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Stress signaling and cellular proliferation reverse
the effects of mitochondrial mistranslation
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Abstract

Translation fidelity is crucial for prokaryotes and eukaryotic
nuclear-encoded proteins; however, little is known about the role
of mistranslation in mitochondria and its potential effects on
metabolism. We generated yeast and mouse models with error-
prone and hyper-accurate mitochondrial translation, and found
that translation rate is more important than translational accuracy
for cell function in mammals. Specifically, we found that mito-
chondrial mistranslation causes reduced overall mitochondrial
translation and respiratory complex assembly rates. In mammals,
this effect is compensated for by increased mitochondrial protein
stability and upregulation of the citric acid cycle. Moreover, this
induced mitochondrial stress signaling, which enables the recovery
of mitochondrial translation via mitochondrial biogenesis, telom-
erase expression, and cell proliferation, and thereby normalizes
metabolism. Conversely, we show that increased fidelity of mito-
chondrial translation reduces the rate of protein synthesis without
eliciting a mitochondrial stress response. Consequently, the rate of
translation cannot be recovered and this leads to dilated
cardiomyopathy in mice. In summary, our findings reveal mamma-
lian-specific signaling pathways that respond to changes in the
fidelity of mitochondrial protein synthesis and affect metabolism.
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Introduction

Mitochondria are metabolic hubs of cells and house critical path-
ways for generating energy, purines, pyrimidines, ketone bodies,
sex hormones, and iron—sulfur clusters, as well as being necessary
for maintaining calcium and nitrogen balance (Pagliarini & Rutter,
2013). Consequently, the physiological function of mitochondria
requires the production and folding of over 1,000 different proteins
(Calvo & Mootha, 2010). The mitochondrial inner membrane is one
of the most demanding sites for protein folding in the cell, where
imported proteins must be folded immediately upon import and, in
the case of the respiratory complexes, must assemble with a subset
of proteins that are produced from a completely separate genome—
the mitochondrial DNA (mtDNA) (Small et al, 2013). Therefore, the
correct biogenesis of mitochondria depends on the production of
balanced ratios of components from both genomes to assemble the
multi-protein complexes within this organelle (Moehle et al, 2018).
Mitochondrial damage and loss of function are hallmarks of aging,
neurodegeneration, and myopathies (Vafai & Mootha, 2012; Riera
et al, 2016). Mitochondria have their own, distinct, protein quality
control systems that are poorly understood to date (Moehle et al,
2018). The proteins produced from the mitochondrial genome are
indispensable for cellular energy production, and as such, mitochon-
drial protein synthesis is essential for life and defects in this process
cause devastating diseases for which there are no cures or effective
treatments, as well as contributing to cancer, diabetes, and neuro-
logical disorders (Murphy & Hartley, 2018). In contrast, decline in
mitochondrial translation can induce a mitochondrial stress
response and extend lifespan (Houtkooper et al, 2013). When the
levels of unfolded mitochondrial proteins rise, they initiate a stress
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response that signals to the nucleus in an effort to recover mito-
chondrial function (Higuchi-Sanabria et al, 2018). Although protein
folding in mitochondria has been found to be of great importance,
the role of fidelity of protein synthesis within mitochondria is not
clear. Here, we introduced mutations to generate error-prone and
hyper-accurate mitochondrial ribosomes (mitoribosome) in yeast
and mice to test the importance of mistranslation on mitochondrial
function and cell physiology.

As the ribosome traverses each mRNA, it reads 10-20 codons per
second and incorporates the encoded amino acids into the growing
polypeptide chain (Wohlgemuth et al, 2010). At each codon, the
ribosome must screen numerous non-cognate and near-cognate
tRNAs via kinetic proofreading to find the correct cognate tRNA
(Zaher & Green, 2009). Such a demanding process necessitates
higher error rates than DNA replication and transcription. Errors in
translation fidelity occur when a tRNA is loaded with an incorrect
amino acid or when ribosomes accept an incorrect interaction
between an incoming tRNA and its corresponding codon in the
mRNA template. The loading of incorrect amino acids onto tRNAs
typically occurs because the chemical differences between some
amino acids are very minor, and might consist of a single methyl or
hydroxyl group. In the case of ribosomal errors, these occur because
of the inherent competition between speed and accuracy in codon
recognition (Zaher & Green, 2009). Over billions of years biological
systems have found a trade-off that enables the massive demand for
new proteins to be filled with an error rate that can be generally
tolerated. However, this compromise does not appear to be opti-
mized for all conditions (Mohler & Ibba, 2017).

A surprising theme that has emerged in recent years is that
mistranslation can be beneficial and is actively induced in some
situations (Moura et al, 2009). What could the benefits of mistrans-
lation possibly be? The first is speed, if translation can accept a
higher error rate, then the ribosome can work at a faster rate and
produce more proteins in less time (Moura et al, 2009; Mohler &
Ibba, 2017). The second benefit of mistranslation is that it can acti-
vate transcriptional stress responses; this primes the cell and
enables it to survive a broad range of subsequent insults. Finally,
mistranslation diversifies the cell’s proteome providing new protein
functions that can be advantageous in certain circumstances. For
example, mistranslation that enables the production of proteins with
a greater number of methionine residues can protect mammalian
cells from oxidative stress (Netzer et al, 2009). Also, because the
ribosome stabilizes and folds nascent polypeptides, as well as
synthesizing them, diversity might be achieved at not just the
primary structure level but also in terms of secondary and tertiary
structure (Zhang & Ignatova, 2010).

Surprisingly, little is known about the role of translational fidelity
in mitochondrial protein synthesis. Interestingly, a number of patho-
genic mtDNA mutations have been proposed to impact the fidelity
of translation (Suzuki et al, 2011); in particular, the A3243G muta-
tion in mitochondrial tRNA“" associated with mitochondrial
encephalopathy, lactic acidosis, and stroke-like episodes syndrome
enables normal rates of translation but produces very unstable
nascent chains, due to amino acid misincorporation (Sasarman
et al, 2008). A recent study reported the introduction of error-prone
and hyper-accurate mutations into the yeast mitoribosome and
found that the error-prone mutants produced greater levels of reac-
tive oxygen species and cytoplasmic protein aggregates that
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activated a general stress response (Suhm et al, 2018). In contrast,
the yeast with hyper-accurate mitoribosomes were protected from
stresses. Here, we examined altered mitochondrial translation fide-
lity in mammals and found tissue-specific effects on the production
of mitochondrial proteins and that, surprisingly, mitochondrial
mistranslation can be compensated for by increased cellular prolifer-
ation and mitochondrial function could be restored with age. In
contrast, high-fidelity translation could not be compensated for and
resulted in cardiomyopathy.

Results

Hyper-accurate translation in yeast reduces
mitochondrial function and de novo protein synthesis of
mitochondria-encoded proteins

The mitoribosome descended from that of the original prokaryotic
symbiont that evolved into modern-day mitochondria. As such,
although they have changed in RNA and protein composition,
particularly at the periphery, their core contains highly conserved
proteins that are homologous to those of the bacterial ribosome
(Greber & Ban, 2016). Therefore, to create ribosomes with altered
fidelities we took advantage of mutations that have been discovered
to result in error-prone or hyper-accurate translation in Escherichia
coli (Agarwal et al, 2011). These were discovered via random muta-
genesis of the rpsL gene, encoding the S12 protein of the small ribo-
somal subunit, which plays an important role in maintaining the
fidelity of translation in prokaryotes during the tRNA selection
process. The K431 and K42T substitutions in S12 were found to
either increase or decrease amino acid misincorporation, respec-
tively (Agarwal et al, 2011). These mutations affect amino acid posi-
tions that are completely conserved in the homologous proteins of
the yeast and mammalian mitoribosomes, known as mitochondrial
ribosomal protein of the small subunit 12 (MRPS12) or uS12m
(Fig EV1A) (Greber & Ban, 2016). The equivalent mutations are at
positions 71 and 72 of yeast and mouse MRPS12, such that the
error-prone mutant is K721 and the hyper-accurate mutation is
K71T. Recent structures of the mammalian and yeast mitoribosomes
revealed that the loop containing these mutations forms a struc-
turally conserved element of the decoding center in these ribo-
somes, as it does in bacteria, indicating that the mechanism of
decoding is conserved (Fig 1A) (Amunts et al, 2015; Greber et al,
2015; Desai et al, 2017). To understand the effect of altering the
fidelity of mitochondrial protein synthesis in yeast, we introduced
both error-prone (ep, K72I) and hyper-accurate (ha, K71T) muta-
tions into the Saccharomyces cerevisiae MRPS12 gene via homolo-
gous recombination (Fig EV1B).

We used a survival assay to determine whether alterations in
translation fidelity in yeast affect the growth of yeast on different
carbon sources. We found that the growth of MRPS12-K721 (ep)
yeast on both fermentable and non-fermentable carbon sources was
equal to that of MRPS12-WT yeast, suggesting that these yeast have
intact mitochondrial respiration (Fig EV1C). In contrast, MRPS12-
K71T (ha) yeast showed reduced growth with lactose and no growth
with either glycerol or ethanol as carbon sources (Fig EV1C). This
shows that MRPS12-K71T (ha) yeast are unable to use non-fermen-

table carbon sources, suggesting that they have impaired
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Figure 1. Models of error-prone and hyper-accurate mitochondrial translation.

A Structural comparison of the Escherichia coli, yeast mitochondrial, and mammalian mitochondrial ribosomes.

B Schematic representation of the generation of the error-prone (Mrps12°?/¢P) and hyper-accurate (Mrps12"®"%) mouse models.

C MRPS12 protein levels were determined in mitochondria isolated from livers and hearts from Mrps12**, Mrps12%”/¢P, and Mrps12"*"® 10-week-old mice by
immunoblotting. Porin was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey Classic software normalized to the loading
control.

Data information: In (C), data are presented as mean + SD. The data are representative of results obtained from six mice from each genotype.
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mitochondrial respiration. Next, we used de novo pulse labeling to
determine whether alterations in translation fidelity affect the rate of
translation of newly produced polypeptides in yeast. We found no
difference in the rate of protein synthesis in MRPS12-K721 (ep) yeast
compared with MRPS12-WT yeast (Fig EV1D), while MRPS12-K71T
(ha) yeast had reduced protein synthesis (Fig EV1D). The impaired
rate of mitochondrial protein synthesis due to the MRPS12-K71T
(ha) mutation likely explains their reduced growth on non-fermen-
table carbon sources and indicates that the hyper-accurate fidelity
defect has a greater fitness cost than the error-prone translation
defect in yeast.

Error-prone mitochondrial translation and hyper-accurate
mitochondrial translation in mice are compatible with life

To further understand consequences of altered fidelities of mito-
chondrial protein synthesis on mitochondrial function and physiol-
ogy in vivo, we generated error-prone (ep, K72I) and hyper-accurate
(ha, K71T) mouse models. Because these mutations significantly
alter the growth rate of E. coli (Agarwal et al, 2011) and the ability
of yeast to grow on non-fermentable carbon sources, in the case of
the K71T mutation, we were concerned that introducing them into
the MrpsI2 gene might cause embryonic lethality in mice. There-
fore, we produced conditional alleles, where the exon containing
the point mutations was duplicated and placed after the transcrip-
tion termination and polyadenylation signals of the native gene,
such that it was not expressed (Fig 1B). We incorporated loxP sites
flanking the native exon and transcription termination and
polyadenylation signals, such that the Cre recombinase can be used
to seamlessly replace the wild-type exon with a mutant exon. We
bred both Mrps12? and Mrps12"® alleles with Rosa26-cre mice that
express the Cre recombinase ubiquitously to delete the wild-type
copy of exon 2 in the germline and obtain heterozygous Mrps12*/¢
or Mrps12*/" animals. Intercrossing Mrps12*/®’ or Mrpsl2
mice produced Mrpsi2*/*, heterozygote, and Mrpsi2®/?’ or
Mrps12"/"@ pups in Mendelian proportions (genotyped pups n =
224, Mrpsi2*/%? n =133, Mrpsi2*/* n =39, and Mrps12?/® n =
52; genotyped pups n = 48, Mrps12*/"* n = 24, Mrps12*/* n = 10,
and Mrps12"¥/"® n = 14), demonstrating that both K71T and K72I
mutations are compatible with life and both mutant mouse strains
were initially indistinguishable from their wild-type littermates.
Immunoblotting for the mitochondrial ribosomal protein, MRPS12,
from the liver and heart mitochondria of Mrps12*/* and Mrps12%/
P or Mrps12"¥/"@ mice showed that homozygous mice have no dif-
ferences in the levels of the MRPS12 protein compared with controls
(Fig 1C). This confirms that alterations in the function, and not the
level, of the MRPS12 protein underlie the phenotypes observed in
these mice (see below).

+ /ha

Error-prone mitochondrial translation in mice reduces de novo
protein synthesis of mitochondria-encoded proteins

We investigated if error-prone mitoribosomes affect the rate of
protein synthesis in mice using de novo pulse and chase labeling.
We examined 10- and 30-week-old animals because they represent
adolescence and mature adulthood in mice. We found decreased
translation of all mitochondria-encoded proteins in liver (Fig 2A)
and heart mitochondria (Fig EV2A) of 10-week-old Mrps12%/¢P mice
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compared with controls, where the liver was more severely affected.
This was not due to impaired mitoribosome biogenesis, as the abun-
dance of the protein constituents of the small and large mitoriboso-
mal subunits was not altered (Fig EV3A), nor was it due to
impaired assembly or subunit association of the mutant mitoribo-
somes, as sucrose gradient fractionation profiles from livers of
Mrps12°P/®P and Mrps12*/" mice were identical (Fig EV3B). Inter-
estingly, although the mitochondrial translation initiation factors
MTIF2 and MTIF3 were equally abundant in wild-type and
Mrps12°P/?P mice, the COXI-specific translational activator TACO1
was decreased in the liver at 10 weeks of age (Fig EV3C) but was
increased at 30 weeks of age (Fig EV3C), indicating that translation
fidelity has a specific impact on the efficiency of mitochondrial
protein synthesis. To provide further evidence for the effect of the
Mrps12 mutation on translational accuracy, we performed pulse and
chase in organello translation assays in the presence or absence of
gentamicin, an antibiotic whose binding impairs translational proof-
reading. In mitochondria from error-prone (Mrps12°’/P) mice,
gentamicin had a strongly additive effect on inhibition of protein
synthesis with the mutation compared with control mice
(Fig EV3D). These results make sense in light of a compound defect
when genetically induced mistranslation and drug-induced mistrans-
lation are combined in Mrps12%/? mitochondria, and confirm the
underlying molecular effects on mitochondrial translation.

Slower cytoplasmic translation in yeast can destabilize mRNAs,
resulting in reduced protein production (Presnyak et al, 2015).
Northern blotting of mitochondrial mRNAs revealed that their levels
were increased in the liver by the altered translation in Mrps12%/¢
mice (Fig 2B); while levels of mitochondrial tRNAs were increased
at 10 weeks of age in the hearts of Mrps12°’/’ mice (Fig EV2B). In
E. coli, reduced protein synthesis results in a rapid drop in tRNA
abundance (Svenningsen et al, 2017); however, the opposite
appears to be true in mammalian mitochondria, as knockouts of
other proteins that affect translation have also been observed to
have an increased abundance of tRNAs (Park et al, 2007; Camara
et al, 2011; Ruzzenente et al, 2012; Perks et al, 2018). Surprisingly,
in aged, 30-week-old mice, mitochondrial translation had largely
recovered and there was only a subtle reduction in the translation of
all mitochondria-encoded proteins in the liver (Fig 2C) and heart
mitochondria (Fig EV2C) of Mrps12%/? mice compared with
controls. This was accompanied by a concomitant normalization of
mRNA and tRNA levels in the liver and heart, respectively, at
30 weeks of age (Figs 2D and EV2D). This shows that the liver is
more affected by the consequences of error-prone translation but
that with age the defects in the rate of translation of mitochondria-
encoded proteins are ameliorated.

Error-prone translation in mice affects the steady-state levels of
mitochondria-encoded proteins

We investigated the effects of mistranslation on mitochondria- and
nuclear-encoded oxidative phosphorylation (OXPHOS) proteins by
immunoblotting in both liver and heart mitochondria. We observed
a reduction in the steady-state levels of NDUFB8 and the mitochon-
dria-encoded COXI and COXII in the livers (Fig 2E) of 10-week-old
Mrps12°P/°P mice compared with Mrps12*/* mice, while there were
no differences in the steady-state levels of OXPHOS polypeptides in
the heart mitochondria (Fig EV2E) of young Mrps12/®’ mice

© 2019 The Authors
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Figure 2. Error-prone mitochondrial translation reduces the rate of translation and the abundance of mitochondrial mRNAs and proteins but is rescued

with age.

A De novo protein synthesis in mitochondria isolated from the livers of young (10-week-old) Mrps12** and Mrps12°”/¢P mice was measured by pulse and chase
incorporation of **S-labeled methionine and cysteine. Mitochondrial proteins were separated by SDS—PAGE, stained using Coomassie Brilliant Blue to show equal

loading, and visualized by autoradiography.

B The steady-state levels of mature mitochondrial mRNAs, tRNAs, and rRNAs in liver of young (10-week-old) Mrps12** and Mrps12°?/¢P mice were analyzed by
northern blotting. 18S rRNA was used as a loading control. Relative abundance of RNA was measured using Li-Cor Odyssey Classic software normalized to the

loading control.

C De novo protein synthesis in mitochondria isolated from the livers of aged (30-week-old) Mrple*/* and Mrpslze”/e" mice was measured by pulse and chase

incorporation of **S-labeled methionine and cysteine, as described in (A).

D The steady-state levels of mature mitochondrial MRNAs, tRNAs, and rRNAs in liver of aged (30-week-old) Mrps12*/* and Mrps12°?¢P mice were analyzed by

northern blotting, as described in (B).

E,F Mitochondria isolated from livers of young (10-week-old, E) and aged (30-week-old, F) Mrps12** and Mrps12°”/%" mice were examined by immunoblotting using
antibodies to investigate the steady-state levels of nuclear- and mitochondria-encoded OXPHOS polypeptides. Porin was used as a loading control. Relative
abundance of proteins was measured using Li-Cor Odyssey Classic software normalized to the loading control.

Data information: In (A, C), autoradiographs and stained gels are representative of results obtained from six mice from each genotype. In (B, D, E, F), data are presented
as mean =+ SD. *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed paired Student’s t-test). These data are representative of results obtained from eight mice from

each genotype.
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compared with controls. This shows that overall error-prone trans-
lation affects the synthesis of proteins but the steady-state protein
levels are only decreased in the liver, which is more severely
affected. The fact that the impact on the steady-state levels of mito-
chondrial respiratory complex subunits was not as severe as the
defects on de novo protein synthesis indicates that these complexes
were stabilized in an attempt to limit the impact of the defect in
mitochondrial translation. In older, 30-week-old Mrps12%/%’ mice,
we found no differences in the abundance of OXPHOS proteins in
the liver (Fig 2F) and heart mitochondria (Fig EV2F). This provides
a further indication that with age Mrps12?/? mice are able to
correct for the decreased rate of translation caused by the error-
prone mitoribosomes.

To understand the impact of error-prone translation on mito-
chondrial function and biogenesis, we measured oxygen consump-
tion in liver and heart mitochondria to determine whether
mitochondrial respiratory function was affected due to alterations
in translation fidelity. Respiration was decreased in the liver but
was not significantly decreased in heart mitochondria of 10-week-
old mutant mice (Figs 3A and EV4A), consistent with the
decreased protein synthesis rate and levels of mitochondria-
encoded OXPHOS subunits. Mitochondrial oxygen consumption
was recovered in 30-week-old Mrps12/®’ mice compared with
controls (Figs 3A and EV4A). Next, we analyzed the levels of the
mitochondrial respiratory complexes by blue native polyacry-
lamide gel electrophoresis (BN-PAGE) followed by immunoblot-
ting for each respiratory complex. We observed reduced levels of
OXPHOS complexes and significantly reduced levels of Complex
IV in the liver mitochondria from 10-week-old Mrps12%/¢’ mice;
however, there were no changes in the levels of respiratory
complexes in the heart mitochondria and the levels normalized in
the livers of 30-week-old Mrpsi2®/? mice, compared with
controls (Figs 3B and EV4B).

Altered respiratory complex assembly but not protein quality
control in response to mitochondrial mistranslation

Next, we used de novo pulse labeling followed by BN-PAGE to
determine whether alterations in translation fidelity affect the rate of
assembly of newly synthesized respiratory complexes. We observed
a decrease in the rate of assembly of mitochondria-encoded respira-
tory complexes in the liver of 10-week-old Mrps12%/%? mice
compared with controls (Fig 3C), indicating that the reduced synthe-
sis of mitochondria-encoded proteins reduces the assembly of respi-
ratory complexes but that an increase in their stabilities enables the
maintenance of their steady-state levels. These data indicate that the
alternations in translation fidelity affect the OXPHOS levels and
function early in life but these recover by 30 weeks of age.
Mitochondrial proteases are essential for protein quality control
mechanisms as they are responsible for degrading misfolded and
oxidatively damaged proteins in the mitochondrial matrix or inner
mitochondrial membrane (Quirdés et al, 2015). We used
immunoblotting to determine the steady-state levels of proteases
from the liver and heart mitochondria of Mrps12%/¢’ and Mrps12*/™*
mice in response to altered translation fidelity. There were no dif-
ferences in the steady-state levels of proteases in the liver and heart
mitochondria of Mrps12%/®? mice compared with Mrps12*/*
(Figs 3D and EV4C). The lack of a response in mitochondrial

mice
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proteases is congruent with the increased stability of the mitochon-
dria-encoded proteins and complexes.

Increased cellular proliferation and telomerase expression are
activated by mitochondrial stress signaling

We examined the livers of 10- and 30-week-old Mrps12°?/?P mice to
explore how the translational defect could be recovered over time.
We noted that the overall body weight and liver weight of the
Mrps12°P/?? mice tended to be increased compared with control
mice but this was not significant (Fig 4A). Hematoxylin and eosin
staining of the hearts of Mrps12%/¢? mice at 10 and 30 weeks of age
did not reveal any abnormalities (Fig EV4D), while histology of the
livers revealed a dramatic increase in polyploid cells in the 30-week-
old Mrps12°’/°P mice by hematoxylin and eosin staining as well as
Gomori trichrome staining (Fig 4B). We confirmed these observa-
tions by Hoechst 33342 fluorescent staining of nuclei in Mrps12/¢
liver sections (Fig 4C). Hepatocyte polyploidy has been hypothe-
sized to be a result of high energy demands competing with
cell proliferation during post-natal liver development or to
enhance certain metabolic activities via increased gene copy number
(Celton-Morizur et al, 2010). Immunohistochemistry of Ki67 as a
proliferation marker revealed much greater cellular proliferation in
the 30-week-old Mrps12%/¢ liver sections (Fig 4C). These data
show that mitochondrial mistranslation stimulates increased poly-
ploidy and proliferation in the liver.

We examined cell signaling pathways that have previously been
implicated in mitochondrial stress responses to understand how
mitochondrial mistranslation stimulates increased liver prolifera-
tion. Total SAPK and the phosphorylated form were unchanged, but
phospho-AKT levels were increased in the 30-week-old Mrps12/°P
livers compared with controls, consistent with the increase in hepa-
tocyte proliferation but lack of inflammation (Fig 4D). The steady-
state and phosphorylated form of mTOR was also unaffected in the
30-week-old Mrps12°P/°P livers compared with controls (Figs 4D and
EV4D), although its targets, S6 and phospho-S6 levels, and phos-
pho-EBP1 were decreased in 30-week-old hearts of Mrps12%/°? mice
(Fig EVA4E).

We used qRT-PCR to examine the levels of mRNAs encoding
proteins involved in liver proliferation and found an increase in
mRNAs encoding B-catenin (Ctnnbl) and GSK3p (Gsk3b) (Fig 4E).
Unlike most cells in adult organs, a sub-population of liver cells
expresses Tert, which encodes the catalytic subunit of telomerase,
and these cells are responsible for liver maintenance and renewal
(Lin et al, 2018). We found that Tert abundance was significantly
increased in the 30-week-old Mrps12°”/*" liver (Fig 4E), providing
an explanation for the increased cellular proliferation we observed
in these mice. To understand how mitochondrial dysfunction stimu-
lates an increase in telomerase, we examined the expression of all
transcription factors that are known to act on the Tert gene (Gladych
et al, 2011). Although unchanged in the 10-week-old mutants, the
expression of CEBPB, RELA, SP1, and HIFla (encoded by Cebpb,
Rela, Sp1, and Hifla) was significantly increased in the 30-week-old
Mrps12°P/" livers (Fig 4E). The increase in transcription factors
which act on the Tert gene explains the upregulation of Tert expres-
sion and cell proliferation.

Interestingly, one of CEBPf’s best characterized roles is as an
initiating transcription factor of the mitochondrial stress response

© 2019 The Authors
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Figure 3. Error-prone mitochondrial translation reduces the rate of respiratory complex assembly and respiration but does not alter the levels of proteins
involved in proteolysis.
A Non-phosphorylating (state 4), phosphorylating (state 3), and uncoupled respiration in the presence of 2 uM FCCP was measured in liver mitochondria isolated from
Mrple""‘ and MrpleE”/e” mice using an OROBOROS oxygen electrode using either pyruvate, glutamate, and malate as substrates or with succinate in the presence
of rotenone at 10 weeks or 30 weeks of age.

B Isolated liver mitochondria were resolved by BN-PAGE and immunoblotted using the blue native OXPHOS antibody cocktail. Relative abundance of proteins was
measured using Li-Cor Odyssey Classic software normalized to Complex II.

C The rates of respiratory complex assembly were measured by pulse incorporation of **S-labeled methionine and cysteine. Equal amounts of mitochondrial protein
were separated by BN—PAGE, stained using Coomassie Brilliant Blue to show equal loading, and visualized by autoradiography.

D Proteins from liver mitochondria of young (10-week-old) and aged (30-week-old) Mrps12** and Mrps12°’/®P mice were immunoblotted using antibodies to investigate
the steady-state levels of nuclear-encoded proteases. Porin was used as a loading control. Relative abundance of proteins was measured using Li-Cor Odyssey Classic
software normalized to the loading control.

Data information: In (A), data are presented as mean + SD. *P < 0.05 (Student’s t-test). The data are representative of results obtained from eight mice from each

genotype. In (B, D), data are presented as mean + SD. **P < 0.01 (Student’s t-test). The data are representative of results obtained from six mice from each genotype. In

(), the autoradiograph and stained gel are representative of results obtained from six mice from each genotype.
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Figure 4. Error-prone mitochondrial translation stimulates liver proliferation via a transcriptional response that induces telomerase expression and

mitochondrial biogenesis.

A The body, heart, and liver weights of Mrps12*/* and Mrps12°P/*P mice at 5, 10, 15, and 30 weeks of age.
B Liver sections from young (10-week-old) and aged (30-week-old) Mrps12*/* and Mrps12°”/" mice were stained with hematoxylin and eosin (H & E) or Gomori's

trichrome and visualized at 20x magnification. Scale bar is 100 um.

C Liver sections from 30-week-old Mrps12*/* and Mrps12°'P mice were stained with Hoechst 33342 dye or against an antibody to Ki67 and visualized using
fluorescence microscopy at 20x magnification; the scale bar is 100 pm. Merged images were taken at 40x magnification, and the scale bar is 20 um. Normal liver
and tumor sections were used as negative and positive controls, respectively. Percent of fluorescent positive area within sections was calculated using NIS Elements

AR software (Nikon).

D Cellular proteins from the livers of 30-week-old Mrps12*/* and Mrps12°P¢P mice were immunoblotted to investigate the steady-state levels of SAPK, AKT, and mTOR
signaling proteins and their phosphorylated forms. GAPDH was used as a loading control, and the relative abundance of phosphorylated proteins was measured using
Li-Cor Odyssey Classic software normalized to total protein, relative to the loading control.

E Quantitative RT-PCR was used to measure the abundance of mRNAs encoding proteins involved in liver proliferation, the catalytic subunit of telomerase (Tert),
transcription factors that regulate Tert expression, and proteins that regulate mitochondrial biogenesis (Tfam, Atf4, Chop). The data were normalized to 18S rRNA.

F  Mitochondrial DNA (mtDNA) was measured using quantitative PCR, and values were normalized to the B-2-microglobulin (B2m) gene.

Data information: In (A), data are presented as mean + SD of results obtained from 10 mice from each genotype. In (B, C), images are representative of results obtained
from six mice from each genotype. In (C—F), data are presented as mean =+ SD of results obtained from six mice of each genotype. *P < 0.05, **P < 0.01, ***P < 0.001

(two-tailed paired Student’s t-test).

(Zhao et al, 2002). We examined the downstream effectors of the
mitochondrial stress response, CHOP, ATF4, and TFAM, and found
that they also significantly increased in expression (Fig 4E). TFAM
abundance is typically found to correlate with mtDNA levels
(Ekstrand et al, 2004; Jiang et al, 2017), which we also found to be
increased in the 30-week-old Mrps12%”/®’ mice (Fig 4F). Therefore,
recovery of mitochondrial function in the face of mitochondrial
mistranslation is accomplished by increases in both mitochondrial
biogenesis and cellular proliferation that are activated in tandem by
the mitochondrial stress response.

Citric acid cycle activity is altered in response to
mitochondrial mistranslation

We performed metabolite profiling of Mrps12¢”/¢” liver mitochon-
dria from 10- and 30-week-old mice and found significant increases
in citric acid cycle intermediates, including citrate, isocitrate, succi-
nate, and malate as well as certain fatty acids, compared with
controls at 10 weeks of age (Fig 5A). The increase in citric acid
cycle activity may be a compensatory response in an effort to
maintain electron flow. The induction of the mitochondrial citric
acid cycle has been previously reported to metabolically enable
mitochondrial dysfunction and cause oxidative stress during
hepatic insulin resistance (Satapati et al, 2012). Interestingly, we
also observed a significant increase in cholesterol in the mitochon-
dria from 10-week-old Mrps12°?/? mice (Fig 5A), which may
result from the increased levels of citrate, as has been observed
previously (Parlo & Coleman, 1984). However, by 30 weeks of age
Mrps12°P/®? mitochondria have normalized levels of citric acid
cycle intermediates and cholesterol, indicating that the recovery of
mitochondrial translation also enables the normalization of mito-
chondrial metabolism.

To understand the mechanisms that enable error-prone transla-
tion to be compensated for at the molecular level, we performed
proteomic analyses of wild-type and Mrps12%?/ liver mitochon-
dria. Gene ontology enrichment analyses revealed that the most
affected proteins included those important for mitochondrial meta-
bolic processes involved in ATP production, and that these alter-
ations were dampened at 30 weeks of age (Fig 5B). This confirms
the importance of the citric acid cycle alterations we observed in

© 2019 The Authors

the metabolite profiling and revealed the important enzymes
involved, as citric acid cycle enzyme subunits of isocitrate dehy-
drogenase (IDH3G), fumarylacetoacetate hydrolase (FAH),
succinyl-CoA:glutarate-CoA transferase (SUGCT), succinate dehy-
drogenase (SDHA, SDHB), and malate dehydrogenase (MDHI1)
were altered in abundance in Mrpsi2?/?? liver mitochondria
(Fig 5C). Many subunits of the respiratory chain complexes were
decreased in the 10-week-old Mrps12°/¢? mice (Fig 5C); however,
by 30 weeks of age the levels of the majority of these had normal-
ized in Mrps12%?/?? mitochondria relative to controls, further con-
firming the recovery of mitochondrial translation and respiratory
complex assembly.

High-fidelity mitochondrial translation in mice progressively
reduces de novo protein synthesis of mitochondria-encoded
proteins and causes cardiomyopathy

Given the physiological impact of error-prone mitochondrial transla-
tion, we investigated if improved translational fidelity could also
impact cell and organ function in mice. First, we examined whether
hyper-accurate mitoribosomes affect the rate of protein synthesis in
mice using de novo pulse and chase labeling. We found that the
level and rate of translation of mitochondria-encoded proteins in
heart and liver mitochondria of 10-week-old Mrps12"%"® mice were
only subtly affected compared with controls (Figs 6A and EVSA). At
30 weeks of age, we observed mild defects in the synthesis and
stability of mitochondria-encoded proteins in the heart (Fig 6A) but
not the liver mitochondria of Mrps12"¥"@ mice compared with
controls (Fig EVSA). This shows that hyper-accurate translation has
a more subtle effect on protein synthesis and stability in young mice
in comparison with error-prone translation. In addition, the effect of
gentamicin addition was almost entirely buffered in pulse labeling
of hyper-accurate (Mrps12"/"%)  mitochondrial translation,
compared with the error-prone translation that was almost comple-
tely eliminated (Fig EV3D), confirming the hyper-accurate pheno-
type of the Mrps12"¥"® ribosomes.

The minor changes in de novo translation in the Mrpsl
mice did not significantly alter the steady-state levels of mitochon-
dria-encoded proteins in liver (Fig EV5B) and heart (Fig 6B) mito-
chondria of 10-week-old Mrps12"¥/"@ mice compared with controls;

2 ha/ha
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Figure 5. Citric acid cycle metabolites and enzymes are altered in response to mitochondrial mistranslation.

A Metabolite profiling revealed alterations in the citric acid cycle that normalizes with age.
B Proteomic analyses of samples from 10- and 30-week-old Mrps12*/* and Mrps12°P/¢P mice revealed an enrichment in proteins that are involved in citric acid cycle-
related biological processes, by gene ontology analyses. Detailed CirGO graphs (Kuznetsova et al, 2019) of enriched biological processes are provided in

Appendix Figures S1 and S2.

C Respiratory chain subunit proteins and citric acid cycle enzymes that were altered in abundance are labeled in green and black, respectively, within a heatmap of all

significantly altered proteins within the proteomic dataset.

Data information: In (A), data are presented as box plots of the fold change (x-axis) of metabolites; horizontal middle lines represent the mean, and the box ranges are
the upper and lower quartiles, with the whiskers showing the highest and lowest observations of results obtained from five to six mice from each genotype. Only
metabolites whose abundance was significantly changed between Mrps12*/* and Mrps12°?/P mice, after Benjamini—Hochberg correction (FDR 0.01), are graphed.
Samples were normalized according to median signal intensity. In (B, C), data are results obtained from five mice of each genotype, with averages presented in (C).

however, these levels were reduced in the hearts of 30-week-old
Mrps12"%/h@ mice (Fig 6B). Similarly, there were no significant
changes in mitochondrial respiration in the livers of 30-week-old
Mrps12"/" mice (Fig EVSC) and the body and liver weights of
these mice did not differ from wild-type controls (Fig EV5D and
E). However, there was significant decrease in oxygen consump-
tion in heart mitochondria from 30-week-old Mrps12@/ha
compared with controls (Fig 6C) and the sizes of their hearts were
significantly decreased (Fig 6D-F). Echocardiography revealed that
30-week-old Mrps12"¥"® mice had altered cardiac morphology and
function consistent with the development of dilated cardiomyopa-
thy (Fig 6G). This included a significant decrease in fractional
shortening, and a significant increase in diastolic and systolic
diameters, as well as dilated chamber size, compared with control
mice. Hematoxylin and eosin staining showed an increase in
cardiomyocyte size, cellular disarray, and increased presence of
necrotic foci in 30-week-old hearts from Mrps12"¥"@ mice
(Fig 6H), further demonstrating the development of cardiomyopa-
thy in these mice.

Unlike the error-prone (Mrps12%°/¢P) mice, in the hyper-accurate
(Mrps12"/h@) mice the disease phenotype progressed with age and
did not reverse. Therefore, we examined cellular signaling path-
ways to understand the differences between the two responses to
altered mitochondrial translation fidelity. Total AKT was unaltered
in the hearts of Mrpslz"“/'m mice but was increased in their livers;
however, the phosphorylated form of AKT was unchanged in the
heart (Fig EV5F). The mTOR target, S6, and phospho-S6 were
decreased in both the hearts and livers of 30-week-old Mrps12%/ha
mice (Fig EVSF). Since these changes in S6 were seen in tissues
without disease, they are unlikely to be critical to the pathology.
However, the Mrps12™"¥/" mice did not mount the same transcrip-
tional response as the error-prone mice (Fig EV5G). Notably, the
expression of mitochondrial stress response genes Chop, Atf4, and
Tfam was not upregulated (Fig EV5G) and the mtDNA levels did
not change (Fig EV5H). Proteomic analyses of wild-type and
Mrps12"/1@ heart mitochondria revealed that proteins involved in
cardiac and mitochondrial metabolic processes were most enriched
(Fig EVSI). Subunits of the respiratory chain complexes were
significantly decreased in the 30-week-old Mrps12"/® mouse
hearts (Fig EV5J), confirming the defects in synthesis of mitochon-
dria-encoded proteins, and the downstream consequences for
complexes consisting of these, in mice with hyper-accurate mito-
chondrial translation. The lack of a full transcriptional mitochon-
drial stress response likely underlies the inability of the heart to
recover from the translational dysfunction imposed by the
Mrps12"4/he mutation.

mice

© 2019 The Authors

Discussion

The protein sequences encoded in our genomes have been exten-
sively honed by evolution since life began over 3.5 billion years
ago. Therefore, maintaining the accuracy of these sequences during
DNA replication, transcription, and translation is critical to the func-
tion of all biological systems. DNA replication is highly accurate,
with errors only occurring every 1 in 10° nucleotides, while tran-
scription (1 error every 10° nucleotides) and translation (1 error
every 10°-10° amino acids) are much more error prone (Mohler &
Ibba, 2017). In fact, on average, about 14% of all synthesized
proteins are estimated to contain at least one missense amino acid
substitution (Parker, 1989). How cells cope with this issue remains
to be clarified. Here, we show that yeast with error-prone protein
synthesis have equal growth and translation rates to that of wild-
type yeast whereas yeast harboring hyper-accurate mitoribosomes
have reduced growth and translation rates, consistent with what has
been observed in E. coli mutants (Agarwal et al, 2011). However,
unlike the E. coli mutants and the yeast model, error-prone mito-
chondrial protein synthesis in mice causes a dramatic reduction in
the rate of translation of proteins in both liver and heart mitochon-
dria.

The exact mechanism that results in reduced translation in mice
expressing error-mitoribosomes is not clear but could result from
missense amino acid misincorporations that cause co-translational
stalling. Mitoribosomes could be more sensitive to these changes
due to the highly specialized nature of the polypeptide exit tunnel,
co-translational docking, and membrane insertion that occur for
mitochondria-synthesized proteins (Kummer et al, 2018), where
inappropriate protein folding could interfere. Nevertheless, despite
the severe reduction in de novo mitochondrial protein synthesis
early in life due to error-prone mitochondrial translation, the steady-
state levels of mitochondrial transcripts are increased, likely in an
attempt to compensate for the reduction in newly synthesized
polypeptides. Due to the alteration in mitochondrial translation and
despite the increase in mitochondria-encoded RNA, we found that
the steady-state levels of mitochondria-encoded OXPHOS polypep-
tides were decreased early in life. Consequently, the function and
biogenesis of mitochondria was reduced, but not enough to cause
pathology. This suggests that mitochondria have a high tolerance
for mistranslated proteins and unknown mechanisms exist to
respond to the defect by stabilizing the assembled respiratory
complexes.

Metabolic studies have previously been performed in cases of
severe mitochondrial dysfunction and have found that one-carbon
metabolism, proline synthesis, and coenzyme Q biogenesis are
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Figure 6. Hyper-accurate mitochondrial mistranslation reduces mitochondrial respiration and results in a progressive dilated cardiomyopathy.

A De novo protein synthesis in mitochondria isolated from the hearts of young (10-week-old) and aged (30-week-old) /\/lr[:islz*/+ and Mrpslzh"”"’ mice was measured by

pulse and chase incorporation of **s-labeled methionine and cysteine. Mitochondrial proteins were separated by SDS—PAGE, stained using Coomassie Brilliant Blue to
show equal loading, and visualized by autoradiography.

B Mitochondrial proteins from the hearts of young (10-week-old) and aged (30-week-old) Mrps12** and Mrps12"%/" mice were immunoblotted using antibodies to
investigate the steady-state levels of nuclear- and mitochondria-encoded OXPHOS polypeptides. Porin was used as a loading control. Relative abundance of proteins
was measured using Li-Cor Odyssey Classic software normalized to the loading control.

C Non-phosphorylating (state 4), phosphorylating (state 3), and uncoupled respiration in the presence of 2 pM FCCP was measured in heart mitochondria isolated from
Mrple*’* and Mrpslzh"/"“ mice using an OROBOROS oxygen electrode using succinate in the presence of rotenone at 30 weeks of age.

D Differences in heart weight between Mrps12** (n = 10) and Mrps12"®" (n = 10) mice at 10 and 30 weeks of age. Values are also shown relative to tibia length.

E Images of representative hearts from Mrps12** and Mrps12"/"® mice at 10 and 30 weeks of age.

F Histology of hematoxylin and eosin (H & E) stained heart cross-sections from young (10-week-old) and aged (30-week-old) Mrple”* and Mrps1
visualized at 10x magnification, and individual images were assembled using Adobe Photoshop.

G Echocardiographic parameters for Mrple”* (n = 8)and Mrpslzh"/h” 10-week-old and 30-week-old mice. LVEDD, left ventricular end-diastolic diameter; LVESD, left
ventricular end-systolic diameter; FS, fractional shortening; LVDPW, left ventricular posterior wall in diastole; LVSPW, left ventricular posterior wall in systole; VDS,
intraventricular septum in diastole; IVSS, intraventricular septum in systole; HR, heart rate.

H Heart sections cut to 5-um thickness were stained with H & E from young (10-week-old) and aged (30-week-old) Mrple*” and Mrpsl2’”"/”“ mice and visualized at
20x magnification. Scale bar is 100 pm.

2ha/ha m iCE,

Data information: In (A), autoradiographs and stained gels are representative of results obtained from six mice from each genotype. In (B, C), data are presented as
mean =+ SD of results obtained from six mice from each genotype. In (D), data are presented as mean =+ SD of results obtained from 10 mice from each genotype. In (E,
F, H), images are representative of results obtained from six mice from each genotype. In (G), data are presented as mean + SD of results obtained from eight mice of
each genotype. *P < 0.05, **P < 0.01, ***P < 0.001 (two-tailed paired Student’s t-test).
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Figure 7. Mitochondrial stress signaling and cellular proliferation rescue
mitochondrial mistranslation.

A model illustrating how a transcriptional response to low-level mitochondrial
stress can mitigate the effects of mitochondrial mistranslation by activating cell
proliferation and mitochondrial biogenesis.

significantly altered in these models (Bao et al, 2016; Kiihl et al,
2017). However, in our model which exhibits mild mitochondrial
dysfunction these metabolic pathways were not significantly re-
wired. Instead, citric acid cycle metabolism was increased in
response to error-prone translation in 10-week-old mice, likely in an
effort to maintain electron flow through the respiratory complexes.
Massive changes in metabolites in knockout models with severe
mitochondrial dysfunction probably overestimate the number of
metabolites that contribute to mitochondrial stress signaling, and
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our model suggests that a few metabolites likely activate the broad
transcriptional and proteomic changes seen in mitochondrial stress
responses.

Surprisingly, with age there is a correction in the translation rate
in mitochondria from mice expressing error-prone mitoribosomes
with normalization of protein synthesis, mitochondrial RNA abun-
dance, and steady-state protein levels by 30 weeks of age. We found
that this is due to a compensatory response initiated by a transcrip-
tional activation of the mitochondrial stress response master regula-
tor CEBPB, which acts to increase mitochondrial biogenesis in
concert with ATF4 and CHOP via TFAM but also by increasing cellu-
lar proliferation in the liver via increased telomerase expression
(Fig 7). This is a previously unreported transcriptional response that
appears to be distinct from the post-transcriptional signaling path-
ways that increase mitochondrial biogenesis in response to energy
demands (Morita et al, 2013) or that upregulate telomerase in
response to increased mitochondrial biogenesis (Wang et al, 2018),
as both of these act via the mTOR pathway, that is not activated by
the low levels of stress that result from mitochondrial mistranslation
in our model. Post-transcriptional responses are more rapid than
transcriptional responses and are better suited to deal with extreme
stresses, while the transcriptional responses we observe are poten-
tially better suited to improve the stability of mitochondrial function
over a longer timeline.

CEBPB, ATF4, and CHOP are also key activators of the mitochon-
drial unfolded protein response (mtUPR) (Higuchi-Sanabria et al,
2018; Moehle et al, 2018); however, we did not observe significant
upregulation of mitochondrial proteases in the MrpsI2/*’ mice,
perhaps due to a simultaneous induction of systems that stabilize
mitochondrial respiratory complexes, as we observed in these mice
at 10 weeks of age. We and others have previously observed
increased ATF4 and CHOP in mouse models with impaired mito-
chondrial translation (Rackham et al, 2016; Seiferling et al, 2016;
Perks et al, 2018), and impaired mitochondrial translation can
induce mtUPR in worms and mammalian cell culture (Houtkooper
et al, 2013). In contrast, loss of the Lon protease in flies activates
mtUPR and inhibits mitochondrial translation (Pareek et al, 2018)
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and the downstream targets of mtUPR include mitochondrial trans-
lation in mammalian cell culture (Miinch & Harper, 2016). These
observations highlight the distinct systems of nuclear-mitochondrial
signaling in mammals and the need for further studies to understand
how mitochondrial stress response programs bifurcate under dif-
ferent stresses.

Interestingly, the recovery of mitochondrial function in the liver is
accompanied by an increase in polyploidy. Polyploidy is a distinctive
phenomenon in the liver that occurs during post-natal development
as an age-dependent process, but is also a hallmark of repair in
response to injury and in response to various stress stimuli. Although
not associated with membrane fission, polyploidy occurs due to
substantial DNA replication followed by nuclear fusion and results in
increased biosynthetic activity, hence the significant increase in Ki67
staining revealing DNA replication that would result in hyperplasia
and/or hypertrophy, with either increasing the metabolic capacity of
the liver. In most other tissues, this would result in increased cell
numbers but in liver this can result from proliferation (karyokinesis)
without membrane division (cytokinesis). Recent studies have shown
that polyploid hepatocytes increase the expression of most genes
associated with RNA metabolism, with protein and RNA transport, as
well as genes involved in biosynthesis of purine nucleotides, ribo-
somes, amino acids, and fatty acids (Kreutz et al, 2017). Therefore,
the unique properties of the liver might provide an advantage to
recover from mitochondrial dysfunction.

Cell proliferation appears to be one of the responses that rescues
mitochondrial dysfunction in response to mitochondrial mistransla-
tion; however, post-natal proliferation does not occur in many
tissues. Therefore, tissues such as the heart, that are mainly post-
mitotic, could be more sensitive than the liver to minor mitochon-
drial dysfunction, explaining the progressive disease seen in the
hyper-accurate mitochondrial translation mutant mice. In addition,
the metabolic function of the liver, whose mitochondria are hubs for
more diverse reactions that involve the citric acid cycle, might
enable the increased citric acid cycle metabolites found in the early
disease phenotype seen in the error-prone mitochondrial translation
model. The citric acid cycle in liver is not intimately linked to f-
oxidation, since excess acetyl-CoA can be used to make ketones and
non-oxidative pathways can be used for gluconeogenesis, lipogene-
sis, and ureagenesis (Owen et al, 2002). Therefore, reduced respira-
tory capacity could increase fluxes in the citric acid cycle, as we
observed during the peak of mitochondrial dysfunction in the error-
prone mitochondrial translation mice. Although the unique meta-
bolic properties of liver mitochondria may enable the rewiring of
the citric acid cycle in an attempt to compensate for mitochondrial
dysfunction, it would not provide an ideal solution to the problem
as increased flux through the citric acid cycle would likely result in
oxidative stress, and this cannot explain the subsequent recovery of
mitochondrial function as the citric acid cycle metabolites normalize
in the 30-week-old mice.

Contemporaneously with our presented work, another study
reported the introduction of error-prone and hyper-accurate MRPS12
mutations into yeast and saw the same growth defects as in our
yeast models (Suhm et al, 2018). Further study of an error-prone
mutant (P50R) revealed the accumulation of protein aggregates and
activation of a general transcriptional stress response. In contrast to
what we observed in mice, the yeast harboring the error-prone
MRPS12 mutation could not compensate for the mitochondrial
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translation defect and exhibited concurrent failure of cytoplasmic
proteostasis that decreased their lifespan (Suhm et al, 2018). The
disparate phenotypes observed in yeast and mice highlight the
diverse signaling and transcriptional responses available in mamma-
lian systems compared with yeast. The transcriptional program
observed in yeast is a generic Msn2/4-driven stress response that is
also initiated when yeast are exposed to many different stresses,
including starvation, osmotic stress, oxidative stress, and tempera-
ture stress (Gorner et al, 2002; Hasan et al, 2002; Kandror et al,
2004). The ability of mammalian systems to specifically detect and
respond to mitochondrial stress in a more specific way enables the
consequences of mitochondrial mistranslation to be compensated
for with time, via specific transcriptional upregulation of particular
genes to increase mitochondrial biogenesis and cellular prolifera-
tion, and potentially harnessing tissue-specific programs such as
polyploidy of the liver.

In contrast to error-prone mitoribosomes, hyper-accurate mitori-
bosomes in mice cause only a small reduction in mitochondrial
protein synthesis in the heart, consistent with the E. coli mutants
and yeast models (Agarwal et al, 2011; Suhm et al, 2018). Hyper-
accurate translation results in slightly lowered overall levels of
mitochondrial proteins that do not have defects, and consequently,
mitochondrial stress response pathways are not activated to rescue
protein synthesis, and OXPHOS function is ultimately compromised,
resulting in cardiomyopathy. There must be a threshold for mito-
chondrial translation rate where the error-prone mutants activate
the observed stress response that is not reached by the hyper-accu-
rate mutant mitoribosomes. Therefore, it appears that mitochondrial
translation rate is more important than translational accuracy, in
terms of the ultimate physiological consequences for these mice. It
is interesting to note that error-prone mitochondrial translation has
more deleterious consequences in yeast (Suhm et al, 2018), while
hyper-accurate mitochondrial translation has a greater physiological
impact in mice. Mice carrying a V338Y mutation in the Mrps5 gene
have also been recently shown to have increased mitochondrial
mistranslation; interestingly, these mice exhibited enhanced anxiety
and were more susceptible to noise-induced hearing loss (Akber-
genov et al, 2018). Taken together, these studies demonstrate that
the effects of altered translation fidelity differ between organisms
and may highlight the distinct systems that have developed in these
rapidly evolving organelles between yeast and mammals. Future
studies could take advantage of the distinct stress responses
between mitochondria of different organisms to elucidate the cell
signaling molecules and networks that enable different mitochon-
drial defects to be compensated for, paving the way for targeted
therapies for mitochondrial diseases and disorders where mitochon-
drial dysfunction is a key contributor.

Materials and Methods
Yeast strains

Saccharomyces cerevisiae CK (MATua, leul, karl-1) was grown and
maintained on yeast peptone adenine dextrose (YPAD) media or
agar (1% w/v yeast extract, 2% w/v peptone, 2% w/v glucose,
0.05% w/v ammonium sulfate, 0.004% w/v adenine sulphate and
2% agar). A homology-directed repair (HDR) template was
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generated by cloning the S. cerevisiae MRPS12 ORF and 100 bp of 3’
flanking sequence into the Sall and Xbal sites 5 of the kanMX
expression cassette of pUG6. The resulting plasmid was subse-
quently used to clone 192 bp of MRPSI2 3’ flanking sequence 3’ of
the kanMX cassette via Sacl and SacIl. K721 and K71T mutations
were introduced into the HDR template using QuikChange mutagen-
esis. Sequence-verified point mutants of the HDR template plasmid
and a wild-type control were linearized using Sall and Sacll and
transformed into the CK strain as described by Gietz and Woods
(2006). G418-resistant colonies were analyzed by PCR and Sanger
sequencing to verify the correction genomic insertion of the HDR
cassette and the integrity of the point mutations.

Yeast survival assay

Overnight cultures of yeast were resuspended in Tris—EDTA (TE)
buffer (10 mM Tris, 1 mM EDTA, pH 8) at 1 ODggo unit/ml. Each
yeast suspension was used to make 1/10 serial dilutions in TE
buffer, and five microliters of each dilution was inoculated as stand-
ing droplets on yeast peptone (YP) agar plates containing either 2%
glucose, 3% acetate, 2% lactose and 0.1% glucose, 2% lactose, 2%
glycerol, or 2% ethanol as carbon sources. The plates were imaged
after 2-3 days of growth at 30°C.

Yeast mitochondrial isolation and de novo translation assays

Yeast were grown in YPAD medium, and mitochondria were
isolated as described by Glick and Pon (1995). Protein concentration
was measured using the BCA assay with BSA as a standard. De novo
mitochondrial translation assays were performed according to
Gouget et al (2008).

Transgenic mice

ES cells with an Mrpsi2® conditional allele were generated by
Cyagen Biosciences. Briefly, a Mrpsi2 gene-targeting vector was
generated using mouse genomic fragments amplified from BAC
clones with high-fidelity Tag DNA polymerase that were assembled
into a plasmid together with recombination sites and selection
markers, as indicated in Fig 2, and confirmed by Sanger sequencing.
The resulting vector was linearized using Notl and electroporated
into C57BL/6N ES cells. G418 was used for positive selection, and
the diphtheria toxin subunit A gene was used for negative selection.
Correctly targeted ES cell clones were identified using long-range
PCR, expanded, and subjected to Southern blotting to confirm
proper targeting by both homology arms. ES cell clones were
microinjected into donor blastocysts, followed by transfer into
surrogate mothers to obtain chimeric offspring, which were bred
with wild-type C57BL/6N mice to generate germline F1 heterozygote
mice, as verified by PCR and Sanger sequencing.

Mice carrying the Mrps12? conditional allele (Mrpsi2
were used to produce a Mrps12"® conditional allele via CRISPR-
mediated homologous recombination. A homology-directed repair
(HDR) template oligonucleotide was designed to repair the Mrps12?
point mutation while simultaneously introducing the Mrps12"® point
mutation and incorporating 60 nt of flanking homology at either
end (5-CCACAGAGGGCCGGCCCCAGCTGAAGGGTGTGGTGTTGC
GCACATTCATCCGAAAGCCGACCAAGCCCAACTCCGCCAACCGCAA

+ /ep-neO)
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GTGCTGCCGAGTCCGCCTCAGCACAGGCAAAGAGGCTGTC-3') was
obtained from IDT. A single-guide RNA (gRNA) with the protospacer
element sequence 5-ACTTGCGGTTGGCGGAGTTG-3' was synthe-
sized from plasmid templates containing the T7 promoter using the
HiScribe T7 Quick High Yield RNA Synthesis Kit (NEB). RNAs were
purified using the RNeasy Mini Kit (Qiagen). In vitro transcribed
sgRNA, Cas9 mRNA (Sigma), and HDR oligonucleotide were
microinjected into embryos derived from the Mrpsi2*/®™© mice
and transferred into the uteri of pseudopregnant females. Genomic
DNA from FO and F1 animals was extracted from tail tips, and
primers flanking genomic regions of interest were used in PCRs;
amplicons were cloned and Sanger sequenced to confirm the integ-
rity of the introduced genetic modification.

The neomycin cassette was removed by mating Mrpsi2
and Mrps12* /M1 mice with transgenic mice ubiquitously express-
ing Flp recombinase. The resulting Mrps12¥/® and Mrpsi2*/he
mice were mated with mice ubiquitously expressing Cre recombinase
to generate heterozygous mutant Mrps12*/%P¢ and Mrps12*/iecre
mice that were bred with each other to generate homozygous
mutant mice without the Rosa26-Cre transgene and to identify that
the homozygous mutation of Mrpsi2 was not embryonic lethal.
Age- and litter-mate-matched wild-type (Mrps12*/*) and homozy-
gous (Mrps12?/° or Mrps12"*/"*) mice were housed in standard
cages (45 cm x 29 cm x 12 cm) under a 12-h light/dark schedule
(lights on 7 am to 7 pm) in controlled environmental conditions of
22 + 2°C and 50 + 10% relative humidity and fed a normal chow
diet (Rat & Mouse Chow, Specialty Foods, Glen Forrest, Western
Australia), and water was provided ad libitum. All animals were
euthanized by cervical dislocation in the morning (between 8 and
9 am) to avoid circadian variation. The study was approved by the
Animal Ethics Committee of the UWA and performed in accordance
with Principles of Laboratory Care (NHMRC Australian Code for the
Care and Use of Animals for Scientific Purposes, 8" Edition 2013).

+ /ep-neo

Mitochondrial isolation

Mitochondria were collected from homogenized hearts and livers
and isolated by differential centrifugation as described previously
(Rackham et al, 2016) with some modifications. Livers were homog-
enized in buffer containing 250 mM sucrose, 5 mM Tris, and 1 mM
EGTA, pH 7.4 with EDTA-free Complete protease inhibitor cocktail
(Roche), and hearts were homogenized in buffer containing
210 mM mannitol, 70 mM sucrose, 10 mM Tris, and 0.1 mM EDTA
pH 7.4 with EDTA-free Complete protease inhibitor cocktail (Roche)
before differential centrifugation. The mitochondrial protein concen-
tration was quantified using the BCA assay using BSA as a standard.

Proteomics

Mitochondrial proteins (100 ng) were resuspended in lysis buffer
(6 M guanidinium chloride, 2.5 mM tris(2-carboxyethyl)phosphine
hydrochloride, 10 mM chloroacetamide, and 100 mM Tris-HCl).
After lysis, samples were diluted 1:10 in 20 mM Tris-HCI pH 8.0
and 100 pg of protein was mixed with 1 pug of Trypsin Gold
(Promega) and incubated overnight at 37°C to achieve complete
digestion. Peptides were cleaned with home-made STAGEtips
(Empore Octadecyl C18; 3M) and eluted in 60% acetonitrile/0.1%
formic acid buffer. Samples were dried in a SpeedVac apparatus
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(Eppendorf concentrator plus 5305) at 45°C, and the peptides were
suspended with 0.1% formic acid; 1.2 pg of peptides was analyzed
by LC-MS/MS.

For mass spectrometric analysis, digested peptides were loaded
onto a trapping column (PepMap 100, C18, 100 mm x 2 cm) at a
flow rate of 8 ul/min with 0.1% formic acid in water for 8 min
before being separated on an analytical column (EASY-spray
PepMap C18 column 75 pm x 50 cm, 2 mm bead diameter column;
Thermo Fisher Scientific) using a Dionex UltiMate 3000 Nano-
UHPLC system (Thermo Fisher Scientific). The column was main-
tained at 50°C. Buffers A and B were 0.1% formic acid in water and
0.1% formic acid in acetonitrile, respectively. Peptides were sepa-
rated on a segmented gradient from 3 to 10% buffer B for 8 min,
from 10 to 25% buffer B for 44 min, from 25 to 40% buffer B for
10 min, and from 40 to 95% buffer B for 12 min and equilibration
(3% B) for 12 min, at 300 nl/min. Eluting peptides were analyzed
on an Orbitrap Fusion Mass Spectrometer (Thermo Fisher Scien-
tific). The instrument was operated in a data dependent, “Top
Speed” mode, with cycle times of 2 s. The “Universal Method”
template was used with some modifications. Peptide precursor
mass-to-charge ratio (m/z) measurements (MS1) were carried out at
60,000 resolution in the 300-1,500 m/z range. The MS1 AGC target
was set to 1e® and maximum injection time to 300 ms. Precursor
priority was set to “Most intense”, and precursors with charge states
2-7 only were selected for HCD fragmentation. Fragmentation was
carried out using 27% collision energy. The m/z of the peptide frag-
ments was measured in the orbitrap using an AGC target of 5e¢* and
40 ms of maximum injection time.

Data from the Orbitrap Fusion (v 3.0.2041) were processed using
Proteome Discoverer software, version 2.3 (Thermo Scientific).
Peptide and protein identification was performed using Sequest HT
against the UniProtKB Mus musculus database (UP00000589,
release-2018_11). Sequest HT parameters included trypsin as a
proteolytic enzyme, two missed cleavages allowed, minimum
peptide length 6, peptide mass tolerance of 10 ppm, and a fragment
mass tolerance of 0.02 Da. Peptide spectral match error rates were
determined using the target-decoy strategy coupled to Percolator
modeling of positive and false matches. Data were filtered at the
peptide spectral match level to control for false discoveries using a
g-value cut off = 0.01, as determined by Percolator. The normaliza-
tion parameters in the Proteome Discoverer workflow were selected
as follows: (i) The “normalization mode” was “total peptide
amount”; (ii) “scaling mode” was “none”; (iii) “protein abundance
calculation” was the “summed abundances”; (iv) “protein ratio
calculation” was “protein abundance based”; and (v) “hypothesis
test” was “ANOVA (individual proteins)”. The resulting file
contained normalized master protein abundance values, where
proteins with P-value < 0.05 were considered significant. In order to
categorize the identified proteins, enriched Gene Ontology terms
were identified using DAVID v.6.8 and summarized with REVIGO
(Huang et al, 2009; Supek et al, 2011). Protein abundance results
were visualized with Pheatmap v1.0.12 (R v. 3.5.3; 2019-03-11),
where biological replicate values were averaged (Kolde, 2019).

Metabolomics

Frozen liver samples were weighed into cryomill tubes, and 1 ml of
3:1 metanol:water (v/v) solvent containing three internal standards
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(13C5, 15N1 Valine [16 uM], 13C6-Leucine [6 uM], and 13Cé6-
Sorbitol [6 uM]) was added. Samples were homogenized by cryo-
genic grinding using a precellys bead mill with a cryolys attachment
(Bertin Technologies). Metabolites were extracted by adding 100 pl
chloroform to each 400 pl of homogenate, and insoluble material
was removed by centrifugation at 16,100 g (Beckman Coulter Micro-
fuge 22R refrigerated microcentrifuge) for 10 min and the super-
natant transferred to fresh tube. One hundred microliters of each
supernatant was dried completely using a SpeedVac vacuum
concentrator at 37°C (Christ RVC 2-33). Methoxyamine hydrochlo-
ride (20 pl; 30 mg/ml in pyridine) and 20 ul of BSTFA + 1% TMCS
(Thermo Fisher Scientific) were used to derivatize the samples.
Samples were analyzed by targeted multiple reaction monitoring
(MRM) methodology from the Shimadzu Smart Metabolites Data-
base, which contains MRM transitions for 475 metabolites using a
GC-QQQ (TQ8040, Shimadzu Corporation) MS platform. Pooled
biological quality controls (PBQC) were created for quality control
monitoring during MS analysis by pooling extracts (50 pl) from indi-
vidual study samples, and 100 pl was dried to make each PBQC.
PBQCs were run at intervals of every five samples, while the order
of all other samples was randomized. A total of 139 metabolites,
including the three internal standards, were detected. Samples were
normalized according to the median signal intensity, and
Benjamini-Hochberg correction was applied to correct for the false
positives.

Sucrose gradient fractionation

Sucrose gradient subfractionation was carried out as previously
described (Richman et al, 2016). 1 mg of mitochondria was lysed in
1% n-dodecyl B-p-maltoside (Sigma). Lysates were loaded on 10—
30% sucrose gradients and separated by centrifugation overnight as
previously described (Ruzzenente et al, 2012; Rackham et al, 2016).
Gradient fractions were collected as 750 ul aliquots and precipitated
with trichloroacetic acid, resolved by SDS-PAGE, and ribosome-
containing fractions were detected by immunoblotting using anti-
bodies specific for individual proteins as described below.

RNA isolation and northern blotting

Total RNA was isolated from livers and hearts using the Qiagen
miRNeasy Mini kit incorporating an on-column RNase-free DNase
digestion to remove all DNA. RNA (4 pg) was resolved on 1.2%
agarose formaldehyde gels, followed by transfer to 0.45 um
Hybond-N"* nitrocellulose membrane (GE Lifesciences) and
hybridization with biotinylated oligonucleotide probes that specifi-
cally detect mouse mitochondrial mRNAs, rRNAs, and tRNAs (Rack-
ham et al, 2016). All hybridizations were performed overnight at
50°C in 5% SSC, 20 mM Na,HPO,4, 7% SDS, and 100 pg/ml heparin,
followed by three 10-min washes. Hybridized oligos were detected
using a streptavidin-linked infrared-labeled antibody (diluted
1:2,000 in 3x SSC, 5% SDS, 25 mM Na,HPO,4, pH 7.5) using an
Odyssey Infrared Imaging System (Li-Cor).

Immunoblotting

Proteins (50 pg) were resolved on 4-12% Bis-Tris gels, and specific
proteins were detected using rabbit monoclonal antibodies against:
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MRPS34 (HPA042112-100 pul) and MRPL12 (HPA042112-100 pl;
Sigma — Prestige Antibodies, diluted 1:1,000); MRPS12 (14795-1-
AP), MRPS35 (16457-1-AP), MRPL44 (16394-1-AP), MRPL37
(15190-1-AP), and MRPS16 (16735-1-AP; Proteintech, diluted
1:1,000); GAPDH (14C10), S6 ribosomal protein (5G10), phospho-
S6 ribosomal protein (Ser235/236) (2F9), mTOR (7C10), phospho-
mTOR (Ser2448) (D9C2), and 4E-BP1 (53H11); and phospho-4E-BP1
(Thr37/46) (236B4), SAPK, phosphor-SAPK (Thr183/Tyr185)
(81E11), AKT (C67E7), and phospho-AKT (Thr308) (244F9; Cell
Signaling Technologies, diluted 1:500). Specific rabbit polyclonal
antibodies were used against: LONP1 (15440-1-AP) and TACO1
(21147-1-AP; Proteintech, diluted 1:500); ClpX (HPA040262, Sigma
— Prestige Antibodies, diluted 1:500); MTIF2 (LS-C164664/56970,
LSBio, diluted 1:1,000); and MTIF3 (14219-1-AP, Proteintech,
diluted 1:1,000). Specific mouse monoclonal antibodies used were
as follows: Total OXPHOS Cocktail Antibody (ab110413, Abcam,
diluted 1:5,000); porin (ab14734) and SDHA (ab14715; Abcam,
diluted 1:1,000); and COXI (ab14705) and COXII (ab198286;
Abcam, diluted 1:500). Antibodies were incubated in Odyssey
Blocking Buffer (Li-Cor), and IR Dye 800CW Goat Anti-Rabbit IgG or
IRDye 680LT Goat Anti-Mouse IgG (Li-Cor) secondary antibodies
were used for detection, and the immunoblots were visualized using
an Odyssey Infrared Imaging System (Li-Cor).

Blue native PAGE

Isolated mitochondria (80 pg) were treated with 1% n-dodecyl B-p-
maltoside and resolved on blue native 4-16% Bis-Tris gels, as
described previously (Mourier et al, 2014). BN-PAGE gels were
analyzed by transferring to PVDF and immunoblotting against respi-
ratory complexes.

Respiration

Mitochondrial respiration was evaluated as oxygen consumption in
isolated liver and heart mitochondria as previously described (Rack-
ham et al, 2016). Mitochondria were supplemented with substrates
10 mM glutamate/2 mM malate/5 mM pyruvate (Sigma) or 10 mM
succinate with the addition of the inhibitor 0.5 pM rotenone (Sigma)
to measure ADP-independent respiration activity (state 4). The addi-
tion of 1 mM ADP (Sigma) to the recording chamber was used to
measure state 3 respiration activity. Respiration was uncoupled by
successive addition of FCCP up to 3 puM to reach maximal respiration.

Echocardiography

Echocardiography (ECG) was performed on mice under light
methoxyflurane anesthesia with the use of an i13L probe on a Vivid 7
Dimension (GE Healthcare) as described before (Perks et al, 2017).

Histology

Fresh isolated hearts and livers were immediately incubated in 10%
neutral buffered formalin for 24 h, followed by washing in phos-
phate-buffered saline and stored in 70% ethanol. Heart and liver
tissues were embedded in paraffin and sectioned using a microtome,
and the tissue sections were transferred to positively charged slides.
The slides were heated for 2 h at 60°C and treated with xylene,
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xylene and ethanol (1:1), and decreasing concentrations of ethanol
(100, 95, 80, 60%) before they were washed in distilled H,O. The
H & E staining was performed as described before (Richman et al,
2015). Coverslips were mounted on slides using DPX mounting
media (Scharlau), and images were acquired using a Nikon Ti
Eclipse inverted microscope using a Nikon 20x objective.

Translation assay

In organello translation assays were carried out in isolated heart and
liver mitochondria as described before (Rackham et al, 2016).
Briefly, 500 pg mitochondria were incubated in 750 pl translation
buffer (100 mM mannitol, 10 mM sodium succinate, 80 mM KCl,
5 mM MgCl,, 1 mM KPi, 25 mM HEPES pH 7.4, 5 mM ATP, 20 uM
GTP, 6 mM creatine phosphate, 60 pg/ml creatine kinase, and
60 pg/ml of all amino acids except cysteine and methionine). Mito-
chondria were supplemented with 150 pCi of °S cysteine and
methionine (PerkinElmer) for 60 min at 37°C. For chase experi-
ments, after labeling, mitochondria were washed three times and
incubated for 1 h at 37°C in translation buffer including cysteine
and methionine. After labeling or chase, mitochondria were washed
in translation buffer and suspended in 1% Triton X-100. Protein
concentration was measured, and 50 pg for liver and 25 pg for heart
of mitochondrial protein were resolved by SDS-PAGE and visual-
ized by autoradiography.

Statistical analyses

All immunoblots were quantified using the Li-Cor Odyssey Classic
software. All data with the exception of metabolomic data were
statistically evaluated by a two-tailed paired Student’s t-test and at a
significance level of *P < 0.05, **P < 0.01, or ***P < 0.001 using
Excel (Microsoft) and presented as mean =+ standard deviation.
Metabolomic data were subjected to statistical analysis where the
metabolites’ abundance was measured as area under the observed
peak that defines a metabolite. These data were pre-treated before
statistical analysis to account for biological, experimental, and
instrument variations by performing a natural log-transformation
followed by normalizing the data to the median metabolic abun-
dance of each sample and are presented as the mean, interquartile
range, and the highest and lowest observations. In addition,
Benjamini-Hochberg correction was applied to correct for the false
positives with a false discovery rate of 0.01. The above statistical
tests were performed using an in-house Metabolomics R package
and MetaboAnalyst.

Data availability

Proteomics data are available from PRIDE with project accession
number PXD015456 (https://www.ebi.ac.uk/pride/archive/projects/
PXD015456).

Expanded View for this article is available online.
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