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ABSTRACT

Mitochondria are essential for energy production and although they
have their own genome, many nuclear-encoded mitochondrial
ribosomal proteins (MRPs) are required for proper function of the
organelle. Although mutations in MRPs have been associated with
human diseases, little is known about their role during development.
Presented here are the null phenotypes for 21 nuclear-encoded
mitochondrial proteins and in-depth characterization of mouse
embryos mutant for the Mrp genes Mrpl3, Mrpl22, Mrpl44, Mrps18c
and Mrps22. Loss of each MRP results in successful implantation and
egg-cylinder formation, followed by severe developmental delay and
failure to initiate gastrulation by embryonic day 7.5. The robust and
similar single knockout phenotypes are somewhat surprising given
there are over 70 MRPs and suggest little functional redundancy.
Metabolic analysis reveals that Mrp knockout embryos produce
significantly less ATP than controls, indicating compromised
mitochondrial function. Histological and immunofluorescence
analyses indicate abnormal organelle morphology and stalling at
the G2/M checkpoint in Mrp null cells. The nearly identical pre-
gastrulation phenotype observed for many different nuclear-encoded
mitochondrial protein knockouts hints that distinct energy systems are
crucial at specific time points during mammalian development.

This article has an associated ‘The people behind the papers’ interview.
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INTRODUCTION

Mitochondria are membrane-bound organelles that participate in
energy production and diverse cellular functions including calcium
signaling, redox homeostasis and apoptosis (Chandel, 2015;
Tait and Green, 2012). Among their many functional roles,
mitochondria are widely regarded as the ‘powerhouse’ of
eukaryotic cells (Fu et al., 2019; De Silva et al., 2015; Lee and
Han, 2017; Tait and Green, 2012). In the presence of oxygen, ATP
is generated via the electron transport chain (ETC) located in the
inner mitochondrial membrane, a process that is known as oxidative
phosphorylation (OXPHOS) (Lee and Han, 2017). Distinct from
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other eukaryotic organelles, mitochondria encapsulate their own
genomic DNA, which is transcribed and translated within the
organelle (Lee and Han, 2017). The mitochondrial genome is
~16.5 kbp in size (16,569 bp in humans and 16,295 bp in mice) and
encodes 2 ribosomal RNAs (rRNA) and 22 transfer RNAs (tRNA)
as well as 13 proteins that are indispensable for the ETC (Lee and
Han, 2017). The mitochondrial transcription and translation
machinery is entirely encoded by genes in the nuclear genome
that are imported into the mitochondria after cytosolic protein
synthesis (Boengler et al., 2011).

In response to cellular or environmental stimuli, energetic needs can
be matched via mitochondrial biogenesis, the process of increasing
mitochondrial mass (Jornayvaz and Shulman, 2010). Mitochondria
also require regular maintenance, which is accomplished by
undergoing fusion and fission, allowing the mitochondrial network
to repair and reorganize. To accommodate for high energy demands
required by events such as cell proliferation and differentiation,
mitochondria fuse together to increase OXPHOS (Fuetal., 2019; Yao
et al., 2019). Fusion events can also promote mitochondrial
complementation, a process that allows mutated mitochondrial
DNA (mtDNA) to be compensated by wild-type mtDNA (Youle
and van der Bliek, 2012). During cell division, mitochondria are
partitioned via fission, allowing a subset of mitochondria to be
delivered to each daughter cell (Mishra and Chan, 2014).

As a double membrane bound organelle, mitochondria contain
an outer mitochondrial membrane encapsulating an inner mitochondrial
membrane that separates the matrix and the intermembrane space.
Within the matrix, the electron carriers NADH and FADH,, generated
from the Krebs cycle transfer their electrons to the ETC, located in the
inner mitochondrial membrane (Lodish et al., 2000). As the electron is
transferred across the protein complexes, protons are pumped from the
matrix to the intermembrane space, generating a proton gradient. This
gradient subsequently drives protons through the ATP synthase,
resulting in the synthesis of ATP in the matrix. Utilizing the
mitochondrial ADP/ATP carrier, ATP is exported into the
intermembrane space and released from the mitochondria via
channels such as the voltage-dependent anion channel (VDAC),
which is abundant in the outer mitochondrial membrane (Camara et al.,
2017; Kunji et al., 2016; Lodish et al., 2000).

Mitochondrial function is essential for embryogenesis — a process
that involves rapid cell growth and movement. Previous knockout
mouse models have shown that mutations in the genes required for
mitochondrial maintenance and biogenesis result in lethality during
mid and late gestation (Baker and Ebert, 2013; Humble et al., 2013;
Wakabayashi et al., 2009; Chen et al., 2003; Barak et al., 1999).
Additionally, mitochondria have been shown to play a crucial role
before fertilization as knockout of mitoguardin genes (Migal and
Miga?) negatively impacts ovulation (Liu et al., 2017).

Prior to fertilization, mitochondria in the oocyte are round with
few cristae (Zhang et al., 2017; Lima et al., 2018). The oocyte is
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quiescent with low ATP production, thus minimizing the number of
mitochondrial DNA mutations (Babayev and Seli, 2015). Following
fertilization, any paternal mtDNA arriving from the sperm is
eliminated via mitophagy (Rojansky et al, 2016). In post-
implantation embryos, the maternal mitochondria undergo
structural changes that include elongation and the formation of
organized cristae, presumably in response to the increased energy
demands of cellular differentiation and development (Schatten
et al., 2014; Prigione et al., 2015; Lima et al., 2018).

Immediately prior to and during the cleavage stages, from the one-
cell zygote through the 16-cell morula, energy continues to be
generated via OXPHOS (Kaneko, 2016). Concurrent with the first
cell lineage decision at the blastocyst stage, energy sources within the
specific cell types begin to shift. The inner cell mass (ICM) of the
blastocyst, which gives rise to the embryo proper and some
extraembryonic tissues, utilizes glycolysis as the primary energy
source whereas the trophectoderm (TE), which contributes only to
the extraembryonic tissue, predominantly utilizes OXPHOS
(Kaneko, 2016). After blastocyst implantation (at embryonic day
(E) 4.5 in the mouse), the ES.5 embryo forms a radially symmetric
egg cylinder. By E6.5, the embryo initiates gastrulation, a dynamic
morphogenetic process resulting in the emergence and reorganization
of the primary germ layers (endoderm, mesoderm and ectoderm).
The initiation of gastrulation results in the formation of the primitive
streak, an embryonic organizing center on the posterior side of the
embryo, which utilizes an epithelial-to-mesenchymal transition to
specify the emerging germ layers (Downs, 2009).

Gastrulation is the first in a series of developmental events during
which embryonic cells rapidly divide and initiate cellular, molecular
and epigenetic differentiation programs. Given the pace and
magnitude of the differentiation that occurs during this
developmental transition, it is not surprising that there is a
requirement for proper mitochondrial function during
development (Hance et al., 2005; Humble et al., 2013; Larsson
et al., 1998; Li et al., 2000; Nonn et al., 2003; Baker and Ebert,
2013; Chen et al., 2003; Bushdid et al., 2003; Qian et al., 2003;
Conrad et al., 2004; Davies et al., 2007). Multiple studies provide
convincing evidence that the developing embryo is reliant on the
OXPHOS system for developmental progression. These studies
highlight the requirement of both energy systems, glycolysis and
OXPHOS, in the developing embryo. However, the lineage- and
temporal-specific requirements of glycolysis and OXPHOS remain
unknown. Interestingly, work in Drosophila has also shown that
mitochondria are important in modulating the dynamic change in
cell shape during gastrulation (Ratnaparkhi, 2013).

As stated above, the majority of proteins present in the
mitochondria are encoded by genes in the nucleus that are
imported into the mitochondria after translation. One large group
of these is the mitochondrial ribosomal proteins (MRPs), of which
there are more than 70 members in mammals (O’Brien et al., 2000;
Bogenhagen et al.,, 2018). The MRP group consists of two
subgroups: the mitochondrial large subunit protein (MRPL) and
mitochondrial small subunit protein (MRPS). Specifically, the MRP
group is composed of 48 MRPL and 30 MRPS in humans and 50
Mrpl and 29 Mrps in mice (Yates et al., 2017; Bult et al., 2019). The
N terminus of most MRPs contains a transit peptide sequence that
enables the translocase of mitochondrial membrane (TOM)
complex to shuttle the proteins across the mitochondrial
membrane (Garg et al., 2015). Once in the matrix, the MRPL and
MRPS assemble with the 16S and 12S rRNA, respectively, and
other mitochondrial ribosomal components to form the
mitochondrial ribosome complex. This large mitoribosome

complex is essential for translating proteins encoded in the
mitochondrial genome and is therefore crucial for ETC function
(De Silva et al., 2015).

Because MRPs are essential components of the mitochondrial
translation machinery, mutations in Mrp genes are detrimental to the
OXPHOS system and associated with several related human
disorders (De Silva et al., 2015). For example, human MRPL3
mutations are associated with combined oxidative phosphorylation
deficiency (COXPD) 9, a MRPL44 mutation is linked to
COXPD16, and MRPS22 is associated with cardiomyopathy (De
Silva et al., 2015; Dickinson et al., 2017). Although some clinical
studies have revealed the consequences of MRP abrogation in
humans, little is known about the role of MRPs during mammalian
embryogenesis.

Presented here are 21 novel knockout phenotypes of nuclear
encoded mitochondrial proteins and detailed characterization of five
Mrp phenotypes: Mrpl3, Mrpl22, Mrpl44, MrpsiSc and Mrps22.
Homozygous knockout of any one of these genes individually
results in embryos that proceed through early preimplantation
stages, implant and form a radially symmetric egg cylinder but fail
to initiate gastrulation. Each individual knockout displays aberrant
mitochondrial morphology but no apparent change in mitochondrial
genome content or excessive oxidative stress. Additionally, the data
indicate an alteration in ADP/ATP ratios implying that ATP
production in the knockout embryos is greatly reduced. Together,
these data suggest that although mitochondrial biogenesis is
unaffected, mitochondrial function is compromised, resulting in
reduced energy production and cell cycle perturbation in knockout
embryos.

RESULTS

Mrp genes are essential for initiation of gastrulation

To explore the role of Mrp genes during embryogenesis in mice, the
Mrp loss of function phenotypes were first examined. The Mrp
knockout alleles were produced by the Jackson Laboratories as part
of the Knockout Mouse Project (KOMP) (Dickinson et al., 2017).
These knockout alleles were generated either by replacing part of the
genomic locus with a lacZ reporter gene or by utilizing CRISPR-
Cas to create deletions in coding exons (Fig. 1A). The overall
morphology and developmental progress of homozygous knockout
embryos were assessed by crossing heterozygous males and females
for each Mrp gene (herein collectively referred to as ‘mutants’,
‘mutant embryos’ or ‘—/="). At E7.5, homozygous mutants for each
gene knockout were recovered at expected mendelian ratios but were
significantly smaller and delayed compared with littermates
(Fig. 1B). Interestingly, the mutant embryos all had a very similar
phenotype across the five different Mrp knockout lines. Regardless
of the Mrp that was disrupted, each mutant appeared to be stalled at
approximately the size of normal E6.0 embryos, just prior to the
onset of gastrulation. Furthermore, at E7.5, none of the mutants had
structures typical of gastrulation: there were no morphologically
evident primitive streaks, nodes, headfolds or allantois in any
mutants. It is important to note that none of the mutant embryos
appeared disorganized nor were there apparent pyknotic/dying
cells; all of the mutants appeared as relatively pristine early egg-
cylinder stage embryos at E7.5. These results suggest that
development proceeded normally until E5.5-E6.0 in each
knockout and then stalled, failing to progress further. At ES8.5,
decidua with embryo resorptions could be dissected from
heterozygous intercrosses for each of the Mrp knockout alleles
indicating that the failure of developmental progression eventually
results in lethality and resorption.
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Fig. 1. Mrp null embryos are severely delayed at E7.5. (A) Design/strategy of Mrp knockout (KO) alleles. (B) Representative embryos dissected at E7.5. The
upper panel shows littermate and the lower panel shows each null mutant. Mutants are dramatically smaller in size with no evident morphological hallmarks of

gastrulation. Scale bars: 100 ym.

Expression analysis of each Mrp

Next, the expression of Mrp genes was assessed in various tissues
and embryonic stages. Reverse transcription polymerase chain
reaction (RT-PCR) using gene-specific intron-spanning primers
was performed with oocytes and embryos from various stages of
development (preimplantation, gastrulation and the onset of
organogenesis). As shown in Fig. 2, Mrpl3, Mrpl22, Mrpld4,
Mrps18c and Mrps22 were abundantly expressed during both pre-
implantation and post-implantation stages. One notable exception
was the apparent epiblast specificity of Mrps22, which was nearly
absent in the E6.5 visceral endoderm. Further examination was done

A C

to determine whether the widespread expression continued in adult
tissues. The result revealed the ubiquitous expression of these Mrp
genes in all adult tissues examined (Fig. 2B).

The spatiotemporal expression of Mrpl22, Mrps18c, and Mrps22
was also examined using whole mount in sifu hybridization or the
lacZ reporter at various embryonic stages (Fig. 2C). Consistent with
the RT-PCR results, widespread expression of the lacZ reporter in
Mrpl22 and Mrps18c was observed in heterozygous embryos from
E6.5 to E9.5 (Fig. 2C). Similarly, an ISH probe specific for Mrps22
confirmed a higher level of expression at E6.5 epiblast and embryo-
specific expression in later stages (E7.5 to E9.5; Fig. 2C).
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Fig. 2. Mrp genes are widely expressed in embryos and adult tissues. (A,B) RT-PCR indicates little tissue- or temporal-specific expression in all stages and
tissues examined with one notable exception: Mrps22 is nearly absent in the visceral endoderm. Gapdh was used as control. (C) Widespread expression was
confirmed by X-gal staining in heterozygous Mrp/22 and Mrps18c embryos. Epiblast-specific Mrps22 expression was confirmed by whole mount in situ

hybridization. oo, oocyte; zy, zygote; bl, blastocyst; epi, epiblast; ve, visceral endoderm; emb, embryonic region; exe, extraembryonic region; ys, yolk sac; NTC, no

template control. Scale bars: 100 ym.
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Mrp mutant embryos fail to initiate gastrulation
Because the morphological analysis suggested that null embryos from
each Mrp allele arrested prior to gastrulation, these embryos were
assessed for molecular markers of the primitive streak.
Immunofluorescence (IF) was performed to detect the primitive
streak marker Brachyury (T), the epiblast marker Oct4 and a marker of
epithelial-cell membranes E-cadherin (Ecad). In normal embryos,
Oct4 is expressed in the ICM of the blastocyst and this expression is
retained in the pluripotent epiblast of pre-streak stage embryos. During
gastrulation, Oct4 expression is reduced as cells delaminate and
undergo the epithelial to mesenchymal transition required for primitive
streak formation and then lost as differentiation occurs. By E7.5, Oct4-
positive cells are confined to the primitive streak, primordial germ cells
and prospective neuroectoderm (Scholer et al., 1990). As shown in
, section analysis revealed that the overall organization of E7.5
mutant embryos remained the same as that of normal ~E6.0 embryos —
only two cell layers with bilaterally symmetric egg-cylinder
morphology. IF revealed that cells of the epiblast in all mutants still
contained robust nuclear Oct4, indicating that the pluripotent epiblast
cells remained in mutants at E7.5 (Fig. 3C’-F’). In normal embryos,
induction of the primitive streak via epithelial to mesenchymal
transition at the posterior end of the embryo mark the onset of
gastrulation at ~E6.5 in mice. During this process, brachyury (T), a key
transcription factor involved in mesoderm formation, is expressed in
the node and the primitive streak of E6.5-E8.5 embryos. Following
gastrulation, T expression is restricted to the notochord of the
developing embryo (Wilkinson et al., 1990; Herrmann et al., 1990). As
expected, T-positive cells were confined to the primitive streak and
nascent mesoderm in littermates (Fig. 3A”); however, T was not
observed in any Mrp null mutants (compare Fig. 3A” with Fig. 3C”-F").
These data support the hypothesis that E7.5 mutant embryos have
not progressed beyond pre-streak stages and demonstrate that loss of
function of any one of these five Mrp genes results in developmental
arrest and failure to initiate gastrulation.

Next, active Trp53 (a marker of apoptosis) as well as histone H3
phosphorylated at serine 10 (pH3, a marker of dividing cells) were
examined to determine whether cells were dying and/or failing to
proliferate in homozygous mutants. Although there were a few
active TrpS53-positive cells in Mrpl22, Mrpl44 and MrpsiSc
mutants, widespread apoptotic cells were not observed in any of
the homozygous mutants ( A”-G"). The lack of apoptosis is
consistent with the overall pristine morphology, despite the obvious
developmental delay at E7.5. Normal embryos undergo rapid and
widespread proliferation during gastrulation (see wild-type controls
in Fig. 4) (Mac Auley et al., 1993; Snow, 1977). In proliferating
cells, chromatin condenses extensively in preparation for mitosis
and chromosome segregation (O’Connor, 2008). Phosphorylation
of histone H3 (S10) has been highly correlated with chromatin
condensation prior to mitosis and is known to have a dual role in
mitosis and interphase (Hendzel et al., 1997; Wei et al., 1998; Goto
et al.,, 2002; Li et al., 2005). Although further quantification is
necessary, there appears to be increased numbers of bright pH3 foci in
mutant sections compared with controls, suggesting mutant cells
arrested in the G2/late G2 phase (comparing Fig. 4H” with Fig. 41"-M").
The lack of widespread active Trp53 combined with the severe
developmental delay suggests that Mrp homozygous mutant embryos
are stalled prior to gastrulation but are not dying at E7.5.

Mrp genes are essential for proper mitochondrial structure
and function

Because Mrp genes are thought to play essential roles in assembling
the mitochondrial translation machinery, and because defects in
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Fig. 3. Mrp null embryos fail to initiate gastrulation. (A-G) E7.5
immunofluorescence labeling of Oct4 (red), e-cadherin (green) and
sequentially of brachyury (T, red) and DAPI nuclear stain (blue). (A-A”) As
expected, littermate E7.5 embryos are largely devoid of Oct4 signal, with cells
of the primitive streak being T positive. (B-F) Mutant embryos retain robust
Oct4 in the epiblast and no T-positive cells are evident, similar to early egg-
cylinder E5.5 stage embryos (G), indicating that mutants have failed to initiate
gastrulation. Note that sequential rounds of IF allow the same embryo sections
to be labeled with both Oct4 and T. Scale bars: 50 pm.

translation can negatively impact the OXPHOS system, it is
speculated that Mrp mutant embryos undergo increased oxidative
stress. Elevation in reactive oxygen species (ROS) results in

4



Littermate

Mrpl44-/-

~
S
o
<
%
g
S

Mrps22-/-

Development (2020) 147, dev188714. doi:10.1242/dev.188714

Fig. 4. Mrp null embryos do not experience excessive cell death and oxidative stress. (A-N) Embryo sections were labeled with antibodies to detect active-
Trp53 (white), e-cadherin (green), and sequentially with e-cadherin (green) and pH3 (white). Similar to E7.5 littermates (A,H) and egg-cylinder stage E5.5

embryos (G,N), mutants showed widespread pH3-positive cells with minor cell death. (O-U) Embryos were labeled with 4HNE (white) and e-cadherin (green).
Nuclei were counterstained with DAPI (blue). Additionally, no excessive 4HNE is observed in mutants, suggesting no increase in lipid peroxidation or oxidative
stress (compare O,U with P-T). Note that sequential rounds of IF allow the sections to be labeled with Trp53 and pH3 and some sections thus look very similar to

those used in Fig. 3F,G. Scale bars: 50 pm.

oxidative stress, which contributes to lipid peroxidation and leads to
the generation of 4-hydroxynonenal (4HNE) (Zhong and Yin,
2015). To assess oxidative stress, the presence of 4HNE was
examined in mutants and littermate embryos. This analysis revealed
no significant differences in 4HNE levels or localization in Mrp null
embryos (compare Fig. 40”,U” with Fig. 4P”-T"), suggesting that
excessive oxidative stress does not contribute to the mutant
phenotype.

Next, the mitochondrial morphology in mutant and control
embryos was carefully examined using transmission electron
microscopy (TEM). As mentioned earlier, changes in
mitochondrial morphology depending on the stage of development
have been previously documented (Lima et al., 2018). TEM revealed
that mitochondria in mutant embryos were dramatically different from
those in littermates at E7.5 ( A-F). Although controls clearly
displayed numerous regularly stacked cristae, each Mrp mutant
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Fig. 5. Mrp null mitochondria are present with abnormal morphology but mutants do not show a dramatic increase in active caspase 3. (A-F) TEM
images reveal the drastic difference in mitochondrial morphology between mutants and control embryos (compare A,E with B-D,F). The mitochondria of mutants
have far fewer cristae and contain large vesicle-like structures. Red arrowheads point to mitochondria. (G) gPCR from single embryos was performed

to determine the ratio of mitochondrial and nuclear genomic DNA. No significant difference is observed in the ratio of mitochondrial to nuclear genome content
between mutants and littermates, with £>0.05 in all comparisons (t-test). Results are shown as meanzts.e.m. Data color code: Mrpl3, purple; Mrp/22, yellow;
Mrpl44, green; Mrps18c, red; Mrps22, blue; wild-type E7.5 embryos, gray triangles; E7.5 littermates, black circles; E7.5 mutants, white circles. Number of
individual embryos: Mrpl3 +/+, +/— n=4 and —/— n=7; Mrpl22 +/+, +/— n=4 and —/— n=6; Mrpl44 +/+, +/— n=5 and —/— n=7; Mrps18c +/+, +/- n=3 and —/— n=6;
Mrps22 +/+, +/— n=8 and —/— n=3; and wild-type E6.5 n=2. (H-N) Embryos labeled with anti-active-caspase-3 antibody (white), Oct4 (red) and DAPI (blue).
Few cells positive for actived caspase-3 are present in embryos, regardless of genotype (including null mutants). +/+, wild-type embryos; +/—, heterozygous
embryos; —/—, mutant embryos. Scale bars: 200 nm in A-F; 50 pm in H-H”; 20 pm in I-N".

instead had many vesicle-like structures within every mitochondria
(arrows in Fig. 5B-D,F), similar those observed in cells undergoing
apoptosis (Sun et al., 2007; Yamaguchi and Perkins, 2009).

During apoptotic progression, mitochondria undergo swelling,
presumably resulting in the vesicle-like phenotype and eventual
bursting of the organelle (Sun et al., 2007). Because abnormal
mitochondrial morphology was observed, it was of interest to
determine whether the total mitochondrial content was altered in the

absence of Mrp genes. Therefore, quantitative PCR (qPCR) was
performed to examine the ratio of mitochondrial DNA versus nuclear
DNA. qPCR analysis from embryos dissected at E7.5 revealed that
there was no significant difference in the mitochondrial to nuclear
genome ratio between mutants and littermates (Fig. 5G). This result
suggests that, despite severely irregular mitochondrial morphology,
mitochondrial biogenesis and the total number of organelles or
mitochondrial genomes was not altered in mutant embryos.
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Based on the vesicle-like phenotype displayed in mutant
mitochondria, the localization of activated caspase-3 in the mutant
embryos was examined. Surprisingly, in spite of the pronounced
mitochondrial morphology in the mutants, only a few cells positive
for activated caspase-3 were found in the embryonic portion and no
activated caspase-3 fluorescent signal was present in the
extraembryonic portion of the mutant embryos (compare Fig. SH”,
N” with Fig. 5I"-M”). Quantification revealed that Mrp knockout
mutants contained an average of 3.5 actived caspase-3 positive cells
per 100 cells counted whereas littermate and stage-matched controls
had 1.7 actived caspase-3 positive cells per 100 cells counted (data
not shown). Although this difference was statistically significant
(P=0.02), we do not believe this slight increase in caspase-3 mediated
apoptosis is a major factor contributing to the overall mutant
phenotype.

Because the mutant embryos had altered mitochondrial
morphology, the OXPHOS output was assessed by measuring
ATP and ADP levels. Healthy proliferating cells contain
significantly less ADP than ATP. In apoptotic cells, the ATP level

drastically decreases, resulting in an altered ADP to ATP ratio
(Crouch et al., 1993). To investigate mitochondrial function, the
ratio of ADP to ATP was measured in individual embryos. All
homozygous knockout embryos had a significantly higher ADP to
ATP ratio compared with littermates ( A). Because the changes
in ADP to ATP ratio may be attributed to developmental stage, the
same assays were also performed on individual wild-type ES.5
embryos as stage-matched controls for Mrp mutants. However, no
difference between wild-type E5.5 and E7.5 littermate embryos
(either +/+ or +/—) was found. Thus, we conclude that the altered
ADP to ATP ratio in mutants is reflective of mitochondrial
disfunction rather than a consequence of developmental delay.
Together these data indicate that Mrp mutants fail to produce normal
levels ATP, which probably limits continued development.
Knowing that mitochondrial morphology and function are
impaired in Mrp mutants, and that MRPs are components of
mitoribosomes, which are responsible for translation of all genes
encoded in the mtDNA, we examined the presence of mtCO2,
subunit I of cytochrome c oxidase, a mitochondrial-encoded
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Fig. 6. Mrp mutants have less ATP and defective mitochondrial translation. (A) Mutant embryos have a significantly higher ADP to ATP ratio, indicating
reduced levels of ATP in null cells (*P<0.05). This difference remains when comparing with wild-type E5.5 stage-matched embryos. Results are shown

as meanzs.e.m. Data color codes as in Fig. 5G. Number of individual embryos: Mrpl3 +/+, +/— n=24 and —/— n=5; Mrpl22 +/+, +/— n=18 and —/— n=4; Mrpl44 +/+,
+/—n=13 and —/— n=6; Mrps18c +/+, +/— n=20 and —/— n=9; Mrps22 +/+, +/— n=10 and —/— n=3; wild-type E5.5 n=6. (B-H) Embryos were labeled with anti-mtCO2
(green), Oct4 (red) and DAPI (blue). mtCO2 can be seen throughout littermate and stage-matched controls but is largely absent in null cells (compare B,H with
C-Q). (I) Control with no primary antibody added. The green signal observed in the visceral endoderm is the result of secondary antibody binding to endogenous
mouse immunoglobulin G. +/+, wild-type embryos; +/—, heterozygous embryos; —/—, mutant embryos. Scale bars: 50 ym in B-B” (inset, 100 ym); 20 ym in D-D”
(inset, 20 um), F-F”; 10 ym in C-C” (inset, 20 ym), E-E” (inset, 20 um), G-G” (inset, 20 ym), H-H” (inset, 20 ym) and I-1” (inset, 50 um).
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component of the ETC. As shown in Fig. 6B”-H”, mtCO2 was
observed throughout littermate and stage-matched control embryonic
cells but was absent in each homozygous mutant, indicating that no
mtCO2 protein was present and that mitochondrial translation was
defective in the absence of Mrp genes.

Previous Xenopus studies reveal that inhibition of mitochondrial
ROS production results in cell cycle arrest by preventing the
activation of Cdc25c, a phosphatase that triggers entry into mitosis,
a crucial role in the G2/M checkpoint (Han et al., 2018; Peng et al.,
1997, 1998). Because Mrp mutants have a defective ETC, which
limits the production of ROS, we examined the phosphorylation
status of Cdc25c¢ in the mutant embryos. Prior to the G2/M
checkpoint, Cdc25c is kept inactive by phosphorylation on its
inhibitory site, serine 216 (S216), which promotes binding to a 14-
3-3 protein (Peng et al., 1998, 1997; Kumagai et al., 1998). Upon
mitosis, the inhibitory site of Cdc25c is dephosphorylated by
protein phosphatase 2A and hyperphosphorylated by kinases such
as Cdc2/cyclin B at the serine/threonine residues (Hoffmann et al.,
1993; Kumagai et al., 1998; Clarke et al., 1993; Izumi and Maller,
1993; Strausfeld et al., 1994; Roshak et al., 2000). Examination of
phosphorylated S216  [phospho-Cdc25¢  (S216)] revealed
significantly more foci in Mrp mutants than in littermate and
stage-matched controls ( A-E). These results indicate that
abrogation of each Mrp gene not only alters energy production, but
also leads to cell cycle arrest at the G2/M checkpoint. This cell cycle
disruption is probably a major contributing factor to the overall
arrested development and failure to initiate gastrulation.

DISCUSSION

MRPs play evolutionarily conserved essential roles. Along with
ribosomal RNAs, the MRPs constitute the mitoribosome complex
leading to the coordinated synthesis of ETC proteins, primary
components of the OXPHOS system. Because of the important role
in cellular energy production, defects in the ETC are often associated
with mitochondrial diseases (De Silva et al., 2015). The connection
between Mrp mutation and human diseases has been well
documented in multiple clinical studies. Many studies utilize plant
and Drosophila model systems to explore the involvement of Mrp
genes in development, but studies identifying the roles of Mrp genes
in mammalian embryogenesis are conspicuously absent (Frei et al.,
2005; Robles and Quesada, 2017). Presented here is in vivo analysis
of mouse embryos that lack both alleles of individual Mrp genes.
The data demonstrate the indispensable role of individual Mrp genes
during early mammalian development and that loss of each Mrp
leads to severe developmental delay and a failure to initiate
gastrulation. Together these data suggest that, despite the presence
of 70 Mrp genes, each has a distinct role with little or no functional
redundancy among the Mrp group.

These early lethal phenotypes correlate well with previous
knockout mouse studies that show the importance of multiple
mitochondria-associated genes during embryogenesis (Piruat et al.,
2004; Baker and Ebert, 2013; Li et al., 2000; Chen et al., 2003;
Wakabayashi et al., 2009; Davies et al., 2007; Hance et al., 2005;
Humble et al., 2013; Nonn et al., 2003; Conrad et al., 2004; Larsson
etal., 1998; Yagietal.,2012; Park et al., 2007; Cerritelli et al., 2003;
Steenbergen et al., 2005; Kim et al., 2007). Specifically, in the
absence of Sdh, a gene that encodes for a subunit within complex II
of the ETC, embryos cannot be found at E9.5, indicating earlier
lethality (Piruat et al., 2004). Additionally, similar to the Mrp
homozygous knockout embryos we examined in depth herein,
embryos lacking both alleles of other nuclear-encoded
mitochondrial functioning proteins, including Nars2, Ndufa9,
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Fig. 7. Mrp null cells are stalled at the G2/M transition. (A-C) Sectioned
embryos were labeled with E-cadherin (green), phospho-Cdc25c (S216) (red)
and DAPI (blue). White arrows point to phospho-Cdc25c (S216) foci.

(D) Control with no primary antibody added. Green signal observed in the
visceral endoderm is the result of secondary antibody binding to endogenous
mouse immunoglobulin G. (E) Quantification reveals that significantly more
phospho-Cdc25c foci are present in Mrp null embryos than in littermates or
stage-matched controls. Results are shown as meants.e.m. ***P<0.0005,
**P<0.01, *P<0.05. Color code: Mrpl3, purple; Mrpl22, yellow, Mrps22, blue,
wild-type E5.5 embryos, gray diamonds; E7.5 littermate, black circles; E7.5
mutants, white circles. Number of individual embryos: Mrp/22 +/+, +/— and —/—
n=1; Mrps22 +/+, +/— n=3 and —/— n=4. +/+, wild-type embryos; +/—,
heterozygous embryos; —/—, mutant embryos. Scale bars: 50 ym in A-A”
(inset, 10 um) and D-D”; 20 um in B-B” (inset, 10 ym) and C-C” (inset, 10 um).

Ndufs8, and Timm22, were also found to display comparable E7.5
phenotypes; that is, formation of an egg cylinder but lack of
gastrulation features ( ; blogs.umass.edu/jmager). These data
further illustrate the importance of a functioning OXPHOS system
during the peri-gastrulation.

Given the consistency of the ~E7.5 delay in each of the Mrp
knockouts, it is reasonable to hypothesize that Mrp genes are not
essential until gastrulation. However, an important caveat is that
abundant maternal RNA and proteins are present in oocytes. Thus,
maternal MRP protein might promote survival of the Mrp mutant
embryos through implantation, resulting in the observed phenotype
only after maternal stores have diminished through normal protein
turnover. In the absence of individual MRP function, it is possible
that maternal MRP provides adequate mitochondrial function and
energy production to allow mutant embryos to progress through
implantation (approximately 4 days). In this scenario, perhaps the
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Fig. 8. Summary of early lethal phenotypes of nuclear-encoded mitochondrial genes. (A) Additional novel phenotypes of null embryos analyzed by our
group: E3.5 (green box) and E7.5 (purple box). (B) Mitochondrial localization and function of each protein encoded by nuclear-encoded mitochondrial genes,
indicated by black lines. Developmental time points of null embryo lethality are indicated by color: green, developmental arrest at implantation; purple,
developmental arrest at E6.5-E8.5; turquoise, >E9.5 lethality. Published knockout studies are indicated with the corresponding reference number. The 21 genes
without an associated reference are novel phenotypes presented herein. OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; ETC,
electron transport chain; TOM, translocase of the outer membrane; TIM, translocase of the inner membrane. Scale bars: 50 ym (E3.5 blastocyst) and 100 pm

(outgrowth colony) in green box; 100 um (E7.5 embryos) in purple box.

mitochondrial function of Mrp mutants wanes significantly at ES.5
as maternal mRNA and protein is exhausted, slowing or stopping
cell division and morphogenetic movements and resulting in the
egg-cylinder arrest observed. Because Mrp null embryos develop
normally for ~6 days, it is unlikely that the maternal protein persists
for that long and that Mrp gene function is not required for egg
cylinder formation. However, without formal demonstration of
protein half-life and maternal deletion experiments, there remains
the question of precisely when during development MRP proteins
are required.

The metabolic analysis performed here reveals that the ADP to
ATP ratio is significantly increased in all of the Mrp mutants. In
healthy proliferating cells, the ATP concentration is much higher

than that of ADP, resulting in an ADP/ATP ratio close to 0.5 in
control embryos. All of the Mrp mutant embryos examined had
similar ADP/ATP ratios of close to 1.0. These results suggest that
ATP production is deficient in the absence of functional MRP
proteins. The OXPHOS system requires the translation of essential
ETC components within mitochondria. Our data show that lack of
functional MRP proteins leads to disruption of the mitochondrial
translation machinery and therefore a lack of ETC related proteins,
as reflected by the absence of mtCO2 protein in mutant cells
(Fig. 6C’-G’). The absence of functional ETC components, in turn,
is most likely responsible for the drastic reduction of ATP in mutant
embryos. The aberrant mitochondrial morphology observed in
each of the Mrp mutants provides further support for defects in
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mitochondrial function. Given these defects, it is somewhat
surprising that the number of mitochondria (inferred from the
mtDNA/gDNA ratio; Fig. 6) in mutant cells was unaltered at E7.5,
indicating that biogenesis of mitochondria in mutants is unaffected
and that the defective mitochondria are not being degraded.

The excessive amount of vesicle-like structures in the
mitochondria of individual mutants is a phenotypic phenomenon
associated with apoptosis, which also results in cytochrome c
release and activation of caspase-3. Becase no elevation in the
number of actived Trp53-positive cells was observed in mutants, the
presence of activated caspase-3 was investigated given the aberrant
mitochondrial morphology of the mutants. Surprisingly, very few
cells positive for actived caspase-3 were present in any of the Mrp
mutants, suggesting that apoptosis is not a major factor in the mutant
phenotypes. At E7.5, the mutant cells appear to be proliferating as a
large number of pH3-positive cells were detected in the embryos;
however, at late E8.5 and E9.5, the mutants are completely
reabsorbed. The results show that development of the mutant
embryos occurs normally until ~E6.0 when developmental
progression stalls at the early-egg cylinder stage; cell death and
resorption do not finally occur until ~E8. Because ATP is required
for the activation of caspase-3, the lack of activated caspase-3
positive cells in the Mrp mutants might be the result of insufficient
cytosolic ATP (Liu et al., 1996; Li et al., 1997). If this is the case,
addition of exogenous ATP may be sufficient to restore the caspase-
3 mediated apoptotic pathway.

Aside from affecting the energy content, disruption of the
OXPHOS system can also impact cellular signaling. A byproduct of
the respiratory chain is ROS. Although excessive ROS leads to
oxidative stress, it is also an essential second messenger associated
with cell cycle progression and several signaling pathways such as
NF-kB and MAPK pathways (Zhang et al., 2016; Boonstra and Post,
2004). Lipid peroxidation as a result of elevated ROS level is not
observed in the mutants. This result is not unexpected as ROS is a
byproduct during the transfer of electrons in the ETC, and we have
shown that crucial ETC components are not translated in mutant
embryos, most likely resulting in a failure of ETC altogether.

In vivo studies utilizing Xenopus embryos have shown that
inhibiting mitochondrial ROS production in the ETC can also lead
to cell cycle arrest by disrupting the activation of Cdc25c, a
phosphatase that triggers the entry of mitosis (Han et al., 2018).
Many studies have shown that embryos increase in size significantly
during gastrulation as a result of rapid cell cycles (Mac Auley et al.,
1993; Snow, 1977; Power and Tam, 1993). Here, we show that
Cdc25¢ phosphorylated at serine 216 [phospho-Cdc25¢ (S216)]
foci are significantly elevated throughout Mrp mutant embryos,
suggesting cell cycle arrest. Furthermore, although there are pH3-
positive cells in the mutants, the majority of pH3 signal cells appear
to have a less condensed chromatin structure than littermates,
similar to the structure observed in the late G2 phase of the cell
cycle. However, a more detailed assessment of the cell cycle stage is
necessary to conclude precisely when Mrp mutant cells may be
arrested. Together, these data suggest that when mitochondrial
translation is obstructed, the overall energy content in the embryos
decreases, which in turn limits the generation of ROS. As a result,
regulation of Cdc25c is altered, perturbing cell cycle progression
and resulting in the Mrp mutant phenotype, exhibiting a failure to
grow and initiate gastrulation.

Mitochondria are tightly regulated organelles that can swiftly
achieve conformational and functional adjustments in response to
changes in the cellular environment and signaling (Fu et al., 2019;
Jornayvaz and Shulman, 2010; Yao et al., 2019). As the primary

source of ATP and a hub for many biosynthetic and metabolic
pathways, viability is dependent on intact and functional
mitochondria (Fu et al., 2019; Chandel, 2015; Tait and Green,
2012; De Silva et al., 2015; Lee and Han, 2017). Some previous
knockout studies have highlighted the importance of mitochondrial
function for successful embryo development (Barak et al., 1999;
Chen et al., 2003; Wakabayashi et al., 2009; Humble et al., 2013; Li
et al., 2000; Piruat et al., 2004; Steenbergen et al., 2005; Davies
et al., 2007; Cerritelli et al., 2003; Hance et al., 2005; Park et al.,
2007; Kim et al., 2007; Yagi et al., 2012; Nonn et al., 2003; Conrad
et al., 2004; Larsson et al., 1998). These studies, combined with the
analysis presented here of 21 novel knockout alleles in
mitochondrial genes (5 presented in depth, 16 in Fig. 8 and in
blogs.umass.edu/jmager), indicate that disrupting components of
the ETC, mitochondrial translation machinery or other components
of mitochondria most often results in arrest immediately prior to
gastrulation (Fig. 8). This is perhaps not surprising as mitochondria
are essential for both cell movement and rapid proliferation, and
gastrulation is the time of dynamic morphogenetic movements and
extensive embryo growth (Ratnaparkhi, 2013; Yao et al., 2019; Fu
etal., 2019). As presented above, the knockout of single Mrp genes
was found to interfere with mitochondrial translation, a decrease in
energy production and cell cycle perturbation, combining to result
in growth arrest and a failure to initiate gastrulation.

One in 4300 people are affected by mitochondrial diseases, the
most common type of genetic disorder (Schaefer et al., 2019; Ng and
Tumbull, 2016). Of the 37 genes mentioned in Fig. §, 36 are
associated with human diseases, the majority of which are monogenic
such as combined oxidative phosphorylation deficiency (COXPD),
multiple mitochondrial dysfunctions syndrome (MMDS) and a
variety of neural and cardio-related disorders (Dickinson et al., 2016;
2020). These mouse models provide insight into the pathological
mechanisms of these mitochondrial diseases during embryonic and
neonatal development.

Although it is well documented by others that mammalian
embryos utilize glycolysis as the primary energy source during
development, the study here highlights the indispensable role of a
functional OXPHOS system for the initiation of gastrulation. This
study also supports the idea that distinct energy systems are required
at different time points during development. The survival of
mutant embryos through implantation and egg cylinder formation
indicates either that maternal Mrp genes contribute and/or that an
alternative energy system such as glycolysis drives developmental
progression prior to gastrulation. To better understand the
regulation and requirements of each cellular energy system it
would be of interest to study the ATP source during a variety of
embryonic stages, as well as temporal and tissue-specific
conditional knockout strategies.

MATERIALS AND METHODS

Animals

Use of animals was approved by the University of Massachusetts
Institutional Use and Care of Animals Committee (IUCAC). The Mrp
knockout alleles were generated by the Jackson Laboratory (stock no.
048652-UCD KOMP: C57BL/6N-Mrpl3emMMPCI NMmucd; 048651-UCD
KOMP: C57BL/6N-A"1Brd Myp]22tmIbKOMPIMbp /iNImucd; 048654-UCD
KOMP: CS57BL/6N-Mrpl44°™! MPO/Nimuced;  048660-UCD  KOMP:
C57BL/6N-Mrps18c™!-1KOMP)Vicg/ i\Nmucd; and 048661-UCD KOMP:
C57BL/6N-Mrps22/1-1KOMP)Vieg/INmucd). In  brief, the Mrpl3 and
Mrpl44 knockout alleles were generated by removing exon 2 (185 bp and
1424 bp, respectively) in the genomic sequences using CRISPR/Cas
system; whereas Mrpl22, Mrpsi8c and Mrps22 knockout alleles were
generated by removing exon 3, exons 1-6 and exons 1-8, respectively, and
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replacing part of the genomic locus with the /acZ reporter in C57BL/6NJ
mouse embryonic stem cells (Fig. 1).

The knockout alleles used to generate null embryos shown in Fig. 8 were
generated by the Jackson Laboratory (JAX) or University of California,
Davis, CA, USA (UCD): C57BL/6N- Bcs][™!-1(KOMP)Vieg, 047134-UCD
KOMP: C57BL/6N-Clpx/™!-1 KOMP)Vieg INMmucd;  047662-UCD  KOMP:
CS57BL/6N-Fastkd 5™/ KOMP)Vieg/IMmucd; ~ 42127-JAX:  C57BL/6NJ-
Hlcs MMPO)/Mmjax; MMRRC: 048244-UCD KOMP: CS57BL/6N-
AMIBrd - [gcq [mIbEOMPIWisiiNmycd; 048536-UCD KOMP: C57BL/6N-
Mars2™! 1 KOMPVieg INMmuced;  CS7BL/6GN-Mips257-1 KOMP)Vieg) IMmucd;
Produced by UCD: C57BL/6N- Mipap™!-!(KOMP)Vieg/MbpCil, 048737-UCD
KOMP: C57BL/6N-Nars2¢™! ™MPO//NMmuced; 42355-JAX: C57BL/6NJ-
Ndufa9e™! ™PC/Mmjax; 048764-UCD KOMP: C57BL/6N-
Ndufs8™MPO)/Mmuced;  42307-JAX:  CS7BL/6NJ-Sdhaf2em! ™MroJ;
Mmjax; 050059-UCD KOMP: C57BL/6N-Timm22™1b®OMP)Wisi/iNmucd,
050225-UCD KOMP: CS57BL/6N-Trit]"!-! KOMP)Vieg/NMmucd; Produced
by Baylor College of Medicine, TX, USA (BCM): C57BL/6N-
Pmpch™IbEVCOMMHmgu, and 43742-JAX: C5TBL/6NI-Tomm20! ™PCJ;
Mmyjax. All results shown were repeated on a minimum of three mutant and
control embryos from each knockout line, except for the Mrpl22 knockout
line shown in Fig. 7E. Further data on each of the phenotypes of the
homozygous embryos from each of these strains is available at blogs.umass.
edu/jmager.

Embryo retrieval and genotyping

Mrp null embryos were generated by heterozygote intercrosses. Heterozygous
males and females were housed together, and the morning of the copulation
plugs was defined as E0.5. Genotypes of individual embryos were determined
by PCR using the following primers: Mrpl3, wild-type (5'-CTGTCAAGT-
ACAGATTCATGTGG-3' and 5'-TGGTTCCCAGGGATGTAAAG-3') and
knockout (5'-CTGTCAAGTACAGATTCATGTGG-3’ and 5'-TCTGGAA-
CTATGCTTCCCAAAC-3"); Mrpi22, wild-type (5'-AAAACCCATTTCA-
GTCCTGAGT-3" and 5-TCACAGCAGGGTGACAGAAC-3’) and
knockout (5'-CGGTCGCTACCATTACCAGT-3" and 5'-GCAGCCTGGT-
CCATAGAGTG-3"); Mrpl44, wild-type (5~ ACGGACTGCCAGTGGTTA-
TC-3" and 5-AACTAGACTCTCAGTGCCTTCG-3") and knockout (5'-
ACGGACTGCCAGTGGTTATC-3" and 5'-AACCTCCAGCACTCACAA-
CC-3"); Mrpsi8c, wild-type (5'-CACATTGATTGCTTGTTATTTCG-3" and
5'-CAGTTGAGTGCAGATGCTTG-3") and knockout (5'-CGGTCGCTA-
CCATTACCAGT-3" and 5'-CGGTGTCCAGAGAACACTCA-3’); and
Mirps22, wild-type (5'-GCTGTGGGCAGTGTTATTGT-3" and 5’-TCTCA-
CACCTAGTACCGCAGTC-3') and knockout (5'-CGGTCGCTACCATTA-
CCAGT-3" and 5'-TCAGTAAGTACCTTTTAATCCCAAGA-3"). Specific
genotyping protocol is available at https:/www.mmrrc.org/. All results shown
were repeated on a minimum of three mutant embryos.

Additional homozygous knockout mouse embryos displayed in Fig. 8
were generated by heterozygote intercrosses as above. Genotypes of
individual embryos were determined by PCR. Specific genotyping protocol
is available at https:/www.mmrrc.org/.

All results presented were repeated on a minimum of three mutants and
three controls from each knockout line, except for Mrpl22 knockout mutants
shown in Fig. 7E or unless specified. All assays were also assessed for
differences between wild-type and heterozygous embryos but no significant
differences were observed.

RNA extraction and RT-PCR analysis

Total RNA was isolated from mouse tissues using Roche High Pure RNA
Isolation Kit (Roche 11828665001) and was converted to ¢cDNA using
BioRad iScript cDNA Synthesis (BioRad 1708890). RT-PCR was performed
for 35 cycles of 30 s at 60°C, 72°C and 95°C with the following primers
(5’ to 3’) unless otherwise specified: Mrpl3 (292 bp), 5'-TTGGTGGGAT-
GAACATCTTTC-3' and 5'-GGCTGCGATTTTTCCATTAT-3'; Mirpi22
(542 bp), 5'-GGGTGCACTGAGGGTACCTA-3" and 5'-CGTGGTCAAC-
TGCTGTCTTG-3'; Mrpl44 (620 bp), 5'-GGGGAGTGAAGAAGGGATT-
C-3' and 5’-TACGACGGTCCACATCTCAA-3'; Mrpsi8c (354 bp), 5'-
GGTTGCTCTGTGCAGTGGTA-3" and 5-TGGCATAAACCCCATTTT-
CT-3'; Mrps22 (533 bp), 5'-TACAACCACTGAAGCCACCA-3" and 5'-A-
GCCATTCCACCAAAGTGTC-3'; brachyury (T) (313 bp), 5'-CATGTA-

CTCTTTCTTGCTGG-3" and 5-GGTCTCGGGAAAGCAGTGGC-3';
Gapdh (452 bp), 5'-ACCACAGTCCATGCCATCAC-3" and 5'-TCCACC-
ACCCTGTTGCTGTA-3'.

Whole mount in situ hybridization

Embryos were freshly dissected and fixed in 4% paraformaldehyde for 2-4 h
on ice as described by Tremblay et al. (2001). Embryos were then dehydrated
in a methanol series and stored for up to 1 month. Embryos were rehydrated in
a methanol series in 1x phosphate-buffered saline with Tween 20 (PBT),
rinsed twice in 1x PBT for 5 min and bleached in 6% hydrogen peroxide for
1 h. Embryos were then rinsed with 1x PBT, treated with proteinase K for 6-
8 min and incubated with glycine in 1x PBT for 5 min. After rinsing twice
with 1x PBT for 5 min, embryos were fixed with 4% paraformaldehyde with
0.02% glutaraldehyde for 20 min. Embryos were rinsed twice in 1x PBT for
5 min and incubated in 1:1 hybridization buffer (50% formamide, 5x SSC,
0.1% Tween 20, 0.1% SDS, 50 pg/ml heparin, 50 pg/ml yeast tRNA and 60
mM citric acid)/PBT for 10 min, and subsequently in hybridization buffer for
10 min. The embryos were then incubated with 150 ng RNA probes in
hybridization buffer at 70°C overnight. The next day, embryos were washed
with solutions containing formamide, 20x saline-sodium citrate, 1 M citric
acid, 20% SDS and Tween-20 for 30 min at 70°C for the first three washes
and at 65°C for the last three washes. Following this, the embryos were rinsed
three times in 1x maleic acid buffer containing levamisole for 5 min. The
embryos were then blocked in maleic acid buffer with 2% Boehringer
blocking reagent for 1 h at room temperature, and then incubated with the
antibody solution containing Anti-Digoxigenin-AP (Roche, 11093274910,
1:2000), heat inactivated sheep serum (Sigma-Aldrich, S2263, 1:400) and
levamisole (Sigma-Aldrich, L9756, 1%) at 4°C overnight. The following day,
the embryos were washed six times with 1x maleic acid buffer containing
levamisole for at least 1 h. The embryos were then rinsed three times with
alkaline phosphatase buffer containing 1 M Tris-HCI (pH 9.5), 5 M NaCl,
1 M MgCl, and Tween 20 for 10 min and developed in BM purple solution
(Roche, 11442074001) until the color has developed. The embryos were then
washed with 1x PBT containing 0.5 M EDTA, fixed in 4% paraformaldehyde
overnight, dehydrated in an ethanol series, cleared in xylene, embedded with
paraffin and sectioned at 7 um thick. Antisense probes were generated
using E7.5 embryonic cDNA. RT-PCR was performed for 35 cycles of 30 s at
60°C, 72°C and 95°C with the following primers with indicted genes. The
amplicons were then cloned into the TOPO-TA Cloning Vectors using the
TOPO TA Cloning kit for Sequencing (Invitrogen, 450030) according to the
manufacturer’s instructions. Plasmid DNA was extracted using QIAprep Spin
Miniprep Kit (Qiagen, 27106) and confirmed by sequencing. Plasmids were
then linearized with PsfI-HF restriction enzyme. Transcription in vitro was
carried out using DIG RNA Labeling Kit (SP6/T7) (Roche, 11175025910)
and the RNA probe confirmed using gel electrophoresis. The probe used was
Mrps22 (intron spanning primers designed to generate an amplicon that
includes exon2 to exon6; 533 bp).

X-gal staining

Embryos were freshly dissected and fixed in X-gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside) buffer (PBS with 5 mM EGTA, 2 mM
MgCl-6H,0, 0.2% NP-40, 0.2 mM deoxycholate) containing 0.2%
glutaraldehyde and 1% formaldehyde on ice for 15 min and subjected to
modification from Tremblay et al. (2001). In brief, the fixed embryos were
washed three times with X-gal buffer for 10 min and stained with X-gal stain
(X-gal buffer, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide,
0.5 mg/ml X-gal) overnight at 37°C. Subsequently, embryos were
dehydrated in ethanol, cleared in xylene, embedded with paraffin, and
sectioned at 7 um thick. Sections were deparaffinated and rehydrated for
subsequent processing. Eosin staining was performed by immersing
rehydrated sectioned embryos in eosin Y solution for 15-20 s, followed
by 95% ethanol for 2 min, then 100% ethanol for 2 min and lastly cleared in
xylene. Slides were then sealed with Cytoseal 60 (Fisher Scientific 18006)
and imaged with a Panoramic MIDI II slide scanner (3dHistech).

Immunofluorescence

Freshly dissected embryos were fixed in 4% paraformaldehyde overnight,
dehydrated in ethanol, cleared in xylene, embedded with paraffin and
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sectioned at 7 um. The sections were deparaffinated in xylene and
rehydrated for subsequent procedures. Antigen retrieval was performed by
boiling in 0.01 M Tris-Base (pH 10) with 0.05% Tween 20 for 4 min and
then allowed to cool to room temperature. The slides were then rinsed
twice with 1x PBT for 2 min and blocked in 1x PBT containing 5% non-fat
milk for 2 h at room temperature. Primary antibodies were then diluted
with 1x PBT containing 5% non-fat milk and added onto the slides. The
slides were subsequently incubated at 4°C overnight in a humid chamber,
rinsed three times with 1x PBT for 15 min, and then incubated with
secondary antibodies at room temperature for 1 h in a humid chamber.
Subsequently, the slides were rinsed three times with 1x PBS for
15 min. Nuclei were counterstained with DAPI in PBS (1:10,000) for
3 min. Slides were rinsed with 1x PBS and sealed with ProLong Gold.
Immunofluorescence slides were imaged with a Panoramic MIDI II slide
scanner (3dHistech).

Sequential rounds of IF were performed to allow the same embryo
sections to be labeled with Oct4 and T or with Trp53, pH3 and 4HNE. Once
the IF slides were imaged, they were soaked in 1x PBT until the glass
coverslips detached from the slides. The slides were soaked in water for
3 min before beginning the second round of IF starting at antigen retrieval
step (as listed above).

Primary antibodies against the following were used: T (1:100; Santa
Cruz, sc-17743), E-cadherin (1:1000; BD Bioscience,s 610181), Oct4
(1:500; Abcam, ab27985), 4-hydroxynonenal (1:150; Abcam, ab46545),
Trp53 (1:100; Cell Signaling Technology, 9284S), pH3 (1:500; Abcam,
ab5176), mtCO2 (1:200; Abcam, ab110266), cleaved caspase-3 (1:500;
Cell Signaling Technology, 9664S) and phospho-Cdc25¢ (S216) (1:50;
Biorbyt, orb159479). Secondary antibodies used were Alexa Fluor 488
donkey anti-mouse (1:500; Thermo Fisher Scientific, A-21202), Alexa
Fluor 647 donkey anti-goat (1:500; Thermo Fisher Scientific, A-21447) and
Alexa Fluor 546 donkey anti-rabbit (1:500; Thermo Fisher Scientific,
A10040). DAPI (Molecular Probes) concentration was 1:10,000.

Transmission electron microscopy

Freshly dissected mouse embryos were immersed in 2.5% glutaraldehyde
in 0.1 M sodium cacodylate buffer (pH 7.2) and fixed overnight at 4°C.
Samples were processed and analyzed at the University of Massachusetts
Medical School Core Electron Microscopy Facility according to standard
procedures. Briefly, the samples were rinsed four times in the same
fixation buffer and post-fixed with 1% osmium tetroxide for 1 h at room
temperature. Samples were then washed three times with DH,O for
10 min and then dehydrated through a graded ethanol series of 10%
through 95% at 20% increments, before three changes in 100% ethanol.
The samples were then infiltrated with two changes of 100% propylene
oxide and then with a 50/50% propylene oxide/SPI-Pon 812 resin mixture.
The following day, four changes of fresh 100% SPI-Pon 812 resin were
made before the samples were polymerized at 70°C in flat embedding
molds. The samples were then reoriented and thick sectioned to the correct
depth, at which point thin sections of approximately 70 nm were collected
and placed on copper support grids and contrasted with lead citrate and
uranyl acetate. Sections were examined using the Phillips CM10 with
80 Kv accelerating voltage; images were captured using a Gatan TEM
CCD camera.

Real-time qPCR analysis

Dissected embryos were incubated in lysis buffer [SO mM Tris HCI (pH 8.8),
1 mM EDTA (pH 8.0), 0.5% Tween20] with the addition of proteinase K
solution (Promega, MC5008) at 55°C for 1 h or overnight and subsequently
incubated at 95°C for 10 min. Embryo lysates were then used as template for
qPCR. To determine the ratio between mitochondrial genome and nuclear
genome using primers to amplify 415 bp of mt-genomic-CO2 (5'-TTGGT-
CTACAAGACGCCACA-3" and 5-GGTAGCTGTTGGTGGGCTAA-3")
and 383 bp nuclear genomic Dnaaf2 locus (5'-ATCTAAGCCCCGTCGG-
TTAC-3' and 5-ACCGTGAAGGCTTAAGAGCA-3’), qPCR was
performed on Stratagene Mx3005P using PerfeCTa SYBR Green
SuperMix Low ROX (QuantaBio 95056) under the following conditions:
95°C for 2 min, 40 cycles of (95°C for 15's, 60°C for 15 s, 72°C for 15's,
80°C for 22 s), 60°C for 15 s and 95°C for 30 s.

ADP/ATP ratio measurement

The ADP/ATP ratio was determined using the ADP/ATP Ratio Assay Kit,
Bioluminescent (Abcam, 65313) according to the manufacturer’s
instructions. In brief, freshly dissected embryos were placed in
nucleotide-releasing buffer at one per well in a 96-well plate for 5 min.
Reaction mix was added into each of the wells as per manufacturer’s
instructions. After 2 min incubation, luminescence from each well was
measured using a POLARstar Omega microplate reader. Subsequently,
ADP converting enzyme was added to each well. After 2 min incubation,
luminescence from each well was measured as above. The ADP/ATP ratio
was calculated following the manufacturer’s instructions.

Imaging

Digital images of whole mount embryos were captured on a Nikon SMZ-
1500 stereomicroscope equipped with a Spot Idea Digital Camera and Spot
(v4.6) software. Images of sectioned embryos were taken with a Pannoramic
MIDI slide scanner or Nikon Eclipse 50i equipped with a Spot Idea Digital
Camera and Spot (v4.6) software or Nikon Eclipse Ti inverted microscope
with an Andor Clara DR-1633 camera and Nikon NIS Elements AR
software.

Quantification of phospho-Cdc25c (S216) foci

Immunofluorescent staining was used to identify the number of phospho-
Cdc25¢ (S216) foci in mouse embryos. Total cells in each section were
counted using both DAPI to mark nuclei and E-cadherin to mark cell
membranes of epithelial cells. Counting was done using the multipoint tool
in Image]. To calculate the ratio, the total number of phospho-Cdc25¢
(S216) foci was divided by the total number of e-cadherin- or DAPI-stained
cells. The phospho-Cdc25¢ (S216) foci and total cell numbers were counted
on every third section for each embryo analyzed.

Quantification of cells positive for actived caspase-3
Immunofluorescent staining with an antibody against cleaved caspase-3 was
used to detect cells positive for active caspase-3. The total number of cells in
each section were counted using DAPI to mark nuclei. Counting was done
using the multipoint tool in ImagelJ. To calculate the ratio, the total number
of cleaved caspase-3 positive cells was divided by the total number of DAPI-
stained cells. Cleaved caspase-3 positive cells and total cell numbers were
counted on every third section for each embryo analyzed.

Statistical analysis

Statistical significance was analyzed using the Student’s #-test (unpaired,
two-tailed). Data shown in Fig. 5G, Fig. 6A and Fig. 7E are represented as
meanss.e.m.
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Summary: Knockout of any one of 19 different mitochondrial ribosomal protein genes results in failure to initiate gastrulation, suggesting
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