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Abstract: Mitochondrial translation is a unique relic of the symbiotic origin of the organelle. Alter-
ations of its components cause a number of severe human diseases. Hereby we report a study of
mice devoid of Mettl15 mitochondrial 12S rRNA methyltransferase, responsible for the formation
of m4C839 residue (human numbering). Homozygous Mettl15−/− mice appeared to be viable in
contrast to other mitochondrial rRNA methyltransferase knockouts reported earlier. The phenotype
of Mettl15−/− mice is much milder than that of other mutants of mitochondrial translation apparatus.
In agreement with the results obtained earlier for cell cultures with an inactivated Mettl15 gene,
we observed accumulation of the RbfA factor, normally associated with the precursor of the 28S
subunit, in the 55S mitochondrial ribosome fraction of knockout mice. A lack of Mettl15 leads to a
lower blood glucose level after physical exercise relative to that of the wild-type mice. Mettl15−/−

mice demonstrated suboptimal muscle performance and lower levels of Cox3 protein synthesized by
mitoribosomes in the oxidative soleus muscles. Additionally, we detected decreased learning capa-
bilities in the Mettl15−/− knockout mice in the tests with both positive and negative reinforcement.
Such properties make Mettl15−/− knockout mice a suitable model for mild mitochondriopathies.

Keywords: mitochondria; rRNA; methylation; knockout mice; translation

1. Introduction

Mitochondria, the powerhouses of eukaryotic cells, possess their own genome as
a remnant of its endosymbiotic origin [1]. To synthesize 13 protein components of the
oxidative phosphorylation (OXPHOS) complexes encoded in the mitochondrial genome,
the organelle makes use of the specialized translation apparatus [2–5] inherited from the
endosymbiotic proteobacteria. Although ribosomal and transfer RNAs necessary for the
mitochondrial protein biosynthesis are encoded within the organelle, ribosomal proteins,
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translation, and biogenesis factors [6] are encoded by the nuclear DNA, synthesized by the
cytosolic ribosomes, and imported into the mitochondria.

Mutations in genes’ coding for the components of mitochondrial protein biosynthesis
apparatus cause a number of severe human diseases, such as mitochondrial encephalopathy,
lactic acidosis, and stroke-like episodes (MELAS), caused by a mutation in the mitochon-
drial tRNALeu(UUR) gene [7] and myoclonic epilepsy with ragged red fibers (MERRF)
caused by a mutation in the mitochondrial tRNALys gene [8]. Later, a number of other
mutations within the mitochondrial tRNA genes were found to be associated with sim-
ilar pathologies [9]. Mutation A1555G in the mitochondrial 12S rRNA gene was found
to cause sensorineural hearing loss exacerbated by aminoglycoside antibiotics [10]. A
number of pathologies were found to be caused by mutations in nuclear genes’ coding for
mitochondrial aminoacyl-tRNA synthetases, mitochondrial ribosomal proteins, as well as
translation elongation and termination factors [11–15]. Mutations in genes’ coding for the
proteins involved in mitochondrial ribosome biogenesis, such as ERAL1 [16], FASTKD2 [17],
C1QBP/p32 [18], DHX30 [19], and GTPBP5 [20] are suggested as causative for human
genetic disorders [15].

Mammalian mitochondrial rRNAs are modified at ten nucleotide residues [21–23],
which are clustered in the functional centers of the small and large ribosomal subunits [24].
Mutations of the mitochondrial rRNA methyltransferase genes, such as TFB1M [25–27]
and MRM2 [28], are also implicated in human diseases, such as maternally inherited
deafness, diabetes, and MELAS-like syndrome. Although the list of mitochondrial rRNA
modification enzymes was recently completed with the identification of the TRMT2B
protein [29,30] as a 12S rRNA methyltransferase, the physiological impact of mitochondrial
rRNA modifications at the level of an organism has been addressed for a limited number
of related enzymes, such as TFB1M [31] and NSUN4 [32].

METTL15 is a mitochondrial rRNA methyltransferase, responsible for the 12S
rRNA m4C839 modification [33–35]. Inactivation of the METTL15 gene in various
human [33,34] and murine [35] cell lines was accompanied by a variable degree of mi-
tochondrial translation impairment ranging from almost negligible to severe, which could
be attributed to the difference in cell lines used. To address the influence of the mito-
chondrial 12S rRNA modification at m4C839 residue (human numbering will be used
throughout the manuscript for consistency with other publications) at the level of an organ-
ism, herein we describe the creation and study of a knockout mice line with homozygous
inactivation of the Mettl15 gene.

2. Results
2.1. Generation of Mettl15 Knockout Mice

To inactivate the Mettl15 gene in mice we applied a CRISPR/Cas9 system [36] to cleave
the third (first coding) exon of the Mettl15 gene (Figure 1a). To this end, a solution of the
corresponding sgRNA obtained by in vitro transcription was mixed with S. pyogenes Cas9
coding mRNA and microinjected into zygotes of C57BL/6xCBA F1 mice. Following mi-
croinjection, the surviving zygotes were introduced to the oviducts of pseudopregnant mice.
An inactivating two non-adjacent nucleotide deletion frameshift allele variant, hereafter
referenced to as Mettl15− (Supplementary Materials Figure S1a,b), was found in the geno-
type of the progeny, which was used for further mating. Obtained heterozygous Mettl15+/−

mice were backcrossed to a C57BL/6 background followed by mating to produce homozy-
gous Mettl15−/− mice. Unlike knockouts for other mitochondrial rRNA methyltransferase
genes [31,32], the homozygous Mettl15−/− mice were viable, borne at expected Mendelian
ratios, and appeared normal.
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Figure 1. Influence of Mettl15 gene inactivation on mitochondrial ribosomes in mice. (a) Scheme of 
M. musculus Mettl15 gene structure with the site of CRISPR/Cas9 cleavage used to generate knock-
out. (b) Quantity of mtDNA relative to nuclear DNA assessed by qPCR in the wild-type (left box 
plot, light grey, n = 8) and Mettl15−/− knockout (right box plot, dark grey, n = 8) mice. Interquartile 
ranges are shown as solid bars and the entire data range by thin lines. Horizontal line corresponds 
to median while crossing to the average. Significance level calculated accordingly to the nonpara-
metric Mann–Whitney U test is shown at p < 0.05. (c) Staining of liver mitochondria (red) by anti-
VDAC1 antibodies for the wild type (left) and Mettl15−/− knockout (right) mice. Additional experi-
ments and quantitation are shown in the Supplementary Materials Figure S2. (d) Sucrose-density 
gradient profiles of the liver mitochondrial extracts for the wild-type (left panel) and Mettl15−/− 
knockout (right panel) mice. A254 is plotted on the upper panels and immunoblotting of the fractions 
on the lower panels. Antibodies used are indicated next to the panels. Peak quantitation averages 
on the basis of sucrose-density centrifugations of liver mitochondrial lysates of n=8 mice on the basis 
of areas under curves are shown next to corresponding peaks. Additional experiments are shown 
in the Supplementary Materials Figure S6. 

The status of the 12S rRNA nucleotide C839 modification in the homozygous knock-
out mice was verified for several mice organs. To this end, the total RNA from the hearts, 
livers, and kidneys of four wild-type and four Mettl15−/− knockout mice were hybridized 
with the biotinylated oligonucleotide, complementary to the modification site. An excess 
of unhybridized RNA was digested by RNase T1, whereas the RNA fragment of interest 
was purified via immobilized streptavidin resin and subjected to RNase T1 hydrolysis 
followed by MALDI MS analysis (Supplementary Materials Figure S1c). As expected, we 
observed a complete lack of the 12S rRNA nucleotide C839 modification in all analyzed 
organs of the Mettl15−/− knockout mice, in contrast to a nearly complete modification in 

Figure 1. Influence of Mettl15 gene inactivation on mitochondrial ribosomes in mice. (a) Scheme of
M. musculus Mettl15 gene structure with the site of CRISPR/Cas9 cleavage used to generate knockout.
(b) Quantity of mtDNA relative to nuclear DNA assessed by qPCR in the wild-type (left box plot,
light grey, n = 8) and Mettl15−/− knockout (right box plot, dark grey, n = 8) mice. Interquartile
ranges are shown as solid bars and the entire data range by thin lines. Horizontal line corresponds to
median while crossing to the average. Significance level calculated accordingly to the nonparametric
Mann–Whitney U test is shown at p < 0.05. (c) Staining of liver mitochondria (red) by anti-VDAC1
antibodies for the wild type (left) and Mettl15−/− knockout (right) mice. Additional experiments
and quantitation are shown in the Supplementary Materials Figure S2. (d) Sucrose-density gradient
profiles of the liver mitochondrial extracts for the wild-type (left panel) and Mettl15−/− knockout
(right panel) mice. A254 is plotted on the upper panels and immunoblotting of the fractions on the
lower panels. Antibodies used are indicated next to the panels. Peak quantitation averages on the
basis of sucrose-density centrifugations of liver mitochondrial lysates of n = 8 mice on the basis of
areas under curves are shown next to corresponding peaks. Additional experiments are shown in the
Supplementary Materials Figure S6.

The status of the 12S rRNA nucleotide C839 modification in the homozygous knockout
mice was verified for several mice organs. To this end, the total RNA from the hearts, livers,
and kidneys of four wild-type and four Mettl15−/− knockout mice were hybridized with
the biotinylated oligonucleotide, complementary to the modification site. An excess of
unhybridized RNA was digested by RNase T1, whereas the RNA fragment of interest
was purified via immobilized streptavidin resin and subjected to RNase T1 hydrolysis
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followed by MALDI MS analysis (Supplementary Materials Figure S1c). As expected, we
observed a complete lack of the 12S rRNA nucleotide C839 modification in all analyzed
organs of the Mettl15−/− knockout mice, in contrast to a nearly complete modification
in the corresponding organs of the wild-type mice. A complete lack of the nucleotide
C839 modification in the 12S rRNA of Mettl15−/− knockout mice is accompanied by a
substoichiometric modification of the neighboring nucleotide C837, in agreement with the
observations obtained earlier for the Mettl15 knockout cell lines [33,35].

2.2. Abundance of Mitochondria in Mettl15−/− Knockout Mice

A malfunction of the mitochondrial rRNA modification machinery might lead to
compensatory activation of the mitochondrial biogenesis and a consequent increase in
the mtDNA copy number and the content of mitochondria in the cell [31,32]. To check
whether Mettl15 gene inactivation would result in an excessive mitochondria accumulation
in mice tissues, we determined the mtDNA to nuclear DNA ratio in the cardiac and
skeletal muscles, testis, liver, and brain via the qPCR method (Figure 1b). Although a
tendency for an increase in the mtDNA copy number was observed in all analyzed tissues
of the Mettl15−/− knockout mice except the glycolytic tibialis anterior muscles, it reached
statistical significance in the liver and cardiac muscle.

Mitochondria were stained using the Altmann’s method [37] and with anti-VDAC1
antibodies in the samples of the liver and kidneys (Figure 1c, Supplementary Materials
Figure S2). Although staining with the Altmann’s method revealed the tendency for
increased mitochondrial content (Supplementary Materials Figure S2a,b,e) it does not
reach statistical significance. Staining with anti-VDAC1 antibodies supported the same
tendency (Supplementary Materials Figure S2c,f) for the kidney samples and demonstrated
a significant (p < 0.05) excess of mitochondria in the liver of Mettl15−/− knockout mice
(Figure 1c, Supplementary Materials Figure S2d,f).

To assess the possible pathological consequences of Mettl15 gene inactivation we
performed an assessment of the average body mass (Supplementary Materials Figure S3a)
and temperature (Supplementary Materials Figure S3b) as well as a complete histo-
pathology analysis of Mettl15−/− knockout mice and their wild-type littermates
(Supplementary Materials Figure S3c).

No apparent differences that could be explained by Mettl15 gene inactivation have been
observed in the mass, thermogenesis, and histopathology analysis. The accelerated aging
phenotype was described for mice carrying mutations in the components of the mitochondrial
ribosome [38]. To assess the accumulation of senescent cells in the tissues of Mettl15−/−

knockout mice we applied senescence-associated b-galactosidase activity tests. Sparse cells
positive for b-galactosidase activity were observed in the kidneys of both the wild-type and
Mettl15−/− knockout mice at 4 months of age (Supplementary Materials Figure S4a). The
senescent cell density was almost equal for the four-month-old wild-type and Mettl15−/−

mice (Supplementary Materials Figure S4d). Other observed tissue samples, such as from
the liver (Supplementary Materials Figure S4b), spleen, heart, brain, skeletal muscles, skin,
and intestine (data not shown), were negative for b-galactosidase activity. However, an
examination of a limited number of one-year-old wild-type (n = 2) and Mettl15−/− knockout
mice (n = 2) allowed us to observe a nearly 2-fold difference in the number of senescent cells
(Supplementary Materials Figure S4c) in the kidney slices. This remarkable tendency, albeit
not conclusive due to the limited number of aged Mettl15−/− mice, could be the subject of a
separate study. To search for signs of mitochondrial myopathy, we looked for the red-stained
pathological mitochondria using Gomori trichrome staining of frozen unfixed muscle sections
(Supplementary Materials Figure S5). However, clear signs of pathological mitochondria were
not observed in either of the samples.

2.3. Alteration in the Composition of the Mitochondrial Ribosomes in Mettl15−/− Knockout Mice

Previously, we assessed an influence of the 12S rRNA modification at the nucleotide
m4C839 on the proportion of mitochondrial 55S ribosomes and free 28S and 39S ribosomal
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subunits on the model of the murine NS0 cell line [35]. Although we found a very minute
change in the ratio of the subunits and the ribosome caused by Mettl15 inactivation, the
composition of mitochondrial ribosomal fractions was found to depend on the Mettl15
activity. Remarkably, RbfA, a mammalian mitoribosome assembly factor [39] homologous
to the corresponding bacterial protein [40], was found to be associated with the 55S mito-
chondrial ribosome upon Mettl15 inactivation. Other groups observed variable degrees
of mitoribosome assembly defects using human cell lines with an inactivated Mettl15
gene [33,34].

In order to check whether Mettl15 inactivation in mice would have an influence
on mitoribosome association from the subunits and composition of mitochondrial ribo-
somes similar to those observed in cell lines, we prepared mitochondrial fractions from the
liver samples of the Mettl15−/− knockout mice and their wild-type littermates. Mitochon-
drial lysates were subjected to ultracentrifugation through the sucrose-density gradients
(Figure 1d, Supplementary Materials Figure S6a–h, upper panels). An influence of Mettl15
knockout on the ratio of the ribosomal subunits and ribosomes in mice liver mitochondria
was found to be minimal (Supplementary Materials Figure S6i), reminiscent of a similar
observation made for the knockout murine cell line [35]. At the same time, immunoblotting
of the sucrose-density gradient fractions (Figure 1d, Supplementary Materials Figure S6a–h,
lower panels) confirmed an increased association of the RbfA assembly factor with the 55S
ribosomes observed previously on a cell line model.

2.4. An Influence of Mettl15 Knockout on Gene Expression in Mice

In a number of studies, various mutations in the components of the mitochondrial
translation apparatus were found to initiate a compensatory response manifested in in-
creased transcription of the mitochondrial genome, an increase in the biogenesis of nuclear-
encoded mitochondrial components, and boosting of the cytosolic translation efficiency via
activation of mTOR signaling [41–43]. To check whether this is the case for the inactivation
of Mettl15 in mice, we analyzed the expression levels of the 16S and 12S mitochondrial
rRNAs, all protein-coding genes of mitochondria, a number of nuclear genes of the mi-
tochondrial proteins, and genes whose expression level was reported to be increased
upon impairment of mitochondrial translation [42] in the heart, oxidative (soleus), and
glycolytic (tibialis anterior) skeletal muscles, liver, testis, and brain. Cytosolic 18S rRNA
and Gapdh mRNA were used as controls (Figure 2a,b, Supplementary Materials Figure S7).
No significant alteration in gene expression was found to be associated with Mettl15
gene knockout.

Additionally, quantities of the mitochondrial ribosomal protein Mrpl48, assembly fac-
tor RbfA, nuclear-encoded Sdhb, and mitochondrially encoded Cox3 protein components
of the respiratory chain, as well as protein kinase Akt involved in mTOR signaling, its phos-
phorylated form, and autophagy factor LC3 have been assessed by immunoblotting of ox-
idative muscle (soleus) and brain lysates (Figure 2c,d, Supplementary Materials Figure S8).
In line with the results of the RT qPCR analysis of the gene expression, we have detected
neither a difference in the amounts of nuclear-encoded proteins nor the activities of mTOR
signaling or autophagy between the wild-type and Mettl15−/− knockout mice. However,
we observed a reduction in the amount of mitochondrially encoded Cox3 protein in the
lysates of the oxidative soleus muscle. Since the Cox3 mRNA level was not affected by
Mettl15 gene inactivation (Figure 2a), it is likely that Cox3 protein level reduction is a result
of a decrease in the mitochondrial translation efficiency caused by Mettl15 inactivation.
Such a difference, however, was not observed for the brain extracts.
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Figure 2. Influence of Mettl15 gene inactivation on gene expression in mice. (a) RT qPCR quantifi-
cation of the cytosolic and mitochondrial ribosomal RNA, mitochondrial mRNAs, and mRNAs of 
nuclear-encoded mitochondrial proteins as well as mRNAs reported to be overexpressed upon 
other mitochondrial deficiencies (designations shown above the lanes). Shown are values normal-
ized to the level of Gapdh mRNA. Within the lane, each point corresponds to a wild-type (green dots, 
n = 8) or Mettl15−/− knockout (red dots, n = 8) animal (i.e., biological replicates). Error bars are used 
to illustrate the difference between technical replicates. RNA was extracted from oxidative muscle 
(soleus). Data for other tissues are shown in the Supplementary Materials Figure S7. (b) RT qPCR 
quantification of representative RNA amounts in the brains of the wild-type (green dots, n = 8) or 
Mettl15−/− knockout (red dots, n = 8) animals. Designations are similar to that of the panel (a). (c) 
Immunoblotting of the wild-type (left lanes, see additional experiments shown in the Supplemen-
tary Materials Figure S8, total n = 8) and Mettl15−/− knockout (right three lanes, see additional exper-
iments shown in the Supplementary Materials Figure S8, total n = 8) extracts from oxidative skeletal 
muscle (soleus). Antibodies used are indicated next to the panels. (d) Immunoblotting of the wild 
and Mettl15−/− knockout extracts from the brain. Designations were similar to that of the panel (b). 

2.5. An Influence of Mettl15 Knockout on the Physiology of Mice 
The suboptimal function of mitochondria in general and mitochondrial protein bio-

synthesis in particular frequently leads to a decrease in the performance of systems that 
rely heavily on the oxidative phosphorylation, such as skeletal muscles, and a disturbance 
of the biochemical composition of body fluids is indicative of the increased usage of an-
aerobic glycolysis as an alternative to OXPHOS in energy production. To test whether this 
is the case for Mettl15−/− knockout mice we determined forelimb grip strength (Figure 3a) 
and forced floating time (Figure 3b) after 24 h of food deprivation. The performance of 

Figure 2. Influence of Mettl15 gene inactivation on gene expression in mice. (a) RT qPCR quantifi-
cation of the cytosolic and mitochondrial ribosomal RNA, mitochondrial mRNAs, and mRNAs of
nuclear-encoded mitochondrial proteins as well as mRNAs reported to be overexpressed upon other
mitochondrial deficiencies (designations shown above the lanes). Shown are values normalized to
the level of Gapdh mRNA. Within the lane, each point corresponds to a wild-type (green dots,
n = 8) or Mettl15−/− knockout (red dots, n = 8) animal (i.e., biological replicates). Error bars
are used to illustrate the difference between technical replicates. RNA was extracted from ox-
idative muscle (soleus). Data for other tissues are shown in the Supplementary Materials Figure S7.
(b) RT qPCR quantification of representative RNA amounts in the brains of the wild-type (green
dots, n = 8) or Mettl15−/− knockout (red dots, n = 8) animals. Designations are similar to that of
the panel (a). (c) Immunoblotting of the wild-type (left lanes, see additional experiments shown in
the Supplementary Materials Figure S8, total n = 8) and Mettl15−/− knockout (right three lanes, see
additional experiments shown in the Supplementary Materials Figure S8, total n = 8) extracts from
oxidative skeletal muscle (soleus). Antibodies used are indicated next to the panels. (d) Immunoblot-
ting of the wild and Mettl15−/− knockout extracts from the brain. Designations were similar to that
of the panel (b).
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2.5. An Influence of Mettl15 Knockout on the Physiology of Mice

The suboptimal function of mitochondria in general and mitochondrial protein biosyn-
thesis in particular frequently leads to a decrease in the performance of systems that rely
heavily on the oxidative phosphorylation, such as skeletal muscles, and a disturbance of
the biochemical composition of body fluids is indicative of the increased usage of anaerobic
glycolysis as an alternative to OXPHOS in energy production. To test whether this is the
case for Mettl15−/− knockout mice we determined forelimb grip strength (Figure 3a) and
forced floating time (Figure 3b) after 24 h of food deprivation. The performance of knockout
mice in both tests was found to be significantly lower than that of the wild-type controls.
Neurological manifestations were frequently found in mitochondrial diseases [44] and
several mouse models with impaired mitochondrial functions demonstrated this [45–47].
We subjected the Mettl15−/− knockout mice to the open field test for general exploratory
activity (Supplementary Materials Figure S9a) and preference for exploration of a new
object (Supplementary Materials Figure S9b), and the light–dark box test to assess anxiety
(Supplementary Materials Figure S9c) and learning (Figure 3c). Although the majority of
tests revealed no difference between the wild-type and Mettl15 knockout mice, we detected
a significant difference between the groups in a learning test in a light–dark box with
electric foot shock. In this test, mice were placed in a compartment with two boxes, a
brightly illuminated one and a dark one, and were allowed to explore it freely. Mice tend
to avoid illuminated boxes but were faced with a mild electric foot shock in the dark box.
After placement in the home cage for 24 h, the mice were subjected to the same light–dark
box to monitor their memories, which should suggest they avoid the dark box. To control
for the possibility that Mettl15−/− knockout mice are more tolerant to the mild pain stimuli
rather than their learning ability be compromised, we tested their response time latency
in a hot plate test (Figure 3d). Apparently, mice with a Mettl15 deficiency are even more
sensitive to pain than their wild-type littermates. Thus, we concluded that Mettl15 and
hence mitoribosome modification contributes to the efficiency of learning or memory.

To explore further the learning deficit of the Mettl15−/− knockout mice, we used a
memory test with positive rather than negative reinforcement. In the box maze test [48],
mice were placed into the box with several dead-end appendices and an escape hole leading
to a refuge. After initial free exploration of the maze, mice were subjected to four trials
to find refuge. After 48 h, mice were subjected to a single trial to find refuge. The latency
time before entering the escape hole is a readout (Figure 3e). As a result, we found that
Mettl15−/− knockout mice performed worse in the box maze test spending significantly
(p < 0.05) more time to recall the way to a known escape hole 2 days after training (Figure 3e,
rightmost bars). This tendency was notable even during the training trials but reached
statistical significance only for the third attempt (Figure 3e, third group of bars).

Patients suffering from a number of mitochondrial diseases frequently have lactic
acidosis and a number of other differences in the plasma metabolites concentration [49].
The inactivation of genes related to the functioning of mitochondria in mice likewise
results in plasma metabolite profile alterations [50]. To this end, we performed NMR-based
metabolite profiling in the serum of the Mettl15−/− knockout mice and the corresponding
control group fed ad libitum (Supplementary Materials Figure S10). The inactivation of the
Mettl15 gene appeared not to cause any significant difference in the metabolite profiles of
mice under normal conditions.
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Figure 3. Influence of Mettl15 gene inactivation on mice behavior. (a) Grip strength of the wild-type 
(left box plot, light grey, n = 16) and Mettl15−/− knockout (right box plot, dark grey, n = 13) normalized 
to the body weight. Interquartile ranges are shown as solid bars and the entire data range by thin 
lines. Horizontal lines correspond to median while crossing to the average. Significance level calcu-
lated accordingly to the nonparametric Mann–Whitney U test is shown at p < 0.05. (b) Forced swim-
ming time in seconds with the weight load of 13% body weight of the wild-type (left box plot, light 
grey, n = 8) and Mettl15−/− knockout (right box plot, dark grey, n = 8). Designations are similar to the 
panel (a). (c) Learning efficiency with negative reinforcement. Shown is the latency time in seconds 
spent in the illuminated compartment prior to entering the dark compartment following the pre-
ceding training with electric foot shock in the dark compartment. Designations and number of ani-
mals similar to the panel (b). (d) Pain tolerance. Shown is the time spent on a heated plate (52–55 
°C) before hind licking. Designations and number of animals similar to the panel (b). (e) Learning 
efficiency with positive reinforcement. Shown is the latency time in seconds spent in the illuminated 
box prior to entering the escape hole. The training trials 1–4 performed on the first day correspond 
to the bar groups 1–4. The test trial performed 48 h after learning corresponds to the rightmost group 
of bars. Designations and number of animals are similar to the panel (b). 

Figure 3. Influence of Mettl15 gene inactivation on mice behavior. (a) Grip strength of the wild-
type (left box plot, light grey, n = 16) and Mettl15−/− knockout (right box plot, dark grey, n = 13)
normalized to the body weight. Interquartile ranges are shown as solid bars and the entire data range
by thin lines. Horizontal lines correspond to median while crossing to the average. Significance
level calculated accordingly to the nonparametric Mann–Whitney U test is shown at p < 0.05. (b)
Forced swimming time in seconds with the weight load of 13% body weight of the wild-type (left box
plot, light grey, n = 8) and Mettl15−/− knockout (right box plot, dark grey, n = 8). Designations are
similar to the panel (a). (c) Learning efficiency with negative reinforcement. Shown is the latency
time in seconds spent in the illuminated compartment prior to entering the dark compartment
following the preceding training with electric foot shock in the dark compartment. Designations and
number of animals similar to the panel (b). (d) Pain tolerance. Shown is the time spent on a heated
plate (52–55 ◦C) before hind licking. Designations and number of animals similar to the panel (b).
(e) Learning efficiency with positive reinforcement. Shown is the latency time in seconds spent in
the illuminated box prior to entering the escape hole. The training trials 1–4 performed on the first
day correspond to the bar groups 1–4. The test trial performed 48 h after learning corresponds to the
rightmost group of bars. Designations and number of animals are similar to the panel (b).
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In addition, we monitored the serum concentration of glucose (Figure 4a) and lactate
(Figure 4b) of mice fed ad libitum (Figure 4a,b, leftmost bars), the same mice cohort after
a 24 h food deprivation (Figure 4a,b, central bars), and the same mice after 24 h of food
deprivation and forced swimming (Figure 4a,b, rightmost bars). As a result, we found that
the fed Mettl15−/− mice demonstrate levels of plasma glucose and lactate concentrations
nearly similar to the wild-type. After food deprivation, the plasma glucose concentrations
dropped in both mice cohorts, whereas the lactate concentration remained nearly the
same for the wild-type mice but decreased for the Mettl15−/− knockout mice to a level
significantly lower than that of the wild-type. The intense physical exercise led to the
elevation of the plasma lactate concentration for both the wild-type and knockout mice.
Although the lactate concentration remained somewhat lower in the plasma of Mettl15−/−

knockout mice, this difference was not significant. During this physical exercise, the glucose
level of the wild-type mice increased, whereas that of the knockout mice decreased. As
a result, the plasma glucose concentration following exercise was significantly lower for
Mettl15−/− knockout mice.
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Translation, as well as ribosome biogenesis, are energy-consuming processes, hence,
even a moderate decrease in translation efficiency might lead to increased energy expendi-
ture in mitochondria, which could be manifested in a lower reserve of energy left after a
starvation period. Although the wild-type animals are likely to retain reserves of glyco-
gen sufficient to supply glucose to the bloodstream in a period of high physical activity,
Mettl15−/− knockout mice might be lacking it. To check for this possibility, we stained
the samples of liver and skeletal muscle (gastrocnemius, the mixed-type muscle relying
on both OXPHOS and glycolysis) for glycogen in the wild-type and Mettl15−/− knockout
mice (Supplementary Materials Figure S11). In contrast to the expectation, no significant
difference in the amount of glycogen was found between the wild-type and knockout
mice. Thus, a somewhat lower concentration of glucose in the bloodstream of Mettl15−/−

knockout mice following physical exercise is not a consequence of a systemic shortage
of glycogen.

3. Discussion

Mitochondrial ribosomes are related to the ribosomes of their proteobacterial prede-
cessors. Several modified nucleotides present in the mitochondrial rRNA are conserved
between bacterial and mitochondrial ribosomes or universally conserved [24]. Three mi-
tochondrial rRNA methyltransferases whose physiological significance has thus far been
assessed on a knockout mice model belong to this category. Mitochondrial TFB1M methyl-
transferase [51] responsible for the formation of 12S rRNA dimethyladenosine residues
m6

2A936/7 is a homologue of bacterial KsgA protein [52] and Dim1/Dim1L protein [53]
involved in the same modification of cytosolic ribosomes. Although an inactivation of
KsgA in bacteria is not lethal, it leads to a ribosome biogenesis defect [54,55]; an inac-
tivation of the Dim1 gene responsible for the modification of the cytosolic ribosomes is
lethal for yeast [53]; and an inactivation of the mitochondrial rRNA methyltransferase
gene Tfb1m is lethal for mice [31]. Lethality is likewise associated with the inactivation of
mice mitochondrial rRNA methyltransferase gene Nsun4, responsible for the formation of
m5C841 in the 12S rRNA [32]. Deletion of its bacterial homologue rsmF [56], is not lethal
but rather has a mild phenotype [55]. The essentiality of NSUN4 in mammals could be
associated with an additional function of its complex with MTERF4 in the assembly of the
large 39S mitochondrial ribosome subunit [32]. An inactivation of the Mettl15 gene in mice
reported here is not lethal and in contrast to other published knockouts of mitochondrial
rRNA methyltransferase genes has a very mild phenotype. This is reminiscent of the
mild phenotype of its bacterial ortholog rsmH knockout manifested only in a decrease in
translation initiation fidelity [57] and the ability of the translation apparatus to cope with
the burden of an exogenous gene expression [55].

We have observed neither an accumulation of ribosome assembly intermediates, which
could be detected by a sucrose-gradient centrifugation, nor any defects in the formation
of the mitochondrial 55S ribosomes in accordance with our earlier data obtained with the
cell line with inactivated Mettl15 [35]. However, we recapitulated the presence of the RbfA
assembly factor [35] in the 55S ribosome fraction in Mettl15−/− knockout mice. It is likely
that suboptimality of mitochondrial ribosome biogenesis caused by Mettl15 inactivation is
moderate and could have a physiological consequence only for tissues highly dependent
on OXPHOS and under challenging conditions as will be discussed below. This statement
is supported by the observation of the reduced level of Cox3 protein, synthesized by the
mitoribosome, in the oxidative soleus muscle. Interestingly, the Cox3 protein amount in
the brain is refractory to the Mettl15 inactivation perhaps due to slower mitochondrial
biogenesis and turnover.

Apart from the reported mice knockouts of Tfb1m [31] and Nsun4 [32], the signifi-
cance of mitochondrial protein biosynthesis components for mice physiology has been
assessed for the mutations in genes’ coding for mitochondrial ribosomal proteins Mrps5 [58],
Mrps34 [59], assembly factor Ptcd1 [42], and mt-mRNA binding proteins Slirp [60] and
Taco1 [61], as well as translation factors Mtif3 [62] and Mtef4/Guf1 [41]. In many cases muta-
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tions in the assembly factors or ribosomal proteins lead to decreased stability of either 12S
rRNA [31,59] or 16S rRNA [42] accompanied by an increase in transcription of rRNA whose
stability was unaffected [31,32,42,60]; mitochondrially encoded mRNAs [31,32,42]; mRNAs
coding for mitochondrial ribosomal proteins and transcription factors such as TFAM [32,59];
and a number of other nuclear genes such as ATF4 and FGF21, whose expression is in-
dicative of mitochondrial dysfunction [59]. At the posttranslational level, the excessive
activation of mTOR signaling was likewise associated with suboptimal mitochondrial
function [42,59]. Although we thoroughly assessed the expression of all protein-coding
genes in the mitochondrial genome, 12S and 16S rRNA, and the indicative nuclear genes
related to the mitochondria, we found that an inactivation of the Mettl15 gene has a minor
influence on gene expression in a representative range of tissues. Likewise, we could not
detect a difference in the amounts of proteins related to mitochondrial function, mTOR
signaling, and autophagy between the wild-type and Mettl15 knockout mice. However, we
observed the tendency for an increase in mtDNA content in the Mettl15−/− knockout mice
tissues that was significant for the liver and heart. Increased mitochondrial content was
corroborated by immunohistochemical staining of the liver mitochondria. These results
are in line with the much milder effect of Mettl15 gene knockout on the mitochondrial
ribosome assembly and protein synthesis we observed in this study and the previous study
on the knockout cell line [35].

Severe defects of the mitochondrial translation were reported to affect a number
of tissues, such as the heart and skeletal muscles, where necrotic foci and centralized
nuclei were observed [42,59,63], the liver where excessive lipid accumulation and steatosis
were found [59], and the testis, where size decrease and spermatogenesis defects were
noted [41]. As Mettl15 knockout has a much milder influence on mitochondrial ribosome
assembly, it was unsurprising to observe no significant differences in the histopathology of
the knockout mice tissues from that of their wild-type littermates. More specific changes,
such as an accumulation of senescent cells and damaged mitochondria, were not observed
at a significant level in the young Mettl15−/− knockout mice. However, we observed an
interesting tendency for excessive senescent cell accumulation in one-year-old mice kidneys,
which could be an interesting subject for further study.

Mitochondrial dysfunction is idiosyncratically associated with lactic acidosis [12,13]
as well as elevated alanine, creatine, and lactate/pyruvate ratio [49]. In accordance with
the mild phenotype of Mettl15 knockout at the molecular level, we observed no difference
in the metabolite concentrations at the steady-state condition. However, challenging mice's
physiological state by food deprivation and physical exercise allowed us to reveal a number
of differences from the wild-type. Although the wild-type mice were found capable to
elevate serum glucose levels upon forced swimming after 24 h of starvation, Mettl15−/−

knockout mice demonstrated a small but significant decrease in the concentration of glucose
under the same conditions. The lower glucose concentration could not be explained by
lower glycogen storage, but perhaps by higher glucose expenditure due to lower efficiency
of mitochondrial function. Starvation also led to a decrease in serum lactate concentration
for Mettl15−/− knockout mice, and even after forced swimming the lactate concentration
increase was less than that for the wild-type mice, although this difference was below
statistical confidence (p > 0.05). A decrease in the glucose concentration associated with
mitochondrial dysfunction provoked by starvation has been documented in a number of
patients [64] including those who have alterations in the components of mitochondrial
ribosomes [65]; in these cases, the molecular mechanisms leading to hypoglycemia have
likewise remained enigmatic. Lower lactate levels in the serum of starved Mettl15−/−

knockout mice could be a consequence of gluconeogenesis converting this metabolite into
glucose to cope with glucose limitation.

Unsurprisingly, manifestations of the mitochondrial pathologies are associated with
organs with high-energy demands, such as skeletal muscles and the brain [12]. Mettl15−/−

knockout mice demonstrated a statistically significant force and performance reduction in
the grip strength and forced swimming tests after a challenge of 24 h starvation. This effect
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might be explained by a lower energy production or higher expenditure; the latter being
supported by a decreased plasma glucose concentration. A number of studies revealed a
learning deficit caused by mutations in the components of the mitochondrial translation
apparatus, such as Mrps34, Taco1, and Mrps5 [58,59,61]. Likewise, Mettl15−/− knockout
mice demonstrated a significantly decreased learning capability. Moreover, we observed
a learning deficit in the tests with either positive or negative reinforcement. The learning
deficit in the Mrps5 mutant mice is attributed to the decrease in translation fidelity of
the mitochondrial ribosomes [58]. A decrease in the fidelity of translation initiation was
observed for a knockout of the bacterial ortholog of Mettl15, rRNA methyltransferase
RsmH [57]. Whether phenotype manifestations of the Mettl15 knockout are associated with
mitochondrial mistranslation is a subject for further studies.

Mice lines with mutations in the genes coding for the components of mitochon-
drial translation apparatus are precious models for human mitochondrial diseases. In-
activation of other tested mitochondrial rRNA methyltransferase genes [31,32] were re-
ported to be lethal, which speaks in favor of their importance but precludes their use as
models of mitochondrial diseases. Obviously, inactivation of the Mettl15 gene in mice
has a way milder, yet significant muscular and neurological phenotype. This peculiar-
ity paves the way for the application of Mettl15−/− knockout mice as a model for mild
mitochondrial dysfunction.

4. Materials and Methods
4.1. Mettl15 Gene Inactivation and RNA Modification Analysis

For inactivation of the M. musculus Mettl15 gene, we injected mouse zygotes with
a mixture of 12 ng/uL sgRNA (target sequence GCATACTGAATCTAAAGCTG) mixed
with 25 ng/uL mRNA coding for S. pyogenesis Cas9 (Thermo scientific). The genome-
edited mice were generated as previously described [66]. All manipulations were con-
ducted in compliance with protocol №182 approved by the Local Bioethics Commission
of the Research Center “Institute of Mitoengineering of Moscow State University” LLC,
(Moscow, Russia).

For the monitoring of the modification status of the 12S rRNA nucleotide C839, to-
tal RNA was isolated from the hearts, livers, and kidneys of four Mettl15−/− mice and
four mice of the control group by Trizol extraction. A 12S rRNA fragment was isolated
by a previously published procedure [35] using 5′-biotinylated oligodeoxyribonucleotide
(5′-[biotin]- TGTTAAGTTTAATTTAATTTGAGGAGGGTGACGGGCGGTG) complemen-
tary to the region of interest of the 12S rRNA and digested by RNase T1. Presence of the
modification was analyzed by Ultraflex III BRUKER mass spectrometer equipped with a
UV laser (Nd, 335 nm).

4.2. Tests with Live Mice

The experiments with live animals were performed on 8 wild-type animals and
8 Mettl15−/− knockout mice. Statistical data analysis was performed using the nonpara-
metric Mann–Whitney U test. The chosen significance level was p < 0.05.

The grip force test was done according to previously published procedure [67]. Each
animal procedure was repeated 10 times with 15–30 s between attempts; five maximum
values are averaged.

Forced swimming test [68–73] recording the animal's maximum swimming time
represent physical performance capability. A mouse with 13% of body weight load fixed on
the middle part of the tail was placed in water. The time until an animal’s refusal to swim
is recorded. Mice were rescued alive from the water after the endpoint.

Novel object recognition test is designed to evaluate general exploratory activity
and object recognition memory in rodents [74,75]. This methodology assesses the natural
preference of rodents to explore novel objects [76]. Mice were allowed to explore two
objects of the same shape and color for 5 min. The test was repeated the next day, one of
the objects being replaced with a new one, different in color and shape from the initial
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one. The number of approximations, sniffing, and direct contacts of mice with the objects
were recorded.

Passive avoidance test is fear-motivated test designed to evaluate memory in rodents.
The test unit consists of a dark chamber with an electrode floor and a light chamber,
separated by a wall with a sliding door. The mouse is placed in a brightly lit compartment,
after which the door is opened and the latency period of passage to the compartment with
the electrode floor is recorded. One day later, the animal is again placed in the illuminated
compartment and the latency to cross through the opened gate between the compartments
is assessed [77–79]. Memory performance is positively correlated with the latency of
passage to the dark compartment on the second experimental day; the better the memory,
the greater the latency.

Hot plate test is designed to assess nociception. The mouse is placed on a hot plate
at a controlled temperature (52–55 ◦C) and the time until the first hind paw licking is
recorded [80].

The light/dark transition test (LDT) is one of the most widely used tests to measure
anxiety-like behavior in mice [81]. The LDT test is based on the innate aversion of rodents
to brightly illuminated areas and on the spontaneous exploratory behavior of rodents in
response to mild stressors, that is, novel environment and light [82]. The test unit consists
of dark and light chambers. The latency of passage from the bright to the dark chamber
was the studied research parameter.

Similar to the LDT test, the box-maze test [48] is based on rodents’ avoidance of
brightly illuminated areas. The box-maze apparatus contains an illuminated central box
with five holes leading to immediate dead ends and a single escape hole that is connected
to the standard housing cage. Mice were placed into the illuminated box maze and allowed
to explore it and behave freely for up to 2 min. The latency time to fully enter the escape
hole is recorded. Mice are subjected to a total of four such trials, all on the same day. Over
the course of the four trials, mice learn the location of the escape hole and exit the maze
through it with progressively shorter escape latency. After 48 h, the procedure is repeated
and mice are subjected to only one trial.

4.3. Histopathological Examination

The brain, heart, spleen, kidneys, liver, testis, lungs, tibialis anterior, and soleus muscle
specimens were fixed with formalin, dehydrated and paraffin-embedded. Microtome
sections with thickness of 3 µm were stained with hematoxylin and eosin. Images were
observed and recorded using an Axiosope A1 microscope with a CCD-camera AxioCam
MRc.5 (Carl Zeiss, Oberkochen, Germany).

To stain senescence-associated b-galactosidase positive senescent cells, we used the
protocol for paraffin sections: organ samples were fixed with Baker’s formol-calcium
solution for 24 h at +4 ◦C, washed in distilled water for 24 h, dehydrated in acetone, and
embedded in paraffin [83,84]. Microtome sections with thickness of 5 µm were stained
for 3 h with X-gal solution at suboptimal pH 6.0 and 37 ◦C as recommended [85] and
counterstained with nuclear red. Number of senescent cells in full organ section was
counted manually and averaged to 1 mm2 of section area with ImageJ software. To stain the
mitochondria, the kidney and liver samples were fixed with Regaud fixative and stained
according to classical Altmann’s method [37]. Area of mitochondria was estimated with
ImageJ software on 3 photomicrographs (100×) of sections of renal tubules and liver. For
study of myopathy lesions, unfixed cryotome sections with thickness of 5 µm were stained
with Gomori trichrome [86].

Immunohistochemical analysis of mitochondrial content in the wild-type and
Mettl15−/− knockout mice was done with formaldehyde-fixed paraffin-embedded slices of
liver and kidneys. Staining was done with rabbit anti-VDAC1 antibodies (Abcam ab15895)
and Cy5 conjugated goat anti-rabbit antibodies (Invitrogen, A10523). Microphotographs
were taken by Nikon C2 microscope and analyzed by Nikon NIS-Elements software.
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4.4. Sucrose-Gradient Profiling of Mitochondrial Ribosomes

Mitochondria and mitochondrial ribosomes were isolated by combining the methods
described [87,88] with some changes. Mice were sacrificed by cervical dislocation and
liver was homogenized in MIBSM buffer (50 mM HEPES-KOH, pH 7.5, 70 mM sucrose,
210 mM mannitol, 10 mM KCl, 1.5 mM MgCl2, 2 mM EDTA, 1 mM DTT, protease inhibitors).
Lysate was clarified and mitochondria were pelleted by 7000× g 20 min centrifugation at
+4 ◦C, resuspended and washed using the same procedure, and finally resuspended in
1 mL of SEM (20 mM HEPES-KOH, 250 mM sucrose, pH 7.5, 1 mM EDTA). Mitochondrial
suspension was loaded on top of the step sucrose gradient (2 mL 60%, 4 mL 32%, 2 mL
23% and 2 mL 15% sucrose in 20 mM HEPES-KOH, pH 7.5, 1 mM EDTA) and centrifuged
in SW41Ti rotor at 27,000 rpm for 1 h at +4 ◦C. Brown migrating band of mitochondria
between 60% and 32% sucrose was collected and pelleted at 8000× g 10 min at +4 ◦C.

Mitoribosome profiles were obtained as described [35], fractionated into 0.5 mL frac-
tions using ACTA purifier (GE Healthcare, Chicago, IL, USA) while monitoring absorbance
at 254 nm. Proteins from gradient fractions were isolated by TCA/Deoxycholate precipita-
tion as described [89], dissolved in 1× Laemmli buffer, and separated by SDS PAGE.

4.5. Western Blot Analysis

For Western blot analysis, mice organs were lysed in RIPA buffer with Halt Protease
and Phosphatase Inhibitor Cocktail (ThermoFisher Scientific, Waltham, MA, USA) using
Precellys Evolution homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France).
Protein concentration in cleared lysates was measured by Bradford assay and 30 µg of each
lysate was used for Western blotting.

For detection of the proteins, the following antibodies were used: RBFA antibody
(PA5-59587, Invitrogen, Carlsbad, CA, USA), MRPS34 antibody (PA5-59872, Invitrogen,
Carlsbad, CA, USA), MRPL48 antibody (ab194826, Abcam, Waltham, MA, USA), AKT
(9272, Cell Signaling Technology, Danvers, MA, USA), pAKT (Thr308) (4056, Cell Signaling
Technology, Danvers, MA, USA), LC3A/B (PA1-16931, ThermoFisher Scientific, Waltham,
MA, USA), SDHB (PA5-29843, ThermoFisher Scientific, Waltham, MA, USA), Cox3 (55082-
1-AP, Proteintech, Rosemont, IL, USA), and Actin (ab8229, Abcam, Waltham, MA, USA).

4.6. Quantitative RT–PCR

Total RNA was extracted from mice tissue homogenates using QIAzol Lysis Reagent
(Qiagen, Hilden, Germany). cDNA was synthesized from total RNA using Maxima First
Strand cDNA Synthesis Kit for RT-qPCR (ThermoFisher Scientific, Waltham, MA, USA).
The RT-PCR was performed on individual cDNAs by using SYBR® Green PCR master mix
in the CFX384 Touch Real-Time PCR System. The primer sequences are available in the
Supplementary Materials (Supplementary Table S1). The mRNA expression was calculated
by the 2−∆∆CT method and normalized to the expression of Gapdh.

Copy number of mtDNA was estimated by quantitative PCR as previously descr-
ibed [35].

4.7. Metabolome Analysis

For the analysis of lactate and glucose concentrations, blood samples were taken
from the facial vein [90] and analyzed by a portable biochemical analyzer Accutrend Plus
(Roche Diagnostics, Basel, Switzerland). For complete NMR analysis of metabolome, blood
was collected by cardiac puncture [91] from animals anesthetized by isoflurane inhalation.
Plasma was separated by centrifugation and used immediately for metabolite extraction by
methanol and chloroform 1:1 mixture. Water layer was removed and dried. Before NMR
measurements, the solid metabolites were dissolved in 50 mM sodium phosphate at pH
7.0, 0.107 mM d6-DSS, 0.13 mg/mL NaN3 in D2O. NMR spectra were acquired at 35 ◦C on
a Bruker Avance 700 MHz NMR spectrometer equipped with a Z-axis-gradient 5 mm HCN
Prodigy cryoprobe. One-dimensional 1H NMR spectra were acquired from each sample
using the standard 1D NOESY-presat experiment. A total of 400 scans were accumulated
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for plasma samples. 1H,13C-HSQC spectra were measured for one sample from each group
to confirm the metabolites assignments. All steps of 1D spectra processing and metabolite
identification were performed using Chenomx NMR Suite program. 1H,13C-HSQC spectra
were analysed in TopSpin program.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23116056/s1.
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