the core subsets
of fetuses confirmed results obtained with the entire dataset
(Supplementary Figures S3A,B).

Relationships Between mtDNA Amount
and Phenotype

We then used the entire dataset to explore relationships
between relative mtDNA amount and phenotype (Figures 4A,B).
Indicators of liver mass, including absolute (r = —0.53, P < 0.001)
and relative (r = —0.48, P < 0.001) liver weight correlated with
liver mtDNA amount (Figure 4A). Indicators of muscle mass,
including fetal weight (r = —0.29, P = 0.017), TC (r = —0.27,
P = 0.027), CRL to TC ratio (CRL:TC) (r = 0.54, P < 0.001)
and TC to rib length ratio (r = —0.47, P = 0.015), were also
clearly correlated with mtDNA amount, while direct skeletal
measurements analogous to TC and CRL:TC ratio, i.e., combined
length of both sixth ribs and the ratio of spinal column length
to combined length of both sixth ribs, showed no relationship
(P > 0.05) (Figure 4B).

Relationships Between Mitochondrial

Gene Expression and Phenotype

As SCNT affected mitochondrial gene expression in skeletal
muscle, we also tested relationships between major phenotypic
indicators of increased muscle mass and mtDNA transcript
abundances. CRL:TC was significantly correlated with MT-ATP8

Liver POLGA Liver POLGB Liver TFAM
150% & 150% — 150%%
100% — 100% 10036
509 — S503% 50%%
0% - 0% = 0%
Al SCNT IVF Al SCNT IVF Al SCNT IVF
Muscle POLGA Muscle POLGB Muscle TFAM
150%- 150% 150%
100%%
50%—
0% 0% -
Al SCNT IVF Al SCNT IVF Al SCNT IVF
FIGURE 3 | Somatic cell nuclear transfer (SCNT) does not affect the expression of three nuclear-encoded genes pivotal for mitochondrial DNA (mtDNA) replication.
Effect of SCNT on POLGA, POLGB, and TFAM transcript abundance in liver and skeletal muscle as compared with in vitro fertilization (IVF) and artificial insemination
(Al) controls at day 80 of gestation. Means + SEM are shown; treatment group was not significant (ANOVA general linear model; P > 0.05). The number of fetuses
analyzed for each parameter is given within bars.
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both sixth ribs. Significant P-values and Pearson correlation coefficients (r) are shown. MtDNA amount is expressed in arbitrary units (AU).

(r = 0.38, P = 0.002), MT-COX3 (r = 0.34, P = 0.008), MT-
CYTB (r = 0.29, P = 0.026), and MT-NDI (r = 0.26, P = 0.045)
transcript (Figure 5A). TC to combined rib length ratio was
similarly correlated with MT-COX3 (r = 0.48, P = 0.017), MT-
CYTB (r = 0.49, P = 0.015), and MT-NDI (r = 0.47, P = 0.021)
transcript abundance, while MT-ATP8 (r = 0.39, P = 0.063)
approached significance (Figure 5B).

DISCUSSION

We discovered mtDNA depletion in skeletal muscle of viable
bovine day 80 SCNT fetuses compared with AI and IVF
controls. Results obtained with a highly standardized core
subset of fetuses were consistent with results obtained for
the larger, more heterogeneous entire dataset, which increased
statistical power and provided additional evidence for mtDNA
depletion in SCNT liver. The reduction in mtDNA amount
was clearly attributable to SCNT procedures and not the
in vitro embryo environment per se, as mtDNA amount in
fetuses derived from IVF embryos cultured under the same
conditions as SCNT embryos was unaffected. The unique
effects of SCNT were also evident from the abnormal SCNT
phenotype with hepatomegaly and muscle hypertrophy that is

distinct from the proportionate increase in size of otherwise
normal IVF fetuses.

The lack of changes in mtDNA amount of the SCNT brain
and the magnitude of mtDNA depletion in SCNT muscle (—55%)
and liver (—56%), which is much higher than expected from
the ~10% of ooplasm that is typically removed in enucleation
(Hua et al., 2011), may be explained by specific aspects of
mitochondrial distribution and mtDNA replication in the oocyte
and embryo. In the early mouse MII oocyte, mitochondrial
distribution is nonrandom with significant accumulation of
the organelles around the meiotic spindle (Nagai et al., 2006;
Dalton and Carroll, 2013). Removal of the MII spindle by
enucleation thus eliminates a disproportionately large quantity
of mitochondria from the oocyte. Furthermore, as demonstrated
in the reconstructed SCNT pig embryo, removal of the spindle
disrupts cytoskeletal dynamics and translocation of remaining
mitochondria to the perinuclear region (Katayama et al., 2006).
The perinuclear distribution of mitochondria is crucial for
partitioning of the organelles to blastomeres and can affect the
proportion of mitochondria allocated to daughter cells (Van
Blerkom et al., 2000). Distribution of mitochondria to daughter
cells in early cell divisions is unequal (Van Blerkom et al., 2000),
and mtDNA content of individual blastomeres differs by an
order of magnitude between the two- and eight-cell stage in
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FIGURE 5 | Relationships between phenotypic parameters that reveal increased muscle mass of somatic cell nuclear transfer (SCNT) fetuses and mitochondrial
gene expression in skeletal muscle. (A) Ratio of crown rump length to thorax circumference and (B) ratio of thorax circumference to combined rib length correlate
with MT-ATP8, MT-COX3, MT-CYTB, and MT-ND1 transcript abundances in muscle of SCNT (red), in vitro fertilization (IVF, blue), and artificial insemination (Al, black)
fetuses. Regressions are shown with Pearson correlation coefficients () and P-values. Mitochondrial gene expression is expressed in arbitrary units (AU).

human and pig (Lin et al., 2004; EI Shourbagy et al., 2006). It
has been speculated that unequal partitioning of mitochondria
and mtDNA to blastomeres might affect differentiation and
development due to essential mitochondrial functions in energy
production, cell signaling, and apoptosis (Kameyama et al., 2010).
More recent data obtained in mouse have indeed implicated
mitochondrial 16S rRNA in cell lineage allocation of blastomeres
as early as the two-cell stage (Zheng et al., 2016). This is of
particular interest in the context of species-specific windows
of mtDNA turnover and replication in the preimplantation
embryo that may be adversely impacted by SCNT. Overall,
mtDNA copy number in the preimplantation mouse embryo
has been reported as stable (Piko and Taylor, 1987; Ebert
et al., 1988; Thundathil et al., 2005; Aiken et al., 2008), but
there is a period of rapid mtDNA turnover and replication
immediately after fertilization (McConnell and Petrie, 2004).
At this developmental stage, mtDNA amount is susceptible to
environmental perturbation, and any reduction in mtDNA may
persist into the fetal stage and beyond (McConnell and Petrie,
2004). Similar to mouse, mtDNA turnover and replication in
pig and human involve mtDNA reduction between the oocyte
and the two-cell stage followed by a significant increase in
mtDNA at the blastocyst stage (Spikings et al., 2007; Hashimoto
et al., 2017). In bovine, a 60% reduction in mtDNA amount
after the two-cell stage is followed by a marked increase in
mtDNA at the blastocyst stage (May-Panloup et al., 2005). While
mitochondrial transcripts have so far only been implicated in
lineage formation of trophectoderm (Zheng et al., 2016), it
has been demonstrated that two cells of a four-cell embryo
typically contribute to the resulting mouse, and in fact, individual
16-cell and occasionally even 32-cell mouse blastomeres can
sporadically generate a complete animal (Tarkowski et al., 2001,

2010). Furthermore, at most eight cells of the epiblast contribute
to the somatic lineages of the mouse embryo (Soriano and
Jaenisch, 1986). It is noteworthy that the three fetal tissues
investigated here are derived from different germ layers and
show either no (brain) or a significant (liver, muscle) reduction
in mtDNA amount. A disproportionate reduction in mtDNA
through removal of the perinuclear ooplasm, perturbation of
mitochondrial distribution to embryonic cells, and adverse
effects of SCNT on mtDNA turnover and replication in the
reconstructed embryo at potentially crucial time points for
lineage formation may thus explain the pronounced but tissue-
specific mtDNA depletion observed in the first-trimester bovine
SCNT fetus. This is especially true for tissues that have a high
proliferative capacity and hence mtDNA requirement to fuel their
stem cell niche (Chen et al., 2020).

Embryo-fetal organ development depends on stringent
thresholds for mtDNA amount and transcript levels that are
determined by tissue- and developmental stage-specific energy
demand (Heerdt and Augenlicht, 1990; Larsson et al., 1998; Huo
and Scarpulla, 2001). Developing mitotic (liver) and postmitotic
(muscle) tissues differ in energy demand, mtDNA amount, and
control of mitochondrial biogenesis (Pejznochova et al., 2010).
The divergent pattern in mtDNA transcript abundances, i.e.,
significant reduction in muscle only, suggests an organ-specific
requirement and/or ability to restore adequate amounts of
mtDNA transcript through compensatory mechanisms. The liver
develops earlier than the skeletal muscle, has initially important
functions in hematopoiesis (Zaret, 2002; Buckingham et al.,
2003), and has a much higher turnover of respiratory chain
enzyme proteins than the muscle (Kim et al., 2012); restoration of
liver mtDNA transcript may thus be a requirement for embryo-
fetal survival.
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In our bovine resource, indicators of fetal muscle mass were
inversely correlated with mtDNA amount and mtDNA transcript
abundance. MtDNA depletion and associated mitochondria
to nucleus stress signaling has been shown to significantly
increase expression of TGFf and induce tumorigenic capacity
of myoblasts in vitro (Amuthan et al, 2001). Our data for
skeletal muscle are further supported by mouse models where
mtDNA depletion caused by MSTN (Amthor et al, 2007)
or THRA (Pessemesse et al., 2012) ablation is associated
with increased muscle mass. Moreover, fiber composition and
structure in mtDNA-depleted mouse muscle was altered, and
muscle strength was diminished (Amthor et al., 2007). This is
consistent with altered fiber composition and structure in fetal
and postnatal bovine SCNT muscle (Jurie et al.,, 2009; Cassar-
Malek et al., 2010) and muscle hypotonia in SCNT offspring
(e.g., Hill, 2014) and humans with mtDNA depletion syndrome
(e.g., Nogueira et al., 2014).

DNA hypermethylation and lower transcript abundance of
the gene encoding mtDNA polymerase y catalytic subunit A
(POLGA) was previously reported to be associated with mtDNA
depletion in mouse SCNT-ESCs and interpreted as evidence for
nuclear epigenetic reprogramming effects on mtDNA amount
(Kelly et al., 2012). We found neither differences in expression
levels of POLGA nor POLGB in bovine SCNT liver or muscle
tissue with mtDNA depletion. We further tested expression levels
of mitochondrial TFAM, which is crucial for mtDNA replication
and transcription but again found no differences in transcript
levels of SCNT tissues and Al or IVF controls. These data argue
against a nuclear epigenetic reprogramming effect on mtDNA
and mtDNA transcript abundance. However, we cannot exclude
that additional nuclear genes involved in the control of mtDNA
copy number are affected by epigenetic reprogramming defects.

We propose that SCNT-induced mtDNA depletion is a
core principle of perturbations after SCNT that underlies, or
contributes to, abnormal epigenetic features and phenotypes
observed after SCNT (Kang et al., 2001; Santos et al., 2003;
Beaujean et al., 2004; Hiendleder et al., 2004a; Liu et al., 2008;
Chan et al, 2012; Zhang et al., 2014, 2016; Niemann, 2016).
This concept is supported by a growing body of evidence
that links mitochondria with epigenetic modification in the
nucleus (Wallace and Fan, 2010; Minocherhomji et al., 2012;
Castegna et al., 2015; Weinhouse, 2017). In cell culture models,
mtDNA depletion is associated with reversible changes in DNA
methylation patterns of nuclear genes (Smiraglia et al., 2008).
Moreover, progressive mitochondrial dysfunction induced by
mtDNA depletion leads to metabolic and transcriptional changes
that affect methionine metabolism and DNA methylation
(Lozoya et al, 2018). Changes in mitochondrial redox state
and metabolites have also been associated with changes
in histone modification and transcriptome profile (Kopinski
et al., 2019). Finally, and further supporting our hypothesis,
bovine SCNT blastocysts were recently shown to have a
significantly lower mitochondrial mass than expected from
the amount of ooplasm removed by enucleation and display
increased abundances of DNA methyl transferase (DNMT1I

and DNMT3A) transcripts as compared with IVF controls
(Xu et al., 2019).

In conclusion, our findings provide the basis for exploring
compromised epigenetic reprogramming of the SCNT embryo
in the context of earlier, mitochondrial perturbation during
the embryo reconstruction process that may affect nuclear
reprogramming. This provides a novel perspective on the
reprogramming process and opens new avenues to improve
SCNT protocols for healthy embryo and tissue development.
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