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Table 1
Profiles of the patients.
Patients  Clinical Dx Molecular or Age at the start of ~ ADL at the start of the Tx Dose of sodium pyruvate  Duration of
biochemical Dx the Tx (g/kg/day) the Tx
Patient 1  Leigh syndrome m.8993 T>G 8y4m Bedridden 05 27m
Unable to roll over
Tube fed
Patient 2  Leigh syndrome m.9176 T>C 8m Bedridden 0.5 66 m
Unable to roll over
Tube fed
Patient3  Non-specific encephalomyopathy Complex | + IVdeficiency 1y8m Able to roll over to one direction 0.5 then 1.0 17 m
Unable to creep
Orally fed
Patient4  Myopathic mitochondrial depletion =~ mtDNA depletion 1y7m Bedridden 0.5 41m
syndrome Unable to roll over
On a respirator
Tube fed

Dx, diagnosis; Tx, treatment; mt, mitochondrial; ADL, activities of daily living.

(namely, the patient with combined deficiencies of complex [ and IV)
were tube fed. The ages at the initiation of pyruvate therapy were 8-
100 months (median 20 months). The durations of therapy were 17-
66 months (median 34 months). During the pyruvate therapy monitor-
ing period, all other concomitant mitochondrial disease medications
were maintained unchanged.

2.2. Pyruvate

Sodium pyruvate was obtained from Musashino Chemical Laborato-
1y (Tokyo). Sodium pyruvate was administered at 0.5 g/kg/day orally or
through a feeding tube in 2 divided doses. This dose was increased to
1.0 g/kg/day in one patient. To avoid osmotic diarrhea, the pyruvate
was dissolved in water at concentrations of approximately 2%-10%.
Higher concentrations were utilized if the dilution caused over-
hydration or the volume was too large to drink.

2.3. Clinical evaluation

The efficacy of the pyruvate therapy was clinically evaluated with 3
standard scales: the Newcastle Pediatric Mitochondrial Disease Scale
(NPMDS) [5], the Gross Motor Function Measure with 88 items
(GMFM-88) [6], and the Japanese Mitochondrial Disease Rating Scale
(JMDRS) [7]. The NPMDS is composed of 4 domains: Section I, current
function; Section II, systemic specific involvement; Section III, current
clinical assessment; and Section IV, quality of life. Sections I-III are
scored based on objective observations, and Section IV takes the subjec-
tive views of the parents into account. Higher scores indicate more se-
vere clinical situations. There are 3 sets of age-specific NPMDSs.
Depending on the patient’s age at the time of the evaluation, the
NPMDS for 0-24 months or that for 2-11 years was used. The GMFM-
88 is composed of 5 dimensions: A, lying and rolling; B, sitting; C,
crawling and kneeling; D, standing; and E, walking, running and
jumping. The scores are expressed in percentages relative to the maxi-
mum score in each dimension. The total score is expressed as the
mean of percentages across all 5 dimensions. As the patients were bed-
ridden, only dimensions A and B could be assessed, and the scores for
the dimensions C to E were considered to be zero %. Higher scores indi-
cate better motor abilities. The JMDRS is the modified Japanese version
of the European Neuromuscular Conference (ENMC) Mitochondrial Dis-
ease Rating Scale [8]. Higher scores in this scale indicate more severe
symptoms. With the exception of Patient 4, who was only assessed
with the NPMDS, all other patients were evaluated with the NPMDS
and the GMFM at the same time. Patient 2 was initially monitored
with the JMDRS. Then, after a 4-week-washout period, the patient was
reassessed with the NPMDS and GMFM. Changes in motor functions
that were too subtle to be detected with these scales were descriptively

recorded. Serum lactate and pyruvate levels as well as plasma amino
acids were monitored.

24, Statistical analysis

Statistical analysis of the biochemical data was performed using
Mann-Whitney U-test. A value of p < 0.05 was considered as statistically
significant.

3. Results

The changes in motor function and assessment scores are summa-
rized in Table 2.

3.1. Patient 1 (m.8993 T>G Leigh syndrome)

The therapy was initiated at the age of 8 years and 4 months, and at
this time, this female patient was unable to roll over. In the supine posi-
tion, she could not raise her legs more than 45 degrees from the floor (as
measured at the hip joint). One month after the initiation of therapy, the
patient gained the abilities to roll over and raise her legs vertically from
the floor. The movement of her arms became more active and rapid. The
overall NPMDS score changed from 42.3 to 38.6. The sum of the scores
for sections I-IIl changed from 31 to 29, which indicates that the objec-
tive findings improved by 2 points over one month. Dimension A of the
GMFM-88 also changed from 31.4% to 47.1%, which resulted in a change
from 6.3% to 9.4% in the total score. Thus, this patient’s improvement
was confirmed semi-quantitatively with 2 scales. Next, pyruvate was
withdrawn to confirm the effect of the pyruvate treatment. Within 1
to 2 weeks, the patient became lethargic and less active. After 19 days
of washout, she developed status epilepticus. Resumption of pyruvate
therapy restored her clinical status to the pre-washout state. Upon re-
evaluation at the age of 10 years and 7 months (after 26 months of
treatment excluding the washout period), the patient exhibited main-
tained improved motor ability as confirmed by the unchanged GMFM-
88 score. The NPMDS was not administered at this point.

Blood lactate levels and lactate/pyruvate ratios measured twice
during the pre-treatment period and once after the 19-day-washout
were from 1.2 mM to 1.5 mM (median 1.2 mM), and from 14.2 to 25.6
(median 19.7), respectively. Those measured at 1, 4, 18 and 20 months
after the treatment resumption following the washout period ranged
from 0.81 mM to 1.2 mM (median 0.85 mM), and from 15.7 to 27.3 (me-
dian 20.0), respectively (Table 3). Thus, lactate levels decreased with py-
ruvate therapy, but the difference was not significant. Lactate/pyruvate
ratio was not reduced. Plasma alanine, valine and lysine levels were
measured after the washout and 1 month after the treatment resump-
tion. None of these decreased with the therapy (Table 3).
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Patient 1, Leigh syndrome with m.8993 T-G

At the Tx initiation
(Age 8y 4 M)

1 month Tx
(Age8y5m)

26 months Tx
(Age 10y 7 m)

ADL Unable to roll over Able to roll over The same as the ADLat8y 5 m
Unable to raise the legs > 459 in supine position Able to raise the legs 90°
Moves arms more rapidly
NPMDS 1 18 18 ND
1l 2 1 ND
il 11 10 ND
v 11.3 9.6 ND
Overall 42,3 386 ND
GMFM A 31.4% 471% 47.1%
Total 6.3% 9.4% 9.4%
Patient 2, Leigh syndrome with m.9176 T>C. First treatment
At the Tx initiation 1-month Tx 12-month Tx
(Age 8 m) (Age 9 m) (Age 20 m)
ADL Unable to roll over Unable to roll over Able to roll over
Partially tube-fed Partially tube-fed Orally fed
JMDRS 52 52 53

Patient 2. Second treatment after washout.

After 4-week washout 2 months after the Tx resumption 11 months after the resumption

(Age5y3m) (Age5y5m) (Age6y 5 m)
ADL Unable to roll over Unable to roll over Unable to roll over
Tube-fed Tube-fed Tube-fed
NPMDS { 13 13 15
1l 3 3 5
il 14 14 17
v 4.2 4.2 16.7
Overall 342 342 53.7
GMFM A 5.9% 5.9% 3.9%
Total 1.2% 1.2% 0.8%
Patient 3, complex I + 1V deficiency
At the Tx initiation 2-month Tx 12-month Tx
(Age1y8m) (1y10m) (2y8m)
ADL Roll over one direction Roll over bilaterally Roll over bilaterally
Head control fair Head control fair Head control poor
Mild dysphagia No dysphagia
NPMDS 1 7 6 6
1 6 6 2
1 15 13 13
v 16.7 7.3 73
Overall 44.7 323 283
GMFM A 54.9% 66.7% 60.8%
B 13.3% 13.3% 3.3%
Total 13.6% 16.0% 12.8%

Patient 4, mitochondrial DNA depletion syndrome

At the Tx initiation 2-month Tx 41-month Tx
(Age 1y 7 m) (Age1y9m) (Age5y0m)
ADL On respirator On respirator On respirator
Unable to raise the forearm above the floor Able to raise the forearm 90° at the elbow. Unable to raise the forearm

Myopathy only Myopathy only Encephalomyopathy
NPMDS 1 7 7 15
1 6 6 15
il 5 5 24
v 17 13 108
Overall 35 31 64.8

Tx, treatment; ADL, Activities of daily living; NPMDS, Newcastle Pediatric Mitochondrial Disease Scale; GMFM, Gross Motor Function Measure; JMDRS, Japanese Mitochondrial Disease
Rating Scale; -1V, Sections I-1V of NPMDS; A and B, Dimensions A and B of GMFM; ND, not done.

3.2. Patient 2 (m.9176 T>C Leigh syndrome) function was not altered and neither was the JMDRS score, which was
52. After 12 months of treatment, at the age of 1 year and 8 months,

Pyruvate therapy was initiated at the age of 8 months for this male  the patient was able to roll over and full oral feeding became possible.
patient who was unable to roll over and had poor head control. Oral However, these subtle changes were not detected by JMDRS. The

feeding was partially possible. After one-month of treatment, motor ~ JMDRS score actually increased by 1 point due to seizures. At 3 years
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IS of age, the patient developed acute encephalopathy associated with a
Ry viral infection and lost the abilities of oral feeding and rolling over. To
- - re-evaluate the efficacy of pyruvate, the patient was reassessed with
e the NPMDS and GMFM-88 at the age of 5 years and 3 months after a
& § S E é’ 4-week pyruvate washout period. The washout did not cause any dete-
TN = rioration. Two months after the resumption of the pyruvate therapy,
= aa neither the NPMDS (overall score, 34.2) nor the GMFM-88 (total score
= N == 1.2%) scores changed. After 11 months of therapy after the washout,
oz8 g the scores for all sections of the NPMDS increased, and the overall
ZEL| | g% score increased by 19.5 points. The total GMFM-88 score decreased
28 § E 5 % § c from 1.2% to 0.8%, Thus, pyruvate was not effective for this patient.
5z El8l2o=g Blood lactate levels and lactate/pyruvate ratios measured twice dur-
ing 2 months before the first pyruvate therapy at the age of 8 months
DA were 1.2 mM and 4.4 mM (median, 2.8 mM), and 19.2 and 27.2 (medi-
=25 an, 23.2), respectively. Those at 1, 2, 3, 4 and 12 months after the ther-
TdT apy ranged from 0.9 mM to 3.1 mM (median, 2.4 mM) and from 14.7 to
R 30.5 (median, 23.1), respectively. Lactate levels and lactate/pyruvate ra-
% 88Z® tios did not change significantly with the therapy (Table 3). Plasma ala-
nine, valine and lysine levels measured twice before and at 1, 2, 3,4 and
5 88 12 months after the therapy showed a mild but non-significant de-
A g g ¥z crease with the therapy (Table 3).
8~ T
% 5 Eﬂ ¢S g iE/ = 3.3. Patient 3 (combined deficiencies of complex I and IV)
This male patient presented with developmental delay, nystagmus,
N~ hypertrophic cardiomyopathy and mild hearing disturbance (38 dB).
a5 At the age of 11 months, he developed status epileptics followed by re-
¥ & gression. Increased lactate levels and lactate/pyruvate ratio in the cere-
= § g brospinal fluid (CSF) (lactate:5.2 mM, lactate/pyruvate ratio: 20.0) and
glagg 3 blood (lactate: 12.3 mM, lactate/pyruvate ratio: 41.6) led to a skin biop-
S|SARS sy, which revealed deficiencies in complexes I and IV: the activities of
za = complex I and IV relative to the activity of citrate synthase were 24.7%
o == and 22.9% of normal controls (n = 12), respectively, and those relative
’% %" § N 8 to the activity of complex Il were 33.5% and 31.4% of normal, respective-
P ~88 ~ ly. Muscle biopsy could not be obtained. The clinical signs and symp-
ELEIEISSSS toms fulfilled the mitochondrial disease criteria for definite
TS E(R|SEFH mitochondrial disorder proposed by Morava et al. [9]. No mutation
PN was revealed in the mitochondrial DNA. Molecular analysis of the nucle-
ot ar genes is under way. Treatment with coenzyme Q;¢ at the age of 1 year
g § 3 g and 6 months did not produce any improvement. Pyruvate therapy was
NP initiated at the age of 1 year and 8 months, and at this time the patient
233 had mild dysphagia and incomplete head-control. He could roll over
g § 5 § E only in one direction. After 2 months of pyruvate therapy with a main-
R tenance dose of 1.0 g/kg/day, he gained the ability to roll over bilaterally
gz 58SS and the dysphagia disappeared. The total scores for sections I-1II de-
) RS creased from 28 to 25, and the score for IV also decreased from 16.7 to
5|3 24 AN®8E 7.3. The GMFM-88 score increased from 13.6% to 16.0%. Thus, the effica-
g % L;« ; g g E ; cy of the 2-month pyruvate therapy was confirmed by both scales. How-
§ g % E E ~aoals ever, over the next 10 months, a slow regression in motor function was
ElE=E|Z|2QKE g observed, and at 2 years and 8 months of age (after 12 months of treat-
£ & ment), this patient’s GMFM-88 score decreased from 16.0% to 12.8%.
= £ o 3 However, the scores for section If of the NPMDS (the version for 2-11
E N===|§ year-olds was used) decreased by 4 points due to improvements in sei-
E xTaqE zures and gastrointestinal and hepatic function. The regression of motor
y |e8x8al2 function that was evident in the GMFM-88 was not detected by the
g % § Taun g NPMDS (the scores for sections I and Il were unchanged).
2l =_ _§ Blood lactate levels and lactate/pyruvate ratios measured 4 times
E =2 nREE| 2 during the 9-month pre-treatment period ranged from 2.5 mM to 8.0
ERER- a3aR|5 mM (median, 3.9 mM), and from 14.7 to 35.3 (median, 25.0), respec-
2 % =5 JO Ay D = tively. Those measured 1, 2, 3,4, 6, 9 and 12 months after the therapy
5 E ;:‘: g glccddls ranged from 3.7 mM to 9.3 mM (median, 5.6 mM), and from 17.7 to
g|=£ld SRR 459 (median 30.5), respectively (Table 3). Thus, neither the blood lac-
E o E tate levels nor the lactate/pyruvate ratios decreased with the pyruvate
- EEEE|S therapy. Among the measurements, those measured twice during the
2 2 5 E 5B § first 2-month treatment, which was clinically effective, did not show
235 = any decrease either. Plasma alanine, valine and lysine levels were

—217—



T. Fujii et al. / Molecular Genetics and Metabolism 112 (2014) 133-138 137

measured twice before the treatment and 7 times after the therapy.
None of these decreased significantly with the therapy (Table 3).

Throughout the therapy, the patient exhibited chronic diarrhea that
seemed to be a side effect of the treatment.

3.4. Patient 4 (myopathic form of the mtDNA depletion syndrome)

The short-term efficacy of pyruvate therapy for this female patient
and her clinical and biochemical profile have been reported in detail
elsewhere [3]. Briefly, the patient developed severe generalized weak-
ness including facial muscles and respiratory failure during the neonatal
period. The patient had a tracheostomy and was on a respirator. She had
lactic acidosis (3.0 mM to 6.5 mM) with high lactate/pyruvate ratio
(36 to 97). Muscle biopsy revealed ragged red fibers and decreased cy-
tochrome ¢ oxidase staining. The activities of complex I, Ill and 1V rela-
tive to the activity of citrate synthase in the muscle were 10.6%, 26.7%
and 14.1% of the control, respectively. Those relative to the activity of
complex [l were 6.5%, 16.4% and 8.8%, respectively. Quantitative analysis
of the mtDNA revealed that the copy number of the mitochondrial ND1
subunit relative to the nuclear CFTR gene was 35.3% (normal: >40%).
Exome sequencing is under way to detect a mutation in causative
genes. The clinical signs and symptoms were compatible with Morava
et al.’s criteria for definite mitochondrial disease [9]. As reported else-
where, after 2 months of pyruvate therapy, the patient exhibited a
mild improvement in the movement of her extremities at the age of
1 year and 9 months [3]. The overall NPMDS scores decreased from 35
to 31, but this decrease was limited to section IV. As the patient was
not assessed with the GMFM, we were unable to semi-quantitatively
demonstrate the improvement in motor function. One month later
(after 3 months of treatment), the patient developed status epilepticus.
An MRI revealed lesions in the occipital areas, which indicated a pro-
gression from the myopathic form to the encephalomyopathic form.
At 5 years of age, after 41 months of treatment, scores in all sections
of the NPMDS increased, and the increase in overall NPMDS score was
33.8 points compared to the score at the 2-month treatment.

Blood lactate and lactate/pyruvate ratios measured 4 times during
the 2-month pre-treatment period ranged from 2.1 mM to 2.7 mM (me-
dian, 2.3 mM), and from 14.9 to 18.7 (median, 16.9), respectively. Those
measured 1,4, 6, 8 and 13 weeks after the therapy ranged from 2.3 mM
to 2.7 mM (median, 2.5 mM), and from 14.1 to 21.2 (median, 17.3), re-
spectively (Table 3). Plasma alanine, valine and lysine levels were mea-
sured once before the therapy and 4 and 8 weeks after the therapy.
None of these decreased with the pyruvate therapy (Table 3).

4. Discussion

All 4 of the treated patients were severely disabled and bedridden.
Therefore, objective and semi-quantitative assessments of the outcomes
were difficult because the expected improvements were subtle. The
NPMDS is a scale that was designed to specifically monitor mitochondri-
al disease, which results in a variety of multi-organ symptoms. There-
fore, the scale encompasses all aspects of mitochondrial disease.
Consequently, this scale cannot detect small changes in motor function.
The logic applies to the JMDRS. In contrast, the GMFM-88 evaluates
motor function with as many as 88 items; therefore, this assessment
may detect small changes in motor abilities. However, the GMFM was
designed to assess cerebral palsy, and its reliability in monitoring mito-
chondrial disease has not been validated. In contrast to the GMFM-66,
which can only be used for cerebral palsy, the GMFM-88 has been vali-
dated for the monitoring of motor functions in disorders other than ce-
rebral palsy, such as spinal muscular atrophy, Down syndrome and
traumatic brain injuries. [10-12] Therefore, we assumed that the
GMFM-88 could also be used to monitor motor functions in mitochon-
drial disease. Nevertheless, given that the GMFM-88 has not been vali-
dated for using in mitochondrial disease, we assessed the outcomes
via a combination of the GMFM-88 and NPMDS scores with the

exception of patient 4, who was assessed only with the NPMDS. We
also tried using other scales including Pediatric Evaluation of Disability
Inventory (PEDI) [13] and Functional Independence Measure for Chil-
dren (Wee-FIM) [14]. Our preliminary study, however, showed that
these could not detect clinical changes in our patients.

Patients 3 and 4 were assessed with 2 different sets of age-specific
NPMDSs as they matured into ages suitable for the application of the
older age-specific NPMDSs during the monitoring period. The number
of items scored in each section of the NPMDS for 2-11-year-olds is
greater than that of the NPMDS for 0-24-month-olds, Therefore, it is
possible that total NPMDS scores may increase when the version for
older patients is used even if clinical severity remains unchanged. In Pa-
tient 3, the score for section Il as assessed 2 years and 8 months de-
creased compared to the score assessed at 1 year and 10 months,
whereas the scores for the other sections remained unchanged. Thus,
a “pseudo-increase” in the score due to the use of a different set of
NPMDS scales did not occur in this patient. In Patient 4, the scores for
sections I, Il and Ill increased by 8, 9 and 19 points, respectively, at
5 years of age compared to the scores observed at 21 months of age.
Given that the maximum scores for sections I, Il and IIl are higher by
6, 3 and 6 points, respectively, in the NPMDS for 2-11 year-olds than
in the NPMDS for 0-24 month-olds, the increases in the scores that
were higher than the maximum possible increases due to the differ-
ences in the versions of the NPMDS indicated that the increases were
real.

The most noteworthy result of this study was that 3 of the 4 severely
disabled patients (Patients 1, 3 and 4) exhibited improvement within 1
to 2 months of the initiation of pyruvate therapy. These improvements
were confirmed by both the NPMDS and GMFM-88 (Patients 1 and 3) or
the NPMDS only (Patient 4). The semi-quantitative improvement ob-
served in Patient 4 was limited to section IV of the NPMDS, which ac-
counts for the parents’ subjective assessments. However, a descriptive
observation record also revealed improvement in muscle power. [3]
Given that no improvements were observed prior to pyruvate therapy
in these patients and that the improvements were observed with 1-2
months of the initiation of pyruvate therapy, it is unlikely that the ob-
served ameliorations were simply due to natural motor development
rather than the effects of the therapy. The efficacy was particularly evi-
dent in Patient 1 who had m.8993 T>G and exhibited improvements in
motor function that were maintained for over 2 years. The worsening of
symptoms during pyruvate withdrawal also supported the efficacy of
pyruvate treatment in this patient. In contrast, 2 of the 3 responsive pa-
tients did not maintain the improvements for longer than several
months. Notably however, the overall NPMDS score for Patient 3 de-
creased (i.e., symptoms improved) after 12 months of therapy com-
pared to this patient’s score after 2 months of the therapy despite the
worsening of the GMFM score. These findings indicated that the pa-
tient’s overall health improved during long-term therapy, although
this patient’s motor abilities regressed. In Patient 4, the disease progres-
sion overwhelmed the effect of the pyruvate therapy shortly after the
responsiveness was confirmed after 2 months of therapy; this finding
indicated a limitation of this therapy. We could not explain why Patient
2, who had m.9176 T>C, did not respond to pyruvate therapy. Given the
age of this patient, the mild improvements in motor function after
12 months of pyruvate therapy, which could not be detected with the
JMDRS, seemed to be due to natural motor development rather than
resulting from the treatment.

The only adverse effect of pyruvate therapy was the mild but chronic
diarrhea that was observed in one patient who was on 1.0 g/kg/day of
sodium pyruvate.

An in vitro study that utilized cybrid cells harboring MELAS
m.3243A>G mutant mitochondria found that pyruvate treatment facili-
tates the pyruvate-to-lactate conversion, decreases the lactate/pyruvate
ratio, normalizes the NADH/NAD™ ratio, and enhances ATP production
and energy charge without significantly altering the intracellular lactate
level. [15] These data support the theory that the effects of pyruvate
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therapy are mediated via the normalization of the NADH/NAD™ ratio,
which provides the NAD that is deficient in OXPHOS disturbances. In
contrast to the theory and the result of this in vitro study, none of our re-
sponsive patients exhibited decreases in blood lactate/pyruvate ratios,
which are equivalent to the NADH/NAD™ ratios, during the effective
short-term therapy. Blood lactate levels decreased in 2 patients, especial-
ly in Patient 1, but the differences were non-significant. Thus, the blood
lactate/pyruvate ratios and blood lactate levels of our patients could not
be used as biochemical markers to monitor the effects of the therapy.
The discrepancy between the clinical data from our patients and the
in vitro data may be partly explained by the fact that blood lactate levels
vary depending on the physical activity of the patient at the time of blood
sampling, the interval between meal and sampling, as well as on the time
required for the blood sampling procedure. However, all of our patients
were bedridden and the data were from multiple samplings in different
days. The blood samplings were done either after overnight-fast or sever-
al hours after a meal. Therefore, it is unlikely that the discrepancy was ar-
tifactual. Still, monitoring the lactate levels and lactate/pyruvate ratios in
the CSF rather than in the blood would further reduce the possible arti-
fact. Komaki et al. treated an ambulatory patient with Leigh syndrome as-
sociated with cytochrome c oxidase deficiency [2]. With pyruvate
therapy, blood lactate level and lactate/pyruvate ratio decreased from
2.3 mM to 1.1 mM, and from 17.7 to 11.4, respectively. However, the
measurements were done only once before and after the therapy, so
the statistical significance could not be evaluated. Koga et al. found statis-
tically significant decreases in blood lactate, pyruvate and alanine levels
with pyruvate therapy in a non-ambulatory patient with pyruvate dehy-
drogenase (PDH) deficiency [4]. Blood lactate/pyruvate ratio in this pa-
tient also decreased, but the difference was non-significant (the ratios
in PDH deficiency are generally normal). Differences between Komaki
et al. and Koga et al’s patients from ours were that 1) Komaki et al.’s pa-
tient was ambulatory, and 2) the pre-treatment blood levels of lactate
and alanine in Koga et al.'s patient were much higher than those in
our patients: the blood lactate and alanine levels in this patient were
9.6 + 0.54 mM (n = 8) and 1700 - 280 pM (n = 8), respectively,
while the median values of pre-treatment lactate levels in our 4 patients
ranged from 1.2 to 3.9 mM and those of alanine were from 256 to 543 uM.
This may indicate that the blood lactate and alanine levels and lactate/py-
ruvate ratio are not sensitive biochemical markers to monitor the pyru-
vate therapy unless the patients are ambulatory or their pre-treatment
blood levels of lactate and alanine are very high.

If the blood lactate/pyruvate ratio does not necessarily reflect the in-
tracellular NADH/NAD™ ratio, the identification of a marker other than
blood lactate and pyruvate is crucial. Kami et al. found that the lysine
and valine levels in media in which MELAS-mutant cybrid cells were in-
cubated with 10 mM lactate were higher than those of controls. These in-
creases may be because catabolisms of lysine to acetyl CoA and valine to
succinyl CoA require NAD, which is deficient due to the imbalance in the
NADH/NAD™ ratio [15]. Plasma levels of lysine and valine in our patients,
however, did not decrease with the therapy. We do not know if the levels
of these amino acids may decrease with pyruvate therapy in patients
with very high blood lactate levels: Koga et al. did not measure valine
and lysine levels in their responsive patient [4]. Fibroblast growth factor
21 (FGF-21), a circulating hormone-like cytokine, is reported to be one
of the best biomarker with high sensitivity and specificity for detecting
muscle-manifesting mitochondrial respiratory chain deficiencies [16]. Al-
though FGF-21 has higher sensitivity than lactate or lactate/pyruvate
ratio to diagnose mitochondrial disease, its utility in monitoring the dis-
ease is unknown. Further study is necessary to find biomarkers to moni-
tor the effect of pyruvate therapy biochemically.

In conclusion, as confirmed by the GMFM-88 and/or NPMDS, pyru-
vate therapy was safe and effective even in severely disabled patients
with OXPHOS disorders, at least in the short-term. Further studies utiliz-
ing greater numbers of patients with less severe disabilities are neces-
sary to evaluate the long-term efficacy of this treatment. The blood
lactate and pyruvate levels did not correlate with the efficacy of the

pyruvate therapy in our patients as has been reported in in vitro studies.
The identification of more sensitive biomarkers that reflect the intracel-
lular NADH/NAD™ ratio or improvements in ATP production is crucial
for monitoring the clinical and biochemical efficacy of this therapy.
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SUMMARY

Transfer RNAs (tRNAs) contain a wide variety of post-
transcriptional modifications that are important for
accurate decoding. Mammalian mitochondrial tRNAs
(mt-tRNAs) are modified by nuclear-encoded tRNA-
modifying enzymes; however, the physiological roles
of these modifications remain largely unknown. In this
study, we report that Cdk5 regulatory subunit-associ-
ated protein 1 (Cdk5rap1) is responsible for 2-methyl-
thio (ms?) modifications of mammalian mt-tRNAs for
Ser(UCN), Phe, Tyr, and Trp codons. Deficiency in
ms? modification markedly impaired mitochondrial
protein synthesis, which resulted in respiratory de-
fects in Cdkb5rap1 knockout (KO) mice. The KO mice
were highly susceptive to stress-induced mitochon-
drial remodeling and exhibited accelerated myopathy
and cardiac dysfunction under stressed conditions.
Furthermore, we demonstrate that the ms® modifica-
tions of mt-tRNAs were sensitive to oxidative stress
and were reduced in patients with mitochondrial
disease. These findings highlight the fundamental
role of ms? modifications of mt-tRNAs in mitochon-
drial protein synthesis and their pathological conse-
quences in mitochondrial disease.

INTRODUCTION

Transfer RNA (tRNA) is a key molecule in the translational appa-
ratus to decode genetic information into proteins. A unique
feature of tRNAs is the presence of a variety of chemical modifi-
cations of their nucleotides (Machnicka et al., 2013). These mod-
ifications are critical for efficient and accurate decoding (Agris,
2004; Suzuki, 2005). To date, more than 100 modified nucleo-
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tides have been identified in tRNAs from the three domains of
life, indicative of the universal importance of tRNA modifications
(Machnicka et al., 2013).

Given the critical roles of tRNA modifications in cells, it is not
surprising that tRNA modification deficiencies have been associ-
ated with human diseases (Torres et al., 2014). Genetic varia-
tions in the gene encoding Cdk5 regulatory subunit associated
protein 1-like-1 (CDKAL1), which inserts a 2-methylthio (ms?
group into the N°-threonylcarbamoy! adenosine (t°A) of cytosolic
tRNA¥(UUU), have been associated with the development of
type 2 diabetes (Steinthorsdottir et al., 2007; Arragain et al,,
2010). A deficiency in the ms? modification of tRNA=SUUU) re-
sulted in aberrant proinsulin synthesis, which ultimately led to
impaired glucose metabolism and insulin secretion in Cdkal1
knockout {KO) mice and in human subjects carrying T2D-associ-
ated alleles of CDKALT (Wei et al., 2011; Xie et al., 2013).

In mitochondrial tRNAs (mi-tRNAs), 15 species of modified
nucleotides at 118 positions have been identified in bovine (Su-
zuki and Suzuki, 2014). Some of these modifications have been
associated with the development of mitochondrial diseases,
such as Mitochondrial myopathy, encephalopathy, lactic cidosis,
stroke-like episodes (MELAS), and myoclonus epilepsy with rag-
ged-red fibers (MERRF) (Suzuki et al., 2011). mt-tRNA"®" and
mt-tRNA™® contain 5-taurinomethyl (rm®°) and 5-taurinomethyl-
2-thio (rm°s?) modifications, respectively, at U34 (Yasukawa
et al., 2001; Suzuki et al., 2002), and both of these modifications
are critical for decoding their cognate codons (Kirino et al., 2004;
Yasukawa et al., 2001). The absence of these modifications has
been observed in MELAS patients carrying the A3243G mutation
in mt-tRNA and in MERRF patients carrying the A8344G muta-
tion in mt-tRNAYS (Yasukawa et al., 2001). These results suggest
a critical role for mt-tRNA modifications in the pathogenesis of
human diseases. Nevertheless, knowledge regarding the physio-
logical roles of tRNA modifications is incomplete, and a complete
investigation of the individual types of mt-tRNA modifications is
required to fully understand the physiological function and mo-
lecular pathology of tRNA modifications in human diseases.
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In mammalian mt-tRNAs, 2-methylthio-N°-isopentenyl adeno-
sine (ms%°A) is a unique modification that is conserved in all
three domains of life (Machnicka et al., 2013). In bacteria, the
ms? modification of ms?P®A contributes to accurate decoding
by improving tRNA binding to codons (Urbonavicius et al,,
2001; Jenner et al., 2010). However, the physiological impor-
tance of ms? modifications in mammals is unknown. We have
previously shown that Cdk5rap1 might be responsible for the
ms? modification of msZ°A because of its homology to Cdkal1,
which catalyzes ms?t®A modification (Arragain et al., 2010).
Recently, Cdk5rap1 was proposed to catalyze ms? group inser-
tion in both cytosolic RNAs and mt-tRNAs; however, the exact
substrate tRNA of Cdk5rap1 in mammalian cells remains unclear
(Reiter et al., 2012).

Given the exclusive mitochondrial localization of ms?®A in
mammals and the implication of this localization in the decoding
process, we hypothesize that Cdk5rap1 might specifically cata-
lyze the ms? modification of mt-tRNAs and contribute to mito-
chondrial function in vivo. In this study, we validated this hypoth-
esis through a thorough investigation of the physiological
function of the ms? modification in Cdk5rap1 KO mice. Further-
more, we investigated the pathological implication and the mo-
lecular mechanism of the ms? modification in MELAS patients.

RESULTS

CdkSrap1 Catalyzes the Conversion of i°A to ms®i®A in
Mitochondrial tRNAs

Based on the high homology between mammalian Cdk5rap1
and bacterial MiaB, we and another group previously showed
that Cdk5rap1 might be a mammalian methylthiotransferase
that catalyzes the conversion of N®-isopentenyl adenosine
(i®A) to 2-methyithio-NC-isopentenyl adenosine (ms?®A) (Fig-
ure 1A and see Figure S1A available online; Arragain et al,,
2010; Reiter et al., 2012). To investigate this hypothesis, we
transformed Cdk5rap1 in MiaB-deficient bacteria (AMiaB),
which do not contain ms? modifications. As expected, the trans-
formation of Cdk5rap1 restored ms? modifications (Figure 1B).
The conserved cysteine residues in the UPF domain and the
radical SAM domain of MiaB are critical for ms? modification
through their interaction with two [4Fe-4S] clusters (Forouhar
et al., 2013). Similar to MiaB, the mutation of cysteine residues
in the UFP domain or the radical SAM domain of Cdk5rap1
completely abolished the ms® modification (Figure 1B).

To prove that Cdk5rap1 is a mitochondrial methylthiotransfer-
ase and to identify its exact substrates, we generated Cdk5rap1
KO mice (Figures $1B-S1D). As expected, the ms® modification
was completely abolished in KO mice (Figures S1E and S1F).
Cdk5rap1 colocalized with Mitotracker in Hela cells (Fig-
ure S2A). Cdk5rap1 with a deletion of mitochondrial localization
signal at the N terminus exhibited cytosolic localization but re-
tained its enzyme activity (Figures S2A and S2B). However, no
ms? modification was detected in Cdk5rapi-deficient mouse
embryonic fibroblast (MEF) cells expressing the cytosolic form
of Cdk5rap1 (Figures S2C and S2D). These results indicate
that Cdk5rap1 localizes on mitochondria and specifically mod-
ifies mt-tRNAs. To identify the exact substrate of Cdk5rap1,
individual mt-tRNA was isolated from WT and KO mice and sub-
jected to mass spectrometric analysis. The ms? modification

was completely absent at A37 in mt-tRNA"®, mt-tRNAT™, mt-
tRNA™", and mt-tRNAS*UN isolated from KO mice (Figures
1C-1F). The absence of an ms? modification did not affect the
nearby m° modification at U34 in mt-tRNA"™ (Figure S1F).
These results clearly demonstrate that Cdk5rap1 is a two [4Fe-
48] cluster-containing mitochondrial methylthiotransferase that
specifically converts i°A to ms?®A at A37 of mt-tRNAP"®, mt-
tRNAT®, mt-tRNA™", and mt-tRNAS®CN) in mammalian cells.

The ms? Modification Controls Codon-Specific

Decoding Fidelity in a Translation Rate-Dependent
Manner

A previous study demonstrated that the ms? group of 2-methyl-
thio-Nf-hydroxyisopentenyl adenosine (msZio®A) is critical for
the accurate decoding of Tyr and Phe codons (Urbonavicius
et al., 2001). To thoroughly investigate the role of ms? modifica-
tions of tRNAs during the decoding of their cognate codons, we
utilized a luciferase-based reporter and transformed the plasmid
into a WT strain or the AMiaB strain to detect frameshifting in the
presence or absence of the ms? modification. The firefly lucif-
erase gene was properly translated only when frameshifting
occurred at the cognate codons read by tRNAPM®, tRNATP,
tRNATY", or tRNASSUCN) (Figure S2E). A deficiency in ms? modi-
fication induced frameshifting at Phe(TTT) and Tyr(TAT) codons
(Figure 1G). Induction of protein translation by isopropyl-beta-
D-thiogalactopyranoside (IPTG) exaggerated the overall frame-
shifting rate in both the WT and AMiaB strains. In addition
to the Phe(TTT) and Tyr(TAT) codons, there was a significant
increase in ms?-dependent frameshifting at the Tyr(TAC),
Ser(TCT), Ser(TCC), and Ser(TCG) codons, for which frameshift-
ing was not observed without IPTG induction (Figures S1G-S1I).
Importantly, these results show that msz—dependent frameshift-
ing specifically occurred during the translation of wobble co-
dons, such as Phe(TTT), Tyr(TAT), Ser(TCT), Ser(TCC), and
Ser(TCG), with the exception of the Tyr(TAC) codon, but not
the cognate codons, such as Phe(TTC), Ser(TCA), and Trp(TGG)
(shown in red in Figures S1F-S1l). Furthermore, the ms>-defi-
ciency-evoked frameshifting was fully reversed by transforma-
tion with active Cdk5rap1, but not dominant-negative Cdk5rap1
(Figure 1G). These results demonstrate that ms? modification is
critical for the accurate decoding of wobble codons correspond-
ing to tRNAP"® tRNAT", or tRNASSUCN) in a translation rate-
dependent manner.

Deficiency of the Mitochondrial ms? Modification
Attenuates Mitochondrial Translation
To examine mitochondrial protein synthesis, WT or KO MEF cells
were labeled with 35S-methionine for 1 hr and subjected to pulse
chase. The mitochondrial protein synthesis was substantially
decreased in KO MEF cells (Figure 2A). Furthermore, MEF cells
were radioactively labeled and subjected to blue native PAGE
to examine the formation of respiratory complexes. The incorpo-
ration of mitochondrial proteins into complexes |, Ill, and IV was
substantially decreased in KO MEF, whereas complex V was
unaffected (Figures 2B and 2C). These results suggest that the
deficiency in ms? modification greatly attenuated mitochondrial
protein synthesis, resulting in impaired complex assembly.

The maintenance of mitochondrial OXPHOS subunits is critical
for the electron transport chain, which maintains the resting
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Figure 1. Cdk5rap1 Is The Mammalian mt-tRNA Methylthiotransferase
6

(A) Structures of N-isopentenyladenosine (i°A) and 2-methylthio-N®-isopentenyladenosine (ms?i

(S-CHjy) is shown in red.

A) and the corresponding m/z values are shown. The ms? group

(B) GST-Cdkbrapt or GST-Cdkbsrap! with Cys-to-Ala mutations (3CA) was transformed into the MiaB-deficient strain (AMiaB). The arrows and arrowhead

indicate the peaks corresponding to i°A and ms?®A, respectively.

(C-F) Examination of the ms2®A modification in mt-tRNAP"® (C), mt-tRNAT™ (D), mt-tRNA™" (E), and mt-tRNAS*YCN) (F) isolated from WT and KO mice by mass
spectrometry. The mass chromatograms show the peaks corresponding to fragments containing i®A or msZiA.

(G) Frameshifting assay. WT and AMiaB bacteria were transformed with Cdk&rap1 or inactive Cdkbrap1 (Cdk5rap1-3CA). The relative ratio of firefly luciferase
activity to renilla luciferase activity (F/R) represents the decoding error. n = 4. Data are mean + SEM. **p < 0.01, **p < 0.0001.

mitochondrial membrane potential and drives respiration. We
thus investigated the mitochondrial membrane potential in WT
and KO MEF cells. There was a marked increase in cell popula-
tions with very low membrane potential in KO MEF cells (Fig-
ure 2D). Consequently, the oxygen consumption rate in KO cells
was significantly lower than that in WT MEF cells (Figure 2E).
Furthermore, the KO cells quickly lost their mitochondrial mem-
brane potential after treatment with very low doses of rotenone
and FCCP, which had little effect on WT cells (Figures 2F and

430 Cell Metabolism 27, 428-442, March 3, 2015 ©2015 Elsevier Inc.

2G). These results thus demonstrate that ms? modifications
of mt-tRNAs are critical for maintaining efficient mitochondrial
translation and respiratory chain.

Deficiency of Mitochondrial ms? Modification Impairs
OXPHOS in Skeletal Muscle and Heart Tissue without
Affecting Basal Metabolism

To investigate the physiological role of mitochondrial ms® modi-
fication, we examined the phenotype of KO mice in vivo. Despite
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Figure 2. Deficiency in the ms? Modifications Impaired Mitochondrial Protein Synthesis and Mitochondrial Functions

(A) WT and KO MEF cells were [abeled with *S-Met/Cys and chased for 0 or 24 hr in the presence of emetine for measurement of mitochondrial protein synthesis
(ieft panels). MEF cells were labeled with ®*S-Met/Cys for 1 hr, and total protein synthesis was measured (right panels). CBB staining of gel was used as loading
control.

(B and C) The autoradiogram of blue native PAGE shows a decrease in the incorporation of mitochondrial proteins in complexes |, 1il, and IV in KO MEF cells (B).
The relative intensity of complex 1, lil, and IV versus complex V was quantified (C).

(D) The histogram and inserted graph show that KO MEF cells contain a number of mitochondria with low membrane potentials; n = 110 each.

(E) KO cells showed a significant decrease in the oxygen consumption rate (OCR); n = 10 each.

(E-G) Cells were stained with TMRM for measuring membrane potential. The relative membrane potential in the presence of rotenone (F) or FCCP (G) was
analyzed; n = 66 for WT and n = 30 for KO (F); n = 43 for WT and n = 32 for KO (G). Data are mean = SEM. *p < 0.05.
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Figure 3. The Deficiency in ms? Modification Impaired Mitochondrial Function In Vivo
(A) Steady-state levels of complex | (Cl), complex Il (ClHl), complex IV (CIV), and complex V (CV) in mitochondria isolated from skeletal muscle and heart tissues

were examined by BN-PAGE.

(B) Steady-state levels of representative proteins of CI-CIV were examined by western blotting. CBB staining was used as loading control.
(C) The activities of CS, CI-ClV in skeletal muscle (left panel), and heart (right panel) of WT and KO mice were examined. n = 4-5.
(D and E) Respiratory coupling was decreased in Cdk&rap1-deficient mitochondria isolated from skeletal muscle and heart tissue when examined using XF24 Fiux

Analyzer; n = 4-5.

{F) The steady-state levels of ATP in the skeletal muscle and heart tissue of WT and KO mice were examined; n = 4 each. Data are mean = SEM. *p < 0.05.

the mitochondrial dysfunction in KO cells, the Cdk5rap1 KO mice
developed normally without obvious morphological changes in
major tissues (Figures S3A and S3B). The energy expenditure
and glucose metabolism in KO mice were compatible with those
of WT mice (Figures S3C~S3E). Furthermore, there was no differ-
ence in neurological behaviors between KO and WT mice (Fig-
ures S3F-S3I).

Of all tissues, skeletal muscle and heart tissue are the most
susceptible tissues to mitochondrial dysfunction (DiMauro and
Schon, 2003). We therefore closely examined these two tissues
in KO mice. Substantial decreases in the steady-state levels of
complex | and IV were observed in both skeletal muscle and
heart tissues of KO mice compared with WT mice, with complex
| being markedly affected (Figure 3A). Accordingly, the steady-
state levels of complex | and IV proteins, such as NDUFB8 and

432 Cell Metabolism 27, 428-442, March 3, 2015 ©2015 Elsevier Inc.

MTCO1, respectively, were markedly decreased in skeletal mus-
cle and heart tissues of KO mice compared with WT mice (Fig-
ure 3B). As a result, complex | activity was significantly impaired
in KO mice (58.6% of WT for skeletal muscle and 51.5% of WT
for heart tissue) (Figure 3C). There was a mild but significant
decrease in complex lll and complex IV activity in KO mice (mus-
cle: complex 1ll, 88.8% of WT; complex IV, 80.5% of WT; heart:
complex lil, 80.7% of WT, complex 1V, 79.8% of WT) (Figure 3C).
The decrease in mitochondrial activity in the skeletal muscle of
KO mice was also confirmed by cytochrome oxidase (COX)
staining (Figure S3J). Accordingly, the oxygen consumption eli-
cited by ADP and FCCP in GCdk5rap1-deficient mitochondria
was significantly lower than that in WT mitochondria, indicating
that electron transport and respiratory coupling were impaired
in the skeletal muscle and heart tissue of KO mice (respiratory
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control ratio of the hearts of WT and KO: 4.9 and 3.2, skeletal
muscles of WT and KO: 9.4 and 6.5, respectively; Figures 3D
and 3E). Consequently, the steady-state ATP level in skeletal
muscle and heart tissue of KO mice was lower than that in WT
mice (Figure 3F).

Impairment of mitochondrial function usually exaggerates
mitochondrial remodeling as a compensation mechanism. There
was an increase in the mitochondrial mass in the skeletal muscle
of KO mice as examined by electron microscopy and Gomori Tri-
chrome staining (Figures 4A, 4B, and S3J). Strikingly, the mito-
chondrial was abnormally enlarged in heart tissue of KO mice
(Figures 4C and 4D). A progressive disruption of cristae was oc-
casionally observed in the mitochondria of the cardiac muscle of
KO mice (arrow in Figure 4C). Furthermore, there was a signifi-
cant increase in citrate synthase activity (Figure 3C) as well as
relative mtDNA content (Figure 4E) in the skeletal muscle of KO
mice.

Reactive oxygen species (ROS) are byproducts of mitochon-
drial electron transport and mainly generated from complexes |
and Il (Murphy, 2008). A deficiency of complexes | and Ill accel-
erates the leakage of ROS from electron transport chain and
contributes to the development of mitochondrial diseases. Given
the marked decrease in complex | protein level in KO mice, we
investigated ROS production in KO mice (Figure 4F). The ROS
level was slightly but significantly higher in KO MEF celis than
that in WT MEF cells. This finding was corroborated by a moder-
ate increase in protein carbonylation (Figure 4G) as well as oxida-
tive stress-related gene expression in both skeletal muscle and
heart tissues of KO mice (Figure 4H).

To further investigate the impact of deficiency of ms® modifi-
cation on physiological function, we examined muscular and
cardiac function in vivo. However, the treadmill performance of
KO mice was comparable with that of WT mice (Figure S3K).
The echocardiography examination indicated that no apparent
cardiac defects were present in the KO mice (Figure S3L). Taken
together, these results demonstrate that the deficiency of ms?
modifications in mi-tRNAs impairs mitochondrial protein synthe-
sis, which leads to a reduction of respiratory activity and increase
in ROS in skeletal muscle and heart tissue. However, considering
the overall phenotypes, mice seem to tolerate an up to 50%
reduction of complex | activity due to the loss of ms? modifica-
tions under sedentary conditions.

Loss of ms? Modifications Accelerates OXPHOS Defects
under Stressed Conditions
The mild phenotype of KO mice prompted us to challenge the
mice with a ketogenic diet (KD; very high fat and ultra-low carbo-
hydrate). Ketone bodies from KD bypass glycolysis and generate
energy mostly through fatty acid oxidation in mitochondria (Laf-
fel, 1999). Adaptation to this metabolic pressure is accompanied
by mitochondrial rearrangement (Grimsrud et al., 2012). There-
fore, it is conceivable that the accurate regulation of mitochon-
drial protein synthesis by ms? modification is particularly impor-
tant for mitochondrial remodeling under stressed conditions.
As expected, KD treatment accelerated OXPHOS defects in
the skeletal muscle and heart tissue of KO mice (Figures 4A
and 4B). Complex | activity was significantly impaired in KD-
fed KO mice (48.6% of the KD-fed WT for skeletal muscle and
47.7% of the KD-fed WT for heart tissue) (Figures 5A and 5B).

In addition, accelerated decreases in complex lll and IV activities
were observed in the KD-fed KO mice (muscle: complex lil,
82.9% of the KD-fed WT; complex IV, 62.9% of the KD-fed
WT; heart: complex lll, 75% of the KD-fed WT; complex IV,
57.8% of the KD-fed WT).

The OXPHOS defect after KD treatment exaggerated the mito-
chondrial remodeling pathway in both WT and KO mice. There
was a ~3-fold and ~1.5-fold increase in mtDNA content in the
skeletal muscle and heart tissue of both WT and KO mice fed a
KD, respectively (Figure 5C). However, there was no difference
in the miDNA content in skeletal muscle and heart tissue be-
tween WT and KO mice (Figure 5C). Accordingly, subsequent
electron microscopic examination revealed a marked increase
in mitochondria mass (Figures 5D and 5F). In the skeletal mus-
cles of KO mice fed a KD, mitochondrial proliferation was
observed in both intermyofibrillar and subsarcolemmal mito-
chondria, with the latter drastically increased (Figure 5D). Impor-
tantly, KD-fed KO mice exhibited a considerable population of
mitochondria with disrupted cristae in the skeletal muscle tissue
(arrowheads in Figure 5D). The enlargement of mitochondria and
the disruption of cristae were even more prominent in the heart
tissue of KO mice fed a KD (arrows in Figure 5D). These results
demonstrate that Cdk5rap1-dependent ms? modification is
crucial for the maintenance of OXPHOS activity and mitochon-
drial morphology under stress.

The acceleration of the OXPHOS defect in KO mice may be due
to the indirect lipotoxicity from the very high-fat diet. However,
the body weight and serum metabolic profiles of KO mice fed a
KD were the same as those of WT mice fed a KD (Figures S4A~
S4C). There was no difference in the locomotor activity or energy
expenditure between the WT and KO mice fed a KD (Figures 84D
and S4E). Interestingly, the glucose level in the KD-fed KO mice
was somewhat lower than that in the KD-fed WT mice (Fig-
ure S4F). Taken together, these results indicate that the progres-
sive OXPHOS defects and mitochondrial degeneration in KD-fed
KO mice directly resuited from a deficiency in Cdk5rap1-depen-
dent ms? modification during mitochondrial remodeling.

Loss of ms? Modification Accelerates Muscular and
Cardiac Dysfunction under Stress

The KD-induced OXPHOS defect markedly accelerated the
dysfunction of skeletal muscle and heart tissue in the KO
mice. In a treadmill test, KO mice fed a KD showed a significant
increase in the number of falls and became exhausted as early
as 30 min into the test (Figure 5G). The KO mice also showed
moderate cardiac hypertrophy, as indicated by an increase in
heart volume, heart weight, and left ventricle posterior wall
thickness (Figures S5A-S5C). The percentage of fractional
shortening (FS%) in KO mice fed a KD was significantly lower
than that in WT mice fed a KD (WT, 43% versus KO, 34%; Fig-
ure 5H). In addition to a KD-induced stress model, we utilized a
transverse aortic constriction (TAC) model, which is a standard
model for inducing cardiac dysfunction by pressure overload.
Because the TAC model is also accompanied by global mito-
chondrial remodeling (Dai et al., 2012), we expected that a defi-
ciency in ms® modification would further accelerate cardiac
dysfunction. Indeed, chronic TAC resulted in a progressive car-
diac hypertrophy, as indicated by an increase in heart weight
and left ventricle posterior wall thickness in KO mice (WT,
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7.5 mg/g body weight; KO, 11.3 mg/g body weight; Figures
S5A and S5D-S5F). In WT mice, the FS% dropped from
51.2% to 34.5% 1 week after TAC but was then maintained un-
tit 10 weeks (5 weeks, 32.4; 10 weeks, 31.1; Figure 5l). In
contrast, the FS% in KO mice continuously decreased after
TAC and eventually decreased to as low as 21.7% (Figure 5l).
Further examination in isolated cardiomyocytes revealed that
the cardiac dysfunction observed in the TAC model of KO
mice was associated with a decrease in calcium influx and
contraction rate (Figures 5J and S5G). These results demon-
strate that a deficiency of the ms? modifications in mt-tRNAs
can cause a catastrophic defect in muscle and heart tissue un-
der stressed conditions.

Deficiencies in ms? Modification Compromise the
Quality of Mitochondria
Next, we investigated the molecular mechanism underlying the
stress-induced acceleration of OXPHOS defects and cardiomy-
opathy in KO mice. Adaptation to mitochondrial stress requires
coordinated protein synthesis (Dai et al., 2012). Because ms®
modification controls decoding fidelity in a translation-rate-
dependent manner, it is conceivable that a deficiency in ms®
modification under stressed conditions might markedly compro-
mise mitochondrial quality as well as integrity, which would result
in severe OXPHOS defects and ultimately lead to myopathy
and cardiac dysfunction. Indeed, a moderate increase in the
complex | level was observed in WT mice treated with KD or
TAC surgery (Figures 6A and 6B). In contrast, the steady-state
levels of complexes | and IV levels were somewhat decreased
in KD-fed and TAC KO mice when compared with NC-fed KO
mice. The mitochondrial siresses increased protein carbonyl-
taion in both WT and KO mice. As a result, the protein carbonyl-
atjon level in stressed heart tissues of KO mice was moderately
higher than that in the stressed WT mice (Figure S6A). Impaired
mitochondrial proteostasis exaggerates mitochondrial unfolded
protein response (mt-UPR) (Durieux et al., 2011; Houtkcoper
et al., 2013). Accordingly, proteins involved in mtUPR, such
as Yme1l1, Afg3I2, and Lonp1, were upregulated in mitochondria
isolated from the hearts of KO mice treated with KD and
TAC compared with WT mice (Figure 6C). Furthermore, a mar-
ked increase in polyubiquitinated proteins was observed in
mitochondria isolated from the hearts of KO mice under
stressed conditions (Figure 6D). Interestingly, the levels of poly-
ubiquitination were proportional to the levels of cardiac function
(FS%) in stressed KO mice (TAC > KD > NG; Figure 6D; also see
Figures 5H and 5I).

Mitophagy is the hallmark of the existence of compromised
mitochondria. Parkin, an E3 ubiquitin ligase, primes mitophagy

by translocation to mitochondria with low membrane potentials
and ubiquitination of mitochondrial proteins (Kubli and Gustafs-
son, 2012). Because cells with ms? modification deficiencies had
a low basal mitochondrial membrane potential and were suscep-
tible to stress-induced depolarization (Figures 2F and 2G), we
hypothesized that mitochondrial stress might exaggerate the
recruitment of Parkin to mitochondria and the acceleration of mi-
tophagy in Cdk5rap1 KO cells. In KO cells treated with FCCP,
most of the Parkin translocated to the mitochondria as soon as
2 hr after treatment, whereas similar translocation was not
observed in WT cells treated with FCCP (Figure 8E; also see
the separated imaged in Figure S6B). A number of large mito-
chondrial aggregates were surrounded by the autophagosomal
membrane protein LC3 in KO cells treated with FCCP, which is
indicative of acceleration of mitophagy (Figure 6F; also see the
separated imaged in Figure S6C). Furthermore, we observed a
number of degenerated mitochondria, with some mitochondria
being degraded in autophagic vacuoles in KD-fed and TAC KO
mice, by electron microscopic examination (Figure 6G). These
results demonstrate that stress-induced mitochondrial remodel-
ing impaired mitochondrial protein synthesis and accelerated the
decomposition of respiratory complexes, which triggered the
mitUPR and mitophagy in KO mice. Thus, the accumulation of
compromised mitochondria ultimately contributes to the devel-
opment of myopathy and cardiac dysfunction.

Association of ms® Modification with Mitochondrial
Disease

Because the pathological phenotypes of KO mice resembled
those of mitochondrial disease, we speculated that ms® modifi-
cation might be involved in mitochondrial disease. We investi-
gated the ms? modification level in peripheral blood cells
collected from MELAS patients who carry the A3243G mutation
(Figure S7A). Because of the limited number of clinical RNA sam-
ples, we adapted the quantitative PCR-based method (Xie et al.,
2013), which was originally developed to examine the ms? level
of ms?t°A in cytosolic tRNAWYSUYY) 1o sensitively examine the
ms? modification level of ms?®A in mt-tRNAs (Figures S7B-
ST7E). Strikingly, the heteroplasmy level of mutant mt-DNA was
significantly correlated with the ms? modification levels of four
mt-tRNAs, but not with the cytosolic tRNALys(UUU) (Figures
7A-7D and S7F). Interestingly, the mutant mtDNA level was not
correlated with the expression level of CDK5RAP1, suggesting
that the decrease in ms® modifications was not due to a defi-
ciency in CDK5RAP1 (Figures S5D-S5G). Because the A3243G
mutation is located in the mtDNA region corresponding to mt-
tRNAUUYP the decrease in the ms? levels of tRNAT™, tRNAP™,
tRNATY", and tRNASUCN a5 Jikely not caused by the A3243G

Figure 4. Aberrant Mitochondrial Morphology and ROS Metabolism in KO Mice
(A~D) Mitochondria in skeletal muscle and heart tissue were examined by electron microscopy. KO mice exhibit disrupted mitochondrial morphology (A and C)
and increased mitochondrial mass (B and D). Bars in (A) and the left panels of (C), 10 um. Bars in the right panels of (C), 0.5 pm. WT, n = 100; KO, n =112 in (B) and

n=126; KO, n=132in (D).

(E) The relative contents of mtDNA in muscle and heart tissue were examined; n = 6-9.
(F) ROS levels were analyzed by measuring the florescent intensity of CM-H2DCFDA in WT and MEF cells (left panel). The intensity was quantified (right panel);

n=3.

(G) Protein carbonylation levels were increased in the mitochondria of skeletal muscle and heart tissue in KO mice. NC, negative control.
(H) Heatmap showing the differentially regulated genes involved in oxidative stress response in skeletal muscle and heart tissue of WT and KO mice; n = 4. Data

are mean + SEM. *p < 0.5, ***p < 0.0001.
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mutation but, rather, was due to secondary effects. Cells bearing
A3243G mutations in mtDNA exhibit a marked reduction of mito-
chondrial protein synthesis and an increase in the oxidative
stress level (Crimi et al., 2005; Ishikawa et al., 2005). Because
Cdkbrap1 contains highly oxidation-sensitive [4Fe-4S] clusters
(Arragain et al., 2010), we speculated that the excess oxidative
stress originated from mutant mitochondria might result in a
collateral inhibition of Cdk5rap1 activity. Indeed, cells treated
with sublethal doses of H,O, showed a rapid decrease in ms?
modification, which was completely reversed by adding 10 mM
pyruvate, which serves as an antioxidant (Figures 7E-7G). In
addition, treatment of cells with an NO donor such as SNAP
and NOC18 significantly reduced the ms® modification level,
which was reversed by the addition of the NO scavenger PTIO
(Figure 7H). Taken together, these results suggest that oxidative
stress-induced decreases in ms® modifications might compro-
mise the quality of the mitochondria and contribute to the pro-
gression of mitochondrial disease.

DISCUSSION

Regulation of Mitochondrial Protein Synthesis by
Cdk5rap1-Mediated ms2 Modification

In the present study, we revealed the imporiant physiological
functions of ancient mitochondrial ms? modifications in mice
and human. Using Cdk5rap1 KO mice, we provide direct
evidence that Cdk5rap1 catalyzes the ms® modifications of
mt-tRNAP™®, mt-tRNATP, mi-tRNA™Y', and mt-tRNASSUCN) jn
mammalian cells. The ms? group at the A37 of tRNA can directly
participate in crossstrand stacking with the first nucleotide of the
codon of the mRNA to maintain the reading frame (Jenner et al.,
2010). Indeed, a deficiency in the ms? modification of ms®®A
impaired reading frame maintenance in bacteria and caused
defective mitochondrial protein synthesis in Cdk5rap1 KO
mice. Interestingly, nuclear-encoded mitochondrial protein,
such as NDUFB8 in complex I, was also decreased in KO
mice. The indirect decrease of NDUFB8 is most likely due to
the poorly assembled respiratory complexes in KO mice. A pre-
vious study has shown that a deficiency in a single subunit in
complex | could compromise complex formation and cause
the proteolysis of other subunits (Karamanlidis et al., 2013).
Our results thus demonstrate that the ms? modification of mt-
tRNAs is indispensable for mitochondrial protein synthesis and
the proper assembly of respiratory complexes.

Whereas only one transcript of Cdk5rap1 has been found
in mice, multiple splicing variants of human CDK5RAP1T are
listed in the database (Figure S1A). One transcript of human
CDK5RAP1 encodes a short form of CDK5RAP1 without a
mitochondrial localization signal (Q95SZ6-2 in Figure S1A),
which raises the possibility that CDK5RAP1 might regulate
cellular function by modifying cytosol RNAs (Reiter et al.,
2012). However, there was no detectable ms%°A in total
RNA isolated from KO MEF cells expressing the cytosolic
form of Cdk5rap1 with the enzyme activity preserved. These
results clearly suggest that Cdk5rap1 does not modify nuclear
DNA-derived RNAs in murine cells. Furthermore, the defective
mitochondrial protein synthesis observed in Cdk5rap1 KO
mice may be directly caused by the loss of ms? modifications
in mt-tRNAs.

Deficiency of ms? Modification and Its Physiological
Outcome
This study revealed unique phenotypic outcomes of Cdk5rap1
KO mice in response to distinct environmental conditions. Under
sedentary conditions, the skeletal and cardiac functions of the
Cdk5rap1 KO mice were compatible with those of the WT
mice, despite the marked decrease in respiratory activities and
regardless of the increase of oxidative stress. The mitochondrial
dysfunction in KO mice might be compensated by the remodel-
ing of mitonuclear protein balance, which serves as a protective
mechanism by inducing mtUPR (Houtkooper et al., 2013).
Indeed, in contrast to the decrease of mitochondrial protein syn-
thesis, several cytosolic proteins appear to be upregulated in KO
cells (right panels in Figure 2A). This mitonuclear protein imbal~
ance might contribute to the upregulation of basal mtUPR in
muscle and heart tissues of KO mice (Figure 6C). Furthermore,
a collective increase of ROS metabolism genes, including ROS
scavenger genes such as Apok, DHCR24, and SRXNT, might
ameliorate oxidative stress and protect the muscular and cardiac
functions in KO mice. Similar to our results, previous studies
have found no adverse phenotypes under basal conditions in
transgenic mice with respiratory defects (Karamanlidis et al.,
2013; Wenz et al., 2009). Our results thus support the current
perspective that mitochondrial dysfunction, depending on its de-
gree, may not immediately produce a pathological phenotype
under sedentary conditions.

In contrast, under stressed conditions, Cdkrap1 KO mice ex-
hibited apparent skeletal muscle and heart dysfunctions. The

Figure 5. Mitochondrial Stresses Accelerated Myopathy and Cardiac Dysfunction in ms®-Deficient Mice

(A and B) WT and KO mice at 8 weeks old were fed for KD for 10 weeks. The relative activities of CS, CI-CIV in skeletal muscle (A), and heart (B) were examined; n=
5-7 each.

(C) The relative mtDNA contents in skeletal muscle and heart tissue of KD-fed WT and KO mice were examined; n = 6-7. The dashed lines represent the relative
mtDNA content in NC-fed WT mice.

(D~F) Electron microscopy examination of skeletal muscle and heart tissue show disrupted mitochondrial architecture (D) and a marked increase in mitochondrial
mass (E and F) in KD-fed KO mice. Arrowheads and arrows indicate mitochondria with abnormal cristae in skeletal muscle and heart tissues of KD-fed KO mice,
respectively; bars, 10 pm; WT, n = 152; KO, n = 144 in (E) and n = 161; KO, n = 130 in (F).

(G) A treadmill test performed at the end of 10 weeks of KD feeding showed that the KD induced a higher number of falls in the KO mice during acute excise
compared with the WT mice; n = 5 each.

(H) The fractional shortening (FS) rate in KO mice fed with KD for 10 weeks was significantly lower than that in KO-fed WT mice; n = 10-11.

() WT and KO mice at 8 weeks old were subject to TAC surgery. The KO mice showed a significant decrease in FS after TAC surgery.

(J) Cardiomyocytes were isolated from WT and KO mice 10 weeks after TAC. Calcium imaging revealed a decrease in the peak calcium influx in KO car-
diomyocytes. The inserted graph shows the normalized peak amplitude of calcium influx in cardiomyocytes from WT and KO mice; n = 13 for WT and n = 6 for KO.
Data are the mean + SEM. *p < 0.05. **p < 0.01, **p < 0.001, ****p < 0.0001.
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defective mitochondrial protein synthesis caused a marked
decrease in protein levels and activities of complexes | and IV
in KO mice under stressed conditions. The progressive disrup-
tion of respiratory complexes, which exaggerates mtUPR and
mitophagy, thus largely compromised mitochondria quality and
led to myopathy in KO mice. Recent studies have shown that
Parkin-mediated mitophagy is critical for the removal of
damaged mitochondria and thus protects cardiac function under
stressed conditions (Hoshino et al., 2013; Chen and Dorn, 2013).
However, given the observation of a number of degenerated
mitochondria in KO mice (Figures 4D and 5G), the extent of mito-
chondria damage in KO mice was likely beyond the maintenance
capacity of mitophagy, which ultimately led to catastrophic mito-
chondrial dysfunction and myopathy. In addition, the accelera-
tion of complex | defect was associated with a modest increase
of oxidative stress, which could trigger mtUPR and cause cyto-
toxicity in stressed KO mice (Runkel et al., 2013). However,
compared with the progressive impairment of mitochondria
quality, the degree of increase of ROS after mitochondrial stress
was rather small in stressed KO mice. Our results thus suggest
that ROS might also contribute to the pathogenesis, but to a
limited extent. The accumulation of malfunctioning mitochondria
is likely the primary cause of the progression of myopathy in KO
mice.

Regulation of ms? Modification by Oxidative Stress and
Its Association with Human Disease

An important finding of this study is that the ms? modification
levels were reduced in MELAS patients carrying the A3243G
mutation in mt-tRNAY. This result is surprising because mt-
tRNAMY does not contain an ms? modification. Previous
studies have shown that the deficiency of taurine modification
in mt-tRNA"®" carrying the A3243G mutation is the primary
cause of MELAS (Kirino et al., 2005; Yasukawa et al., 2001).
Given the significant association of the heteroplasmy level
with the ms? modification level in MEALS patients, our results
suggest that the myopathy in MELAS is caused not only by a
decoding error at the Leu codon but also by decoding errors
occurring at multiple codons, including Leu, Phe, Tyr, Trp,
and Ser codons.

The reason A3243G in mt-tRNA™" is associated with
decreased modifications in other mi-tRNAs remains unclear.
Although further studies are required to reveal the molecular
mechanism, our results suggest that oxidative stress may be
one of the reasons for this finding. Cdk5rap1 requires two
[4Fe-48] clusters for ms® group insertion (Forouhar et al.,
2013); therefore, it is conceivable that ROS, such as H,0, or

ONOO™, may oxidize these [4Fe-4S] clusters and inactivate
Cdk5rap1. In support of our hypothesis, ROS-treated cells ex-
hibited a rapid decrease in ms® modification that was effectively
reversed by antioxidants. Thus, ROS generated by the mutation
in mt-tRNA™" might impair Cdk5RAP1-mediated ms? modifica-
tion, which might further amplify mitochondrial dysfunction and
ultimately accelerate myopathy in MELAS patients. In addition
to mitochondrial disease, ms? modifications might be involved
in a wide variety of human diseases in which ROS have been pre-
viously implicated, such as cardiac dysfunction and cancer
(Schieber and Chandel, 2014).

In conclusion, this study reveals a unique quality control
system in mitochondria by which the ms? modification of mt-
tRNAs dynamically regulates mitochondrial protein synthesis
and contributes to the development of myopathy in vivo. Our
findings have important physiological implications for the
basic mechanism of mitochondrial protein synthesis and pro-
vide insights into the pathological mechanism of mitochondrial
disease.

EXPERIMENTAL PROCEDURES

Please see the Supplemental Experimental Procedures for additional details.

Animals

Cdk5rap1 KO mice were generated by crossing transgenic mice with exon 5
and 6 of Cdk5rap1 floxed with LoxP sequence, with transgenic mice express-
ing Cre recombinase under the control of the CAG promoter. Mice were back-
crossed to C57BL6/J mice for at least seven generations to eliminate Cre
transgene and control genetic background. Littermates of WT and KO mice
(8-12 weeks old) were used for experiments unless otherwise specified. Ani-
mals were housed at 25°C with 12 hrlight and 12 hr dark cycles. A KD was pur-
chased from Research Diets (D12369B). All animal procedures were approved
by the Animal Ethics Committee of Kumamoto University (Approval {D, C25-
163). Detailed information on genotyping can be found in the Supplemental
Experimental Procedures.

Luciferase Assay

E. coli colonies were transformed with plasmids encoding dual luciferase
for detecting decoding error, GST-Cdk5rap1, or dominant-negative GST-
Cdk5rap1. Colonies were cultured at 37°C, and isopropyl B-D-1-thiogalacto-
pyranoside (IPTG) was added to the cultures at a final concentration of
1 mM. After 1 hr of incubation, the cultures were harvested for the luciferase
assay using the Dual-Luciferase Reporter Assay System (Promega). Detailed
procedures for detecting decoding error can be found in the Supplemental
Experimental Procedures.

Cell Culture and Transfection
Mammalian cells were grown in DMEM high-glucose medium (GIBCO) supple-
mented with 10% fetal bovine serum (FBS, HyClone) at 37°C and 5% CO,.

Figure 6. The Deficiency in ms? Modification Compromises Mitochondrial Protein Quality under Stressed Conditions

(A) Steady-state levels of Cl, Clll, CIV, and CV in heart tissue in WT and KO mice treated with NC, KD, and TAC surgery were examined by BN-PAGE.

(B) The steady-state levels of Cl protein NDUFB8, CIV protein MTCOI, and ClIl protein UQCRC2 in heart tissue in WT and KO mice treated with NC, KD, and TAC
surgery were examined by BN-PAGE followed by western blotting. UQCRC?2 was used as a loading control.

(C) The protein levels of Yme1l1, Afg 312, and Lonp1 were examined in heart tissues from WT and KO mice treated with NC, KD, and TAC surgery. Membranes

stained with CBB were used as a loading control.

(D) Enhanced polyubiquitination was observed in the mitochondria in the hearts of KO mice under each stress.

(E) WT and KO cells transfected with Parkin-YFP were treated with 10 pM FCCP for 2 and 4 hr; bar, 10 um.

(F) WT and KO cells were treated with 10 uM FCCP for 2 and 4 hr. The cells were then stained with an anti-LC3 antibody and Mitotracker. The inserted box shows
mitochondria surrounded by the LC3 protein and is magnified in the bottom panels; bar, 10 pm.

(G) Electron microscopy of mitochondria in heart tissue from WT and KO mice treated with KD or TAC surgery. Arrows indicate the autophagic vacuoles; bar,

10 pm.
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map (Cheadle et al, 2008). The sequences of
primers used can be found in the Supplemental
Experimental Procedures.

Analysis of tRNA Modification
Total RNAs were isolated from bacteria and tissues
using Trizol reagent (Invitrogen). RNA was di-

R gested with Nuclease P1 (Sigma) and subjected

Modification index
Modification index

Transfection of the plasmid DNA was performed with Lipofectamine 2000
(Invitrogen).

Oxygen Consumption

The oxygen consumption rate in MEF cells and intact mitochondria was
measured using an XF24 Analyzer (Seahorse Bioscience). The oxygen con-
sumption rate was normalized to the total protein concentration for measure-
ment in cells. Detailed procedures for the respiratory assay can be found in the
Supplemental Experimental Procedures.

Gene Expression Assay

RNA was extracted from tissues using Trizol (Invitrogen) following the manu-
facturer's instructions. Quantitative PCR (QPCR) was performed using SYBR
Premix Ex Taq (TAKARA). For examination of the expression levels of oxidative
response genes, the results were normalized to the geometric mean of multiple
reference genes (Hprit1, RPL13A, B2M, GAPDH, ACT). Then, a Z-transforma-
tion was applied to the results to calculate the Z score and construct a heat-
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to mass spectrometry (Agilent 6460). For detecting
tRNA modification using the gPCR-based method,
we adapted a protocol described previously (Xie
et al.,, 2013). Detailed procedures for the mass
spectrometry and gPCR method can be found in
the Supplemental Experimental Procedures. To
measure the tRNA modification level in blood sam-
ples, blood samples were collected from MELAS
patients using standard procedures approved by
Kurume University (IRB#9715).

Trp

M ATP Measurement
Small pieces of skeletal muscle and heart tissue
were immediately dissected after sacrificing mice
and snap frozen in liquid nitrogen until measurement. ATP was measured using
the ATP Bioluminescence Assay Kit following the manufacturer's protocol
(TA100, WAKO). The luminescence was measured using a Centro XS
LB960 (Berthold) and normalized to total protein concentration.

PTIO -~ - 4

Cardiac Function Examination
Echocardiographs were examined in M-mode while the mice were under
anesthesia using the Vevo2100 system (Fujifilm VisualSonics, Inc.) according
to the manufacturer’s instructions.

Statistical Analysis

Statistical analyses were performed using Prism 6 Software (GraphPad Soft-
ware). An unpaired Student t test was used to test the differences between
two groups. Analysis of variance (one-way ANOVA or two-way ANOVA) was
used to test the difference among multiple groups followed by a post hoc ex-
amination of the p value between two groups. A two-tailed p value of 0.05 was
considered statistically significant.
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