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Abstract

Two homoplasmic variants in tRNAGlu (m.14674T>C/G) are associated with re-

versible infantile respiratory chain deficiency. This study sought to further charac-

terize the expression of the individual mitochondrial respiratory chain complexes 

and to describe the natural history of the disease. Seven patients from four families 

with mitochondrial myopathy associated with the homoplasmic m.14674T>C vari-

ant were investigated. All patients underwent skeletal muscle biopsy and mtDNA 

sequencing. Whole-genome sequencing was performed in one family. Western blot 

and immunohistochemical analyses were used to characterize the expression of 

the individual respiratory chain complexes. Patients presented with hypotonia and 

feeding difficulties within the first weeks or months of life, except for one patient 

who first showed symptoms at 4 years of age. Histopathological findings in muscle 

included lipid accumulation, numerous COX-deficient fibers, and mitochondrial 

proliferation. Ultrastructural abnormalities included enlarged mitochondria with 

concentric cristae and dense mitochondrial matrix. The m.14674T>C variant in 

MT-TE was identified in all patients. Immunohistochemistry and immunoblot-

ting demonstrated pronounced deficiency of the complex I subunit NDUFB8. The 

expression of MTCO1, a complex IV subunit, was also decreased, but not to the 

same extent as NDUFB8. Longitudinal follow-up data demonstrated that not all 

features of the disorder are entirely transient, that the disease may be progressive, 

and that signs and symptoms of myopathy may develop during childhood. This 

study sheds new light on the involvement of complex I in reversible infantile res-

piratory chain deficiency, it shows that the disorder may be progressive, and that 

myopathy can develop without an infantile episode.
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1  |   INTRODUCTION

Mitochondrial disorders are a heterogeneous group of 
disorders associated with a wide range of clinical pheno-
types, which arise due to dysfunction of the mitochon-
drial respiratory chain. Mitochondrial diseases with 
childhood-onset are often severe and progressive, with 
substantial morbidity and mortality. However, there are 
rare forms that show remarkable spontaneous recovery. 
Two homoplasmic variants in tRNAGlu (m.14674T>C/G) 
have been shown to be associated with reversible infan-
tile respiratory chain deficiency [1–3]. These children 
present with hypotonia, hyporeflexia, lactic acidosis, 
and severe muscle weakness from early infancy and 
often require assisted ventilation, features similar to 
those seen in the fatal infantile forms [4], but they recover 
spontaneously, usually within a few months. Muscle bi-
opsy demonstrates complex IV (cytochrome c oxidase, 
COX)-deficient fibers and mitochondrial proliferation, 
and biochemically a combined complex I/IV deficiency 
is usually seen [1–6]. Electron microscopy findings in-
clude abnormal mitochondria, but a more detailed de-
scription of ultrastructural abnormalities is sparse. This 
entity has been given the name reversible infantile respi-
ratory chain deficiency. The mechanism of the sudden 
onset and spontaneous recovery has not yet been de-
termined, but the m.14674T>C/G is thought to impair 
mitochondrial translation. As most individuals who are 
homoplasmic for m.14674T>C/G do not show signs or 
symptoms of muscle disease at any stage, it has been sug-
gested that additional heterozygous variants in nuclear 
genes interacting with mt-tRNAGlu may be a prerequisite 
for disease manifestation [7].

In this study, we present clinical and laboratory 
findings in seven individuals from four families with 

mitochondrial myopathy associated with the homoplas-
mic m.14674T>C variant. Longitudinal follow-up data 
indicate that myopathic features may persist into adoles-
cence/adulthood and may even deteriorate in some cases, 
and that signs and symptoms of myopathy may develop 
insidiously during childhood. Furthermore, this study 
sought to further characterize the expression of the indi-
vidual mitochondrial respiratory chain complexes at dif-
ferent stages of this disease, to widen the understanding 
of underlying pathological mechanisms.

2  |   M ATERI A LS A N D M ETHODS

2.1  |  Patients

This study included seven patients (P1–P7) from four 
families with mitochondrial myopathy associated with 
the homoplasmic m.14674T>C variant (Figure 1 and 
Table 1). Detailed clinical information for each patient 
is provided in the supplement file. All patients were 
Caucasians, but from different ethnic groups (Swedish 
and Iraqi). Four of the patients (P1-P3, P5) have been 
partly reported previously [1, 6–8,].

All protocols were approved by the Regional Ethical 
Review Board in Gothenburg.

2.2  |  Laboratory analyses

Morphological and enzyme histochemical analyses of 
fresh frozen skeletal muscle biopsy specimens were per-
formed according to established protocols [9]. For esti-
mation of the proportion of COX-deficient fibers, double 
staining of COX and succinate dehydrogenase (SDH) 

F I G U R E  1   Pedigrees of the four investigated families. Filled symbol represents individuals with mitochondrial myopathy associated with 
the homoplasmic m.14674T>C variant, dot represents carrier, # represents clinically examined individual. In Family 4, two disease-causing 
genetic variants (SYNE1, c.25448G>A and m.14674T>C) are present. %, amount of m.14674T>C; M, mutated SYNE1 sequence; P, patient; R, 
relative; WT, normal SYNE1 sequence
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was performed. Immunohistochemistry was performed 
as described previously [10] with antibodies against sub-
units of the five respiratory chain complexes (complex 
I: NDUFB8; complex II: SDHB; complex III: UQCRC2; 
complex IV: MTCO1; complex V: ATPB; as well as the 
mitochondrial marker VDAC1 (porin); Table S1). In P7, 
the expression of nesprin-1 was also investigated because 
of an identified SYNE1 gene variant (Table S1).

Biochemical analysis including spectrophotometric 
analysis was performed as previously described [11].

Western blot analysis was performed on proteins ex-
tracted from skeletal muscle tissue. Five μg of protein/
well was separated on precast 4%–12% Bis-Tris gels 
(Thermofisher Scientific, Carlsbad, CA, USA) and 
transferred onto a polyvinylidene difluoride membrane. 
Antibodies targeted against subunits of the five respi-
ratory chain complexes and VDAC1 were used. For P7, 
the expression of nesprin-1 was also investigated. For 
antibodies used, see Table S1. Proteins were detected 
using the Super Signal West Femto Substrate (Pierce, 
Rockford, IL, USA) and enhanced chemiluminescent 
detection (Fujifilm LAS-4000) was used for visualiza-
tion. Coomassie staining of myosin heavy chain was 
used as a loading control.

Sanger sequencing was applied for mtDNA analysis 
in patients and relatives in families 1–3. Whole-genome 
sequencing was performed in four individuals of family 
4 (P6, P7, and both parents). Confirmation analysis was 
performed by Sanger sequencing in the investigated in-
dividuals of family 4.

3  |   RESU LTS

3.1  |  Muscle histopathology and biochemistry

Muscle biopsy was performed in infancy in all patients ex-
cept P6, who was 9 years (yr) of age at the time of biopsy. 
In three patients (P1, P2, P5), follow-up biopsies were 
also carried out. The results from enzyme histochemical, 
immunohistochemical, ultrastructural, and biochemical 
analyses are summarized in Table 2. At all occasions, all 
patients showed mitochondrial myopathy with a variable 
number of COX-deficient fibers. When analyzed by im-
munohistochemistry, there was a consistent deficiency 
of complex I subunit NDUFB8 and complex IV subunit 
MTCO1 (Figures 2 and 3; Figures S1–S11). The subunit 
SDHB of complex II was accumulated in accordance 
with mitochondrial proliferation, as was the mitochon-
drial membrane protein VDAC1 (porin). There was no 
deficiency of the subunit UQCRC2 of complex III or 
subunit ATPB of complex V in any investigated speci-
mens. In addition to mitochondrial alterations, follow-
up biopsies in P2 (age 14 yr) and P5 (age 8 yr) revealed 
unspecific myopathic changes including muscle fiber ne-
crosis, regeneration, and endomysial fibrosis, consistent 
with a chronic myopathic degenerative process (Figures 
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S5 and S9). Follow-up biopsies in P1 (age 18 yr), P2 (age 
5  yr), and P6 (age 9  yr) showed mainly mitochondrial 
alterations with enzyme deficiency and mitochondrial 
proliferation (Figures 2B,C and 3B; Figures S2, S4, and 
S10). P7 at age 1 month (mo) showed marked variability 
of fiber size with markedly increased interstitial connec-
tive tissue in addition the frequent COX-deficient fib-
ers and immunohistochemical deficiency of complex I 
and complex IV (Figures 3A and 7A–C; Figure S11). In 
P2, a type 2 fiber predominance was seen at 5 yr of age, 
whereas there was normal fiber type distribution nine 
years later at age 14. In contrast, the follow-up biopsy in 

P5 demonstrated solely type 1 fibers. The follow-up bi-
opsy in P1 demonstrated normal fiber type distribution.

Biochemical analyses of the respiratory chain enzyme 
complexes revealed profound combined complex I and 
IV deficiency in all examined infant patients and milder 
defects at follow-up (Table 2).

3.2  |  Ultrastructural analysis

Electron microscopic analysis of mitochondria in infant 
P1, 2, 4, and 5 biopsies demonstrated intermyofibrillar and 

F I G U R E  2   Serial sections of skeletal muscle of P5 and P1 at different ages. COX/SDH enzyme histochemistry with fiber lacking COX 
activity staining blue. Immunohistochemistry was used to visualize NDUFB8 (complex I), MTCO1 (complex IV), and SDHB (complex II). 
(A) P5 at 1 mo of age. A majority of the fiber show COX deficiency. A marked decrease of NDUFB8 and MTCO1 is seen, although the lack of 
MTCO1 is not as pronounced as the lack of NDUFB8. Some myofibers show high expression of SDHB. Identical fibers are marked with arrows. 
(B) P5 at 8 yr of age. A few fiber show partial COX deficiency. About 25% of the fiber lack NDUFB8 staining. These fibers show a regional 
distribution, rather than an even distribution. Some cells reveal a decrease in MTCO1 staining, but there is not a complete absence as seen at 
1 mo of age. Occasional fibers show hyper-reactivity of SDHB. Identical fibers are marked with asterixis. (C) P1 at 18 yr of age. Numerous fibers 
show COX deficiency. A majority of the fibers lacks NDUFB8. Some fibers demonstrate decreased MTCO1 expression, only a few scattered 
fibers completely lack MTCO1. The fibers with abolished MTCO1 expression also completely lack NDUFB8. Some fibers show hyper-reactivity 
of SDHB. Insets show staining of a control aged 1.5 yr. Scale bars measure 100 μm 
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subsarcolemmal accumulation of enlarged, frequently giant 
mitochondria with circular and tubular cristae in addition 
marked increase in fat (Figures 4A,B,E,F and 5A–D). In 
follow-up investigations of P1 at age 18  yr (Figure 4C,D), 
and P2 at age 5  yr (Figure 4G,H), and in P6 at age 9  yr 
(Figure 5E,F) the mitochondrial changes were seen as sub-
sarcolemmal and partly intermyofibrillar accumulation 
of mitochondria with paracrystalline and other inclusions 
and frequently elongated mitochondria with dense matrix. 
P7 showed in addition to abnormal elongated mitochondria 
with dense matrix (Figure 5G,H), numerous atrophic fibers, 
myofibrillar disorganization and multilobulated nuclei.

3.3  |  Immunoblotting

To analyze possible effects of the m.14674T>C variant 
on protein expression of the individual respiratory chain 
complexes, protein expression in homogenates of skeletal 
muscle from all patient biopsies, from the mother of P5 

(R1), and two healthy controls (C1 and C2, both one year 
of age) was determined (Figure 6). This revealed a severe 
reduction of NDUFB8 in the patients’ muscle biopsy 
specimens in infancy. Results from analysis of an addi-
tional subunit of complex I, NDUFS3, in family 4 showed 
a similar pattern as NDUFB8 (Figure S12). Expression 
of MTCO1 was also downregulated, but not to the same 
extent as NDUFB8. These results are in agreement with 
the results from immunohistochemical analyses.

In follow-up biopsies, when the patients had recov-
ered (P2 5  yr and P5 8  yr), as well as in the healthy 
mother of P5 (R1), the expression levels of NDUFB8 
and MTCO1 were normal. However, the expressions 
of both NDUFB8 and MTCO1 were decreased in P2 
at 14 yr of age, when his muscle function had deteri-
orated. This finding is in concordance with histology 
results showing an increase in COX-deficient fibers. In 
the follow-up biopsy of P1 at 18 yr of age, the expres-
sion of NDUFB8 was reduced, while the expression of 
MTCO1 was normal. Some of the patients showed an 

F I G U R E  3   Serial sections of skeletal muscle of affected individuals in Family 4 (P7 and P6). COX/SDH enzyme histochemistry with fibers 
lacking COX activity staining blue. Immunohistochemistry was used to visualize NDUFB8 (complex I) and MTCO1 (complex IV). (A) P7 at 
1 mo of age. Numerous fibers show COX deficiency. A majority of the fibers lack NDUFB8 staining and some fibers show reduced expression 
of MTCO1. Only a few scattered fibers completely lack MTCO1 expression. Insets show staining of an age-matched control. (B) P6 at 9 yr of 
age. Numerous fibers show COX deficiency. Numerous but not a majority of the fibers completely lack NDUFB8 expression with regional 
differences and some fibers show a decreased expression. Scattered fibers show a reduced of MTCO1 expression. Scale bars measure 100 μm 
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increase in the expression of SDHB (P2 at 2 mo of age, 
P3, P4, and both biopsies of P5 and P1), consistent with 
muscle biopsy findings of mitochondrial proliferation 

(Figure 6). These biopsies also showed an increase in 
VDAC1 expression, albeit not as immense as the in-
crease in SDHB expression, compared to controls.

F I G U R E  4   Electron micrographs of skeletal muscle from P1 and P2. (A and B) P1 at age 4 mo showing increased fiber size variability and 
large fat droplets (arrowheads) in some fibers. Collections of giant mitochondria with circular and tubular cristae are present in many fibers 
(arrows). (C and D) P1 at age 18 yr showing subsarcolemmal collections of mitochondria with paracrystalline inclusions (arrows). (E and F) P2 
at age 2 mo showing an increased variability in fiber size and large fat droplets (arrowheads) in several fibers. Collections of giant mitochondria 
with tubular and circular cristae are present in many fibers (arrows). There is also a cytoplasmic body present in one fiber (asterisk). (G and 
H) P2 at age 5 yr showing subsarcolemmal collections of mitochondria with elongated shape and dense matrix (arrow). There is also a core 
structure in a fiber (asterisk) and increased interstitial collagen (col)
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To determine whether the nonsense variant in SYNE1 
affected protein translation, protein levels in skele-
tal muscle of P7 as well as two age-matched controls 

were examined using an antibody, MANNES1E, di-
rected against both the nesprin-1  giant isoform as 
well as the short nesprin-1α2 isoform (Table S1). The 

F I G U R E  5   Electron micrographs of skeletal muscle from P4, P5, P6 and P7. (A and B) P4 at age 4 mo showing collections of giant 
mitochondria with circular and tubular cristae (arrows). (C and D) P5 at age 1 mo showing muscle fibers with subsarcolemmal accumulation 
of glycogen and collections of large mitochondria (arrows). The mitochondria show circular and tubular cristae with dense matrix. (E and F) 
P6 at age 9 yr showing subsarcolemmal and intermyofibrillar collections of large mitochondria multiple inclusions (arrows). (G and H) P7 at 
age 1 mo showing increased fiber size variability and increased interstitial collagen (col). Some fibers show increased amounts of elongated 
intermyofibrillar mitochondria with dense matrix (arrows)
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protein expression of nesprin-1 in P7 was entirely 
abolished (Figure 7F). In agreement with this find-
ing, immunohistochemistry with an antibody against 
nesprin-1 (MANNES1A) demonstrated absence of 
the normal distinct staining of the nuclear membrane 
(Figure 7D,E).

3.4  |  Genetic analysis

P1–P3 and P5  have previously been reported to carry 
the homoplasmic m.14674T>C variant in MT-TE [1, 6]. 
In P4, sequencing of all mitochondrial tRNA genes re-
vealed the same alteration. The mothers of P1, P2, P3, 

F I G U R E  6   Immunoblotting shows decreased levels of the complex I subunit NDUFB8 and the complex IV subunit MTCO1 in patients’ 
muscle biopsy specimens in infancy. In follow-up biopsies, when the patients showed clinical improvement (P2 5y and P5 8y), as well as in the 
healthy mother of P5 (R1), the expression levels of NDUFB8 and MTCO1 were normal. The expression of both NDUFB8 and MTCO1 was 
decreased in P2 at age 14 yr, while only NDUFB8 expression was decreased in P1 at 18 yr of age. Coomassie staining of the myosin heavy-chain 
band (MHc) serves as loading control. C, control, P, patient, R, relative

F I G U R E  7   Muscle pathology and Nesprin expression in P7. (A–C) Quadriceps muscle at 1 mo of age. There is marked variability of 
fiber size (range: 5–40 µm) and marked increase in connective tissue (A, H&E; B, Gomori trichrome; C, NADH-tetrazolium reductase; Scale 
bars measure 40 µm). (D and E) Immunohistochemistry using MANNES1A that recognizes the C-terminal region of nesprin-1-giant as well 
as nesprin-1-α2, the short isoform of nesprin-1, shows distinct staining of the nuclear rim (arrowheads) in an adult biopsy without signs of 
muscle disease, serving as a control (D). No such staining could be detected in P7 (E), (scale bars measure 50 μm). (F) Western blotting using 
MANNES1E showing that the expression of nesprin-1 was completely abolished in P7. Coomassie staining of the myosin heavy-chain band 
(MHc) serves as loading control 
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P4, and P5 carried the homoplasmic m.14674T>C vari-
ant, but it was absent in the father of P5 (Figure 1).

Whole-genome sequencing was conducted in four 
family members of family 4, including P6, P7, and their 
parents, in reference to the clinical findings of myopathy 
and arthrogryposis and mitochondrial changes on mus-
cle biopsy in P7 and the mitochondrial myopathy in P6. In 
P7, two pathogenic variants were found, one homozygous 
variant in SYNE1 (c.25448G>A, NM_033071.3) resulting 
in a premature stop codon p.Trp8483* not reported in 
the Genome Aggregation Database (gnomAD), as well 
as the previously reported m.14674T>C variant. The par-
ents were heterozygous for the SYNE1 variant and both 
of them were homoplasmic for the m.14674T>C variant. 
P6 carried the m.14674T>C variant in tRNAGlu (Figure 1). 
No homozygous- or compound heterozygous-predicted 
pathogenic variants were detected in EARS2, TRMU, 
QRSL1, GOT2, GLS, or MSS51, genes known to interact 
with mt-tRNAGlu. Damaging variants in such genes have 
been suggested to be a prerequisite for development of 
reversible infantile respiratory chain deficiency in carri-
ers of the homoplasmic m.14674T>C variant [7]. Further 
filtering for variants in nuclear genes interacting with 
mt-tRNAGlu predicted as deleterious identified one het-
erozygous variant in MTO1 (c.1933C>A, NM_012123.4; 
p.Arg645Ser) in P7 and her mother.

4  |   DISCUSSION

Reversible infantile respiratory chain deficiency was first 
described in 1981 [5]. The disease-causing m.14674T>C 
variant was identified in 17 patients by Horvath and co-
workers in 2009 [1], and two other cohorts were published 
shortly thereafter [2, 3]. In the Japanese cohort [2], eight pa-
tients were investigated, and the same variant was identi-
fied in six of the patients. Interestingly, two patients carried 
a novel homoplasmic m.14674T>G variant, with the same 
clinical phenotypes as the patients with the m.14674T>C 
variant. The clinical presentation of the patients in these 
three papers has been summarized by Boczonadi et al. 
[12] and includes muscle weakness, hypotonia, and feed-
ing difficulties in almost all patients, whereas mechani-
cal ventilation was required in about 1/3 of the patients. 
The natural history of the condition is not well known. 
Uusimaa and co-workers presented longitudinal follow-up 
data from early infancy into adulthood of six patients with 
the m.14674T>C variant, suggesting that even though the 
profound muscle weakness seen at presentation improved, 
subtle symptoms may persist. These symptoms included 
fatigue, myalgia, and facial weakness [3].

All patients in our cohort showed improvement fol-
lowing the acute episode in infancy, except P6, who did 
not show symptoms in infancy, but was found to have 
myopathic symptoms at 4 yr of age. P2, who presented 
in infancy with muscle weakness and hypotonia, did 
initially improve, and at 5  yr of age, he had recovered 

clinically and according to the muscle biopsy findings. 
However, at age 14  yr, he had deteriorated clinically 
and according to muscle biopsy findings. At the last 
follow-up at age 32  yr, the patient demonstrated wors-
ening of symptoms with exercise intolerance, myalgia, 
and decline in ambulation and serum CK was increased. 
P1 experienced, at age 18 yr, exercise intolerance in ac-
cordance with the mitochondrial myopathy with 50% 
COX deficient fiber. These findings from our follow-up 
investigations illustrate that disease associated with the 
m.14674T>C variant is variable and not always revers-
ible but instead frequently progressive despite an initial 
phase of recovery in patients with infantile onset. It can 
also manifest as a slowly progressive myopathy without 
an infantile episode of muscle weakness. Uusimaa and 
co-workers suggested that the clinical recovery of the pa-
tients in their cohort was due to a loss of a subpopulation 
of COX-negative muscle fibers, which was supported by 
type 2 fiber predominance in a follow-up biopsy after 
improvement of symptoms [3]. In our cohort, four fol-
low-up biopsies were performed, but no such conclusions 
regarding an effect of change in fiber-type composition 
could be drawn from the results in our studies.

The light microscopical morphological muscle biopsy 
findings were very similar in all infantile cases with pro-
found COX deficiency, mitochondrial proliferation with 
ragged red fibers, fiber caliber variation, and abnormal 
lipid accumulation. The only exception was patient 7 who, 
in addition, suffered from a congenital myopathy due to 
nesprin-1 deficiency. The mitochondrial ultrastructural 
changes were also uniform with large mitochondria with 
circular and tubular cristae. Later in childhood, in ado-
lescence and adulthood the characteristic ultrastructural 
changes of infancy were no longer present but instead 
abnormal mitochondria were characterized by elongated 
shape, dense matrix and inclusions, some of which were 
the typical paracrystalline inclusions seen in adults with 
mitochondrial myopathy due to mtDNA mutations. 
These inclusions are not typically seen in infancy and 
our longitudinal study clearly shows that the type of mi-
tochondrial structural abnormalities is age-related. Our 
follow-up study also demonstrates that the disease asso-
ciated with m.14674T>C variant frequently persists into 
adulthood as a mitochondrial myopathy, which in some 
cases shows dystrophic features with muscle fiber necro-
sis, regeneration, and fibrosis. These changes may under-
lie the progressive clinical features seen in some cases.

In P7, who also carried the homozygous SYNE1 stop 
mutation causing nesprin-1 deficiency and a congenital 
myopathy, the morphological changes were very differ-
ent from the other infants. Her biopsy at age 1 mo showed 
marked fiber size variability and increased connective 
tissue, indicating an in utero onset of a degenerative mus-
cle disorder. In addition, she had frequent COX-deficient 
fibers, which indicated an additional mitochondrial 
disease. As we could demonstrate a combined complex 
I and IV deficiency, the apparent explanation for the 
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mitochondrial enzyme deficiency was the m.14674T>C 
variant. Interestingly she did not show the same ultra-
structural mitochondrial alterations as the other infants 
but changes that were more similar to those seen in fol-
low-up biopsies in the other cases. Another difference 
was the reduced expression of VDAC (porin), a mito-
chondrial membrane protein. This reduced expression 
was not explained by a reduced number of mitochondria 
as the SDH staining and western blot of SDHB, was like 
the other cases. It may be speculated that the nesprin-1 
deficiency somehow altered the mitochondrial mem-
brane structure.

An important finding in this study is the deficiency 
of the complex I subunit NDUFB8 in our patients, as 
demonstrated by both immunohistochemistry and west-
ern blot. A combined enzyme deficiency of complex I and 
complex IV activities have previously been shown [1–3], 
but complex I expression has not previously been studied 
immunohistochemically in patients with reversible in-
fantile respiratory chain deficiency. The investigated pa-
tients showed a more pronounced NDUFB8-deficiency 
than MTCO1-deficiency, indicating a greater disturbance 
in complex I assembly than in complex IV. Furthermore, 
the follow-up biopsies of P1 and P5 showed greater revers-
ibility in MTCO1 expression than in NDUFB8 expres-
sion, and there was a remaining regional deficiency of 
mainly NDUFB8 as revealed by immunohistochemistry. 
Moreover, the deterioration of symptoms in P2 coincides 
with the decrease in expression of NDUFB8 rather than 
MTCO1 expression, as demonstrated by immunohisto-
chemistry and western blot analyses. A combined, but 
predominant complex I, respiratory chain deficiency is 
known to be caused by some variants in mt-tRNA genes, 
particularly MT-TL1 (mt-tRNALeu(UUR)) [13, 14], but the 
mechanisms by which these variants affect mainly com-
plex I activity is unclear. One explanation could be that 
complex I has the highest number of subunits encoded 
by the mitochondrial genome, therefore making it more 
vulnerable when there are disease-causing variants in af-
fecting mt-tRNA genes. Leu residues are especially prev-
alent in complex I, and the number of Glu residues is also 
much higher than in the other complexes (Table S2).

As described previously, the penetrance of the dis-
ease is incomplete [1], with many homoplasmic carriers 
never becoming affected. In the gnomAD, consisting of 
56429 individuals, two homoplasmic and three hetero-
plasmic carriers of the m.14674T>C variant were found. 
The m.14674T>G variant was not present in any of the 
individuals. In our cohort, we have detailed information 
on four of the parents, of which none have had any signs 
or symptoms of myopathy. Incomplete penetrance is also 
seen for other homoplasmic disease-causing mtDNA 
variants such as in Leber's hereditary optic neuropa-
thy (LHON), where it has been established that 50% of 
males and only 10% of females carrying a homoplasmic 
disease-causing variant develop clinical characteristics 
of the disease. The cause of the incomplete penetrance in 

LHON is still poorly understood, but it is believed to be 
an interaction between the primary genetic defect, envi-
ronmental triggers, such as smoking, and genetic modi-
fying factors such as mtDNA haplotype, mtDNA copy 
number, and nuclear modifiers [15].

A recent study [7] proposed that reversible infantile 
respiratory chain deficiency is inherited in a digenic 
manner, suggesting that besides the mtDNA variant, 
an additional heterozygous variant in a nuclear gene 
interacting with mt-tRNAGlu modifies the phenotypic 
outcome of the m.14674T>C variant. In that study, 
heterozygous genetic variants were found in several 
genes, with EARS2 and TRMU being the most com-
mon. In two affected individuals, no additional vari-
ant considered to be involved in the pathogenesis was 
found. One patient inherited both the homoplasmic 
m.14674T>C variant and an EARS2 variant from her 
healthy mother. The latter was not reported with any 
history of muscle problems during early development 
or later in life. In our study, we thoroughly investigated 
family 4 genetically. In this family, the parents of the 
two affected individuals are first cousins, both homo-
plasmic for the m.14674T>C variant. We did not find 
any homozygous or heterozygous variants predicted as 
pathogenic in EARS2, TRMU, QRSL1, GOT2, GLS, 
or MSS51 in this family and no de novo variants of 
interest were identified in the affected children. One 
heterozygous variant was identified in MTO1, a gene 
involved in mt-tRNAGlu modification [16], in both P7 
and her mother, but not in the affected sibling P6. This 
variant has previously been reported as pathogenic, 
causing brain malformations in an autosomal reces-
sive manner [17]. As the MTO1-variant identified in 
family 4 does not co-segregate with the disease, it is 
unlikely to function as a genetic modifier. P3 and P4 
are half siblings and they inherited the homoplasmic 
m.14674T>C variant from their mother, who had no 
history of muscle weakness. It seems unlikely, albeit 
not utterly excluded, that they inherited a pathogenic 
modifying genetic variant for they had different fa-
thers. Thus, the inheritance pattern in family 2 and 
family 4, and the detailed genetic analysis in family 4 
do not support the concept of digenic inheritance of 
reversible infantile respiratory chain deficiency.

P7 in our cohort, who presented with muscle weak-
ness, adducted thumbs, flexion contractures of fingers, 
and bilateral clubfeet was found to carry, in addition to 
the m.14674T>C variant, a novel homozygous variant 
c.25448G>A in SYNE1, causing a premature stop codon, 
p.Trp8483*. SYNE1, the synaptic nuclear envelope pro-
tein-1  gene, encodes nesprin-1, a protein involved in 
the positioning of the nucleus in skeletal muscle cells 
[18]. To date, five patients with arthrogryposis car-
rying variants in SYNE1  have been identified [19–21]. 
Protein expression using antibodies directed against 
the common C-terminal region of nesprin-1-giant as 
well as nesprin-1-α2, the short isoform of nesprin-1, 
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indicated that the protein expression of nesprin-1 in 
P7 was completely abolished. Muscle morphology has 
only been described in one patient with arthrogryposis 
and a SYNE1 variant. That muscle biopsy revealed nu-
clear changes in form of multiple invaginations of the 
nuclear membrane, multilobulated, honeycombed nu-
clei, and a variation in size of muscle fibers [20]. These 
findings corroborate with muscle biopsy findings in P7 
in our study, which demonstrated fiber size variability 
and fibrosis. Ultrastructural analysis displayed nuclear 
membrane invaginations and multilobulated nuclei, 
findings which may be associated with the absence of 
normal nesprin-1. Our study confirms that variants in 
SYNE1 cause autosomal recessive arthrogryposis and 
that nesprin-1 variants should be considered as a pos-
sible cause in patients presenting with muscle weakness 
and contractures in infancy.

This study is based on patients who were infants when 
they came to our attention and several of them are now 
adults. In most cases they received a genetic diagnosis 
after sequencing of the mitochondrial DNA after inves-
tigation of the muscle biopsy showing a mitochondrial 
myopathy. Nowadays it is common to start the genetic 
investigation by next generation sequencing (NGS) ap-
plying whole exome or genome sequencing (WES/WGS) 
even before muscle biopsy [22]. Applying NGS as in the 
case of family 4, with filtering against genes known to 
cause congenital myopathy, disclosed the SYNE1 vari-
ant explaining the clinical phenotype at birth. However, 
muscle biopsy was essential in this case because it clearly 
demonstrated a mitochondrial enzyme deficiency, which 
led to identification of the m.14674T>C variant, which in 
turn explained the clinical deterioration at 3 mo of age. 
Double trouble in this patient was identified by careful 
genetic analysis and muscle biopsy, which was necessary 
for evaluating the clinical condition and treatment. In 
the case of the m.14674T>C variant it is usually homo-
plasmic and therefore possible to identify in blood DNA 
but many pathogenic mtDNA variants are heteroplasmic 
and may be present only in affected tissues [23, 24].

To our knowledge, this is the first study investigating 
the expression of the individual respiratory chain com-
plexes by immunohistochemistry and western blot in a 
cohort of patients with reversible infantile respiratory 
chain deficiency. Our findings indicate that the respira-
tory chain complex I is mainly affected. This is a descrip-
tive study, and we can therefore not draw any definite 
pathophysiological conclusions about the mechanism 
behind the defective assembly of complex I. Still, it sheds 
new light on the involvement of individual complexes of 
the respiratory chain in reversible infantile respiratory 
chain deficiency. The reversibility of the disease remains 
unexplained and it has been proposed that unknown nu-
clear factor(s) relating to the control of the amount of tR-
NAGlu may be key factors in mechanisms of recovery [2]. 
Further studies are needed to explore these mechanisms. 
Our study also demonstrates that not all features of the 

disorder are entirely transient, that the disease may be 
progressive, and that myopathy can develop without an 
infantile episode with hypotonia and weakness.
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Supplementary Material
TABLE S1 Antibodies used in immunohistochemistry 
and western blot
FIGURE S1 Patient 1, quadriceps muscle at 4 months of 
age. There is increased variability of fibre size (A, H&E), 
multiple ragged red fibres and lipid vacuoles (B, Gomori 
trichrome) and profound COX deficiency (C, COX; D, 
COX-SDH) Bar = 50 μm
FIGURE S2 Patient 1, quadriceps muscle at 18 years of 
age. There is slight variability of fibre size (A, H&E), 
occasional ragged red fibres (B, Gomori trichrome) and 
numerous fibres with COX deficiency (C, COX; D, COX-
SDH) Bar = 100 μm
FIGURE S3 Patient 2, quadriceps muscle at 2 months of 
age. There is increased variability of fibre size (A, H&E), 
multiple ragged red fibres and lipid vacuoles (B, Gomori 
trichrome) and profound COX deficiency (C, COX; D, 
COX-SDH) Bar = 50 μm
FIGURE S4 Patient 2, quadriceps muscle at 5 years of 
age. There is slight variability of fibre size and occa-
sional central nuclei (A, H&E), no apparent ragged red 
fibres (B, Gomori trichrome) but occasional fibres with 
COX deficiency (C, COX) and occasional fibres with mi-
tochondrial proliferation (D, SDH) Bar = 100 μm
FIGURE S5 Patient 2, quadriceps muscle at 14 years of 
age. There is marked variability of fibre size and numer-
ous fibres with internal nuclei and a slight increase in 
connective tisue (A, H&E), no apparent ragged red fibres 
(B, Gomori trichrome) but numerous fibres with com-
plete or partial COX deficiency (C, COX; D, COX-SDH) 
Bar = 100 μm
FIGURE S6 Patient 3, quadriceps muscle at 1 month of 
age. There is increased variability of fibre size (A, H&E), 
multiple ragged red fibres and lipid vacuoles (B, Gomori 
trichrome) and profound COX deficiency (C, COX; D, 
COX-SDH) Bar = 50 μm
FIGURE S7 Patient 4, quadriceps muscle at 4 months of 
age. There is increased variability of fibre size (A, H&E), 
multiple ragged red fibres and lipid vacuoles (B, Gomori 
trichrome) and profound COX deficiency (C, COX; D, 
COX-SDH) Bar = 50 μm
FIGURE S8 Patient 5, quadriceps muscle at 1 months of 
age. There is increased variability of fibre size (A, H&E), 
multiple ragged red fibres and lipid vacuoles (B, Gomori 
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trichrome) and profound COX deficiency (C, COX; D, 
COX-SDH) Bar = 50 μm
FIGURE S9 Patient 5, quadriceps muscle at 8 years of 
age. There is marked variability of fibre size, numerous 
necrotic and regenerating fibres and a slight increase in 
connective tisue (A and B, H&E), and numerous fibres 
with complete or partial COX deficiency (C, COX; D, 
COXSDH) Bar = 100 μm
FIGURE S10 Patient 6, quadriceps muscle at 9 years of age. 
There is slight variability of fibre size (A, H&E), and nu-
merous fibres with mitochondrial proliferation and occa-
sional ragged red fibres (B, Gomori trichrome). Occasional 
fibres with mitochondrial proliferation show partial COX 
deficiency (C, COX; D, COX-SDH) Bar = 100 μm
FIGURE S11 Patient 7, quadriceps muscle at 1 month of 
age. There is marked variability of fibre size (range: 5–40 
μm) and marked increase in connective tissue (A, H&E; B, 
Gomori trichrome). Numerous fibres show partial or com-
plete COX deficiency (C, COX; D, COXSDH) Bar = 50 μm

FIGURE S12 Repeated immunoblotting shows the same 
results with decreased levels of the complex I subunits 
NDUFB8 and NDUFS3 in P7. The decreased level of 
VDAC in P7 is also confirmed. Coomassie staining of 
the myosin heavy-chain band (MHc) serves as loading 
control. C, control, P, patient.
TABLE S2 Information about the 13 mtDNA encoded 
genes with the occurrence of the amino acid Glu
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