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Deliverable description and summary
We applied the methods developed in WP3 (Methods for genetic disorders) to the integrated
analysis and meta-analysis of hundreds of exome and transcriptome datasets as well as metabolite
concentrations in the context of clinical features to prioritize potential pathogenic variants in
unsolved cases. We validated the causative nature of these variants in patient cell lines or yeast
models. Results of these validation steps are incorporated into our benchmarking database (T11.2).
Our systematic statistical analysis includes i) accumulations of mutations in the same gene or in
genes of common pathways across patients, ii) detection of variants associated with specific clinical
features, iii) combined analysis of copy number variants and allele specific expression with rare
coding variants. In a workflow of several interrogation cycles with WP3 and WP11 (Benchmarking
and validation) we benchmarked different parameters and algorithms in order to optimize the
methods using our database of diagnosed patients. We applied already some statistical tools to
prioritize potential pathogenic mutations in unsolved cases. Best candidates were validated by
cellular rescue experiments with the aim to identify the disease-causing variant responsible for the
impaired energy metabolism in patients and corresponding cell lines.

Research progress
Within task 7.1 (Identification of pathogenic variants) we applied existing and novel methods
developed in WP3 to identify potential pathogenic variants in patients with suspected mitochondrial
disorders:
i) In a meta-analysis of hundreds of exomes sequenced in Munich, Japan and Austria we identified
three patients with similar phenotype and mutations in IARS (Kopaitich et al., AJHG 2016).
ii) Using a machine-learning algorithm to prioritize potential disease-causing mutations according to
variant frequency and functional gene annotation MDH2 was ranked as the most likely diseasecausing gene in another patient (Ait-El-Mkadem et al., AJHG 2017).
iii) In a further patient with a suspected mitochondrial disorder, we identified mutations in NSUN3
(Haute et al., Nat Commun 2016). The integrative analysis of various RNA-sequencing data
established that NSun3 is required for deposition of m5C at the anticodon loop in the
mitochondrially encoded transfer RNA methionine (mt-tRNAMet).
The pathogenicity of all variants identified in i) to iii) were validated in patient cell lines or yeast
mutants. Results of these validation studies are incorporated into our benchmarking database
(D11.2).
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Additional candidate genes were identified by RNA-seq analysis on 96 cell lines from mitochondrial
disease patients. They revealed one case with complex I deficiency that exhibited an 80% reduction
of C17orf89 reads, in a gene identified as complex I assembly factor (Floyed et al., Molecular Cell
2016). The RNA-seq analysis, supported by mitoMultiOmics_public (please see Deliverable 3.1, TUM),
also prioritize likely causal mutations in TIMMDC1 (Kremer et al., manuscript submitted).
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REPORT
Biallelic IARS Mutations Cause Growth Retardation
with Prenatal Onset, Intellectual Disability,
Muscular Hypotonia, and Infantile Hepatopathy
Robert Kopajtich,1,2,19 Kei Murayama,3,4,19 Andreas R. Janecke,5,6,19 Tobias B. Haack,1,2,19
Maximilian Breuer,7,19 A.S. Knisely,8,9 Inga Harting,10 Toya Ohashi,11 Yasushi Okazaki,12,13
Daisaku Watanabe,14 Yoshimi Tokuzawa,13 Urania Kotzaeridou,7 Stefan Kölker,7 Sven Sauer,7
Matthias Carl,15 Simon Straub,5 Andreas Entenmann,5 Elke Gizewski,16 René G. Feichtinger,17
Johannes A. Mayr,17 Karoline Lackner,9 Tim M. Strom,1,2 Thomas Meitinger,1,2 Thomas Müller,5
Akira Ohtake,18 Georg F. Hoffmann,7 Holger Prokisch,1,2 and Christian Staufner7,*
tRNA synthetase deficiencies are a growing group of genetic diseases associated with tissue-specific, mostly neurological, phenotypes. In
cattle, cytosolic isoleucyl-tRNA synthetase (IARS) missense mutations cause hereditary weak calf syndrome. Exome sequencing in three
unrelated individuals with severe prenatal-onset growth retardation, intellectual disability, and muscular hypotonia revealed biallelic
mutations in IARS. Studies in yeast confirmed the pathogenicity of identified mutations. Two of the individuals had infantile hepatopathy with fibrosis and steatosis, leading in one to liver failure in the course of infections. Zinc deficiency was present in all affected
individuals and supplementation with zinc showed a beneficial effect on growth in one.

Aminoacyl-tRNA synthetases (ARSs) catalyze the aminoacylation of tRNAs by their cognate amino acid, linking
amino acids with the correct nucleotide triplets and
ensuring the correct transformation of the genetic code
to the protein level. Editing activities of ARSs further increase translation fidelity by preventing misacylation of
tRNAs with non-cognate amino acids.1 In mammals,
ARSs can be distinguished by their cytoplasmatic or
mitochondrial localization, with only two ARS in both
compartments (GARS and KARS). In 2003, autosomaldominant Charcot Marie Tooth disease (CMT) type 2D
(MIM: 601472) and neuropathy, distal hereditary motor,
type VA (MIM: 600794), caused by mutations in GARS
(MIM: 600287, encoding glycyl-tRNA synthetase) were reported as the first ARS-associated human disease phenotypes.2 Since then, several clinical conditions associated
with mutations in mitochondrial ARSs3,4 and cytosolic
ARSs5 have been identified. Clinically, most cytosolic
tRNA synthetase deficiencies are associated with CMT
and related neuropathies,1 whereas mutations in LARS
(MIM: 151350) cause infantile acute liver failure syndrome
type 1 (MIM: 615438)6 and autosomal-recessive mutations

in MARS (MIM: 156560) cause interstitial lung and liver
disease (MIM: 615486).7
Mutations in cytosolic IARS (MIM: 600709) have not yet
been linked to human disease. However, a homozygous
missense mutation (c.235G>C) in exon 3 has recently
been identified as the molecular cause of weak calf syndrome in Japanese black cattle.8 The affected calves exhibit
prenatal-onset growth retardation, severe muscle weakness
with astasia, and fatty degeneration of liver cells.8,9
Here we report the identification of biallelic mutations
in IARS in three unrelated individuals with a complex multisystemic phenotype of prenatal-onset growth retardation
(3/3), intellectual disability (3/3), muscular hypotonia
(2/3), and hepatopathy with fibrosis and steatosis (2/3)
as well as diabetes mellitus and sensorineural hearing
loss (1/3). The three individuals studied originate from
Germany (#65269, DEU), Japan (#85880, JPN), and Austria
(#83921, AUT). Clinical findings are summarized in Table 1
(for anthropometrical data see Table S1).
Individual #65269 (DEU), a boy, was born at 38 weeks’
gestational age to non-consanguineous German parents.
Birth weight and head circumference were low (weight
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Genetic and Clinical Findings in Individuals with IARS Mutations

Table 1.

IARS Mutations

ID

Age at
Last
cDNA (NM_002161.5);
protein (EAW62813.1)
Sex Visit

Clinical Features

AO

Growth
Retardation Neurological and
(SDS)a
Cognitive Outcome

Liver Function
(Histologic
Findings)
intermittently mildly
affected hepatic
synthesis (no liver
biopsy)

Other Features
strabismus, feeding
through PEG,
esophagitis,
zinc deficiency
(8.5 mmol/L;
N 13–18)b

#65269 M
(DEU)

18.7
years

c.[1252C>T];[3521T>A];
p.[Arg418*];[Ile1174Asn]

prenatal yes (5.9)
(IUGR)

moderate to severe
intellectual disability,
no expressive speech,
spastic movement
disorder (GMFCS IV),
muscular hypotonia,
brain MRI abnormal

#85880 F
(JPN)

19 years c.[760C>T];[1310C>T];
p.[Arg254*];[Pro437Leu]

prenatal yes (6.2)
(IUGR)

moderate intellectual
elevated ALAT and
disability (IQ 50),
ASAT, neonatal onset
motor function normal (steatosis, fibrosis)

sensoneurinal hearing
loss (AO 5 years),
diabetes mellitus (AO 16
years), epilepsy,
zinc deficiency
(7.5 mmol/L;
N 11–18)b

#83921 M
(AUT)

3 years

moderate intellectual
and motor disability,
muscular hypotonia

peculiar facial
distribution of
subcutaneous fat
(chubby cheeks),
feeding through PEG,
zinc deficiency
(6.1 mmol/L; N 11–15)b

c.[1109T>G];[2974A>G]; prenatal yes (6.2)
p.[Val370Gly];[Asn992Asp] (IUGR)

recurrent liver crises
triggered by infections,
infantile liver failure,
neonatal onset
(steatosis, fibrosis,
cholestasis)

Abbreviations are as follows: M, male; F, female; AO, age of onset; IUGR, intrauterine growth retardation; GMFCS, gross motor function classification system; PEG,
percutaneous endoscopic gastrostomy; N, normal range.
a
Minimum SDS value of body height.
b
Minimum value measured in blood.

2,020 g, 3.0 SDS; head circumference 29.0 cm, 4.2 SDS;
see Table S1). He has two healthy sisters. Pregnancy was
normal except for intrauterine growth retardation. Substantial psychomotor retardation, muscular hypotonia,
and poor feeding were noted shortly after birth and despite
alimentation by percutaneous gastroenterostomy with a
high-calorie diet, failure to thrive was very severe (at 6
years of age, body weight 10.8 kg, 8.0 SDS). During the
first 2 to 3 years, multiple clinically severe infections
occurred. At the age of 7 years, zinc deficiency was detected
in serum (8.5 mmol/L; normal range 13–18) and zinc supplementation was begun (1 mg/kg body weight/day).
Normalization was associated with pronounced improvement in clinical status. He had fewer infections; weight,
height, and head circumference increased substantially
(see Figure S1); and both hypoalbuminemia and low levels
of growth hormone-dependent factors IGF1 and IGFBP3
normalized. Psychomotor development also seemed to
improve: the child became more alert and mobile and progressively took increasing part in various daily activities.
Examination at the age of 17 years revealed lack of expressive speech with moderate to severe intellectual disability,
muscular hypotonia, and bilateral spasticity (Gross Motor
Function Classification System Level IV). However, he
understood commands, interacted with others, and performed some activities. Weight and height had become
nearly normal (2.8 SDS resp. 1.6 SDS), whereas microcephaly was still pronounced (5.1 SDS). Brain MRI
showed white matter changes consistent with hypomyelination (Figure S2).

Individual #85880 (JPN), a girl, was born at 38 weeks’
gestational age, the third child of non-consanguineous
Japanese parents. A brother is healthy. A sister has mild intellectual disability. Birth weight and head circumference
were low (1,564 g, 4.1 SDS; 29 cm, 3.5 SDS). Pregnancy
was normal except for intrauterine growth retardation. At
the age of 4 days, mildly elevated transaminase activities
(ALAT, ASAT) and a normal to slightly reduced prothrombin time were observed. These spontaneously improved
until 6 years of age. Liver biopsy at 2 years of age showed
steatosis and portal-tract fibrosis with evidence of accelerated hepatocyte turn-over in absence of other usual histopathologic features of hepatitis or steatohepatitis
(Figure S3). The girl had global developmental delay
(sitting at 15 months of age, walking at 2 years of age).
At the age of 5 years, severe sensorineural hearing loss
was diagnosed. Body growth was retarded (with documented growth hormone deficiency). Growth hormone
therapy between the ages of 3 4/12 years and 14 years resulted in normalization of growth. She had an unexplained episode of unconsciousness and two episodes of
afebrile generalized tonic-clonic seizures for a few minutes
at 14 and 16 years. Electroencephalograms were unremarkable and no antiepileptic drug therapy was initiated. Insulin-dependent diabetes mellitus was diagnosed at 16 years
of age and insulin therapy was started. Brain MRI was
normal at the age of 16 years. At this writing, she is 21 years
old and has mild to moderate intellectual disability (verbal
IQ 47, performance IQ 50). She has no microcephaly. Liver
function is normal. Recurrent infection is not a problem.
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Individual #83921 (AUT), a boy, was born at
38þ4 weeks’ gestational age to non-consanguineous Austrian parents. Birth weight and head circumference were
both low (2,700 g, 1.6 SDS; 30 cm, 3.8 SDS). Pregnancy
was normal except for intrauterine growth retardation. At
the age of 3 weeks, jaundice became apparent and conjugated hyperbilirubinemia, mildly elevated ALAT and
ASAT, but normal gGT and mild hypoalbuminemia were
identified. Liver biopsy found non-specific changes labeled
as ‘‘neonatal hepatitis.’’ Jaundice spontaneously disappeared at the age of 5 months. In the second year of life,
three episodes of marked conjugated hyperbilirubinemia,
moderate coagulopathy, markedly elevated ALAT and
ASAT, but normal gGT were encountered in the context
of a gastrointestinal and two respiratory infections. Liver
biopsy at 14 months of age showed cholestasis, steatosis
with steatohepatitis, portal-tract fibrosis with bridging in
a biliary rather than post-necrotic pattern, and evidence
of accelerated hepatocyte turn-over (Figure S4). At the
age of 2 years, an upper respiratory tract infection
was accompanied by acute liver failure (conjugated bilirubin 10.2 mg/dL, normal < 0.3; ALAT 360 U/L, ASAT
1,700 U/L, normal < 50; gGT 16 U/L, normal < 21; INR
2.7, normal < 1.2) complicated by candida sepsis and
requiring intensive-care support. After recovery, he had
an episode of prolonged conjugated hyperbilirubinemia
with low serum gGT associated with an infection. After recovery from infections, serum albumin levels ranged from
low to normal and coagulation parameters normalized.
During episodes of liver dysfunction, the boy appeared to
benefit from a high-calorie diet. Alimentation was generally difficult: despite high-calorie tube feeding, weight
and height remained below the 3rd percentile and at 2
years of age (height 6.2 SDS, weight 3.5 SDS, head
circumference 4.4 SDS) a percutaneous gastrostomy was
placed. On high-calorie stomal feeding the boy throve
better, with improved motor skills, but vomiting was a
problem. Zinc deficiency was diagnosed at 2 6/12 years
of age and zinc supplementation was started (1–2 mg/kg
body weight/day). Zinc levels fluctuated markedly (minimum 6.1 mmol/L) but tended to be slightly below the
normal range despite supplementation. Supplementation
with isoleucine (200 mg/kg/day) also was started and
alimentation increased. The boy has thereafter appeared
less susceptible to infection, with better development.
Psychomotor development was delayed; at the age of 2
years, the child performed at the level of a 12-month-old
infant. No abnormality was identified on brain MRI at
the age of 2 3/12 years. At this writing, the boy is 3.5 years
old. He is short (5.0 SDS) and microcephalic (3.3 SDS),
but BMI is normal (þ1.0 SDS).
In all three individuals, a mitochondrial disease was
suspected clinically and respiratory chain complexes
were measured in muscle (subjects DEU and AUT), liver (subject AUT), and/or fibroblasts (subjects DEU and JPN) (see
Table S2). Activities of complex I appeared to be decreased
in the three subjects in at least one tissue, whereas activity

of complex IV was decreased in one. Thorough clinical
and metabolic investigations were without specific findings
in all cases. Transient elevations of plasma lactate concentrations were found. However, plasma lactate was also repeatedly normal in all individuals and brain magnetic resonance
spectroscopy (MRS), performed in subjects DEU and AUT at
the age of 17 and 2 years, showed no lactate peaks.
Informed consent to participate in the study was obtained from all affected individuals or their parents in
case of minor study participants. The study was approved
by the ethics committees of the University Hospital Heidelberg, the Technische Universität München, the Jikei
University School of Medicine, Chiba Children’s Hospital
and Saitama Medical University, and the Medical University of Innsbruck. Whole-exome sequencing performed
on genomic DNA from individual #65269 (DEU) did not
identify likely clinically relevant variants in genes previously associated with the observed clinical phenotype or
a mitochondrial disorder.10,11 A search for homozygous
or potentially compound heterozygous rare variants
(MAF < 0.1% in 7,000 in-house exomes, 1000 Genomes
Study) prioritized the five genes PROB1, UBR2 (MIM:
609134), IARS, PLXNB3 (MIM: 300214), and DUSP21
(MIM: 300678). Given the overlap of clinical features of
the investigated individual with the phenotypic spectrum
of other ARS defects, we considered IARS a strong candidate. Results of two independent exome sequencing
studies that revealed biallelic IARS variants in two unrelated individuals from Austria and Japan with phenotypic
features like those in the German boy supplied further
evidence for a causal association of biallelic IARS variants
with the disease presentation. All six identified IARS
variants were confirmed by Sanger sequencing. Carrier
testing confirmed a compound heterozygous state of
the IARS variants (Figure 1). Except for the variant
c.1252C>T, which was detected three times in a heterozygous state, none of the IARS variants (c.760C>T,
c.1109T>G, c.1310C>T, c.2974A>G, and c.3521T>A)
was listed in >120,000 alleles of the Exome Aggregation
Consortium (ExAC) Server (12/2015). All the missense
mutations change evolutionarily conserved amino acid
residues (Figure 1) and are accordingly predicted to be
damaging (PolyPhen-2 and SIFT). Immunoblotting analysis of fibroblast cell extracts from all three affected individuals showed reduced levels of IARS protein only for
subject #65269 (DEU; see Figure S5). Immunostaining of
formalin-fixed, paraffin-embedded archival liver-biopsy
material (JPN, AUT) found no marking for IARS in one
(JPN) and normal marking in the other (AUT; Figure S6).
Four of the six mutations lie in the first half of the gene,
in close proximity to the IleRS core domain (Figure 1).
To evaluate the functional relevance of identified IARS
variants, we made use of a Tet-Off yeast model.12 In the
TET-ILS1 strain, expression of ILS1, the Saccharomyces
cerevisiae ortholog of human IARS, can be negatively
regulated by addition of doxycycline to the growth medium. The strain shows normal growth under standard
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family F1 of #65269 DEU

I-1
#65271
c.[1252C>T];[=]
p.[Arg418*];[=]

I-2
#65270
c.[3521T>A];[=]
p.[Ile1174Asn];[=]

II–2
#65272
c.[=];[=]
p.[=];[=]

II–1
#65273
c.[3521T>A];[=]
p.[Ile1174Asn];[=]

family F2 of #85880 JPN

I-1
#
c.[760C>T];[=]
p.[Arg254*];[=]

c.1109T>G
p.Val370Gly

B

I-2
#
c.[1310C>T];[=]
p.[Pro437Leu];[=]

II–2
#
c.[=];[=]
p.[=];[=]

II–1
#
c.[1310C>T];[=]
p.[Pro437Leu];[=]

II–3
#65269
c.[1252C>T];[3521T>A]
p.[Arg418*];[Ile1174Asn]
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#
c.[2974A>G];[=]
p.[Asn992Asp];[=]
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#
?
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c.[760C>T];[1310C>T]
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family F3 of #83921 AUT

c.2974A>G
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c.3521T>A
p.Ile1174Asn

c.1310C>T
p.Pro437Leu

weak calf syndrome
c.235G>C
p.Val79Leu

NM_002161.5
(4546 nt)
exon

1

2

EAW62813.1
(1262 aa)

3
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6

7

8
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254

73-HQSGFHVDRRFGWDC-87
77-HQSGFHVDRRFGWDC-91
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p.Val370Gly
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33 34

UTR
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Figure 1. IARS Variants and Gene Structure
(A) Pedigrees of the three families with recessive inherited mutations in IARS.
(B) Structure of IARS with known conserved protein domains in the gene product and localization and conservation of amino acid residues affected by mutations identified in the three families as well as by the orthologous-gene mutation associated with the weak calf
syndrome. Intronic regions are not drawn to scale. Coloring in the sequence alignment represents the identity of amino acid residues.

conditions (Figure 2). Reduced expression of ILS1 resulted
in considerable growth impairment; however, this phenotype was fully rescued by expression of the human wildtype IARS cDNA (Figure 2, first two lines) providing an
in vivo assay to evaluate mutant alleles. IARS cDNAs
carrying the different variants were cloned into the lowcopy vector pYX122 (Novagen) and growth was compared
to that of cells transformed with a wild-type copy of IARS
or with the empty vector.
Without addition of doxycycline, the transformed yeast
strains grew like the positive control. Upon downregulation of the yeast IARS ortholog, no growth rescue was

observed in yeast transformed with empty vector (negative
control), plasmids encoding the two IARS loss-of-function
variants c.1252C>T (p.Arg418*) (#65269, DEU) and
c.760C>T (p.Arg254*) (#85880, JPN), or a plasmid encoding the missense variant c.2974A>G (p.Asn992Asp)
(#83921, AUT). An intermediate growth phenotype was
obtained by expression of the four missense variants
c.235G>C (p.Val79Leu) (not encountered in any proband;
the ortholog of that in IARS in cattle, which underlies weak
calf syndrome), c.3521T>A (p.Ile1174Asn) (#65269, DEU),
c.1310C>T (p.Pro437Leu) (#85880, JPN), and c.1109T>G
(p.Val370Gly) (#83921, AUT); the last displayed the
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Figure 2. Yeast Studies
Spot assay and growth curves of TET-ILS1 strain, transformed with the low copy vector pYX122 (Novagen) containing different mutated
versions of human IARS cDNA encoding the protein products ‘‘hsIARS WT,’’ pYX122:hIARSwt; ‘‘hsIARS V79L,’’ pYX122:hiarsp.Val79Leu;
‘‘hsIARS I1174N,’’ pYX122:hiarsp.Ile1174Asn; ‘‘hsIARS R418*,’’ pYX122:hiarsp.Arg418*; ‘‘hsIARS R254*,’’ pYX122:hiarsp.Arg254*; ‘‘hsIARS
P437L,’’ pYX122:hiarsp.Pro437Leu; ‘‘hsIARS V370G,’’ pYX122:hiarsp.Val370Gly; and ‘‘hsIARS N992D,’’ pYX122:hiarsp.Asn992Asp. Empty vector
‘‘pYX,’’ pYX122, was used as a negative control. Decreasing numbers of yeast cells (5 3 106, 5 3 105, 5 3 104, 5 3 103, 5 3 102) were
spotted onto plates containing drop-out medium (SC-His). Growth curves were obtained in liquid cultures with SC-His medium by
monitoring OD600. Downregulation of yeast ILS1 was induced by addition of 50 mg/mL doxycycline.
(A) Expression of the different IARS WT and mutant constructs in the TET-ILS1 strain did not show any negative effect on growth.
(B) Downregulation of ILS1 led to failure in growth that could be rescued by expression of human wild-type IARS. Each affected individual carries one loss-of-function allele in combination with one allele that displays residual activity as measured by growth. Transformation with a construct encoding the variant associated with the perinatal weak calf syndrome resulted in partial rescue of the growth
defect.
(C) Growth in liquid culture. Cells grown overnight were inoculated into fresh medium containing doxycycline. OD600 ¼ 0.1; growth
monitored at 30 C.
(D) Optical density after 12.5 hr of growth, expressed as percentage of WT. All variants significantly impaired the growth rate (Wilcoxon
test, p < 0.05).
Representative data are shown.

mildest, but significant, growth impairment (Figure 2).
Hence, each affected human individual is compound heterozygous for an IARS loss-of-function allele and an allele
with significantly reduced but some remaining functionality, similar to the allele causing weak calf syndrome.
Treatment with zinc appeared beneficial in subject
#65269 (DEU), possibly due to zinc deficiency or to zinc
dependence of IARS activity, as shown for the E. coli
ortholog.13 Supplementation using a wide range of zinc
concentrations did not improve yeast growth, permitting
argument that zinc has no direct effect on IARS activity.

To gain further insight into the expression pattern of IARS
and its role for embryonic development, we undertook
in situ hybridization and morpholino (MO) knockdown
of iars in zebrafish. Iars is conserved in zebrafish and shares
74% homology to the human protein. The expression of
iars is ubiquitous in zebrafish during early embryonic development. It localizes to the somites and developing brain regions after gastrulation, especially in the tectum region of
the brain, pineal gland, and hindbrain (Figure 3). To assess
Iars function, two splice-blocking MOs specific to iars
were injected into zebrafish embryos. MO specificity was
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Figure 3. In Situ Hybridization and Morpholino Knockdown of
iars in Zebrafish
Zebrafish were maintained35 and embryos were staged as
described.36 Embryos older than 24 hr after fertilization (hpf)
were treated with 0.0003% phenylthiourea (Sigma) to inhibit
pigment synthesis and fixed in 4% paraformaldehyde (PFA) previous to in situ hybridization. The in situ hybridization protocol was
adapted37 using specific probes for the iars mRNAs. The MOs
used were splice blocking and 5-bp-mismatch control MOs,
designed and synthesized by Gene Tools (exon 18 MO: 50 -ATG
TGTGGTTTGTTTTCTCACCGTA-30 , exon 18 5-bp-mismatch 50 -AT
aTGTaGTTTaTTTTCTaACCaTA-30 ; exon 32 MO: 50 -ACCGTCTGA
CAGCAGAACACACAGA-30 , exon 32 5-bp mismatch: 50 -AaCGTC
TaACAGaAGAACAaACAaA-30 ). Single-cell stage embryos were injected with 0.5 ng of MO and maintained at 28 C until the desired
developmental stage was attained.
Lateral views with anterior to the left at developmental stages
indicated.
(A) In situ hybridization for iars mRNA at 13 hpf and sense mRNA
control. Iars expression localizes predominantly to the somites
and developing brain regions. The arrow indicates midbrain
expression.
(B) 25 hpf. Iars in situ (left), arrows indicate tectum (blue), cerebellum (black), and somites (red). Sense control (right) shows no
signal.
(C) 48 hpf. Iars is specifically expressed in the tectum region of the
brain (blue), as well as in the pineal gland (green) and hindbrain
(black).
(D) MO-injected zebrafish embryos at 26 hpf are shown. Knockdown of iars yields retarded development, brain deformity, as indi-

validated by RT-PCR and injection of 5-bp-mismatch MOs
(Figure 3 and data not shown). Upon iars downregulation,
embryonic development is generally delayed, with embryos exhibiting altered brain configuration and severe
shortening of the posterior body axis (Figure 3). The
observed phenotype had a high consistency of about 85%
for both MOs. Notably, the knockdown resulted in a
concentration-dependent high level of lethality. Embryos
injected with 0.5 ng and 1 ng MO targeting exon 32 showed
40% (n ¼ 35) and 80% (n ¼ 95) lethality rates, respectively,
while 80% and 85% of embryos died upon injection
of the same concentrations of MO targeting exon 18
(n0.5ng ¼ 37 and n1ng ¼ 87). Lethality rate was decreased
to 41% (n ¼ 93) by addition of human IARS mRNA, confirming the MO targeting exon 18 specificity and, at the same
time, suggesting an evolutionarily conserved role for iars
in embryonic development. As in yeast, zinc treatment
did not result in a phenotypic rescue (data not shown).
Overall the experiments performed in this animal model
suggest an important role for Iars in embryogenesis. Downregulation of iars causes high lethality, with surviving
embryos exhibiting a severe and consistent brain phenotype and a shortening of the body axis reminiscent of the
human phenotype.
Mutations in IARS recently have been identified as underlying weak calf syndrome in Japanese black cattle.8
The phenotype of the calf disorder strikingly resembles
that of the three probands of this study. Body weight in
six affected calves was between 30% and 70% of that of
age-matched control calves. We tested whether oxidative
phosphorylation (OXPHOS) activity is decreased in
affected calves, as findings varied within our patient
cohort. OXPHOS activities in muscle, liver, and fibroblasts
of affected calves (n ¼ 6) were normal compared with controls (n ¼ 3; see Table S2). Thus, OXPHOS dysfunction is
not directly linked to mutations in IARS in calves. We
also determined blood zinc levels in 13 affected calves
and 20 healthy calves. Zinc levels did not differ between
the two groups (Table S3). Hence it is likely that reduced
zinc levels and impaired OXPHOS activities are not directly
related to IARS mutations.
Our genetic and experimental findings provide evidence
that mutations affecting functionally conserved domains
in IARS cause a multisystem phenotype in man including
severe growth retardation with prenatal onset, intellectual
disability, muscular hypotonia, and infantile hepatopathy.
All three individuals presented in this study share principal clinical features, but phenotypes vary. The neurological phenotype in individual #65269 (DEU) is severe,
including absence of expressive speech, spasticity, pronounced white matter deficit, and severe microcephaly,
whereas individual #85880 (JPN) has moderate intellectual

cated by the arrow to the midbrain region, and severe shortening
of the body axis, as highlighted by the double head arrows. Left,
control embryo; middle, zebrafish injected with MO targeting
exon 18; right, zebrafish injected with MO targeting exon 32.
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disability without motor dysfunction and with normal
findings on brain MRI. It cannot be excluded that the intellectual disability of individual #85880 (JPN) is modified by
another cause than IARS mutations, because her sister, who
did not harbor the identified pathogenic IARS variants, is
also affected by intellectual disability. However, in the families of individuals #65269 (DEU) and #83921 (AUT), family histories for intellectual disability are unremarkable.
Liver function was basically normal in individual
#65269 (DEU), whereas infantile hepatopathy (leading to
liver failure in one occasion) was present in the other
two probands, with steatosis and portal-tract fibrosis. Liver
biopsy of individual #83921 (AUT) additionally displayed
cholestasis. Among 107 rare or private variants identified in the exome of this subject was a heterozygous
c.1460G>A (p.Arg487His) change in ABCB11 (MIM:
603201, GenBank: NM_003742), encoding bile salt export
pump (BSEP). However, immunostaining of liver-biopsy
material found normal BSEP marking. A homozygous mutation affecting the same codon, yielding p.Arg487Pro, has
been identified in a subject with progressive familial intrahepatic cholestasis type 2 (MIM: 601847).14 Heterozygous
ABCB11 mutations are implicated as predisposing to intrahepatic cholestasis of pregnancy15 and to transient
neonatal cholestasis.16 The ABCB11 variant identified in
individual #83921 (AUT) may contribute to greater
severity of liver disease, including cholestasis, in him
than in the other individuals with compound heterozygous IARS mutations and no rare variants in ABCB11.
An essential role of IARS is underlined by the fact that
none of the human subjects have two loss-of-function alleles (the same holds for affected calves, which are homozygous for a single substitution mutation) and by the mainly
lethal, severe phenotype of MO knockdown zebrafish. The
pathomechanism of IARS deficiency is not yet understood.
Although reduced growth could be explained by altered
global translational performance, the pathomechanism of
organ-specific signs is likely to be more complex. Given
the ubiquitous presence and vital importance of ARSs in
all cells of archae, bacteria, and eukarya, it is remarkable
that mutations in ARSs cause considerably distinct clinical
pictures with tissue-specific phenotypes in humans.1,4,17
Apart from aminoacylation and editing activity, the socalled canonical functions of ARSs, some ARSs exhibit
non-canonical activities in vertebrates. These include translational control, transcription regulation, signal transduction, and modulation of cell migration, angiogenesis,
inflammation, and tumorigenesis.1,18 IARS also is part of a
multi-synthetase complex (MSC), which is organized by
nine cytoplasmic ARSs and the three aminoacyl-tRNA
synthetase-interacting multifunctional proteins AIMP1,
AIMP2, and AIMP3.19,20 Tissue specificity has been speculatively linked to such non-canonical functions or to involvement in the MSC.21 Interestingly, deficiencies of LARS and
MARS also are known to cause hepatopathy,6,7 and these enzymes also are part of the MSC. To propose a role of MSC
dysfunction in hepatobiliary disease thus lies near at hand,

perhaps through accumulation of mis-folded proteins,
with endoplasmic-reticulum stress in consequence, due to
incorrect editing of amino acids.22 An important role for
iars in zebrafish brain development is consonant with the
abnormalities of brain function in the subjects of this study.
Regarding the MRI findings in cytosolic ARS, several
open questions remain. The mild supratentorial white
matter T2-hyperintensity in subject #65269 (DEU) is
consistent either with a complex pattern of hypomyelination with a normal signal of subcortical, late myelinating
white matter or with white matter changes secondary to
neurodegeneration; his visually low choline resonances
in the quantitiative MRS are also consistent with hypomyelination. The presumed hypomyelination may be
compared with individuals with mutations in DARS
(MIM: 603084),23,24 whereas microcephaly is reminiscent
of the phenotype seen in individuals with mutations in
QARS (MIM: 603727).25 A simplified gyral pattern is not
apparent, however, in the individuals with mutations in
IARS. The beneficial effect of zinc supplementation
observed in human subjects could not be demonstrated
in the yeast or zebrafish models. Therefore, IARS enzyme
activity seems to be independent of zinc levels and the
beneficial effect of zinc supplementation is likely compensating secondary zinc deficiency. However, zinc has been
proposed to interact with the active site of IARS and to
be required for normal cell growth.13 A role for zinc, especially in editing substrate specificity, has been demonstrated for other ARSs, including alanyl-, seryl-, and
threonyl-tRNA synthetase.26–29 The cause of zinc deficiency as observed in all our three probands remains unresolved, but could be explained by chronic liver disease at
least in individuals AUT and JPN, because chronic liver disease is known to be associated with zinc deficiency.30,31
In recent years, whole-exome sequencing studies
have revealed various causes of infantile liver failure with
partly specific clinical phenotypes, including mutations
in LARS,6 NBAS (MIM: 616483),32,33 SCYL1 (MIM:
616719),34 and now IARS. Precise genetic and clinical phenotyping is crucial for both understanding these diseases
and for suspecting and diagnosing them in the clinical
setting. This study delineates mutations in IARS as underlying a multisystemic disease affecting mainly growth, brain,
and liver. For reasons yet to be determined, this disease is
associated with zinc deficiency and can be palliated by
zinc supplementation.
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D., Rayner, A., Dutton, L., Meier, Y., Antoniou, A., Stieger,
B., Arnell, H., et al. (2008). Severe bile salt export pump deficiency: 82 different ABCB11 mutations in 109 families.
Gastroenterology 134, 1203–1214.
15. Dixon, P.H., van Mil, S.W., Chambers, J., Strautnieks, S.,
Thompson, R.J., Lammert, F., Kubitz, R., Keitel, V., Glantz,
A., Mattsson, L.A., et al. (2009). Contribution of variant alleles
of ABCB11 to susceptibility to intrahepatic cholestasis of pregnancy. Gut 58, 537–544.
16. Hermeziu, B., Sanlaville, D., Girard, M., Léonard, C., Lyonnet,
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SUMMARY

INTRODUCTION

Mitochondria are essential for numerous cellular
processes, yet hundreds of their proteins lack
robust functional annotation. To reveal functions
for these proteins (termed MXPs), we assessed
condition-specific protein-protein interactions for
50 select MXPs using affinity enrichment mass
spectrometry. Our data connect MXPs to diverse
mitochondrial processes, including multiple aspects of respiratory chain function. Building upon
these observations, we validated C17orf89 as
a complex I (CI) assembly factor. Disruption of
C17orf89 markedly reduced CI activity, and its
depletion is found in an unresolved case of CI
deficiency. We likewise discovered that LYRM5
interacts with and deflavinates the electron-transferring flavoprotein that shuttles electrons to coenzyme Q (CoQ). Finally, we identified a dynamic
human CoQ biosynthetic complex involving multiple MXPs whose topology we map using purified
components. Collectively, our data lend mechanistic insight into respiratory chain-related activities and prioritize hundreds of additional interactions for further exploration of mitochondrial
protein function.

Mitochondria are centers of metabolism for nearly all eukaryotic
cells. Once considered to be mere sites of ATP generation, it is
now appreciated that mitochondria participate in a wide range
of essential functions related to cellular metabolism, signaling,
and programmed cell death (Pagliarini and Rutter, 2013). Consistently, large-scale proteomics- and computation-based efforts
during the past decade have revealed that the mitochondrial proteome is much more extensive than once thought, and dysfunction of these organelles is now associated with hundreds of
inborn errors of metabolism and common diseases (Koopman
et al., 2012; Nunnari and Suomalainen, 2012).
Despite our advanced cataloging of the mammalian mitochondrial proteome, functional characterization of these proteins is
far from complete (Calvo et al., 2016; Pagliarini et al., 2008).
This gap in knowledge has limited our understanding of basic
mitochondrial biology and has obscured the nature and cause
of many mitochondrial diseases. For instance, many patients
with biochemically established mitochondrial diseases lack mutations in known mitochondrial disease genes, implying the existence of unidentified proteins whose proper functions are necessary for the affected processes (Calvo et al., 2010; Haack et al.,
2011). Alternatively, other diseases arise from mutations in mitochondrial proteins with no known functions, making it difficult to
interrogate the molecular mechanisms of the diseases.
Protein-protein interactions (PPIs) can provide powerful
insight into protein function. Recent advancements in affinity
enrichment mass spectrometry (AE-MS) (Hein et al., 2015;
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Figure 1. AE-MS Methodology
(A) Schematic workflow of the AE-MS method.
(B) Localization of all FLAG-tagged constructs was
established based on MLS-GFP and anti-FLAG
fluorescence microscopy (see Figure S1). Venn
diagrams report the percentage of the MitoCarta+
list (Table S1) associated with each category.
(C) Galactose induces mitochondrial respiration.
Ratio of rates of oxygen consumption (OCR) and
extracellular acidification (ECAR) in HEK293 (left)
and HepG2 (right) cells grown in 10 mM glucose
(Glu) or galactose (Gal) for 24 hr prior to assay.
OCR/ECAR is proportional to mitochondrial
versus glycolytic flux (asterisk indicates t test p <
0.05). Error bars indicate ± SEM.

RESULTS

Hosp et al., 2015; Huttlin et al., 2015; Keilhauer et al., 2015) have
improved the ability to accurately detect PPIs, enabling researchers to overcome the systematic bias against poorly characterized proteins inherent in many large-scale ‘‘interactome’’
analyses (Sahni et al., 2015). With AE-MS, a protein of interest
(i.e., the bait) is enriched from a sample; it and any co-enriching
proteins are then analyzed by mass spectrometry (MS). In this
process, the majority of captured proteins are typically not
meaningful interactors of the bait. To sort the so-called wheat
from the chaff, the AE-MS approach combines the analyses of
multiple baits with a robust quantitative MS platform and a
scoring algorithm to differentiate between informative interactions and nonspecific background co-enrichment.
In this study, we began by curating a list of proteins from the
mitochondrial proteome that lack significant functional annotation, which we call mitochondrial uncharacterized (x) proteins
(MXPs). Using stringent criteria, we conservatively estimate there
to be 228 MXPs in humans, including more than 25 that have been
associated with human diseases. We then designed a robust AEMS strategy to define an extensive cell type- and condition-specific interactome of 50 select MXPs, enabling us to propose functions and disease associations for these uncharacterized proteins.
Informed by our large-scale AE-MS analyses, we conducted
extensive in vitro biochemistry and cell biology experiments
that validated roles for MXPs in various aspects of the mitochondrial respiratory chain. We establish C17orf89 as a complex I (CI)
assembly factor, whose silencing markedly impairs CI activity,
and whose depletion is found in an unresolved case of isolated
CI deficiency. We also establish LYRM5 as a ‘‘deflavinase’’ that
directly regulates the electron transferring flavoprotein (ETF)
and identify a dynamic human coenzyme Q biosynthetic complex
that includes multiple MXPs. We propose functions for a variety of
other MXPs and make our data freely available to the community
to accelerate further annotation of mitochondrial proteins.
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At Least 20% of the Mitochondrial
Proteome Lacks Functional
Annotation
Previous analyses have suggested that
much of the mitochondrial proteome is
uncharacterized (Pagliarini et al., 2008;
Pagliarini and Rutter, 2013). To capture an up-to-date assessment of mitochondrial proteins and their functions, we combined
the recently updated MitoCarta 2.0 list (Calvo et al., 2016) with
additional literature sources to generate a MitoCarta+ list of
1,166 human proteins with validated mitochondrial localization
(see Table S1 available online). Next, we annotated these proteins based on the integration of online databases and analysis
of the current literature (see Experimental Procedures). Our
data indicate that at least 228 mitochondrial proteins have no
known, or poorly established, biochemical function, and that
an additional 26 proteins with dual localization to the mitochondrion and another cellular compartment do not have clear roles
within the mitochondrion. These MXPs constitute 20% of the
mammalian mitochondrial proteome and include many proteins
associated with human disease (Table S1; Supplemental Experimental Procedures).
Overall Experimental Strategy
To begin characterizing the functions of MXPs, we elected to
establish MXP-specific interactions via AE-MS—an approach
proven to be capable of efficiently connecting uncharacterized
proteins to known pathways (Figure 1A). We prioritized an initial
set of 50 MXPs (Table S1) based on disease relevance, evolutionary conservation, and confirmed localization to mitochondria
when possessing a C-terminal FLAG-tag (Figures 1B and S1).
We supplemented these bait proteins with 27 mitochondrial proteins of known function (Table S1) and a variant of green fluorescent protein harboring an N-terminal mitochondrial localization
sequence (MLS-GFP-FLAG). We performed our interaction analyses in two cell lines (HEK293 and HepG2) grown in both
glucose- and galactose-based media conditions. Galactose is
known to increase oxygen consumption and dependence on
mitochondrial respiratory chain function, which we observed in
both lines (Figure 1C). We collected three replicates (i.e., distinct

cell transfections) of each condition for a total of 12 analyses per
bait protein.
Following anti-FLAG immunoaffinity enrichment, protein eluate
was analyzed using nanoflow liquid chromatography coupled to
high-resolution MS (quadrupole linear ion trap-Orbitrap hybrid,
nLC-MS/MS). Analysis of these 78 unique baits required 936
nLC-MS/MS experiments that generated 20 million MS/MS
spectra, identified 5 million unique peptides, and resulted in the
observation of 10,000 unique proteins. On average, each nLCMS/MS experiment detected 1,000 unique proteins; however,
each bait likely has far fewer bona fide interactions. To help
distinguish genuine interactions from background, we utilized
CompPASS, a known and validated algorithmic approach for
highlighting high-confidence interactions and removing non-specific binders (Sowa et al., 2009), modified to incorporate label-free
quantitation data.
AE-MS Analyses Identify Hundreds of Mitochondrial
Protein Interactions
To assess the performance of our approach and to determine an
appropriate cutoff score, we focused on our positive-control bait
proteins that have known binding partners. We curated a list of
literature-established PPIs involving our positive-control baits
and compared their CompPASS scores to those for all mitochondrial preys (Table S2). We selected a stringent cutoff score
that achieved 93% sensitivity for known PPIs while simultaneously eliminating 95% of all observed, likely background, interactions (Figure 2A).
Applying this threshold to the rest of our data, and filtering for
proteins in our MitoCarta+ list, we identified 1,829 interactions
from a total observed set of 109,817 (Figure 2B; Table S3).
Consistent with previous efforts (Jäger et al., 2012), we found
that using more than one cell type is an effective means for identifying and prioritizing interactions, as only 32% of interactions
are shared between the cell lines when limited to our stringent
cutoff score (Figure 2C). Changing the carbon source (i.e.,
glucose versus galactose) had a more modest effect, with 61%
of interactions shared between conditions at our threshold cutoff
(Figures 2D and S2); however, the abundances of hundreds of
these shared interactions are modulated by these changing conditions (Figure 2E), suggesting that mitochondrial metabolism
may be linked to the regulation of PPIs. Thus, our experimental
design expanded our search space, enabled the identification
of meaningful interactions by excluding nonspecific background, and detected interactions affected by nutrient state.
C17orf89 Is a CI Assembly Factor
We designed our study with an awareness that many known
mitochondrial pathways and processes are ‘‘missing’’ enzymes
or functional components that could be completed by our
MXPs. For example, 45%–60% of biochemically validated cases
of CI (Calvo et al., 2010; Haack et al., 2011), CII (Jain-Ghai et al.,
2013), and CIII deficiency (Fernández-Vizarra and Zeviani, 2015)
lack molecular diagnoses. As such, we prioritized MXPs that
interacted with respiratory chain components for functional
investigations.
A particularly noteworthy MXP in this category was C17orf89,
a 7 kDa protein that interacted with the known CI assembly factor

(CIAF) NDUFAF5 (Figure 3A). Out of 1,415 observed preys for
C17orf89, 31 mitochondrial proteins were above our cutoff
score, and only four interactions were observed in both cell lines.
Of these, the highest-scoring interaction was between C17orf89
and NDUFAF5. Reciprocally, only three mitochondrial preys interacted with NDUFAF5 in both cell lines, one of which was
C17orf89. We validated this C17orf89-NDUFAF5 interaction by
showing that immunoprecipitation of FLAG-tagged C17orf89
from HEK293 cells captured endogenous NDUFAF5 (Figure 3B).
To test the hypothesis that C17orf89 is necessary for CI activity, we used RNAi to knock down (KD) C17orf89 expression in
HEK293 cells via lentiviral shRNA constructs. Indeed, we found
that silencing of C17orf89 had a dramatic effect on CI activity
(Figure 3C) and subunit levels (Figure S3A), with no consistent
change in the abundance of subunits of other respiratory chain
complexes. We also observed a slight decrease in the abundance of a subunit of CIV (Figure S3A) and of CIV activity (Figure S3B), consistent with a recent study suggesting that loss of
NDUFAF5 also perturbs CIV (Saada et al., 2012). We further
observed a dramatic reduction in the oxygen consumption rates
of live C17orf89 KD cells, both basally and upon stimulation with
the uncoupler FCCP (Figure 3D), without change to the extracellular acidification rate (ECAR, a measure of glycolytic activity)
(Figure S3C). Notably, transfection of C17orf89-FLAG, but not
GFP-FLAG, into KD cell lines was able to rescue much of the
lost CI activity (Figure 3E).
To further assess the functional relationship between C17orf89
and NDUFAF5, we established siRNA-mediated HEK293 KD of
C17orf89, NDUFAF4, NDUFAF5, NDUFAF6, and the CI subunit
NDUFS3 (Figures S4A–S4E) and analyzed each using MS.
Silencing of the target genes resulted in an overall decrease in
CI subunits; however, the pattern of subunit changes for the
C17orf89 kd cells was most similar to that of NDUFAF5 (Figure S4F), further strengthening the C17orf89-NDUFAF5 functional relationship. Strikingly, silencing of C17orf89, but not other
CIAFs or NDUFS3, resulted in a drastic loss of NDUFAF5 protein
(Figure 4A), suggesting that the role of C17orf89 in CI assembly
likely involves the direct stabilization of NDUFAF5.
Our implication of C17orf89 as a CI assembly factor motivated
us to investigate the possibility that its disruption might contribute to unresolved patient cases of isolated CI deficiency.
We sequenced C17orf89 in 125 such cases but did not identify
likely pathogenic variants. However, RNaseq analysis on 96
cell lines from mitochondrial disease patients that had previously
been analyzed by whole-exome sequencing revealed one case
that exhibited an 80% reduction of C17orf89 reads (Figure 4B).
This patient, now 26 years of age, was born to unrelated parents
and presented in childhood with acute encephalopathy, seizures, mild spasticity, and neuroradiological features consistent
with a diagnosis of Leigh syndrome (bilateral high signal intensities in the basal ganglia and brainstem); a diagnostic muscle
biopsy at the age of 14 revealed evidence of an isolated CI
defect (<40% control activity; Figure 4C). Respiratory chain
activities were normal in the sequenced cultured skin fibroblasts
(Figure S4G), as is the case for 50% of patients exhibiting
a respiratory chain defect detected in skeletal muscle, liver,
or heart (Kirby et al., 2007), thereby precluding our ability to
rescue the defect by reintroduction of wild-type C17orf89
Molecular Cell 63, 621–632, August 18, 2016 623
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Figure 2. Overall Analyses of Our AE-MS Approach
(A) CompPASS scoring accuracy. CompPASS scores were calculated for all bait-prey interactions, including those involving only mitochondrial prey (gray) and
those determined a priori to be high-confidence PPIs based on the literature (black). At each score threshold, the percent of remaining PPI per bin was calculated.
Scores to the right of the vertical gray bar exceeded the threshold set for this study and are counted as high-confidence interactions.
(B) Quantitative scoring enriches for high-confidence interactors. (Top) Schematic of the results of CompPASS score filtering. (Bottom left) Heatmap where white
indicates a prey was not observed, and shades of gray indicate quantified abundance. Prey proteins are in rows, and FLAG-tagged baits are in columns. Data are
averages from six replicates per cell line (three glucose, three galactose). (Bottom right) Heatmap showing scores above CompPASS threshold. Preys and baits
are organized in the same order as in left heatmap. Black indicates a score above the threshold. LFQ, label free quantification intensity.
(C) Venn diagram of high-confidence PPIs from each cell line. Mitochondrial interactions above threshold in HEK293 (blue) and HepG2 (green) cells are indicated
(see Figure S2).
(D) Venn diagram of high-confidence PPIs from each carbon source. Mitochondrial interactions above threshold in glucose (orange) and galactose (purple) cells
are indicated.
(E) Histogram of the fold change abundances of PPIs between carbon sources. Select dynamic PPIs involving proteins from the coenzyme Q biosynthetic
pathway (see Figure S6) are indicated.

cDNA. Nonetheless, based on its key role in CI function and its
interaction with NDUFAF5 (Figure 4D), we propose to rename
C17orf89 as NDUFAF8, and suggest that it is a candidate gene
for human CI deficiency.
LYRM5 Binds and Deflavinates the Electron
Transferring Flavoprotein
A second MXP that our AE-MS analyses connected to the respiratory chain is LYRM5, an 11 kDa member of the mitochondrial
family of LYR motif-containing (LYRM) proteins, which also
624 Molecular Cell 63, 621–632, August 18, 2016

include MXPs LYRM1, LYRM2, and LYRM9. LYRM proteins
were first identified as supernumerary subunits of CI (NDUFA6
and NDUFB9) and have recently been found to act as assembly
factors for CII (SDHAF1/LYRM8, SDHAF3/ACN9) (Atkinson et al.,
2011; Ghezzi et al., 2009; Sánchez et al., 2013), CV (FMC1) (Lefebvre-Legendre et al., 2001), and iron-sulfur cluster biosynthetic
enzymes (ISD11/LYRM4) (Adam et al., 2006; Shan et al., 2007).
Our data capture many of these expected LYRM interactions
(Figure 5A). Interestingly, all seven LYRM proteins in our study
were found to interact with NDUFAB1, a poorly characterized

Figure 3. C17orf89 Is Required for Complex I Assembly
(A) Schematic of top-scoring C17orf89 interactions. Arrows originate from bait proteins and point to high-confidence interactors.
(B) Immunoblot of immunoprecipitated FLAG-tagged C17orf89, LYRM5, and MLS-GFP with anti-FLAG (red) or anti-NDUFAF5 (green).
(C) Activity of complex I in C17orf89 knockdown (kd) and control (c) HEK293 cell lines and control lines. Error bars indicate ± SD (see also Figure S3). Percent
reduction in C17orf89 mRNA is indicated for each cell line.
(D) Measurement of oxygen consumption rate (OCR) for the same kd or c lines as in (C) using a Seahorse Extracellular Flux Analyzer (FCCP, carbonyl cyanide
p-trifluoromethoxyphenylhydrazone). Error bars indicate ± SEM.
(E) Complex I activity in kd and c cell lines after transfection with GFP-FLAG (negative control) or C17orf89-FLAG (rescue). Error bars indicate ± SD.

CI subunit that also serves as an acyl carrier protein (Angerer
et al., 2014) (Figure 5A).
Unlike the other LYRM proteins, LYRM5 interacted robustly
with ETFA and ETFB, which comprise the electron transfer flavoprotein (ETF) (Figure 5A). ETF partners with ETF dehydrogenase
to shuttle electrons to CoQ. Notably, LYRM5-FLAG immunoprecipitation enriched for endogenous ETFA and ETFB to a much
greater extent than does IVD—a known ETF substrate (Kim
and Miura, 2004) (Figures 5B and S5). Furthermore, the LYRM5
IP elution generated a single band containing LYRM5, ETFA,
and ETFB on a BN-PAGE immunoblot (Figure 5C). To test
whether the LYRM5-ETF interaction is direct, we purified recombinant ETF and LYRM5 from E. coli (Figure 5D) and demonstrated that they form a stable complex by size-exclusion chromatography (Figure 5E). LYRM5 alone eluted as a broad peak
around 44 kDa, indicating that it may exist as a tetramer.

Surprisingly, the purified LYRM5-ETF complex lacked the
characteristic yellow color of flavoproteins, suggesting that
LYRM5 either prevents the incorporation of flavin adenine
dinucleotide (FAD) into ETF or that it is capable of removing this
cofactor. To test the ability of LYRM5 to ‘‘deflavinate’’ the ETF
complex, we mixed LYRM5 and ETF at increasing ratios and
measured ETF activity. The addition of LYRM5 led to a
linear reduction of ETF activity up to a ratio of 4:1, at which
point ETF lost all activity (Figure 6A). This decrease in activity
was concomitant with a proportional release of FAD from the
ETF complex, as observed by fluorescence emission spectroscopy (Figure 6B). The interaction of FAD with ETF protein residues
can be seen by the 420 nm and 460 nm peaks on an absorbance
spectrum. These peaks disappear upon addition of LYRM5
(Figure 6C), lending further evidence of its direct deflavination
activity. Collectively, these experiments support a direct, specific
Molecular Cell 63, 621–632, August 18, 2016 625

Figure 4. C17orf89 Stabilizes NDUFAF5 and Is Depleted in a Case of CI Deficiency
(A) Immunoblots of mitochondrial proteins in cells treated with siRNA for CI and CIAF genes. C17orf89 knockdown results in loss of CI subunits and a marked
depletion of NDUFAF5 (red box). See also Figure S4.
(B) RNaseq analysis of C17orf89 expression in 96 cell lines from patients with respiratory chain dysfunction (RPKM, reads per kilobase of transcript per million
mapped reads). Arrow indicates a line with severe loss of C17orf89 expression.
(C) Respiratory chain complex analyses of the patient line indicated in (B), revealing an isolated CI deficiency (P, patient; C, control). Error bars represent
mean ± SD, n = 25.
(D) Proposed model of C17orf89–NDUFAF5 complex function in CI assembly.

interaction between LYRM5 and ETF that results in deflavination
(Figure 6D)—a unique and unexpected activity that perhaps suggests a non-electron transferring role for ETF (see Discussion).
CoQ Is Synthesized by a Dynamic Biosynthetic Complex
Both CI and ETF operate by shuttling electrons to CoQ—a requisite gateway for electron transport along the mitochondrial respiratory chain. CoQ is synthesized within the mitochondrion in a process that involves at least 13 human proteins, six of which we
consider MXPs as they lack well established biochemical roles
in the pathway (Figure S6A). Across a series of isolated studies,
seven S. cerevisiae CoQ proteins, Coq3p–Coq9p, have been
found to physically interact and to potentially form a biosynthetic
complex (He et al., 2014; Marbois et al., 2005). We and others
have speculated that a CoQ complex might exist in other species;
however, species-specific aspects of CoQ biosynthesis exist,
and, to date, there are only four known human CoQ-related PPIs
(Ashraf et al., 2013; Lohman et al., 2014; Nguyen et al., 2014).
Our AE-MS data have now established direct evidence of a
highly interconnected mammalian CoQ biosynthetic complex,
which we call complex Q (Figure 7A). Intriguingly, the abundances of CoQ pathway PPIs involving COQ8A/ADCK3
increased in galactose-treated cells, and those with COQ8B/
ADCK4 reciprocally decreased (Figure 7B)—a phenomenon
that accompanied a marked elevation of CoQ levels in HepG2
cells (Figure 7C) (note that ADCK3 and ADCK4 are now referred
to as COQ8A and COQ8B, respectively—see Stefely et al.
[2016], in this issue of Molecular Cell). We consider COQ8A
626 Molecular Cell 63, 621–632, August 18, 2016

and COQ8B to be MXPs due to their lack of clear biochemical
function; however, consistent with these results, we recently revealed that COQ8A is essential for the stability of CoQ proteins in
a mouse model of Coq8a deficiency (Stefely et al., 2016), and
COQ8B has been shown to interact with COQ6 (Ashraf et al.,
2013). These data suggest an important connection between
CoQ production and interactions among CoQ biosynthetic complex members and may indicate reciprocal regulation of the activities of the paralogs COQ8A and COQ8B.
We next aimed to reconstruct the CoQ interactions using purified recombinant proteins. This is a powerful means to validate
our observed AE-MS interactions, ascertain the direct interactions between the CoQ proteins, and begin mapping the topology of complex Q. Our in vitro analyses using a cell-free protein
translation and purification system revealed that while nearly all
COQ proteins were unstable or insoluble when produced alone,
many coexpression pairs between COQ3–COQ7 and COQ9
were stabilized by direct interaction (Figures 7D, 7E, and S6B).
Strikingly, using this same method, we were then able to rebuild
a CoQ complex containing six of the core members in vitro (Figures 7G and 7H). Combined with the binary interactions noted
above, these data allow us to propose the subunit topology of
the complex (Figures 7F and 7H). While it is likely that other
CoQ-related proteins interact with the complex directly or indirectly and are important for its stability in vivo, such as COQ8A
and COQ8B, this work suggests that these six core CoQ-related
proteins are sufficient to form a complex. These data lend clarity
to an evolutionarily conserved complex Q and provide a platform

Figure 5. LYRM5 Forms a Complex with ETF
(A) Schematic of top-scoring LYRM PPIs. LYRM5-ETF interactions are shaded.
(B) Validation of the interaction between LYRM5 and both ETFA and ETFB. C-terminally FLAG-tagged GFP, IVD, NDUFA4, and LYRM5 were immunoprecipitated
(IP) from HEK cells and immunoblotted (IB) with anti-ETFA and anti-ETFB (upper) or anti-FLAG (lower). LYRM5 enriched for both ETF proteins more efficiently than
IVD, a known ETF interactor.
(C) IP of LYRM5-FLAG or MLS-GFP-FLAG from HEK293 cells analyzed by blue native PAGE analysis and IB. The same membrane was blotted for ETFB (left) and
then FLAG (right) (see also Figure S5).
(D) Recombinant N-terminally His-tagged LYRM5 and untagged ETFA/B were coexpressed in E. coli. Purification of LYRM5 by metal affinity chromatography led
to the copurification of ETFA/B.
(E) LYRM5 and ETF form a stable complex. Size-exclusion chromatography of LYRM5 alone (red), ETF alone (green), or the co-purified LYRM5-ETF complex
(blue) noted in (D).

for the future interrogation of the roles of each complex subunit,
including the MXPs COQ4 and COQ9.
Associating MXPs with Other Established Pathways
Our analyses above focused on MXPs related to CI and CoQ in
order to build upon our recent work in these areas (Khadria
et al., 2014; Lohman et al., 2014; Stefely et al., 2015). However,
our data reveal many other connections between MXPs and
diverse mitochondrial processes. For instance, C15orf48 also interacts with multiple subunits of CI and CIV (Figure S7), suggesting that it regulates the activity of one or both of these complexes, or perhaps supercomplex formation. C2orf47 interacts
with AFG3L2 and SPG7, the two members of the human
m-AAA protease complex that is responsible for the maturation
of several membrane-associated proteins and for mitochondrial
protein quality processes (Ehses et al., 2009) (Figure S7). As a
final example, we observed that DHRS4—a poorly characterized
member of the short-chain dehydrogenases/reductases (SDR)

family (Persson and Kallberg, 2013)—interacts with other members of the SDR family, including DHRS4L2 and CBR4, as well as
with SIRT3 and EHHADH (Figure S7). DHRS4 is reported to have
dual localization to peroxisomes and mitochondria (Matsunaga
et al., 2008; Pagliarini et al., 2008) and is dynamically phosphorylated and acetylated (Grimsrud et al., 2012; Still et al., 2013);
however, no direct function is known. These interactions suggest
that DHRS4 might have an important unappreciated role in coordinating lipid metabolism between these organelles. Our other
top-scoring interactions, and many others that fall just below
our stringent cutoff, can likewise enable new hypotheses about
MXP function (Table S2).
DISCUSSION
Insights into Mitochondrial Respiratory Chain Function
Our identification of C17orf89/NDUFAF8 as a complex I assembly factor (CIAF) pinpoints it as a disease gene candidate for
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unresolved cases of isolated CI deficiency. Given the presence
of twin CX9C domains in its primary structure, C17orf89/NDUFAF8 is likely a member of the coiled-coil-helix-coiled-coil-helix
(CHCH) domain family of proteins (Modjtahedi et al., 2016). Many
CHCH proteins are mitochondrial, and several are involved in
respiratory chain functions, including four CI subunits (Modjtahedi et al., 2016). Our data revealed a robust interaction between
C17orf89/NDUFAF8 and NDUFAF5—a putative methyltransferase that is essential for early stages of CI assembly (Pagliarini
et al., 2008; Sugiana et al., 2008), but for which neither a substrate nor a direct role in CI maturation has been elucidated.
Interestingly, several similar sub-complexes of CIAFs exist,
including the mitochondrial CI assembly (MCIA) complex (Guarani et al., 2014) and the NDUFAF3:NDUFAF4 complex (Saada
et al., 2009). Given that C17orf89/NDUFAF8 interacts with and
stabilizes NDUFAF5, we suggest that C17orf89 may facilitate
the methyltransferase activity of NDUFAF5, or even be its substrate. Furthermore, as we identified a patient with CI deficiency
whose molecular diagnosis eluded whole-genome sequencing
but who is deficient in C17orf89/NDUFAF8 transcript, we both
prioritize this as a disease gene and highlight the importance of
complementary methods for the diagnosis of genetic diseases.
CI is one of several sources of electrons entering the CoQ pool
for transport along the respiratory chain. A second source is ETF,
which interacts with and accepts electrons from various mitochondrial dehydrogenases before passing them to ETFDH (Roberts et al., 1996). ETF harbors causal mutations in glutaric acidemia type 2 (GA2) (Vockley and Whiteman, 2002), and other
cases of GA2 remain unresolved (Schiff et al., 2006). Given
this, we were particularly interested in our observed interaction
of ETF with LYRM5.
We discovered that the interaction between LYRM5 and ETF
results in an efficient—and surprising—removal of FAD from
the ETF holoenzyme. Much work needs to be done to understand the in vivo utility of this process, but a few possibilities
stand out. First, the FAD of ETF could become damaged and
need to be replaced. Second, removal of FAD may facilitate
628 Molecular Cell 63, 621–632, August 18, 2016

the destabilization of ETF and allow for proteolysis and recycling
of the flavin cofactor. Third, if in a given metabolic state ETF is not
interacting with dehydrogenases (i.e., its electron transfer partners), its FAD would be free to interact with water or other matrix
metabolites and generate reactive oxygen species (Rodrigues
and Gomes, 2012). In this scenario, LYRM5 could act to shut
down ETF activity without the need to completely turn over the
enzyme. Finally, it is possible that ETF possesses a distinct,
non-electron transferring function—a possibility we most favor.
Consistent with this hypothesis is our observation that LYRM5,
like other LYRM proteins (Figure 5A), interacts with the CI subunit
NDUFAB1—the mitochondrial acyl carrier protein (ACP) (Angerer, 2015; Angerer et al., 2014). It is possible that LYRM5
serves as an adaptor to bring ETF to CI via NDUFAB1 to perform
an unidentified function. Given our functional discoveries, we
propose renaming C17orf89 and LYRM5 as NDUF Assembly
Factor 8 (NDUFAF8) and ETF Regulatory Factor 1 (ETFRF1),
respectively.
Insights into CoQ Biosynthesis
CoQ is a requisite gateway in the respiratory chain that accepts
electrons from many sources, including CI and ETF (via ETFDH).
Although it was discovered 60 years ago, multiple aspects of eukaryotic CoQ biosynthesis remain unexplained, including roles
for MXPs COQ8A, COQ8B, COQ4, and COQ9 (Figure S6A).
Two notable features emerged from our work with the CoQ
machinery. First, it is abundantly clear that the mammalian
CoQ proteins physically interact to form what appears to be a
biosynthetic complex—complex Q. Saccharomyces cerevisiae
is also known to have a partially defined complex, but it is not
known how this complex facilitates CoQ biosynthesis. Our
work here provides insights into the binary interactions that likely
enable the formation of complex Q in both species. Second, our
work implicates MXPs ADCK3 and ADCK4 (aka COQ8A and
COQ8B, respectively) in complex Q and show that their interactions with the complex are both dynamic and reciprocal. COQ8A
and COQ8B are paralogs that are each likely orthologs of yeast
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Coq8p, and we have speculated that they possess redundant
functions in a condition- or tissue-specific manner. We recently
have shown that COQ8A adopts an atypical protein kinase-like
fold (Stefely et al., 2015) and, building off of the work here,
have now determined that its function is essential for maintaining
complex Q stability (Stefely et al., 2016).
Overall, we have extended the annotation of the mammalian
mitochondrial proteome by identifying robust PPIs involving
MXPs and by validating roles for these proteins in well-characterized mitochondrial pathways. Other prominent PPIs from
our study now await further biological investigation, and many
more that fell below our stringent cutoff score will nonetheless
serve as important clues for the functional annotation of MXPs
moving forward (Table S3). As such, our compendium of statespecific MXP associations will continue to serve as a powerful
resource for the characterization of mitochondrial proteins,
thereby advancing our understanding of basic mitochondrial
biology and its associated pathophysiology.
EXPERIMENTAL PROCEDURES
Mitochondrial Proteome Compilation
Entrez GeneIDs of the mouse MitoCarta (Pagliarini et al., 2008) were converted
from mouse to human using HomoloGene and reciprocal BLASTP searches.
Data from the mitochondrial matrix (Rhee et al., 2013), inter-membrane space
(Hung et al., 2014) proteomic studies, and other high-quality studies were then
integrated with the human MitoCarta 2.0 (Calvo et al., 2016) to generate our
MitoCarta+ list of mitochondrial proteins.
Generation of Tagged Constructs
Mitochondrial open reading frames were obtained from The Broad Institute
and DNASU (Seiler et al., 2014) and cloned into a pcDNA3.1 mammalian
expression vector with a C-terminal FLAG tag.
Mammalian Cell Culture
HEK293 or HepG2 cells were transiently transfected with pcDNA3.1 geneFLAG plasmids using linear polyethylenimine (PEI, PolySciences) and OptiMEM (LifeTechnologies). After 48 hr, cells were washed with PBS, and media
was replaced with DMEM containing either 10 mM glucose or 10 mM galactose. After 24 hr, cells were washed with and harvested into phosphate-buffered saline (PBS), snap frozen in liquid nitrogen, and stored at 80 C.
Affinity Enrichment
Cell pellets were lysed in 200 ml buffer (see Supplemental Experimental Procedures). After vortexing on ice, insoluble materials were pelleted (16,000 g,
10 min, 4 C). Equal masses of cell supernatant were mixed with 30 ml prewashed anti-FLAG magnetic beads (Sigma M8823) for 2–3 hr at 4 C with
end-over-end agitation. Following incubation, beads were washed four times
and proteins were eluted in 70 ml elution buffer containing 0.2 mg/mL FLAGpeptide for 30 min at room temperature with constant agitation.
LC-MS/MS Analysis
All experiments were performed using a NanoAcquity UPLC system (Waters, Milford, MA) coupled to an Orbitrap Elite mass spectrometer (Thermo
Fisher Scientific, San Jose, CA). Reverse-phase columns were made in
house by packing a fused silica capillary with 3.5 mm diameter, 130 Å
pore size Bridged Ethylene Hybrid C18 particles (Waters) to a final length
of 30 cm. The column was heated to 55 C for all experiments. Precursor
trypsin-digested peptide cations were generated from the eluent through
the utilization of a nanoESI source. MS instrument methods consisted of
MS1 survey scans that were used to guide 15 subsequent data-dependent
MS/MS scans. Raw data can be found on Chorus (https://chorusproject.
org) under project ID 1043.
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Data Analysis
Data were processed using the MaxQuant software suite (Cox and Mann,
2008; Cox et al., 2011). Searches were performed against a target-decoy database using the default settings for high-resolution mass spectra. Results were
filtered to 1% FDR at the unique peptide level and grouped into proteins within
MaxQuant. Proteins were quantified across all replicates within each bait set
using MaxLFQ (Cox et al., 2014).
Generation of C17orf89 Knockdown Cells
Viral particles were produced in HEK293 cells by transient transfection with
PEI of lentiviral shRNA construct, psPAX2, and pMD2.G packaging plasmids.
HEK293 cells were transduced in 6-well plates and were selected in culture
medium supplemented with 2 mg/ml puromycin for at least 2 weeks. For siRNA
knockdowns, HEK293 cells were transfected with 10 nM RNA for each target
or the non-targeting siRNA based on the manufacturer’s protocol. After 2 days,
the cells were passaged; the next day were transfected again with 10 nM
siRNA; and after another 2 days were collected for real-time qPCR, immunoblot, and MS-based proteomic analyses.
CI Activity and C17orf89 Sequencing and Expression Analysis
Patients with biochemical evidence of isolated complex I deficiency identified via diagnostic work-up for suspected mitochondrial disease were
screened for disruptive variants in C17orf89 by Sanger sequencing (primers
available on request). C17orf89 transcript abundance in control and patient
lines was measured as described previously (Haack et al., 2015). Informed
consent for diagnostic and research studies was obtained in accordance
with the Declaration of Helsinki protocols and approved by local Institutional
Review Boards.
Purification and Functional Analyses of LYRM5 and ETF
LYRM5 was cloned into a pET28a vector and purified as an N-terminally Histagged protein by immobilized metal affinity chromatography. Size-exclusion
chromatography was performed using a Pharmacia 300 3 10 mm Superdex
200 column. ETF activity ± LYRM5 was measured by monitoring DCPIP
reduction at 600 nm. For assay conditions, 40 mM DCPIP, 20 mM C8-CoA,
and 0.10.2 mM ETF were mixed in 20 mM Tris-HCl buffer (pH 8.0). The assay
reactions were initiated by adding 0.2 mM MCAD, and the UV absorbance
decrease at 600 nm was followed for 3 min. FAD release was measured by
first mixing 10 mM ETF with varying amounts of LYRM5 and incubated on
ice for 2 hr. The samples were then diluted five times in 20 mM Tris-HCl buffer
(pH 8.0), and the fluorescence emission spectra were taken at room temperature (lex = 436 nm). Visible spectra measurements of 10 mM ETF were
measured in the presence of 0, 20, and 40 mM LYRM5 in 20 mM Tris-HCl
buffer (pH 8.0).
Blue Native PAGE
Samples were mixed with native PAGE sample buffer to 13 final concentration
and were loaded onto native PAGE gels alongside native MARK standard. Gels
were run for a total of 2 hr and subsequently subjected to western analysis.
Coenzyme Q Quantification
Tissue culture cells were lysed by vortexing with glass beads and spiked with
an internal standard (CoQ6). Lipids were extracted with CHCl3/MeOH (1:1, v/v)
and analyzed by LC-MS/MS.
Cell-free Expression and Purification
Purified plasmid DNA was used as individual transcription templates with SP6
RNase polymerase. Transcription and translation methods are as previously
described (Makino et al., 2013).
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mt-tRNAMet wobble cytosine in a patient carrying
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Epitranscriptome modiﬁcations are required for structure and function of RNA and defects in
these pathways have been associated with human disease. Here we identify the RNA target
for the previously uncharacterized 5-methylcytosine (m5C) methyltransferase NSun3 and link
m5C RNA modiﬁcations with energy metabolism. Using whole-exome sequencing, we
identiﬁed loss-of-function mutations in NSUN3 in a patient presenting with combined
mitochondrial respiratory chain complex deﬁciency. Patient-derived ﬁbroblasts exhibit severe
defects in mitochondrial translation that can be rescued by exogenous expression of
NSun3. We show that NSun3 is required for deposition of m5C at the anticodon loop in the
mitochondrially encoded transfer RNA methionine (mt-tRNAMet). Further, we demonstrate
that m5C deﬁciency in mt-tRNAMet results in the lack of 5-formylcytosine (f5C) at the same
tRNA position. Our ﬁndings demonstrate that NSUN3 is necessary for efﬁcient mitochondrial
translation and reveal that f5C in human mitochondrial RNA is generated by oxidative
processing of m5C.
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he mitochondrial metabolic pathway of oxidative
phosphorylation (OXPHOS) is composed of B90 protein
components, with 13 of them encoded by the
mitochondrial DNA (mtDNA) and translated within the
organelle. Defects in mitochondrial function caused by impaired
mitochondrial gene expression lead to a wide range of human
metabolic diseases. Impaired mitochondrial translation can stem
from mtDNA mutations in mitochondrial (mt-) tRNAs or, less
frequently, in mt-rRNA (ribosomal RNA). Mutations in nuclear
genes coding for enzymes responsible for mtRNA nucleotide
modiﬁcations, nucleolytic mtRNA processing, proteins involved
in mitochondrial ribosome biogenesis and mitochondrial
translation factors are also associated with a very rapidly
expanding group of human disorders1–3.
Of the over 100 known enzyme-catalysed modiﬁcations in
RNA, methylation is one of the most common4. The majority of
the methyl-based modiﬁcations are conserved from bacteria to
mammals and their functions include structural and metabolic
stabilization as well as functional roles in regulating protein
translation5,6. The existence of methylated nucleosides in RNA
such as 5-methylcytidine (m5C) has been described decades ago,
but the deﬁnition of their precise location, abundance and
cellular functions has commenced only recently7–9. Mammalian
genomes encode at least seven highly conserved RNA:m5C
methyltransferases of the NOL1/NOP2/Sun (NSun) domaincontaining family (NSun 1-7). Human NSun2 and NSun6 both
modify cytoplasmic tRNAs. NSun6 methylates position C72 of
tRNACys and tRNAThr (ref. 10), while NSun2 has a broader
spectrum, methylating various nuclear-encoded tRNAs at
positions C34, 48, 49 and 50 (ref. 11,12) as well as other
non-coding RNA species13,14. Yeast homologue of NSun5
methylates C2278 within a conserved region of the cytosolic
large (25S) rRNA and NSun5 orthologues in yeast, worms and
ﬂies have been implicated in regulation of lifespan and stress
resistance15. Mouse NSun4 is localized in mitochondria and
methylates small (12S) mitochondrial rRNA, with a role in
coordinating mitoribosome assembly16.
Here we report mutations in a previously uncharacterized gene,
NSUN3. We conﬁrm that in humans the protein is localized
in mitochondria17 and show that it is required for methylation
of mt-tRNAMet at the wobble base C34. Furthermore,
we demonstrate that NSun3-dependent modiﬁcation of
mt-tRNAMet is a necessary intermediate step towards the
formation of 5-formylcytosine (f5C) at this position. This study
demonstrates that methylation of mt-tRNAMet by NSun3 is an
important epitranscriptome modiﬁcation, necessary for efﬁcient
mitochondrial protein synthesis and respiratory function.
Results
Loss of NSUN3 in a patient with mitochondrial disease. We
studied a patient recruited in the German network for
mitochondrial disorders (mitoNET) who developed mitochondrial disease symptoms at the age of three months (combined
developmental disability, microcephaly, failure to thrive, recurrent increased lactate levels in plasma, muscular weakness,
proximal accentuated, external ophthalmoplegia and convergence
nystagmus) and presented with combined OXPHOS deﬁciency in
skeletal muscle (Fig. 1a, Supplementary Note 1). Using wholeexome sequencing with previously described methodologies and
bioinformatic ﬁltering pipelines18,19, we identiﬁed compound
heterozygous predicted loss-of-function variants in NSUN3
(Fig. 1b): (i) a 3,114 bp deletion (c.123-615_466 þ 2155del)
removing the entire exon 3 and fragments of the ﬂanking
introns, generating aberrant splicing between exons 2 and 4 and a
frameshift mutation (p.Glu42Valfs*11; Fig. 1c–e) and (ii) a point
2

mutation (c.295C4T) resulting in a premature stop codon
(p.Arg99*) (Fig. 1c–e).
Mitochondrial localization of NSun3. Since a large-scale
proteomic approach has suggested that NSun3 localizes to the
mitochondrial matrix17 and we detected mitochondrial respiratory
chain deﬁciencies in an individual with potentially pathogenic
NSUN3 variants we set out to conﬁrm NSun3 as a mitochondrial
protein. A Flag-tagged version of the NSun3 protein (NSun3-Flag,
mRNA GenBank: NM_022072.3), transiently-expressed in HeLa
cells, colocalized with the mitochondrial protein TOM20 on
immunocytochemistry detection (Fig. 1f). Cellular fractionation
experiments of HeLa cells indicated that the endogenous NSun3 is
enriched within the mitochondrial fraction, along with a known
mitochondrial matrix protein mtSSB1 (Fig. 1g, lane 4). Both
NSun3 and mtSSB1 were resistant to proteinase K treatment of the
mitochondrial fraction, whereas in similar conditions the outer
membrane protein TOM22 was truncated by proteinase
K digestion (Fig. 1g, lane 5), conﬁrming that NSun3 is localized
within mitochondria in human cells.
Impaired mitochondrial translation due to NSun3 deﬁciency.
The compound heterozygous NSUN3 gene variants are predicted to
result in a non-functional, truncated protein product (Fig. 1e).
Western blot analysis using primary human dermal ﬁbroblasts
(hDFs) conﬁrmed the lack of the full-length NSun3 protein in
patient-derived cells (Fig. 2a, mut/mut) that could be rescued upon
lentiviral transduction with complementary DNA (cDNA) encoding a V5-tagged NSun3 construct (Fig. 2a, mut/mut þ NSUN3).
We next asked whether the lack of NSun3 affected mitochondrial function in patient’s hDFs. The mitochondrial
respiratory chain activity was impaired in the absence of
NSun3 (Fig. 2b, Supplementary Note 1). The reduced oxygen
consumption rate in NSun3 mutant cells (mut/mut) was rescued
by re-expression of exogenous NSun3 cDNA (mut/mut þ
NSUN3). We further conﬁrmed the compromised respiratory
chain performance of hDFs lacking the functional NSun3
protein by growing them in a medium containing galactose as
the sole carbon source, therefore forcing the cells to rely more
on mitochondrial ATP production. Under these conditions,
the patient-derived hDFs (mut/mut) had a lower growth rate
than wild-type cells (wt/wt); and this effect was rescued by
re-expression of NSun3 (mut/mut þ NSUN3; Fig. 2c).
These results indicate that NSun3 is necessary for efﬁcient
mitochondrial OXPHOS.
We next asked whether the lack of NSun3 affects mitochondrial
gene maintenance and expression. The mtDNA copy number was
unchanged between wt/wt and mut/mut hDFs (Fig. 2d), consistent
with mitochondrial biogenesis being unaffected by the absence of
NSun3. We next tested whether the lack of NSun3 affects mtRNA
expression by measuring mtRNA levels. In qPCR experiments, we
detected an increase in mitochondrial transcript levels (precursor
and mature) in mut/mut hDFs that was rescued to normal levels
upon NSUN3 cDNA re-expression (mut/mut þ NSUN3) (Fig. 2e).
Northern blot analyses conﬁrmed the increase in the levels of
mature mt-mRNAs and mt-rRNAs in NSUN3 mutant cells
(Supplementary Fig. 1a). High-resolution northern blot analysis
did not reveal any appreciable differences in expression levels of
mt-tRNAs in the absence of NSun3 (mut/mut; Fig. 2f), nor did it
show any effect on mt-tRNA aminoacylation (Supplementary
Fig. 1b). In contrast, measurement of mitochondrial translation by
incorporation of radioactively labelled methionine revealed that the
mitochondrial de novo protein synthesis rate was markedly
decreased in the absence of NSun3 (Fig. 2g,h, Supplementary
Fig. 1c). Lentiviral transduction of NSUN3 cDNA resulted in a

NATURE COMMUNICATIONS | 7:12039 | DOI: 10.1038/ncomms12039 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12039

OXPHOS complex activity
(nmol h–1 mUnit–1 CS)

0.5

0.05

0.4

0.04

0.3

0.03

0.2

0.02

0.1

0.01

0

c
I
1
WT
c.123-615_466+2155del

II
1
c.295C>T
c.123-615_466+2155del

[bp]

2 c.295C>T
WT

2
c.295C>T
WT

d

w
t/w
t
m
ut
/m
m ut+
N
ut
S
/m
ut UN
3

b

a

850
650
500
400
300

Stop

Full length

c.295C>T

Del. exon3

NSun3 mRNA

0
CI

CII

CIII

CIV

Exon 2 Exon 4

CV

GATTGGATGG
TTGTACTA

CM000665.2: 93,802,336-93,805,449del

3

2

4

5

c.295C>T
p.Arg99*

Stop
1

mRNA:

6

C>T point mutation
1

2

3

4

5

6

gDNA:

1

2

3

4

5

6

Genomic deletion
(3114 bp)
mRNA:

2

4

Deletion Stop
of Exon3
(344 nt)

5

g
NSun3-Flag TOM20 DAPI

Fraction
Triton-X100
Proteinase K

T
–
–

D
–
–

C
–
–

Mitochondria
–
–
+
–
+
+

NSun3

gDNA:

1

f

6

Coding sequence

c.123-615_466+2155del
p.Glu42Valfs*11

e

fl

TOM22

tr

mtSSB1
GAPDH
H3
1

2

3

4

5

6

Figure 1 | Identiﬁcation of pathogenic compound heterozygous mutations in NSun3. (a) OXPHOS complex activity in unfrozen patient muscle
homogenate (red line). Grey bars represent the normal range. Note the different scale for complex I–II as compared with complex III–V. (b) Segregation
analysis and electropherogram corresponding to the genomic DNA mutations identiﬁed in the family of a patient carrying NSun3 mutations. The patient’s
parental allele carries a c.295C4T transition in exon 3, while the maternal allele has a 3,314 nt deletion spanning exon 3 (c.123-615_466 þ 2155del).
(c) Mutation analysis of NSun3 mRNA level in human dermal ﬁbroblasts of wild-type (wt/wt), patient (mut/mut) and patient cells rescued with a NSUN3
construct (mut/mut þ NSUN3). Gel electrophoresis of DNA fragments obtained in a reverse transcriptase–PCR using total RNA from the indicated
samples. (d) Sanger sequencing of the bands from the mut/mut sample excised from the gel presented in c showing a stop mutation in the full-length
NSUN3 mRNA and the lack of exon 3 on the shorter band. (e) Schematic overview of the NSUN3 gene, summarizing the mutations in the patient cells (red)
on both genomic DNA (gDNA) and mRNA level. (f) Immunoﬂuorescence labelling of a Flag-tagged NSun3 construct (red) in HeLa cells. Cells were
counterstained for the mitochondrial import receptor subunit TOM20 (green) and DAPI (blue). Scale bar, 10 mm. (g) Sub-cellular localization of NSun3
analysed by western blotting with antibodies against NSun3, TOM22 (mitochondrial outer membrane), mtSSB1 (mitochondrial matrix), GAPDH (cytosol),
Histone H3 (nucleus). HEK293T cells were fractionated into debris (‘D’, lane 2), cytosol (‘C’, lane 3) and mitochondria (‘M’, lanes 4–6) ‘T’ indicates the
total cell lysate. ‘ﬂ’ indicates full-length TOM22, ‘tr’ stands for truncated TOM22.

substantial increase of mitochondrial translation rate in
patient’s hDF (Fig. 2g,h, Supplementary Fig. 1c). The decrease
in mitochondrial protein synthesis rate in mut/mut cells
was accompanied with a reduction in the steady-state levels of
complex I (Supplementary Fig. 1d,e); complex I is often affected
predominately when expression of mtDNA in perturbed20. We
concluded that in the absence of NSun3 mitochondrial transcripts
are upregulated, possibly due to compensatory effects, yet the
loss-of-function mutations of NSun3 impair mitochondrial
protein synthesis. Thus, altogether these data show that NSun3 is
necessary for efﬁcient mitochondrial translation, suggesting that an
NSUN3 defect is responsible for the combined OXPHOS deﬁciency
in the patient.
NSun3 methylates mitochondrial tRNAMet at position C34.
NSun3 shows sequence homology to proteins of the
NOL1/NOP2/Sun (NSun) domain-containing family (PFAM:
01189) that are class I S-adenosylmethionine-dependent
methyltransferases (AdoMet-MTase; Supplementary Fig. 2a).
Other members of this family have been implicated in
post-transcriptional cytosine-5 methylation (m5C) of RNA. We
recently utilized methylation-individual nucleotide resolution
crosslinking and immmunoprecipitation (miCLIP) in a
transcriptome-wide approach to identify NSun2-methylated
nucleosides21. Here we used this method to reveal RNA targets of
the related m5C RNA methyltransferase NSun3. All RNA:m5C

methyltransferases contain a catalytic domain with a common
structural core and the AdoMet-binding site (Supplementary
Fig. 2a). Two conserved active site cysteines, (TC1 and PC2), are
required for the transfer of the methyl group (Supplementary
Fig. 2a)22. Catalytic cysteine (C1) forms a covalent bond with the
cytosine pyrimidine ring. The second conserved cysteine (C2) is
required to break the covalent adduct and releases the methylated
RNA from the enzyme (Supplementary Fig. 2a,b). Mutating the
cysteine C2 to alanine (NSun3-C2A) results in the irreversible
formation of an RNA–protein complex at the methylation site
(Supplementary Fig. 2a–c)22–24. Such catalytic intermediate
RNA–protein complex can be immunoprecipitated and the
attached RNA identiﬁed by sequencing. Covalent crosslinking
of the catalytically inert protein to the cytosine it tries to
methylate, leaves a short peptide at this site and causes the reverse
transcriptase to stall25, so all sequence reads end around (but not
necessarily exactly at) the methylation site9,21. We performed
miCLIP following transfection of the NSun3-C2A catalytic
mutant cDNA construct into HEK293 cells (Supplementary
Fig. 2d). This analysis showed that, in contrast to NSun2,
which mainly methylates cytoplasmic tRNAs11,21, the vast
majority of NSun3 miCLIP detected sites mapped to mtRNAs
(Supplementary Fig. 2e,f, Supplementary Data 1), consistent with
mitochondrial localization of the protein. Analysis of miCLIP
reads revealed a broad spectrum of potential target sites in
mtRNA, however, a more substantial enrichment of sequences
speciﬁc for the following mitochondrial genes was observed: the
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MT-TM, coding for mt-tRNAMet (26% of all reads mapped to
mtDNA and 60% of all mitochondrial tRNA miCLIP loci),
MT-ND1, for mitochondrially encoded NADH dehydrogenase 1
(15% of all reads mapped to mtDNA), along with two other
mt-tRNAs genes, MT-TL1 (coding for mt-tRNALeu(UUR)) and
MT-TS2 (coding for mt-tRNASer(AGY)) (5% and 4.5% of
mtDNA-mapped reads, respectively; Fig. 3a, Supplementary
Data 1). Remarkably, miCLIP sequence reads corresponding to
the nuclear-encoded, cytoplasmic (ct-) initiator tRNA methionine
(ct-tRNAiMet) were also enriched (83% of all reads mapped to
nDNA; Supplementary Data 1). While these data suggest that
NSun3 methylates mitochondrial RNA, they also point towards
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both the mitochondrial and cytoplasmic tRNAMet as key
substrates for the enzyme.
To provide further insights into NSun3 mtRNA targets, we
additionally performed ultraviolet crosslinking and immunoprecipitation coupled with high-throughput sequencing (HITS-CLIP)
using mitochondrial lysates of HEK293T cells. To compensate for
a possible bias caused by antibody–epitope interactions, we used a
NSun3-Flag construct in the HITS-CLIP assay (rather than c-myc
in the miCLIP approach). This analysis revealed that, among all
mitochondrial transcripts, only MT-TM-speciﬁc reads had a
signiﬁcantly enriched read count (Supplementary Data 2)
compared with a control. As HITS-CLIP is able to map RNAprotein binding footprint regions at a resolution of B30 to 60
nucleotides26, we looked at the exact positions of MT-TM-speciﬁc
reads. This analysis revealed that NSun3 targets predominantly the
mt-tRNAMet anticodon loop (Fig. 3b, Supplementary Fig. 2g–i).
We applied a third technique to determine which speciﬁc
cytidine residues are methylated by NSun3 and we examined the
differences in RNA m5C patterns on NSUN3 loss-of-function. To
this end, we performed high-throughput sequencing of cDNA
libraries obtained after bisulﬁte treatment of RNA of wild-type
hDFs (wt/wt), patient hDFs lacking the functional NSun3 protein
(mut/mut) and mut/mut hDFs expressing a NSUN3 cDNA
(mut/mut þ NSUN3). The bisulﬁte RNA sequencing (BS RNASeq) analysis revealed that methylation in mt-tRNAMet (MT-TM)
was decreased to background levels in NSUN3 mutant cells (mut/
mut), while other top mtRNAs with sites enriched by miCLIP
(Fig. 3a; MT-TL1, MT-TS2, MT-ND1) showed no changes in
the level of cytosine-5 methylation in NSUN3 mutant cells
(mut/mut), when compared with wt/wt or the cells transduced
with exogenous NSUN3 (mut/mut þ NSUN3; Fig. 3b–i;
Supplementary Fig. 3a,b; Supplementary Data 3). We did not
detect m5Cs in the MT-ND1 transcript in any of the cell lines
examined (Supplementary Data 3, Supplementary Fig. 4a,b),
suggestive for non-speciﬁc miCLIP hit for this gene, possibly
owing to the structural features of the identiﬁed MT-ND1 RNA
region (Supplementary Fig. 4c), in combination with sub-optimal
expression levels of NSun3 in the miCLIP experiment. The m5C

1
2
Intensity (a.u.)

3

Figure 2 | NSun3 is essential for mitochondrial translation. (a) Western
blot of two different experiments detecting NSun3 protein in mitochondria
of human dermal ﬁbroblasts (hDF). wt/wt: wild-type hDF; mut/mut: patient
hDF; mut/mut þ NSUN3: patient hDF expressing the V5-tagged NSUN3
construct. Lysate of HEK293 cells over-expressing the Flag-tagged NSun3
served as a control. ‘Unspec’ indicates a non-speciﬁc band detected in
human mitochondria by anti-NSun3 antibodies. CBS stands for Coomassie
blue staining. (b) Oxygen consumption rate in wild-type (wt/wt) and
patient-derived cells (mut/mut) as well as in wt/wt and mut/mut cells
expressing a V5-tagged NSun3 construct ( þ NSUN3). Graph is a
representative for three independent replicates, P values obtained in
Student’s t-test. (c) Relative cell growth rate of wt/wt, mut/mut and mut/
mut þ NSUN3 human dermal ﬁbroblasts in galactose-containing medium
normalized by growth rate in glucose-containing medium. (d) mtDNA
copy-number determination by qPCR, performed in triplicate, of
mitochondrial DNA fragments relative to the nuclear B2M gene. Statistical
analysis was carried out using a two-tailed student’s t-test. Error bars
represent s.d. of the mean. (e) qPCR determination of mt-rRNA (12S and
16S) and mt-mRNA (CO1 and CO2) levels compared with GAPDH in wt/wt,
mut/mut and mut/mut þ NSUN3 cells. qPCR was performed in triplicate
and error bars indicate the s.d. of the mean. (f) Northern blot analysis of
mt-tRNAs in two different wt/wt cells, mut/mut and mut/mut þ NSUN3
cells. Cytoplasmic 5S rRNA is used as loading control. (g) Mitochondrial
de novo protein synthesis assessed with 35S metabolic labelling. CBS:
Coomassie blue stained gel as loading control. (h) Quantiﬁcation of the
bands intensities shown in g using ImageQuant.
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Figure 3 | Pathogenic mutations in NSUN3 cause loss of m5C34 in mitochondrial tRNAMet. (a) miCLIP reads mapped to mtDNA (mt-tRNA black,
mt-mRNA lime, mt-rRNA yellow). (b) miCLIP (green) and HITS-CLIP read counts (grey) corresponding to the MT-TM gene coding for mt-tRNAMet. The length
of mt-tRNA is indicated on the x axis. The green dashed line rectangle indicates the position of anticodon arm. (c) Methylated (orange) and unmethylated (grey)
cytosines (x axis) detected by BS RNA-Seq (individual reads on y axis) for mt-tRNAMet for wt/wt, mut/mut and mut/mut þ NSUN3 cells. (d) Schematic
structure of mt-tRNAMet and the position of m5C (orange circle) in the anticodon arm (green dashed line rectangle). (e–g) miCLIP and HITS-CLIP reads, BS
RNA-Seq and position of m5C of MT-TL1/mt-tRNALeu(UUR) (the details as per b–d). (h–j) miCLIP and HITS-CLIP reads, BS RNA-Seq and position of m5C of
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detected in mt-RNAMet occurred at universal tRNA position 34
(‘wobble’ base) in the anticodon loop (corresponding to mtDNA
position 4432) and overlapped with the miCLIP and HITS-CLIPdetected sites in this mt-tRNA (Fig. 3b–d). Although, we detected
m5C in mt-tRNALeu(UUR) (MT-TL1) and mt-tRNASer(AGY)
(MT-TS2), we did not uncover any appreciable differences in
this modiﬁcation between wt/wt, mut/mut or mut/mut þ NSUN3
hDFs (Fig. 3f,g,i,j) and the mt-tRNA methylation positions did
not overlap with miCLIP sites (Fig. 3e,h). The bisulﬁte RNA
sequencing also revealed m5C in other mt-tRNAs, namely
mt-tRNAHis, mt-tRNAGlu, mt-tRNAPhe (Supplementary
Fig. 3c–h). However, none of these other methylated mt-tRNAs
exhibited reduction in the m5C levels in the patient ﬁbroblasts
(Supplementary Fig. 3c–h). We further analysed the BS RNA-Seq
reads to determine whether the ct-tRNAiMet, highly enriched in
the miCLIP experiments (Supplementary Data 1), is also a
target for NSun3. We detected m5C at position 48 of ct-tRNAiMet
(Supplementary Fig. 4d,e), however, we found no changes in the
m5C levels in the patient ﬁbroblasts (Supplementary Fig. 4d).
This result is consistent with the previously published data
reporting m5C48 in ct-tRNAiMet being introduced by NSun2
(ref. 11). We deduced that miCLIP enrichment of ct-tRNAiMet by
NSun3 is likely to be caused by close sequence and structure
similarity of the anticodon loop of mt-tRNAMet and ct-tRNAiMet
(Supplementary Fig. 4f,g). In the miCLIP experiment,
overexpressed NSun3-C2A is released from mitochondria on cell
lysis, which allows for interaction with ct-tRNAiMet and a
subsequent pull-down. This interaction is prevented in vivo by
stringent regulation of NSun3 compartmentalization. Collectively,
the combined approach of miCLIP, HITS-CLIP and BS RNA-Seq
conﬁrm that cytosine-5 methylation of mt-tRNAMet at position
34 is mediated by NSun3.
Methylation of mt-tRNAMet is necessary for f5C formation.
Although never shown in human mt-tRNA, several studies have
demonstrated the presence of f5C at position C34 of mature
mammalian mt-tRNAMet (refs 27,28). Since bisulﬁte treatment
does not distinguish between f5C and unmodiﬁed cytosines29
(Fig. 4a), we applied two high-throughput techniques to detect
f5C in mitochondrial RNA from wt/wt and mut/mut samples.
First, reduced bisulﬁte sequencing (RedBS-Seq) relies on the
chemical reduction of f5C to hm5C by NaBH4; hm5C is then
detected in the same manner as m5C (ref. 29). Second, Oethylhydroxylamine was used to protect f5C against conversion in
f5C chemically assisted bisulﬁte sequencing (fCAB-Seq)30.
Consistent with the previously published data for other
mammalian species, both techniques detected f5C34 in mtRNAMet in the wt/wt sample (36 and 38% for RedBS-Seq and
fCAB-seq, respectively). However, no f5C was detected in mut/
mut samples using either of the methods (Fig. 4b–e). We
concluded that methylation of position C34 by NSun3 is
necessary for f5C34 formation in mt-tRNAMet (Fig. 4f).
Discussion
Here we have identiﬁed the mitochondrial substrate for the
previously uncharacterized cytosine-5 RNA methyltransferase
NSun3, found mutated in a patient with mitochondrial disease.
The NSun3-null patient ﬁbroblasts have a striking deﬁciency of
m5C and f5C at position 34 (‘wobble’ base) in the anticodon of
mt-tRNAMet, consistent with a precursor–product relationship for
these two modiﬁcations. We also show that this deﬁciency is
associated with impaired mitochondrial translation and OXPHOS.
The presence of m5C at position 34 has not been reported
previously in mammalian mt-tRNAMet (ref. 31). However, this
position has been known to contain 5-formylcytidine (f5C).
6

Although f5C has never been formally reported in human, this
modiﬁcation has been considered as universal and detected in a
number of other species including cow, rat, chicken, frog, squid,
fruit ﬂy and nematode27,28. Therefore, our ﬁnding of m5C34
modiﬁcation in mt-tRNAMet as a key target for NSun3 might be
considered unexpected, as it would be mutually exclusive with the
previously reported f5C34 (cytidine carbon 5 is modiﬁed in both
cases). Despite the widespread occurrence of f5C34 in mt-tRNAMet,
the enzymatic activity responsible for its formation is unknown.
However, a recent in vivo isotope-tracing experiment in a mouse
model has revealed that m5C in RNA can be oxidatively
metabolized ﬁrst to 5-hydroxymethylcytosine (hm5C) and
subsequently to f5C (ref. 32). With this in mind, we analysed f5C
content in mt-tRNAMet in NSun3-null and control cells. We found
that, although f5C34 is indeed present in mt-tRNAMet in wild-type
human mitochondria, no f5C was detected in NSun3-null patient
samples. The proportion of mt-tRNAMet that contain f5C34 in
human dermal ﬁbroblasts has not been determined previously. Our
study revealed that B36 to 38% of the mt-tRNAMet-speciﬁc RNASeq reads contain f5C34 in wt/wt cells. This proportion might be
biased by incomplete reduction of f5C to hm5C by NaBH4 or not
complete protection of f5C by O-ethylhydroxylamine, therefore the
actual percentage of f5C34 in the mature mt-tRNAMet might be
higher. Nonetheless, the complete lack of f5C in the NSun3-null
cells is consistent with methylation of C34 by NSun3 being
necessary for formation of f5C34 in mt-tRNAMet (Fig. 4f).
The dynamics and oxidative metabolism of C5-methylation has
recently been the subject of intense investigation in DNA. The
10–11 translocation (Tet) family of dioxygenases mediates the
sequential removal of m5dC through an oxidative pathway
involving the intermediates hm5dC and f5dC (ref. 33). Further
studies have demonstrated that f5dC can be a stable DNA
modiﬁcation, suggesting that it has its own unique biological
function in addition to being an intermediate in m5dC removal34.
Tet-mediated oxidation of m5C to hm5C and f5C in RNA has
been shown in vitro, although much less efﬁcient than the
corresponding oxidation of m5dC in DNA35. Further studies will
be necessary to identify a dioxygenase mediating m5C to f5C
conversion in human mitochondria and to establish its regulatory
mechanisms (Fig. 4f).
Why has m5C34 in mt-tRNAMet not been detected in previous
studies, despite relatively high detection levels in BS RNA-Seq? In
the reports on post-transcriptional modiﬁcations of mt-tRNAMet
only mature mt-tRNA species were analysed. In contrast, our
miCLIP and BS RNA-Seq approaches are able to detect m5C both
in precursor and mature human mt-tRNAMet. We consider that
m5C could be introduced early in the mtRNA maturation pathway,
so that predominately precursor mtRNA contains this modiﬁcation. This is in line with other published work, where f5C34 has
been detected in addition to m5C34 in mammalian ct-tRNAsLeu(CAA). In this case, another member of the NOL1/NOP2/Sun family,
NSun2, is responsible for catalysing ct-tRNAsLeu(CAA) m5C34 with
a preference for precursor tRNA11,12,36. Furthermore, the BS RNASeq method used is unable to distinguish between m5C and its
oxidized derivative hm5C, therefore the NSun3-mediated
methylation consistently detected at B30% by BS RNA-Seq of
wt/wt cells (Fig. 3c) might be overestimated.
How does the lack of NSun3-mediated mt-tRNAMet C34
methylation affect mitochondrial translation? Mitochondrial
protein synthesis displays unique features as compared with its
cytoplasmic counterpart. In human mitochondrial mRNAs,
methionine is encoded either by the universal AUG or the
unconventional AUA (isoleucine in the universal genetic code).
Also, mitochondrial translation in many organisms, including
humans, occasionally initiates with methionine encoded by the
universal isoleucine codons AUU or AUC. There is only one
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Figure 4 | m5C34 in mt-tRNAMet is a necessary precursor for f5C34. (a) Heatmaps of BS RNA-Seq reads for mt-tRNAMet (MT-TM) for wt/wt and mut/
mut cells, showing cytosines of individual reads (on y axis). Methylated (and hydroxymethylated) cytosines are shown in orange, while unmodiﬁed or
formylated cytosines are shown in grey (x axis). (b) Heatmaps of fCAB RNA-Seq reads for mt-tRNAMet (MT-TM) for wt/wt and mut/mut cells, showing
cytosines of individual reads (on y axis). Purple indicates methylated, hydroxymethylated or formylated, while unmodiﬁed cytosines are shown in grey.
(c) Heatmaps of RedBS RNA-Seq for mt-tRNAMet (MT-TM) for wt/wt and mut/mut cells showing cytosines of individual reads (on y axis). Purple indicates
methylated, hydroxymethylated or formylated, while unmodiﬁed cytosines are shown in grey. (d) Summary of the fCAB RNA-Seq results for
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formylation pathway. NSun3 methylates unmodiﬁed C34 into m5C34, which is then further processed (responsible enzyme(s) unknown) into f5C34.

mitochondrial tRNAMet that decodes all of these AUN
codons27,28. It has been shown in vitro that f5C34 in human
mt-RNAMet allows for decoding of AUG and the non-traditional
codons AUA, AUU and AUC28,37. Our data on methylation by
NSun3 providing a necessary precursor for f5C34 in mt-RNAMet,
as well as the general mitochondrial translation defect observed in

patient-derived NSun3-null cells, are compatible with the existing
evidence on less efﬁcient decoding by unmodiﬁed mt-RNAMet.
Our study also constitutes a valuable resource of human
mt-tRNA modiﬁcations as we provide previously unreported
modiﬁcations. We detected eight cytosine-5 methylations in six
mitochondrial tRNAs. We conﬁrm the presence of ﬁve cytosine
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methylations that were described previously in human and bovine
mt-tRNA: m5C49 of mt-tRNAGlu, m5C48 of mt-tRNALeu(UUR)
and m5C48, -49, -50 of mt-tRNASer(AGY) (refs 31,38,39). Apart
from m5C34 of mt-RNAMet, we also detect the presence of two
m5C modiﬁcations in human mt-tRNA that have not been
reported previously: m5C47 of mt-tRNAHis and m5C47 mttRNAPhe, both occurring in the variable region of the tRNAs
(Supplementary Table 1).
In summary, we have identiﬁed NSun3 as a novel human m5C
RNA methyltransferase and show its target speciﬁcity,
mitochondrial tRNAMet. Mutations in NSUN3, found in a patient
with mitochondrial disease, were associated with hypomethylation and the absence of formylation of cytosine residue at position
34 of mitochondrial tRNAMet leading to impaired mitochondrial
translation. This is highly suggestive of a causal link between
mutations in NSUN3 and mitochondrial disease. Our study
highlights the importance of epitranscriptome modiﬁcation for
optimized mitochondrial protein translation and faithful cellular
function, highlighting a novel role for m5C as precursor of f5C in
human mitochondria.
Note added in proof: After we submitted this report, similar
conclusions on the role of NSUN3 were reported (Nakano et al.
Nat. Chem. Biol. 2016 May 23. doi:10.1038/nchembio.2099).
Methods
Detection of NSUN3 variants. Whole-exome sequencing was performed using a
SureSelect Human All Exon 50 Mb Kit (Agilent) for enrichment and a HiSeq2500
(Illumina) for sequencing18 Read alignment to the human genome (UCSC Genome
Browser build hg19) was done with Burrows–Wheeler Aligner (BWA, v.0.7.5a) and
single-nucleotide variants and small insertions and deletions were detected with
BWA (v.0.7.5a) and SAMtools (version 0.1.19). Given that mitochondrial disorders
are rare, we excluded variants with a frequency 40.1% in 7,000 control exomes
and public databases. On the basis of a recessive model of inheritance, we next
searched for genes carrying predicted homozygous or compound heterozygous
nonsynonymous variants followed by a ﬁlter for genes encoding proteins with a
predicted mitochondrial localization40. Written informed consent of diagnostic and
research studies was obtained from all individuals investigated or their guardians, and
the ethics committee of the Technische Universität München approved the study.
NSun3 cDNA constructs. Full-length cDNA constructs for NSun3 in the
pCMV6-Entry-Myc vector were obtained from OriGene. Site-directed mutagenesis
to generate the miCLIP-mutant was performed using the QuikChange II
Site-Directed Mutagenesis Kit from Agilent as per the manufacturer’s instructions
(Supplementary Table 2). Overexpression of NSun3 in mut/mut human ﬁbroblasts
was performed through lentiviral gene transfer using the ViraPower HiPerform
Lentiviral TOPO Expression Kit (Life Technologies). The full-length NSun3 cDNA
was obtained from DNASU Plasmid Repository (HsCD00439330) and was cloned
into the pLenti6.3/V5-TOPO vector system (Thermo Fisher) (Supplementary
Table 2). For NSun3 overexpression in HeLa cells, full-length cDNA was cloned
into a plasmid encoding FLAG.STREP2-tag and the resulting fragment was cloned
into pcDNA5-FST2 as previously described41 (Supplementary Table 2).
Cell culture and transfection. HEK293 cells, HeLa cells and primary hDFs were
grown in DMEM (Life Technologies) supplemented with 10% fetal bovine serum at
37 °C in a humidiﬁed atmosphere with 5% CO2. HEK293 cells were transfected
with NSun3 wild-type or NSun3 miCLIP-mutant constructs using Lipofectamine
2000 (Life Technologies) and collected 24 h later. For immunoﬂuorescence studies,
HeLa cells were transfected with the NSun3 FLAG.STREP2-tagged construct using
Lipofectamine 2000 and were analysed 48 h post transfection.
Lentiviral particles containing the packaged pLenti NSun3 and NSun3-V5
expression constructs were generated by cotransfecting HEK 293FT cells with the
packaging plasmid mix and the NSun3 or NSun3-V5 expression construct,
respectively using Lipofectamine 2000. Twenty four hours after transfection the
medium containing the DNA- Lipofectamine 2000 mix was replaced with high
glucose DMEM supplemented with 10% FBS and the cells were incubated for
another 48 h. The virus-containing supernatant was collected and used for
subsequent transduction of control and patient ﬁbroblasts. Stably transduced
ﬁbroblasts were selected using Blasticidin (Thermo Fisher) for at least 2 weeks and
kept under selection for any further analysis.
Flp-In T-Rex HEK293T cells were maintained in DMEM supplemented with 10%
tetracycline-free fetal bovine serum (Biochrom AG), 100 mg ml  1 Zeocin and
15 mg ml  1 Blasticidin (Life Technologies). Cells were stably transfected with the
NSun3 FLAG.STREP2-tagged construct with Lipofectamine 2000. After 1 day, medium
8

with selective antibiotics (50 mg ml  1 hygromycin and 15 mg ml  1 blasticidin (Life
Technologies) was used to select cells with the stably integrated transgene.
For cell proliferation measurements cells were plated at a density of 50,000
ﬁbroblasts per well of a six-well plate and conﬂuency was measured every 6 h using
an IncuCyte ZOOM live-cell imaging system (Essen BioScience).
Respiratory chain assay. Fibroblasts were seeded at a density of 20,000 cells per
well in 80 ml of culture media in a XF 96-well cell culture microplate (Seahorse
Bioscience) and incubated overnight at 37 °C in 5% CO2. Culture medium was
replaced with 180 ml of bicarbonate-free DMEM and cells were incubated at 37 °C for
30 min prior measurement. Oxygen consumption rate was measured using a XF96
Extracellular Flux Analyser (Seahorse Biosciences). Oxygen consumption rate was
determined with no additions; after addition of oligomycin (1 mM); after addition of
carbonyl cyanide 4-(triﬂuoromethoxy) phenylhydrazone (FCCP, 0,4 mM); and after
addition of rotenone (2 mM) (additives purchased from Sigma at highest quality).
Immunodetection of proteins. Immunoﬂuorescence analysis and cell
fractionation were performed essentially as described previously42. In brief, HeLa
cells were transiently transfected to express NSun3-FLAG-Strep2 for 2 days. Cells
were ﬁxed with 4% formaldehyde for 15 min and permeabilized with 1% TritonX
for 5 min before blocking with 10% fetal bovine serum for 1 h. The following
primary antibodies were used: mouse anti-FLAG IgG (Sigma F3165, 1/200) and
rabbit anti-TOM20 (Santa Cruz Biotechnology sc-11415, 1/500). Secondary
antibodies were Alexa Fluor 488 goat anti-rabbit and Alexa Fluor 594 goat
anti-mouse (both Life Technologies, 1/1000). Next, cells were mounted with DAPIcontaining ProLong Gold Antifade (Life Technologies) and immunoﬂuorescence
images were captured using a Zeiss Observer microscope and Apotome system.
For immunoblot analysis, equal amounts of proteins corresponding to total cell
lysates or protein fractions were subjected to SDS–PAGE electrophoresis, semi-dry
transferred to nitrocellulose membranes, blocked in 5% non-fat milk (Marvel) in
PBS for 1 h and incubated with speciﬁc primary antibodies in 5% non-fat milk in
PBS for 2 h or overnight. The blots were further incubated with HRP-conjugated
goat anti-rabbit and anti-mouse (Promega W401B and W4028, 1/2,000) for 1 h and
visualized using ECL (GE Healthcare). The following primary antibodies were used:
NSun3 (Sigma Aldrich HPA036181, 1/250), TOM22 (Abcam ab10436, 1/2,000),
GAPDH (Abcam ab9482, 1/2,000), mt-SSB1 (kindly donated by Prof. D. Kang,
1/4,000), Histone H3 (Abcam ab1791, 1/4,000), beta actin (Sigma A1978, 1/75,000)
and Total OXPHOS Human WB Antibody Cocktail (Abcam ab110411, 1/1,000).
Mitochondrial DNA copy number and deletion analysis. Total cellular DNA
was isolated from ﬁbroblasts using a DNeasy Blood and Tissue kit (Qiagen)
according to the manufacturer’s protocol. Copy numbers of mtDNA were determined by quantitative PCR43. All primers can be found in Supplementary Table 2.
Mitochondrial transcript analysis. Total RNA from ﬁbroblasts was extracted
using TRIzol and treated with Turbo DNase according to the manufacturer’s
protocol. For PCR, 2 mg of DNase treated RNA was reverse transcribed using
Omniscript RT kit (Qiagen) with 0.5 mM random hexamers and 0.5 mM oligo dT
primers. Primer sequences can be found in Supplementary Table 2. For northern
blot analysis, total RNA was resolved on 1% agarose gels containing 0.7 M formaldehyde in 1  MOPS buffer (mt-mRNAs) or on 5% UREA–PAGE (mt-tRNAs),
transferred to a nylon membrane in 2  SSC, ultraviolet-crosslinked to the membrane and hybridized with radioactively labelled PCR fragments corresponding to
appropriate regions of mtDNA (mt-mRNAs) or T7-transcribed radioactive RNAprobes (mt-tRNAs). Mt-tRNA aminoacylation analysis was performed as previously
described44. Brieﬂy, total RNA was resuspended in 10 mM NaOAc (pH 5.0) and kept
at 4 °C to preserve the aminoacylation state. For deacylated control, the pellet was
resuspended in 200 mM Tris-HCl (pH 9.5) and incubated for 5 min at 75 °C,
followed by RNA precipitation and resuspension in 10 mM NaOAc (pH 5.0). Next,
15 mg of RNA was separated on a 6.5% polyacrylamide gel (19:1 acrylamide:
bisacrylamide) containing 8 M urea in 0.1 M NaOAc (pH 5.0) at 4 °C and
electroblotted (Bio-Rad, Trans-Blot Cell) onto a nylon transfer membrane (Hybond,
GE). Following ultraviolet crosslinking, the membrane was hybridized with
appropriate radiolabelled riboprobes, washed and imaged using a PhosphorImager.
35S-methionine

metabolic labelling of mitochondrial proteins. Metabolic
labelling was performed essentially as described previously (ref. 45). In brief,
ﬁbroblasts were grown as described above until at 80% conﬂuency, then medium
was replaced with methionine/cysteine-free DMEM (Sigma) supplemented with
2 mM L-glutamine, 48 mg ml  1 cysteine and 50 mg ml  1 uridine for 2  10 min,
followed by methionine/cysteine-free DMEM medium containing 10% (v/v)
dialysed FCS and emetine dihydrochloride (100 mg ml  1) to inhibit cytosolic
translation for 10 min before addition of 120 mCi ml  1 of [35S]-methionine.
Labelling was performed for 15 min. SDS–PAGE was performed on 30 mg of
protein and products were imaged using a PhosphorImager.
Methylation-iCLIP (miCLIP). For miCLIP experiments, collected cells were lysed
in lysis buffer consisting of 50 mM Tris-HCL pH 7.4, 100 mM NaCl, 1% NP-40,

NATURE COMMUNICATIONS | 7:12039 | DOI: 10.1038/ncomms12039 | www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/ncomms12039

0.1% SDS, 0.5% sodium deoxycholate. Lysates were then treated with high
concentration of DNase and low concentration of RNaseI to partially fragment
RNAs. Lysates were cleared by centrifugation at 13,000 r.p.m. for 15 min at 40 °C
and then incubated with Protein G Dynabeads (Life Technologies) in the
presence of an anti-Myc antibody (9E10, Sigma). Following stringent washing,
30 -end dephosphorylation was performed with T4 PNK (New England Biolabs)
before addition of a preadenylated linker using RNA ligase (New England Biolabs).
50 -end labelling was then performed using T4 PNK and 32P-ATP before
protein–RNA complexes were eluted and run on denaturing gels. Next,
nitrocellulose transfer was performed and the radioactive signal was used to dissect
nitrocellulose pieces that contained NSun2-partially digested RNA complexes.
RNA was recovered by incubating the nitrocellulose pieces in a buffer containing
Proteinase K and 3.5 M urea. Reverse transcription was performed using
oligonucleotides containing two inversely oriented adaptor regions separated by a
BamHI restriction site. cDNAs were size-puriﬁed on TBE-Urea gels before being
circularized by CircLigase II (Epicentre). Circularized cDNAs were then annealed
to an oligonucleotide complementary to the BamHI site and then BamHI digested.
Linearized cDNAs were then PCR-ampliﬁed using primers complementary to the
adaptor regions using 25 cycles of PCR. Libraries were then subjected to highthroughput sequencing using the Illumina HiSeq2000 platform. The details of the
constructs used in the miCLIP experiments are provided in Supplementary Table 2.
Processing and mapping of miCLIP reads. To reduce ampliﬁcation bias, the
primers used for reverse transcription during miCLIP experiments were designed
to include a six-nucleotide random barcode at positions 1–3 and 8–10 to enable
tracing of individual cDNAs. Reads were demultiplexed using the experimental
barcode at positions 4–7, and reads with identical random barcodes, representing
PCR products, were ﬁltered. The number of different random barcodes for each
unique read, which represented cDNA counts, was stored for further analysis.
Barcodes were trimmed from the 50 -end, and the adaptor sequence ‘50 -AGATC
GGAAGAGCGGTTCAG-30 ’ from the 30 -end of the reads with cutadapt
(ref. 46; options: ‘-O 4 –e 0.06’), and only reads with a minimal length of 18
nucleotides (nt) were retained.
Trimmed miCLIP reads were mapped to the human reference genome (UCSC
GRCh37/hg19) by using bowtie (ref. 47) with parameters ‘–m 1 –v 1 –best –strata’ to
select uniquely mapping reads allowing one mismatch. Our initial analysis showed
that miCLIP reads truncated predominantly at single cytosines. Methylation sites
were thus inferred from miCLIP read truncation positions by assigning the read
counts to the closest cytosine within ±2 nt of the truncation site. Pooled read counts
per cytosine were normalized per million uniquely mapping reads (RPM). If not
stated otherwise, only high-conﬁdence methylation sites with normalized read
counts450 RPM in at least two out of three replicates were selected for downstream
analyses. Transcript annotations were performed based on ENSEMBL annotations
(ENSEMBL 74).
RNA bisulﬁte sequencing (BS RNA-Seq). After enrichment for mitochondria by
differential centrifugation in homogenization buffer (10 mM Tris-HCl (pH 7.4),
0.6 M mannitol, 1 mM EDTA), RNA was extracted from NSun3 patient primary
ﬁbroblasts and wild-type controls and DNase and Ribo-zero gold (Illumina)
treated. Bisulﬁte conversion of the remaining RNA fraction was performed using
the Imprint DNA Modiﬁcation kit (Sigma). The reaction mixture was incubated for
three cycles of 5 min at 90 °C followed by 1 h at 60 °C and then desalted with Micro
Bio-spin 6 chromatography columns (Bio-Rad). RNA was desulphonated by
adding an equal volume of 1 M Tris (pH 9.0) and incubated for 1 h at 37 °C,
followed by ethanol precipitation. About 120 ng of bisulﬁte-converted RNA was
end repaired with T4 PNK (New England Biolabs) and used for library generation,
following the manufacturer’s protocol (TruSeq Small RNA library preparation kit
(Illumina)). Quality and concentration was assessed with a D1000 Screentape for
TapeStation (Agilent). Libraries were subjected to high-throughput sequencing
using the Illumina MiSeq/HiSeq platform.
fCAB RNA-Seq and RedBS RNA-Seq. For both techniques, 1 mg of mitochondrial
enriched, DNase and Ribo Zero treated RNA of patient and wild-type ﬁbroblasts
was used as starting material. BS RNA-Seq was performed in parallel as a control.
Chemical reduction of f5C in RedBS RNA-Seq was accomplished by adding 20 ml
freshly prepared NaBH4 (40 mM). After 15 min incubation at room temperature,
another 20 ml NaBH4 was added for a further 15 min (ref. 29). To protect f5C
against bisulﬁte conversion in fCAB RNA-Seq, RNA was incubated with 10 mM
O-ethylhydroxylamine for 2 h at 37 °C (ref. 30). Further bisulﬁte treatment and
library preparation was similar to BS RNA-Seq.
UV crosslinking and immunoprecipitation (HITS-CLIP). A covalent bond
between NSun3 protein and RNA in HEK293T cells expressing NSun3.FLAG.STREP2 was induced by irradiation with ultraviolet (UV) light
(250 mJ cm  2). After cell collection, mitochondria were extracted by differential
centrifugation. Pelleted mitochondria were lysed and RNA was partially digested
with 4 ml micrococcal nuclease (NEB) for 15 min at room temperature in the
presence of 3 ml TURBO DNase. The reaction was stopped by adding 12 ml
SUPERasin (ThermoFisher Scientiﬁc). After immunoprecipitation with FLAG M2

afﬁnity beads (Sigma) and elution with FLAG peptide as recommended by the
manufacturer, proteins were digested with 4 mg ml  1 Proteinase K. RNA was end
repaired with Antarctic Phosphatase and T4 Polynucleotide Kinase. Library
preparation and high-throughput sequencing were similar as for BS RNA-Seq.
Processing and Mapping of BS RNA-Seq reads. BS RNA-Seq reads were quality
trimmed, adaptors were removed and the reads were mapped to the computationally
bisulﬁte-converted human reference genomes (UCSC GRCh37/hg19) with Bismark
(ref. 48; parameters: human: –non-directional –n 1 –l 40). Methylation levels for all
cytosines with a coverage of45 reads (5  ) were inferred with the Bismark
methylation_extractor tool. Methylation levels were compiled with and without
removing potential PCR duplicates to account for tRNA fragments shorter than read
length.
Processing and mapping of HITS-CLIP data. Quality trimming and 30 -end
adaptor clipping of sequenced reads were performed simultaneously with Trim
galore! (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) Reads
longer than 20 nt were aligned to the human reference genome (hg19 with mtDNA
replaced with rCRS) with Bowtie2 (ref. 49). After counting with Rsubread50 and
normalization, reads from NSun3 overexpression samples were compared with
reads of an unrelated protein (ENSG00000182362) with EdgeR (ExactTest with
dispersion 0.1)51.
Processing and mapping of fCAB RNA-Seq and RedBS RNA-Seq data. BS
RNA-Seq, fCab RNA-Seq and RedBS RNA-Seq data were pre-processed (both
quality trimming and adaptor removal) with Trim Galore! Reads longer than 20 nt
were mapped to the computationally bisulﬁte-converted human mitochondrial
genome (NC_012920) with Bismark49.
Data availbility. Source data are provided in Supplementary Fig. 5 and
Supplementary Fig. 6. The accession number sequencing data is available from the
Gene expression Omnibus (GEO) with accession number GSE66012. All
sequencing data related to the patient ﬁbroblasts is available at the European
Genome-phenome Archive with accession code EGAS00001000164. The authors
declare that the data supporting the ﬁndings of this study are available within the
article and its Supplementary Information ﬁles.
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Mutations in MDH2, Encoding a Krebs Cycle Enzyme,
Cause Early-Onset Severe Encephalopathy
Samira Ait-El-Mkadem,1,2,18 Manal Dayem-Quere,1,2,18 Mirjana Gusic,3,4,18 Annabelle Chaussenot,1,2
Sylvie Bannwarth,1,2 Bérengère François,2 Emmanuelle C. Genin,2 Konstantina Fragaki,1,2
Catharina L.M. Volker-Touw,5 Christelle Vasnier,6 Valérie Serre,7 Koen L.I. van Gassen,5
Françoise Lespinasse,2 Susan Richter,8 Graeme Eisenhofer,8 Cécile Rouzier,1,2 Fanny Mochel,9
Anne De Saint-Martin,10 Marie-Thérèse Abi Warde,10 Monique G.M. de Sain-van der Velde,11
Judith J.M. Jans,11 Jeanne Amiel,12 Ziga Avsec,13 Christian Mertes,13 Tobias B. Haack,3,4 Tim Strom,3,4
Thomas Meitinger,3,4 Penelope E. Bonnen,14 Robert W. Taylor,15 Julien Gagneur,13
Peter M. van Hasselt,16 Agnès Rötig,17 Agnès Delahodde,6 Holger Prokisch,3,4 Sabine A. Fuchs,11
and Véronique Paquis-Flucklinger1,2,*
MDH2 encodes mitochondrial malate dehydrogenase (MDH), which is essential for the conversion of malate to oxaloacetate as part of
the proper functioning of the Krebs cycle. We report bi-allelic pathogenic mutations in MDH2 in three unrelated subjects presenting
with early-onset generalized hypotonia, psychomotor delay, refractory epilepsy, and elevated lactate in the blood and cerebrospinal
fluid. Functional studies in fibroblasts from affected subjects showed both an apparently complete loss of MDH2 levels and MDH2
enzymatic activity close to null. Metabolomics analyses demonstrated a significant concomitant accumulation of the MDH substrate,
malate, and fumarate, its immediate precursor in the Krebs cycle, in affected subjects’ fibroblasts. Lentiviral complementation with
wild-type MDH2 cDNA restored MDH2 levels and mitochondrial MDH activity. Additionally, introduction of the three missense
mutations from the affected subjects into Saccharomyces cerevisiae provided functional evidence to support their pathogenicity. Disruption of the Krebs cycle is a hallmark of cancer, and MDH2 has been recently identified as a novel pheochromocytoma and paraganglioma
susceptibility gene. We show that loss-of-function mutations in MDH2 are also associated with severe neurological clinical presentations
in children.

Mitochondrial diseases, caused by respiratory chain (RC)
deficiency, encompass a wide range of clinical manifestations. They mainly affect organs with high-energy
requirements, such as the brain. They are also increasingly
recognized as causes of refractory epilepsy, which is consistently associated with progressive neurologic deterioration.1 Genetic diagnosis of RC disorders remains
challenging because of the involvement of mitochondrial
DNA (mtDNA) or nuclear DNA. In addition, RC dysfunction might be the primary cause of symptoms or secondary
to other disorders. The Krebs cycle is intimately linked to
the RC, and Krebs cycle defects are among the diseases
that mimic or cause RC deficiencies. However, human diseases associated with defects in the Krebs cycle are very

rare, putatively because of the cycle’s essential function
in cellular energy metabolism.
Here, we show that mutations in MDH2 (MIM: 154100),
encoding the Krebs cycle enzyme mitochondrial malate
dehydrogenase (MDH), are responsible for severe neurological manifestations in children. We report bi-allelic
MDH2 variants in three unrelated subjects presenting
with an early-onset mitochondrial phenotype comprising
generalized hypotonia, psychomotor delay, and refractory
epilepsy. All affected individuals were independently identified by whole-exome sequencing (WES). Two of them
were ‘‘matched’’ by GeneMatcher, a web-based tool for
connecting researchers and clinicians with shared interests
in identical genes.2 The third subject was identified
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Table 1.

Genetic and Clinical Findings in Subjects with Bi-allelic MDH2 Variants
Subject 1

Subject 2

Subject 3

Gender

male

male

male

Family history

no

no

no

Consanguinity

no

no

no

Age at last clinical examination

4.5 years

died at 1.5 years

7.5 years (lost view)

MDH2 mutations

c.398C>T (p.Pro133Leu)

c.398C>T (p.Pro133Leu)

c.109G>A (p.Gly37Arg)

c.620C>T (p.Pro207Leu)

c.596delG (p.Gly199Alafs*10)

c.398C>T (p.Pro133Leu)

Age at onset

5 months

neonatal

neonatal

Initial symptom

hypotonia, no head control

seizures

hypotonia

Refractory epilepsy

þ (partial, afterward myoclonic;
onset at 7 months)

þ (generalized tonic and spasms;
onset at 2 months)

þ (myoclonic epilepsy and
generalized tonic; onset ?)

Hypotonia

þ (marked, mainly axial and in
the lower limbs)

þ (axial)

þ

Developmental delay

þ

þ

þ

Head control

10 months

not acquired at 6 months

12 months

Sitting position

18 months

not acquired at 12 months



Crawling

18 months

not acquired at 12 months

no

Good eye contact

yes

yes

no

Language

not acquired

babbling at 12 months

not acquired

Muscle weakness

þ

þ

þ

Failure to thrive

þ



þ

Age at onset

7 months



?

Gastrostomy (age)

þ (3 years)



þ (?)

Last examination

4 years

18 months

7.5 years

Length

< 2 SDs

þ 1 SD

2 SDs

Head circumference

< 2 SDs

þ 1 SD

þ2 SDs

Weight

< 3 SDs

þ 1 SD

2.5 SDs

Movement disorders

dystonia and dyskinesia



dystonia

Obstinate constipation

þ

þ



Ophthalmologic examination
(age)

retinitis pigmentosa (4 years),
strabismus (5 months)

strabismus (1 year)

?

Pyramidal signs

þ

þ



Deep tendon reflexes

decreased

N



Plantar responses

bilateral extensor

bilateral extensor after 1 year

normal

Other findings





two supernumerary nipples,
von Willebrand disease, CCAM

Ketogenic diet (onset)

þ (3 years)

þ (18 months)

þ (3 years)

Response to Ketogenic diet

reduction epileptic seizure
frequency

reduction epileptic seizure
frequency

?

Evolution

alive at 5 years

died at 1.5 years (secondary to
metabolic decompensation)

alive at 12 years

Brain MRI abnormalities

þ (atrophy of the anterior part of
the CC, delayed myelination of
the frontal white matter, frontal
and parietal atrophy, elevated
lactic acid peak on MRS)

þ (delayed myelination of the
genu of the CC, cortical and
subcortical atrophy of the frontal
lobes)

þ (cerebral cortical and
subcortical atrophy, cerebellar
atrophy, elevated lactic acid
peak on MRS)
(Continued on next page)
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Table 1.

Continued
Subject 1

Subject 2

Subject 3

Lactate Concentration
Plasma (N < 2.20 mmol/l)

elevated (3.0)

elevated (5.7)

elevated (2.8)

L/P ratio (N < 18)

elevated (63)

elevated (23)

elevated (20)

CSF (N < 2.10 mmol/l)

elevated (2.48)

elevated (3.3)

ND

Malate
(N < 7 mmol/mmol creatine)

elevated (56)

elevated (15–38)

ND

Fumarate
(N < 14 mmol/mmol creatine)

elevated (20)

N or elevated (9–55)

N

Succinate

N

N

N

Muscle

N

ND

N

Liver

reduced CV activity

ND

ND

Fibroblasts

N

ND

reduced CI activity

Krebs Cycle Intermediates

RC Activity

Abbreviations are as follows: þ, present; , absent; ?, unknown; N, normal; ND, not done; SD, standard deviation; CCAM, congenital cystic adenomatoid malformation; MRS, magnetic resonance spectroscopy; CC, corpus callosum; L/P, lactate/pyruvate; CSF, cerebrospinal fluid; RC, respiratory chain; CV, complex V;
and CI, complex I.

independently and was matched within GENOMIT, an
European network of researchers with an interest in mitochondrial genetic disorders.
Informed consent for diagnostic and research studies
was obtained for all subjects in accordance with the Declaration of Helsinki protocols and was approved by local
ethics committees. Subject 1 (S1) in family F (F1:II.2) is
the second, male child of healthy, non-consanguineous
French parents. Pregnancy and birth were both unremarkable. At 5 months of age, he presented with marked hypotonia and absence of head control (detailed in Table 1).
His overall disease course was characterized by psychomotor delay with partial epileptic seizures that rapidly evolved
toward refractory myoclonic epilepsy, failure to thrive, and
obstinate constipation. At 3 years of age, growth remained
problematic despite tube feeding through percutaneous
gastrostomy, and he presented with generalized muscle
weakness (predominant in the lower limbs) with marked
muscle atrophy, severe hypotonia, and abnormal movements with dyskinesia. At 4 years, retinitis pigmentosa
was noted. Brain magnetic resonance imaging (MRI)
showed nonspecific findings including atrophy of the
anterior part of the corpus callosum, delayed myelination
of the frontal white matter, and cortical, frontal, and parietal atrophy (Figure S1). The clinical phenotype, combined
with elevated lactate concentrations in both plasma and
cerebrospinal fluid (CSF), was evocative of a mitochondrial
disease. A slight decrease in complex V activity was found
in the liver, whereas muscle tissue showed no signs of
mitochondrial dysfunction (Tables S1A and S1B). We
observed no evidence of mtDNA rearrangements in either
muscle or liver tissue and excluded mtDNA point mutations by using targeted next-generation sequencing proto-

cols. WES via previously described methodologies and
bioinformatic filtering pipelines3 identified compoundheterozygous missense variants in MDH2 (GenBank:
NM_005918.3): c.398C>T (p.Pro133Leu) and c.620C>T
(p.Pro207Leu). Familial segregation studies showed that
the c.398C>T variant was inherited from the father
(F1:I.1) and the c.620C>T variant was inherited from the
mother (F1:I.2), whereas a healthy sister (F1:II.1) was a
heterozygous carrier of the paternal (c.398C>T) variant
only (Figure 1A).
Subject 2 (S2) (F2:II.1) was the first male child of healthy,
unrelated Dutch parents (F2:I.1 and I.2). He was born after
an uncomplicated pregnancy and presented during the
neonatal period with obstinate constipation and positional preference of his head (Table 1). At 2 months, he
developed refractory epilepsy with generalized tonic seizures and epileptic spasms but had normal brain MRI
(Figure S1). At 6 months, examination showed axial hypotonia, head lag, and developmental delay in the absence of
failure to thrive. Repeat brain MRI showed delayed myelination of the genu of the corpus callosum and cortical
and subcortical atrophy of the frontal lobes (Figure S1).
Examination at 1 year of age demonstrated muscle weakness, and he was not able to sit. Ophthalmologic examination was normal. Metabolic screening showed elevated
lactate concentrations in both blood and CSF (Table 1).
In a clinical examination at 20 months of age, he presented
with coughing, vomiting, tachypnea, and impaired consciousness associated with severe metabolic acidosis (blood
pH ¼ 6.97 [normal 7.4] and plasma lactate concentration ¼
9.0 mmol/l [normal range < 2.20mmol/l]). The urinary
organic acid profile was highly abnormal with strongly
increased excretion of ketone bodies, lactate, pyruvate,
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Figure 1. MDH2 Mutations in Three Unrelated Affected Subjects
(A) Pedigrees and sequence chromatograms showing variant phenotypes and segregation through the subjects’ families.
(B) Cross-species conservation of the MDH2 sequence flanking the altered Gly37, Pro133, and Pro207 amino acids.
(C) Three-dimensional representation of the crystal structure of human MDH2 (PDB: 2DFD, residues 24–337), shown as a homodimer
with one molecule in gray and a second in yellow. Green and fuchsia sticks illustrate malate ions and NAD, respectively. The mutated
residues are highlighted in black (Gly37), orange (Pro133), and red (Pro207).

malate, fumarate, and 3-methylglutaconic acid. During the
course of his hospital admission, he developed severe
pulmonary hypertension requiring resuscitation, although
a thorough cardiac evaluation revealed no underlying
heart defect. He died 1 week later upon withdrawal of
ventilatory support. Molecular screening, including
mtDNA sequencing, POLG sequencing, and epilepsy
gene-panel analysis failed to establish a molecular diagnosis. WES identified two heterozygous MDH2 variants: a
paternally inherited c.398C>T (p.Pro133Leu) missense
variant, which was also found in S1, and a maternally
inherited c.596delG (p.Gly199Alafs*10) nonsense variant
(Figure 1A).
Independently, MDH2 was prioritized by GenePROF, a
machine-learning algorithm we have recently developed
to prioritize potential disease-causing mutations according
to variant frequency and functional gene annotation obtained from molecular-pathway databases (manuscript in
preparation). GenePROF ranked MDH2 as the most likely
disease-causing gene for an unrelated affected subject (S3,

F3:II.1) who also carries a maternally inherited c.398C>T
(p.Pro133Leu) MDH2 variant (Figure 1A). This individual
is also heterozygous for a de novo c.109G>A (p.Gly37Arg)
variant that is not present in either parent (F3:I.1 or I.2).
Paternity was confirmed by genotype analysis of seven
informative microsatellites. This child was born at term
to healthy, unrelated French parents and presented with
severe hypotonia, macrocephaly, macrosomia, and two supernumerary nipples (Table 1). His overall disease course
was characterized by psychomotor delay with refractory
epilepsy, dystonia, and failure to thrive despite tube
feeding through percutaneous gastrostomy. Lactate
was elevated in blood (2.8 mmol/L [normal range <
2.20mmol/L]), consistent with a lactate peak on magnetic
resonance spectroscopy (MRS) (data not shown). Marked
cerebral and cerebellar atrophy were observed on brain
MRI at the age of 4 years (Figure S1). A slight decrease in
complex V activity was found in muscle tissue (Table S1C).
Multiple lines of evidence provided by bioinformatics
analyses support the pathogenicity of the missense
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Figure 2. MDH2 Mutations Cause Loss of
MDH2 Levels and Enzymatic Activity
(A) Western blot analysis with anti-MDH2
antibodies in fibroblasts from subject 1
(S1, top) and subject 3 (S3, bottom). Additional abbreviations are as follows: C1–C3,
control individuals; M, mother of S1; and
F, father of S1. Commercial MDH2-specific
antisera at 1:250 (HPA019716, Sigma-Aldrich) or 1:1,000 (8610S, Cell Signaling
Technology) were used for the upper and
lower panels, respectively. GAPDH and
a-tubulin were used as loading controls.
(B) Representation of MDH2 activity,
measured with the Mitochondrial Malate
Dehydrogenase (MDH2) Activity Assay
Kit (Ab119693, Abcam), in the fibroblasts
from S1, his parents, and control individuals (top) and in those from S3 and control
individuals (bottom). Data represent three
independent experiments performed in
duplicate.
(C) Schematic of the Krebs cycle.
(D) Metabolite ratios assessed by liquid
chromatographic tandem-mass spectrometry in fibroblasts from S1 are compared
with those from his parents and control individuals. Experiments were performed
as previously described.4 Differences between fibroblast cells were analyzed by
Student’s t test: ***p < 0.001 (extremely
significant).

variants identified in these subjects. The c.620C>T variant
detected in S1 was absent from public databases, whereas
the c.109G>A variant detected in S3 was found two times,
and the c.398C>T variant, present in all subjects, was
listed seven times only in a heterozygous state in
~120,000 alleles from the Exome Aggregation Consortium
(ExAC) Browser. Additionally, the three different missense
variants found in affected subjects alter highly conserved
amino acid residues (Figure 1B), and bioinformatics analyses predicted these variants as pathogenic (Table S2).
The dimeric protein was co-crystallized with malate ion
and nicotinamide-adenine-dinucleotide (NAD) for visualization of the structure and analysis of the structural consequences of MDH2 variants (Figure 1C). Gly37 is located in
the NAD binding pocket; the mutation from this residue to
arginine is likely to alter the binding of the coenzyme as a
result of steric hindrance. Pro133 is located in a turn between an a helix and a b strand. Pro207 is located in a b
strand. The turns are almost exclusively found on the
surface of proteins and often contain proline residues
that form a rigid backbone, as predicted for Pro133. On
the contrary, proline tends to be excluded from b strands,
but it can be situated at the ends of this motif, like for
Pro207. In this case, proline imposes its own kind of secondary structure with a confined f angle, creating a twist
in the b strand. Thus, Pro133 and Pro207 are predicted to
have structural roles by contributing to the overall architecture of MDH2. Consequently, the p.Pro133Leu and
p.Pro207Leu variants might result in destabilization of
protein regions necessary for functional protein folding.

We used primary fibroblast cultures established from S1
and S3 to confirm the role of MDH2 variants in disease.
Western blotting showed that MDH2 levels were not
detectable in either S1 or S3 fibroblasts, supporting the
notion that corresponding MDH2 variants adversely affect
the stability of the protein (Figure 2A). In addition, MDH
enzymatic activity was markedly decreased in that it
showed severe MDH deficiency (Figure 2B). The activity
was notably lower in cells obtained from the parents of
S1 (F1: I.1 and I.2, heterozygous for the c.398C>T and
c.620C>T variants, respectively) than in control fibroblasts. This result suggests that each mutation individually
has a deleterious effect. As expected from MDH function in
the Krebs cycle (Figure 2C), ratios of malate and its direct
precursor, fumarate, to citrate were significantly higher in
S1 cells than in control fibroblasts without accumulation
of the earlier Krebs cycle precursor, succinate (Figure 2D).
MDH activity appeared sufficient in cells from the parents
of S1 to maintain normal malate/citrate and fumarate/
citrate ratios.
Next, we expressed wild-type human MDH2 cDNA in
MDH2-deficient S1 fibroblasts by using a lentiviral-based
transduction system, leading to the restoration of both
MDH2 levels and enzyme activity (Figures 3A and 3B). To
definitively substantiate that the disease-segregating
missense MDH2 variants indeed cause MDH2 deficiency,
we used the yeast Saccharomyces cerevisiae as a proven system for modeling mitochondrial-disease-causing mutations.5 In yeast, three genes encode MDH enzymes.
MDH1 codes for the mitochondrial MDH enzyme, MDH2
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Figure 3. Functional Complementation Showing the Pathogenicity of MDH2 Variants
(A and B) Functional complementation of fibroblasts. The human full-length MDH2 cDNA was cloned into the pHR-SIN-CSGW dlNotI
vector by PCR (Table S3). Lentiviral particles were produced in HEK293T cells. Then, fibroblasts were infected with viral supernatant
expressing either MDH2 cDNA or eGFP (as a control). (A) Restoration of MDH2 levels in S1 fibroblasts transduced with wild-type
MDH2 cDNA as determined by western blot with anti-MDH2 antibody. No restoration was observed when cells were transduced with
GFP cDNA (C, non-transduced control fibroblasts). (B) Restoration of MDH2 activity in S1 fibroblasts transduced with wild-type
MDH2 cDNA (two independent experiments performed in duplicate). No restoration was observed when cells were transduced with
GFP cDNA. The MDH2 activity of non-transduced fibroblasts from parents and a control individual is also shown.
(C) Functional complementation assay of the yeast mdh1D-null mutant. Human MDH2 cDNA was amplified with the corresponding
primers (Table S3) and cloned into the centromeric expression plasmid pYX122 (constitutive promoter TPI, Addgene). The yeast
wild-type MDH1 and the mdh1 mutated sequences corresponding to the three missense mutations were obtained by PCR (Table S3),
and the corresponding fragments were introduced into the linearized pYX122 vector by co-transformation of the mdh1D strain
(BY4741, Open Biosystems) and homologous recombination. Plasmids from the transformants were extracted and sequenced. These
plasmids were then reintroduced into the mdh1D strain for testing their complementation capability. Growth of mdh1D () transformed
with wild-type MDH1, mutated mdh1-P128L, mdh1-P202L, or mdh1-G30R, or wild-type hMDH2 plasmids was tested either on glucose
(YPD, fermentable carbon source) or on glycerol (YPG, non-fermentable carbon source). Drop dilution growth tests were performed
at 1/10 dilution steps and incubated on YPD or YPG plates for 2 days at 28 C or 35 C.

codes for the cytoplasmic enzyme, and MDH3 encodes the
peroxisomal form. The human Gly37, Pro133, and Pro207
residues (corresponding to Gly30, Pro128, and Pro202,
respectively, in yeast MDH1) are all conserved between
the two species (Figure 1B). The expression of wild-type human MDH2 cDNA failed to complement the absence of
growth of the mdh1D yeast strain on non-fermentable medium despite a high degree of conservation (54% identity)
between yeast and human proteins (Figure 3C). We evaluated whether the lack of complementation of the mdh1D
strain by human MDH2 was due to a failure to import
MDH2 into yeast mitochondria. To this end, we changed
the MDH2 mitochondrial targeting sequence (MTS) by
the first 69 amino acids of subunit 9 of the F0 ATPase of
Neurospora crassa (Pre Su9), a well-characterized sequence
that targets the mitochondrial matrix in yeast.6 Expression
of the fusion MDH2 (Pre Su9-MDH2) allowed growth of
the mdh1D cells on non-fermentable medium, indicating

that the human MDH2 MTS is not recognized by yeast as
a functional MTS and that once inside mitochondria,
MDH2 can substitute for MDH1 (data not shown). Consequently, we introduced the amino acid changes into the
yeast sequence. The MDH1, mdh1G30R, mdh1P128L, and
mdh1P202L constructs were transformed into the mdh1Dnull mutant (Figure 3C). As expected, expression of
wild-type yeast MDH1 complemented the mdh1D strain.
A clear growth defect was observed for all mdh1D/
mdh1mut strains, thus confirming the deleterious nature
of the human MDH2 variants.
Given that the Krebs cycle is intimately linked to the RC,
we investigated mitochondrial RC enzyme activities in
MDH2-deficient fibroblasts. Spectrophotometric analysis
revealed no obvious abnormalities in S1 cells grown in
glucose medium, but complex I activity was lower than
in one of the other complexes in fibroblasts from S3 (Table
S1D). Polarographic analysis showed intact cell respiration
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and mitochondrial substrate oxidation in digitonin
(0.004%)-permeabilized cells from both subjects (Table
S1E). Identical experiments were performed on fibroblasts
grown in a glucose-free medium containing galactose as
previously described;7 galactose is a carbon source that
feeds the glycolytic pathway with low efficiency, and as
such, cells are forced to rely predominantly on OXPHOS
for ATP production. Cells with severe RC defects fail to
survive under these conditions, whereas fibroblasts with
a milder deficiency are able to grow.8 No significant differences were observed between S1, S3, and control cells
assessed by both spectrophotometry and polarography
(Tables S1F and S1G). We also observed no decrease in
OXPHOS levels in S1 cells, as judged by semiquantitative western blotting (Figure S2A). Assessment of the
mitochondrial network (by confocal microscopy using
MitoTracker staining) in cells from S1 and S3 showed a
typical filamentous interconnected network similar to
that in control fibroblasts both in glucose (Figure S2B)
and in galactose medium (data not shown).
MDH2 encodes the enzyme MDH, which catalyzes the
reversible oxidation of malate to oxaloacetate by utilizing
the NAD-NADH cofactor system in the Krebs cycle. In
addition, MDH2 plays an essential role in the malate-aspartate NADH shuttle, which is the main pathway whereby
reducing equivalents from cytosolic NADH are transferred
to mitochondria. Enzyme deficiencies in the Krebs cycle
have been rarely reported as the cause of metabolic disease
presentations on the assumption that loss-of-function mutations affecting these key enzymes appear to be typically
incompatible with life. To date, only recessively inherited
variants in SDH (succinate dehydrogenase), FH (fumarate
hydratase [MIM: 136850]), and ACO2 (aconitase 2 [MIM:
100850]) have been associated with human disease. SDH
comprises two structural subunits (SDHA and SDHB), and
two additional structural components (SDHC and SDHD)
and two assembly factors (SDHAF1 and SDHAF2) are
required for the biogenesis of complex II (succinate-ubiquinone oxidoreductase) of the RC. Recessively inherited
SDHA variants are mainly associated with Leigh syndrome
(MIM: 256000), and mutations in SDHB (MIM: 185470),
SDHD (MIM: 602690), and SDHAF1 (MIM: 612848) are
involved in severe infantile neurological presentations or
cardiomyopathy associated with significant complex II
deficiency.9–12 Fumarase deficiency, associated with recessively inherited FH variants, is a metabolic disorder characterized by neurological impairment in early childhood
accompanied by encephalopathy and seizures, often leading to death in the first years of life (for a review, see
Ottolenghi et al.13). Finally, mutations in ACO2, encoding
mitochondrial aconitase, are responsible for cerebellarretinal degeneration in childhood.14
Our report documents that loss-of-function mutations
in MDH2 are compatible with life and are associated with
early-onset severe neurological disease, and the deleterious
nature of the identified MDH2 variants has been confirmed
by functional assessment in both human cells and a yeast

model. Establishing the diagnosis of MDH2 deficiency is
difficult. The clinical phenotypes and elevated lactate
levels observed in all three children were highly evocative
of an underlying mitochondrial disorder, although brain
MRI findings were non-specific. However, we observed
no sign of RC deficiency or mitochondrial dysfunction in
fibroblasts from S1. Only cells from S3 showed a reduced
activity of complex I, emphasizing the problems associated
with RC analyses, including primary and secondary effects
and tissue variation. As previously suggested,15,16 functional splitting of the Krebs cycle in complementary
mini-cycles might allow conversion of pyruvate to a-ketoglutarate even when there is a defect in the second half of
the Krebs cycle. This would then produce reduced equivalents to sustain RC activity. In all affected individuals,
levels of urinary malate and fumarate were moderately
increased or normal (Figure S3). As observed in subject fibroblasts, we saw no increase in urinary succinate, except
during an episode of metabolic decompensation in S2. It
is important to bear in mind that MDH2-deficient individuals can show nearly normal concentrations of urinary
organic acids and that analysis has to be repeated at the
time of metabolic decompensation. There are no curative
treatments for subjects with MDH2 deficiency, but trial
of a ketogenic diet has appeared to decrease the frequency
of epileptic seizures in two children, as has already been reported in other cases of refractory epilepsy, including that
of a mitochondrial origin.17,18
Disruption of the Krebs cycle is also a hallmark of some
cancers. Dominant defects associated with tumor development have been reported in three Krebs cycle enzymes:
isocitrate dehydrogenase 1 (IDH1), SDH, and fumarate hydratase (FH),19–21 and MDH2 was also recently identified as
a pheochromocytoma and paraganglioma susceptibility
gene.4 In subjects’ paragangliomas, loss of heterozygosity
was associated with loss of MDH2 activity, but surprisingly,
this did not lead to malate accumulation. However, targeted knockdown of MDH2 expression in HeLa cells by
small hairpin RNA did lead to the accumulation of both
malate and fumarate.4 Like succinate and fumarate, malate
stabilizes hypoxia inducible factor 1 alpha (HIF-1a), thus
triggering the hypoxia response transcriptional program.22 HIF-1a activation was found to induce transcriptional upregulation in some of the proteins participating
in pyruvate metabolism, leading to PDH complex inactivation and pyruvate accumulation in the cytosol.
Impairment of the PDH complex leads to a decrease in
the production of NADH and FADH2, which donate electrons to the RC to complete the OXPHOS by generating
ATP.23 Thus, cells develop lactic acidosis as a result of a
defective PDH complex, Krebs cycle, or RC. Secondary
RC deficiency could also contribute to the mitochondrial
phenotypes found in our subjects.
Although the recessive MDH2 variants identified in the
affected subjects described in this study lead to a severe
neurological presentation, the fact that their parents are
heterozygous carriers could place them at an elevated risk
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of tumorigenesis. The parents of individuals presenting
with FH recessive disorders often develop tumors.24 For
heterozygous carriers of mutations in the different SDH
genes associated with infantile neurological presentations,
the situation is unclear. Although there is no indication of
cancer susceptibility in either family with MDH2 mutations, we are recommending ongoing surveillance and
screening.
In conclusion, we have shown that bi-allelic variants in
MDH2, encoding a mitochondrially targeted Krebs cycle
enzyme, are responsible for a severe infantile neurological
phenotype. Although the clinical presentation and
elevated lactate concentrations are highly evocative of
mitochondrial disease, there are no specific biomarkers to
pinpoint the rapid diagnosis of MDH2 deficiency, and as
such, gene-panel or whole-exome sequencing analysis
will not only be important for diagnosing further cases
but also allow the detection of heterozygous carriers,
thus determining their risk of tumorigenesis.
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