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Mutations in Complex | Assembly Factor
TMEM126B Result in Muscle Weakness
and Isolated Complex | Deficiency
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Mitochondrial complex I deficiency results in a plethora of often severe clinical phenotypes manifesting in early childhood. Here, we
report on three complex-I-deficient adult subjects with relatively mild clinical symptoms, including isolated, progressive exercise-
induced myalgia and exercise intolerance but with normal later development. Exome sequencing and targeted exome sequencing
revealed compound-heterozygous mutations in TMEM126B, encoding a complex I assembly factor. Further biochemical analysis of sub-
ject fibroblasts revealed a severe complex I deficiency caused by defective assembly. Lentiviral complementation with the wild-type
cDNA restored the complex I deficiency, demonstrating the pathogenic nature of these mutations. Further complexome analysis of
one subject indicated that the complex I assembly defect occurred during assembly of its membrane module. Our results show that

TMEM126B defects can lead to complex I deficiencies and, interestingly, that symptoms can occur only after exercise.

Isolated complex I (CI) deficiency is the most frequent
cause of respiratory-chain defects in childhood and
accounts for various clinical presentations. Neurological
presentations are often observed, given that numerous
individuals present with Leigh syndrome (MIM: 256000),
Leber hereditary optic neuropathy (MIM: 535000), and
mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes (MIM: 540000). In addition, numerous
other clinical presentations combining hypotonia, devel-
opmental delay, seizures, cardiomyopathy, optic atrophy
or retinopathy, and other organ involvement have been
reported.' Mitochondrial CI is the largest enzyme of
the oxidative phosphorylation (OXPHOS) system.*” It is
embedded in the inner mitochondrial membrane®’ and
is composed of three different functional and structural
modules.* The entry point of electrons is the NADH dehy-
drogenase module (N module), which contains a flavin
mononucleotide where NADH is oxidized, after which
the electrons are transferred along a chain of iron-sulfur
clusters to the Q module, where ubiquinone is subse-
quently reduced. For every two electrons transferred from
NADH to ubiquinone, four protons are ejected from the
mitochondrial matrix via the proton-pumping module
(P module).”® " It has been established that the assembly
of Cl in vivo is a stepwise process in which different pre-
assembled modules are combined into the mature holo-
enzyme.'*"? CI deficiencies are associated with mutations
in mitochondrial and nuclear genes encoding structural
subunits but also in nuclear genes encoding Cl-specific

assembly factors.! Interestingly, most of these assembly
factors were first discovered in individuals with a mito-
chondrial CI deficiency.'*** Only a few CI assembly fac-
tors have been identified by functional studies in normal
cellular models.?>~3! One of these is TMEM126B, a mito-
chondrial transmembrane protein. Deficiency of this pro-
tein has been shown to reduce the total amount of CI
in a cellular model system.”>?’ Furthermore, it has been
shown that TMEM126B forms a complex with other
assembly factors: NDUFAF1, ACAD9, and Ecsit.>>*’ We
identified TMEM126B (MIM: 615533) mutations in three
unrelated subjects with exercise intolerance, hyperlactate-
mia, and isolated CI deficiency.

Subject 1, a 38-year-old man of European descent, was
born to non-consanguineous healthy parents. He had
progressive muscle complaints from the age of 38 years
onward and was referred to our clinic with progressive ex-
ercise-induced myalgia (most predominantly in his calves).
Resting relieved the symptoms, and there was no second-
wind phenomenon. Fasting did not affect the myalgia,
and signs of rhabdomyolysis were absent. He also suffered
from excessive daily fatigue. His early development had
been normal, and he reported normal functional abilities.
Neurological examination and electromyography were
normal. Laboratory investigations revealed hyperlactate-
mia (2.9-4.8 mmol/L; control values < 2 mmol/L) and
hyperalaninemia (772 pmol/L; control values = 150-
450 pmol/L) and a blood pH of 7.25 at rest. Other labora-
tory tests, including creatine kinase, were normal. A
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muscle biopsy showed no abnormalities with standard
immunohistochemical staining techniques, including Go-
mori trichrome and oxidative staining. However, electron
microscopy showed several abnormalities indicating mito-
chondrial dysfunction: most mitochondria were swollen
(some were giant), most of the mitochondria were sur-
rounded by lipid droplets, and a few mitochondria showed
crystalline inclusions (Figure 1A). Activity of respiratory-
chain enzymes indicated a severe CI deficiency in muscle
and fibroblasts (Table 1).

Subject 2, a 30-year-old woman of European descent,
was born to healthy unrelated parents after a normal
pregnancy and delivery. Her younger brother is healthy.
Psychomotor development was normal. From the age of
9 years, she experienced exercise intolerance, manifested
by premature exertional muscle fatigue, myalgia, dyspnea,
and cardiac palpitations for relatively intense efforts, such
as running, but not for moderate efforts. Indeed, her
walking distance was not markedly reduced. Levels of
blood creatine kinase were always normal at rest and dur-
ing acute episodes. At the age of 23 years, she was admitted
for investigations. Height and weight were 1.61 m and
49 kg, respectively. She had a normal physical appearance
but had mild proximal muscle weakness at examination.
Electrocardiography and echocardiography were normal.
Ophthalmological examination was completely normal
and showed no sign of retinitis pigmentosa at fundo-
scopy or optic atrophy. Metabolic investigations showed
hyperlactatemia (7 mmol/L; control values < 2 mmol/L)
and hyperalaninemia (1,120 umol/L; control values =
274 = 50 pmol/L) and an increased lactate/pyruvate ratio
(33; control values = 10-20). Measurement of urine
organic acids showed elevated lactate levels (8,000 pmol/
mmol creatinine; control values < 84 pmol/mmol creati-
nine). CI activity was severely reduced in muscle mito-
chondria (Table 1).

Subject 3, a 22-year-old man of European descent, was
the first child born to healthy unrelated parents after a
normal pregnancy and delivery. His younger brother is
healthy. He was able to walk at 18 months. He was noted
to have proximal muscle weakness at 3 years of age. He
had lifelong exercise intolerance marked by myalgia fol-
lowed by vomiting. Nevertheless, he was reported to
have normal physical activity. At 14 years of age, neurolog-
ical examination was normal. His height and weight were
1.49 m and 37.7 kg, respectively. Metabolic investigations
showed permanent hyperlactacidemia (2.8-7.4 mmol/L),
elevated lactate/pyruvate ratios (21-32), hyperalaninemia
(702 pmol/L; normal range = 274 = 50 pmol/L), and
elevated lactate levels in wurine (2,775 pmol/mmol
creatinine; control values < 84 umol/mmol creatinine).
Ophthalmological and cardiac examination was normal.
A severe CI deficiency was observed in muscle (Table 1).

Informed consent for diagnostic and research studies
was obtained for all subjects in accordance with the Decla-
ration of Helsinki protocols and approved by local institu-
tional review boards in Nijmegen and Paris.

To identify the disease-causing genetic defect, we per-
formed whole-exome sequencing of subject 1. Putative
pathogenic variants were selected after filtering against
known SNPs in dbSNP, 1000 Genomes, the National Heart,
Lung, and Blood Institute (NHLBI) Exome Sequencing
Project Exome Variant Server, intergenic variants, and
an in-house variant database. This revealed two heterozy-
gous variants in TMEM126B (GenBank: NM_018480.4):
c.635G>T (p.Gly212Val) and ¢.397G>A (p.Aspl133Asn)
(Figures 1B-1D). These variants were confirmed by Sanger
sequencing. Segregation analysis revealed that the mother
of subject 1 carries the c.635G>T variant and the father
carries the ¢.397G>A variant.

The genetic defect in subject 2 was identified by targeted
exome sequencing of a panel of 215 genes, including
the known genes for mitochondrial disorders and genes
of CI subunits and assembly factors. This revealed two
TMEM126B heterozygous variants that were confirmed
by Sanger sequencing (c.635G>T inherited from the
mother and ¢.208C>T [p.GIn70*] inherited from the fa-
ther; Figures 1B-1D). Considering the similar clinical
presentation of subjects 2 and 3, we performed Sanger
sequencing of TMEM126B for subject 3 and detected
two TMEM126B heterozygous variants (c.635G>T and
¢.397G>A, inherited from the mother and father, respec-
tively; Figures 1B-1D).

The ¢.397G>A and c.635G>T variants are present in
the European population with a very low allele frequency
(Table 2). The p.Gly212Val change was predicted to be
deleterious by three different prediction software packages,
namely SIFT, MutationTaster, and PolyPhen-2 (Table 2).
The ¢.397G>A (rs573006534) variant is predicted to lead
to the loss of the 3’ splice site of exon 3. Sanger sequencing
of RT-PCR products encompassing exon 3 revealed two
superimposed sequence traces (Figure 1D), suggesting
that an alternative splice site located at position 293-296
was used instead, which generated a truncated cDNA
lacking 104 bp from exon 3 (Figure 1E). This truncated
transcript most likely had reduced stability given
that sequencing of exon 5 from total cDNA predomi-
nantly detected the ¢.635G>T variant (Figure 1D).
Using RT-PCR, we amplified three distinct TMEM126B
transcripts—TMEM126B.1 (GenBank: NM_018480.4),
TMEM126B.2 (GenBank: NM_001193537.2), and
TMEM126B.5 (GenBank: NM_001256546.1)—the first
and last of which have been previously reported. Tran-
script 5 is generated by an alternative start codon down-
stream of the initiating methionine of transcript 1,
whereas transcript 2 is a result of alternative splicing
(Figure 1B). All isoforms have identical exons 3-5. Thus,
the identified mutations, which localize in exons 3 and
5, affect all three TMEM126B isoforms. Therefore, the three
subjects have the same c.635G>T mutation resulting in
p-Gly212Val from the maternal allele and either a splice
mutation resulting in an unstable transcript or a prema-
ture stop codon from the paternal allele. The low allelic
frequencies of ¢.397G>A and ¢.635G>T, the absence of
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Figure 1. Mutations in TMEM126B Are Associated with Mitochondrial Dysfunction

(A) Electron micrographs of skeletal muscle sections from subject 1 show a mitochondrion with cristalline inclusions (left), a giant mito-
chondrion (center), and mitochondria surrounded by lipid droplets (right).

(B) Exon-intron organization of TMEM126B depicts the three human ¢cDNA isoforms (TMEM126B.1, TMEM126B.2, and TMEM126B.5).
The positions of the TMEM126B variants identified in the subjects are indicated.

(C) Sequence analysis of TMEM126B of subjects 1-3 (S1-S3). The arrows indicate the mutations.

(D) Sequence analysis of RT-PCR of TMEM126B exons 3-5 shows in subject 3 (S3) a heterozygous exon 3 deletion starting at c.295 un-
derneath the normal allele (left) and a much lower amount of the ¢.635G>T variation in exon § in subject 3 than in the control (right).
(E) Partial structure of TMEM126B (gDNA) and cDNA. The exon-intron junctions, as well as the consensus splice sites, are presented.
¢.294 indicates the putative consensus splice site (AGGT) that could have been used as new splice site in subjects 1 and 3.
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Table 1.

Respiratory-Chain Activities in Muscle Mitochondria, Muscle Homogenate, and Fibroblasts

Muscle Mitochondria

Muscle Homogenate

Fibroblasts

s1 C s2 C s3 C s1 C s2 C s3 C
CI/CS 0.03"  0.47-1.54 0.02* 0.14-0.19  0.02% 0.12-0.22 0.05*  0.16-0.60 ND 0.11-0.17 ND 0.12-0.26
CII/Cs 0.21 0.13-0.35  0.28 0.23-0.29  0.26 0.24-0.38 0.53 0.34-0.89 036 0.24-0.30 031  0.25-0.34
CIII/CS  0.84 0.70-1.76  5.05 3.44-4.66 ND 2.29-3.64 0.87 0.57-1.38 2.03  2.37-3.06 3.30 2.24-2.97
CIvV/CS  1.01 0.47-1.84  2.49 1.65-2.19 1.42 1.24-1.97 0.43 0.29-095 086 1.13-148 1.70  1.14-1.54
CV/CS ND ND 1.40 0.66-0.94 ND 0.46-0.97 0.72 0.20-0.82  0.20  0.21-0.29 ND 0.23-0.33

Abbreviations are as follows: CI-CV, complexes |-V, respectively; CS, citrate synthase; S1-S3, subjects S1-S3, respectively; C, control values; and ND, not done.

2Abnormal values.

¢.208C>T in SNP databases, the compound-heterozygous
state of the TMEM126B variations, and the recurrence of
these mutations in three independent subjects with a
similar clinical phenotype and an isolated CI deficiency
are highly suggestive of a pathogenic effect on CI activity.

Blue native PAGE (BN-PAGE) analyses revealed a marked
decrease in fully assembled CI in cultured skin fibroblasts
of the three subjects (Figures 2A and 2B), consistent
with the isolated CI defect detected in muscle biopsies.
Although the other OXPHOS complexes were all present
at similar levels between subjects and control fibroblasts,
we detected a mild increase in the CIII,-CIV super-
complex, suggesting that supercomplex composition un-
dergoes a general rearrangement as a result of the decrease
in CI levels. To further investigate this, we solubilized
mitoplasts isolated from fibroblasts of subject 1 and

control cells in digitonin, a detergent that preserves the
high-molecular-weight respiratory-chain supercomplexes.
The amount of Cl-containing supercomplexes, detected
either by an in-gel enzyme assay (IGA) or by immuno-
blotting, was lower in subject 1 than in control cells
(Figure 2C). Similarly, we found a decreased level of CI-
CIII,-CIV,, supercomplexes visualized with specific anti-
bodies for complexes III and IV (Figure 2C). On the other
hand, supercomplex CIII-CIV and monomeric CIV were
found to be slightly increased in subject 1 fibroblasts
(Figure 2C). Consistent with these results, immunoblot
analyses of total protein extracts from subjects 2 and 3
and control fibroblasts revealed decreased levels of the CI
subunit NDUFBS8 for subject 2 and increased steady-state
levels of subunits CIII and CIV, UQCR2, and COX1 for
subject 3 (Figure 2D).

Table 2. TMEM126B Variations Identified in Subjects $1-5S3 and Predicted Consequences
Subjects
s2 $1 and $3 $1, 52, and S3
Nucleotide change ¢.208C>T c.397G>A €.635G>T
Amino acid change p-GIn70* p-Asp133Asn p-Gly212Val
SIFT NA tolerated (score = 0.12) deleterious (score = 0.03)
MutationTaster NA disease causing (p value = 1) disease causing (p value = 0.946)
PolyPhen-2 NA benign (score = 0.084) probably damaging (score = 0.995)
Predicted change at donor site 1 bp downstream NA -56.8% NA
MaxEnt NA —77.6% NA
NNSPLICE NA —-80.5% NA
Human Splicing Finder NA -12.2% NA
dbSNP (MAF/minor allele count) none 15573006534 (<0.01/1) 15141542003 (unknown)
ClinVar - - -
ExAC allele frequency none A = 0.0089% T=0.13%
NHLBI EVS none - T = 16/G = 8,582 (European American)

T = 0/G = 4,406 (African American)

The effect of the variations on the protein was predicted by Alamut software including SIFT, MutationTaster, and PolyPhen-2. The frequency of the variations
in dbSNP, ClinVar, the Exome Aggregation Consortium (EXAC) Browser, and the NHLBI Exome Variant Server (EVS) are presented. The predicted splicing
modifications were determined by Alamut software including MaxEnt, NNSPLICE, and the Human Splicing Finder. The TEM126B reference sequence is GenBank:

NM_001193537. The following abbreviation is used: NA, not appropriate.
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Figure 2.

Isolated Cl Deficiency in Subjects with TMEM126B Variants

(A and B) BN-PAGE analysis revealed an isolated CI assembly defect in fibroblasts from subject S1 (A) and subjects S2 and S3 (B). Mito-
plasts (20 or 80 pg) isolated from control and subject fibroblasts were solubilized with 1% DDM, fractionated through 3%-12% native
gels, and transferred to either PVDF or Protran nitrocellulose membranes. The individual complexes were identified with specific

antibodies.

(C) Mitoplasts from a control (C1) and subject 1 (S1) were solubilized in 2% digitonin and subjected to BN-PAGE as in (A). Supramolec-
ular organization of the respiratory-chain complexes was detected by IGA for CI or immunoblotting with specific antibodies.

(D) SDS-PAGE analysis of the steady-state levels of OXPHOS proteins. Total protein cell extracts (20 pg) from control (C2 and C3) and
subject (S2 and S3) fibroblasts were fractionated through 12% polyacrylamide gels and transferred to PVDF membranes. Individual
OXPHOS proteins were detected with specific antibodies. SDHA was used as a loading control.

Because TMEM126B had been recently reported to
function as an assembly factor for CI,*° we proceeded to
study in more detail the assembly defect of CI in subjects’
fibroblasts. The decreased level of fully assembled CI was
accompanied by an accumulation of subassembled inter-
mediates in all three subjects (Figures 3A and 3B). These in-
termediates belong to the Q and P modules, given that
they are detected by antibodies against NDUFS3 and
NDUFA13, respectively, which localize in these modules.
Using two-dimensional BN-SDS-PAGE (BN-PAGE followed
by SDS-PAGE), further characterization of the subas-
sembled intermediates in subject 1 fibroblasts revealed
a profound reduction in the molecular weight of the
NDUFS3-containing module (Figure 3C). Similarly, we de-
tected an accumulation of ACAD9, an assembly factor of
the CI membrane arm, at a lower molecular level in subject
1 fibroblasts (Figure 3C). These results indicate that the as-
sembly of the individual CI functional modules is impaired
in subjects carrying TMEM126B mutations.

Interestingly, NDUFAF1 and ACAD9, assembly factors
acting at the level of the CI membrane arm where
TMEM126B is expected to interact,”>*?*> showed increased
steady-state levels in protein extracts from subject 1 fibro-
blasts. In fibroblasts of subjects 2 and 3, CI subunits NDUFS3,
NDUFBS8, and NDUFA9 were decreased, which is in line with
the decreased assembly of complex I (Figures 3D and 3E).

In order to confirm that the CI deficiency observed in
the three subjects is indeed due to the TMEM126B variants,
we performed functional complementation studies by
using lentiviral expression of the different wild-type
TMEM126B isoforms with a 3’ FLAG tag. Lentiviral expres-
sion of the three isoforms in fibroblasts from subjects 3
(Figure 3F) and 2 (data not shown) partially restored CI
assembly and resulted in increased steady-state levels
of NDUFB8 and NDUFA13, whereas CI subassemblies
were reduced in the complemented fibroblasts. Similarly,
expression of TMEM126B.5 in subject 1 fibroblasts partially
restored assembly (Figure 3G) and in vitro activity of CI
(Table S1). These results demonstrate the causal role of
TMEM126B mutations in the CI assembly defect observed
in the three subjects.

To obtain more in-depth information concerning the
disturbed CI assembly process, we performed complexome
profiling?®~*? in control, subject 1, and complemented sub-
ject 1 fibroblasts. This mass-spectrometry-based approach
provides unbiased insight into the amount and composi-
tion of complexes, including CI subassemblies. This anal-
ysis led to several observations. We could demonstrate a
clear improvement in CI assembly, whereby more mature
CI and fewer subassemblies accumulated in the comple-
mented cells than in the subjects’ cells (Figure 4A). The
only TMEM126B peptide detectable by mass spectrometry
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Figure 3. Cl Assembly Defects in Subject
Fibroblasts Were Restored after Lentiviral
Expression of Wild-Type TMEM126B

(A and B) Mitoplasts isolated from control
(C1 and C3) and subject (S1-S3) fibroblasts
were solubilized with DDM and analyzed
as in Figures 2A and 2B. NDUFS3 and
NDUFA13 in CI subassemblies were de-
tected with specific antibodies.

(C) Mitochondria isolated from control
(C1) and subject (S1) fibroblasts were solu-
bilized in 2% DDM, subjected to two-
dimensional BN-SDS-PAGE analysis, and
transferred onto Protran nitrocellulose
membranes. NDUFS3 and ACAD9 were de-
tected with specific antisera.

(D) Steady-state levels of the CI structural
protein NDUFS3 and the CI assembly fac-
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was not present in isoform 5. Therefore, by complexome
profiling, we could monitor only isoforms 1 and 2, which
were almost undetectable in the subject 1 fibroblasts
(Figure 4B). This also meant that we could not observe an
increase in TMEM126B in the fibroblasts complemented
with isoform 5. Still, the accumulation of higher-molecu-
lar-mass versions of the assembly-factor complexes
observed in subject 1 fibroblasts was largely reversed, indi-
rectly indicating successful complementation. In addition,
we observed accumulation of CI subassemblies of the ubi-
quinone binding part, a decrease in the NADH binding
part, and a disturbed proton-pumping part in subject 1 fi-
broblasts (Figure 4A), consistent with our immunoblot
data (see Figure 3 above). TMEM126B was decreased in sub-
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with lentiviral particles expressing wild-
type TMEMI26B.1, TMEMI126B.2, or
TMEM126B.5 fused to a 3’ FLAG tag
(T.1E, T.2F, or T.5F, respectively). Mitoplasts
(20 png, upper panel) were analyzed by BN-
PAGE as in Figures 2A and 2B. CI assembly
was partially restored by expression of the
three isoforms. SDS-PAGE analysis (lower
panel) of total cell protein extracts (20 pg)
was performed as in Figure 2D and showed
expression of all three TMEM126B isoforms
and partial restoration of NDUFA13 and
NDUFBS8 steady-state levels. Actin was
used as a loading control.

(G) Fibroblasts from subject 1 (S1) were
transduced with lentiviral particles ex-
pressing wild-type TMEM126B.5 (1.5) or
GFP. CI assembly and activity were
analyzed by BN-PAGE followed by immu-
noblotting or IGA.

ject 1 fibroblasts but present together with ACAD9, Ecsit,
and NDUFAF1 in control fibroblasts (Figure 4B). Interest-
ingly, its paralog TMEM126A was detectable in mitochon-
drial complexes only in the fibroblasts of the subject with a
defect in TMEM126B. Moreover, it seemed to co-migrate
with the CI assembly factors ACAD9 and NDUFAFI,
whereas in control fibroblasts, TMEM126A was not associ-
ated with any mitochondrial complex. This observation of
TMEM126A co-migrating with CI assembly factors has
been reported before in HEK293 cells.>* TMEM126B comes
from a duplication of its ancestor TMEM126A (MIM:
612988), and they share 85% similarity in their nucleotide
sequences. TMEM126B is evolutionary one of the most
recent Cl assembly factors and is only present in mammals.
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Figure 4. Complexome Profiling of Control, Subject, and Complemented Subject Fibroblasts

(A and B) Heatmaps (top) and migration profiles (bottom) obtained by complexome profiling of mitochondria isolated from control
(C1), subject 1, and complemented subject 1 fibroblasts. (A) CI subunits belonging to N, Q, and P modules. (B) CI assembly factors
(ACAD?Y, ECSIT, NDUFAF1, and TMEM126B) and TMEM126A.

(C) Steady-state levels of TMEM 126 A were determined by SDS-PAGE analysis and immunoblotting of total cell extracts (30 pg) from control
(C2 and C3) and subject (S2 and S3) fibroblasts, HeLa cells, and HeLa rho° cells with specific antibodies. Actin was used as a loading control.
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The replacement of TMEMI126B with its paralog
TMEM126A in the CI assembly process in the subjects pre-
sented here might suggest a compensatory mechanism.
Analyses of the steady-state levels of TMEM126A showed
that the protein was unchanged between control fibro-
blasts and those from subjects 2 and 3, whereas it was
found upregulated in rho° HelLa cells, in which expression
of the seven genes encoding hydrophobic core subunits is
abolished (Figure 4C). Interestingly, homozygous muta-
tions in TMEM126A have been associated with isolated op-
tic atrophy.®® Nevertheless, the role of TMEM126A in CI
assembly has not been demonstrated and requires further
research.

In conclusion, by using whole-exome sequencing and
targeted sequencing, we found mutations in the gene en-
coding the CI assembly factor TMEM126B in three sub-
jects. Using any of the wild-type TMEM126B isoforms to
restore the biochemical defects establishes that the
TMEM126B defects are disease causing in these subjects.
The clinical phenotype, compared with other complex I
defects, is relatively mild. In-depth analysis using complex-
ome profiling allows us to pinpoint the defect to a specific
stage of the CI assembly process.
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