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Abstract: We report a neonatal patient with hypertrophic cardiomyopathy (HCM), lactic acidosis and
isolated complex I deficiency. Using a customized next-generation sequencing panel, we identified
a novel hemizygous variant ¢.338G>A in the X-linked NDUFB11 gene that encodes the NADH:
ubiquinone oxidoreductase subunit B11 of the mitochondrial respiratory chain (MRC) complex I
(CI). Molecular and functional assays performed in the proband’s target tissues—skeletal and heart
muscle—showed biochemical disturbances of the MRC, suggesting a pathogenic role for this variant.
In silico analyses initially predicted an amino acid missense change p.(Argl13Lys) in the NDUFB11
CI subunit. However, we showed that the molecular effect of the c.338G>A variant, which is located
at the last nucleotide of exon 2 of the NDUFB11 gene in the canonical ‘short’ transcript (sized 462 bp),
instead causes a splicing defect triggering the up-regulation of the expression of an alternative ‘long’
transcript (sized 492 bp) that can also be detected in the control individuals. Our results support the
hypothesis that the canonical ‘short’ transcript is required for the proper NDUFB11 protein synthesis,
which is essential for optimal CI assembly and activity, whereas the longer alternative transcript
seems to represent a non-functional, unprocessed splicing intermediate. Our results highlight the
importance of characterizing the molecular effect of new variants in the affected patient’s tissues to
demonstrate their pathogenicity and association with the clinical phenotypes.

Keywords: NDUFB11 gene; mitochondrial complex I; neonatal cardiomyopathy; splicing; heart
muscle; skeletal muscle

1. Introduction

Mitochondrial complex I (CI) or NADH: ubiquinone reductase H(+)-translocating-
(EC 7.1.1.2) is the largest multimeric enzyme complex of the oxidative phosphorylation
(OXPHOS) system. CI consists of 44 different structural subunits (37 nuclear and 7
mitochondrial-encoded). At least 15 nuclear assembly factors are known to be involved in
CI holoenzyme biogenesis [1-3]. CI is a modular L-shaped enzyme structurally formed
by: (i) a hydrophilic peripheral arm projected to the mitochondrial matrix comprising two
functional modules, the N-module (NADH dehydrogenase) and the Q-module (ubiquinone
reduction); and (ii) a hydrophobic membrane arm integrated into a mitochondrial inner
membrane (MIM) formed by the P-module (proton pumping) [4-6]. CI represents the entry
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point of electrons from NADH into the mitochondrial respiratory chain (MRC), which
travel across complexes CI-CIII-CIV and drive proton pumping toward the intermembrane
space to generate a mitochondrial membrane potential used for adenosine triphosphate
(ATP) synthesis using the H*-ATP (CV) of the OXPHOS system [7]. In addition, CI is
the main site of generation of reactive oxygen species (ROS), which can modulate a large
number of signaling pathways [8,9].

Isolated CI deficiency (MIM #252010) is the most frequent cause of OXPHOS enzymatic
deficiencies (~=30%). Genetically, it is caused by pathogenic variants in CI structural subunits and
assembly factors, which mostly lead to early onset autosomal recessive or maternal inherited
disorders displaying a wide phenotype spectrum that either involve several organs or only
specific tissues [7,8]. The organs most frequently affected are the central nervous system,
skeletal muscle, myocardium, liver and kidney, and typically are clinically manifested as Leigh
syndrome, neonatal cardiomyopathy, fatal infant lactic acidosis (FILA), Leber hereditary optic
neuropathy (LHON), hepatopathy with tubulopathy or mitochondrial encephalopathy with
lactic acidosis and stroke-like episodes (MELAS) [10,11].

Only two CI structural subunits genes, NDUFA1 and NDUFB11, are located on the
X chromosome [12-15]. The NDUFB11 gene encodes the CI accessory subunit, NADH:
Ubiquinone Oxidoreductase Subunit B11 that is located at the distal membrane arm of
the P-module (ND4 or Pp_,). Thus far, several pathogenic de novo and X-linked inherited
variants have been reported in 15 patients presenting with hypertrophic or histiocytoid
cardiomyopathy and sideroblastic anemia, accompanied by other clinical manifestations
such as failure to thrive, myopathy, short stature, epilepsy or microphthalmia with linear
skin defects (MLS syndrome) [15-17].

In this study, we identified and characterized a novel splicing variant in the NDUFB11
gene reported in a neonatal male patient with fatal hypertrophic cardiomyopathy (HCM),
lactic acidosis and single CI deficiency. We also characterized the biochemical and molecular
effects of this variant in the patient’s heart and muscle, and showed the possible protective
effect of a skewed X-chromosome inactivation in the proband’s family, thus clarifying the
diverse functionality of the two expressed NDUFB11 transcripts.

2. Results
2.1. Biochemical, Genetic and Molecular Characterization of the NDUFB11:¢.338G>A Variant

The proband’s skeletal muscle homogenates exhibited an isolated CI deficiency (22.7%
with respect to the 2.5th percentile of controls) (Table 1).

Table 1. Mitochondrial respiratory chain enzyme activities in proband’s skeletal muscle.

MRC Complex Patient ! Controls 2
CI (NADH-Decylubiquinone oxidoreductase) 3.4 15-64
CII (Succinate deshydrogenase) 29 26-65
CIII (Decylubiquinol-cytochrome c oxidoreductase) 126 40-89
CIV (Cytochrome c oxidase) 90 70-228
I+ III (NADH cytochrome c reductase) 32 8-72
II + II (Succinate cytochrome c reductase) 14 11-25
CS (Citrate synthase) 268 105-350

! Activities of the MRC complexes are expressed as percentage relative of CS specific activity. 2 2.5th-97.5th
percentile control range (n, 110).

The proband’s muscle whole mtDNA deep-sequencing failed to detect any potential
pathogenic variant and predicted that the patient belonged to the Hla mtDNA haplogroup.

A customized next-generation sequencing (NGS-OXPHOS) panel including structural
and assembly factors of CI (Table S1) identified 174 variants in the proband’s muscle DNA,
but none of them were categorized in the ClinVar or InterVar tools as pathogenic. Variant
filtering by discarding sequencing errors and ‘deep intronic” variants, MAF < 0.01 in popu-
lation databases, resulted in the identification of two variants. One variant, a hemizygous
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¢.338G>A was located in the last nucleotide of the exon 2 of the X-linked CI subunit gene
NDUFB11, predicting an apparent missense change in the protein p.(Argl13Lys). The
variant was absent in population databases, such as the 1000 Genomes Project, gnomAD
or exome variant server and was categorized as deleterious by several in silico predictors
such as LRT, MutationTaster, CADDPhred, GERP, PhastCons and phyloP.

Prediction algorithms for mRNA splicing, including MutationTaster, Human Splicing
Finder, dbNSFP and dPSI suggested that the ¢.338G>A change could affect the 5’ splicing
donor site of the NDUFB11 intron 2. Following the American College of Medical Genetics
and Genomics and the Association for Molecular Pathology (ACMG/AMP) guidelines
for the interpretation of sequence variants [18], the ¢.338G>A variant was classified as
likely pathogenic.

Sanger sequencing confirmed the presence of the hemizygous ¢.338G>A variant in the
proband’s blood and skeletal muscle. Family segregation analyses in blood DNA showed
the presence of the variant in heterozygosis in the proband’s mother and a maternal aunt,
whereas it was absent in the father (Figure 1a,b).
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Figure 1. Molecular characterization of the ¢.338G>A variant in the NDUFB11 gene. Panel (a) Family
pedigree: the ¢.338G>A variant detected in the proband is indicated with a blue arrow. Allelic status
of the variant is indicated in the tested relatives. Panel (b) Sanger sequencing: electropherograms
performed in blood DNA in the proband and relatives. The ¢.338G>A variant is indicated by an
arrow. Panel (c) Structural model for ¢.338G>A genetic variant: the upper panel shows an in silico
model of ovine (Ovis aries) complex I from The Protein Data Bank (PBD) ID 5LNK [4] displaying the
location of the NDUFB11 subunit (colored in red) in the distal module of the CI membrane arm
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(module Pp_,) created with ChimeraX; the bottom panel shows the predicted effect of the ¢.338G>A
variant in a human model of the NDUFB11 subunit (PDB ID: 5XTC [19]) representing superposed
wild-type (green color) and mutant (yellow color) structure by “SWISS-MODEL” homology modeling
and visualized with ChimeraX.

2.2. cDNA Analysis of NDUFB11

Proper splicing of NDUFB11 mRNA could be altered by the ¢.338G>A variant since it is
located in the last nucleotide of exon 2 of the ‘canonical” transcript (NM_001135998), which
has a size of 462 bp. To study the potential alteration in the splicing of NDUFB11 mRNA,
we retrotranscribed RNA to cDNA from two tissues, skeletal muscle and heart, from both
the proband and control individuals. Analysis of the PCR-amplified NDUFB11 cDNA and
subsequent sequencing of the electrophoretic bands revealed, both in the proband and
control tissues, the presence of a longer transcript of 492 bp that included a retention of
an additional 30 bp with regards to the ‘canonical short’ transcript. This transcript was
previously described as an ‘alternative’ transcript of NDUFB11 (NM_019056). The levels
of the canonical short cDNA analyzed using quantitative PCR (qPCR) were undetectable
both in the patient’s skeletal muscle and heart tissues, whereas the levels of the alternative
long cDNA were up-regulated in the proband’s tissues with respect to the controls (114%
increase in skeletal muscle and 28% in heart tissue) (Figure 2).
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Figure 2. Effects of the ¢.338G>A variant on the expression of NDUFB11 transcripts in the proband’s
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skeletal muscle and heart. Panel (a): Electrophoretic and sequencing analysis of NDUFB11 cDNAs
showing differential expression of the ‘canonical’ (462 bp) and alternative (492 bp) transcripts in
the proband’s tissues with respect to controls. Panel (b): ‘Canonical” (left) and ‘alternative’ (right)
NDUFB11 mRNA quantitative expression analysis using reverse transcript-quantitative real-time
polymerase chain reaction (RT-qPCR); NDUFB11 levels were normalized to HPRT mRNA levels and
expressed as percentage of control (n = 3, mean + SEM). Statistical analysis was performed using
Mann-Whitney U test (* p < 0.05). CM, control’s skeletal muscle. PM, proband’s skeletal muscle. CH,
control’s heart tissue. PH, proband “s heart tissue.
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2.3. X Chromosome Inactivation Pattern by HUMARA Assay

In order to investigate the X chromosome inactivation (XCI) pattern in the proband’s
mother and maternal aunt (II-2, Figure 1), we performed a methylation status analysis
using HUMARA assay [20]. This study showed a skewed X inactivation pattern with a
preferentially inactivated allele ratio of 78%:22% in the mother and 80%:20% in the tested
maternal aunt (Figure Sla,b). An assay control test was also performed in four non-carrier
females that showed a mean XClI ratio of 49%:51% (Figure Slc). Likewise, a control male
was tested (Figure S1d) showing a complete Hpall digestion of the unmethylated (active) X
chromosome, ensuring a precise XCI patterns estimation. The amplification and alignment
of the peaks obtained in the fragment analysis of the non-digested proband (male) allele
revealed that his X allele carrying the NDUFB11 hemizygous mutation corresponded with
the preferentially inactivated X allele observed both in the mother and maternal aunt
(Figure Sle,f). Moreover, there were no XCI differences between the asymptomatic mother
and the maternal aunt diagnosed with incidental HCM.

2.4. Western Blot of NDUFB11 and Subunits of MRC Complexes in Proband’s Tissues

Western blot analysis of the proband’s muscle showed very low levels of the NDUFB11
protein, which was undetectable in the heart tissue, compared with the controls. The
analysis of proteins belonging to the different CI modules showed similar patterns for
NDUFA9 (Q module) and NDUFBS8 (P module), the latter undetectable in both tissues,
as well as reduced levels of NDUFV1 (N module) in both tissues. Immunodetection of
representative subunits from other MCR complexes, such as SDHA (CII), Core2 (CIII)
and COXII (CIV) displayed no differences in band intensities compared to the controls
(Figure 3a).
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Figure 3. Inmunodetection of NDUFB11 and MRC proteins levels and OXPHOS supercomplexes.
Panel ((a), left) Representative images of immunodetections by Western blot of NDUFB11, NDUFA9Y,
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NDUFV1 and NDUFBS8 subunits of each CI module (N, Q and P). Core2 and COXII were used for
CIII and CIV analysis, respectively. SDHA (CII) was used as loading control. Panel ((a), right) in-gel
CI activity (CI-IGA) and 1D-BNE showing OXPHOS complexes I to IV (CI-CIV) and supercomplexes
(SCs). Panel (b) 2D-BN/SDS-PAGE of the steady-state levels of respirasome, SC I + III,, SC III, + IVy,
CIII,, CIV;, CIVy. Respirasome or SC I + III, + IVy_5: supercomplex containing CI, CIII, and CIV,
or CIVy. SC1 + III,: supercomplex containing CI and CIII,. SC III, + IV1: supercomplex containing
CIII; and CIV;. CIII,: dimeric CIII. CIV; dimeric CIV. CIV{: monomeric CIV. CM, control’s skeletal
muscle. PM, patient’s skeletal muscle. CH, control’s heart tissue. PH, patient ‘s heart tissue.

2.5. Steady-State Levels of Mitochondrial Supercomplexes and CI In-Gel Activity (CI-IGA)

First dimension Blue-Native PAGE (1D-BNE) either followed by complex I in-gel
activity (CI-IGA) assay or by Western blot using antibodies targeting CI subunits NDUFA9
and NDUFB11 revealed a specific severe reduction of CI assembled into supercomplexes
(both in SCI +1II, + IVy_; or “respirasome” as well as in SC I + III,) in the proband’s skeletal
muscle and heart tissue, compared with aged-matched controls (Figure 3a). Incubation
with Core2 (CIII subunit) and COX5a (CIV subunit) antibodies confirmed reduced amounts
of respirasome and SC I + III,, along with the accumulation of SC III, + IV; and dimeric
CIV (IV3) in the proband’s heart.

The second dimension of BNE (2D-BN/SDS-PAGE) performed in heart tissue con-
firmed the alterations observed in 1D-BNE, showing lower levels of CI, CIII and CIV in the
“respirasome”, a reduction of SC I + III; and the accumulation of SC III, + IV; and CIV; in
the proband (Figure 3b).

3. Discussion

Mammalian complex I (NADH: Ubiquinone oxidoreductase) is a huge multimeric
enzyme structure of approximately 1 MDa. It is composed of an assembly of 45 struc-
tural subunits regulated by more than 15 assembly factors, of which seven subunits are
encoded by mtDNA and the remaining are encoded by genes located in nuclear chro-
mosomes; it constitutes the electron’s entry point of NADH oxidation into the mitochon-
drial respiratory chain (MRC) [2,4,5]. Isolated CI deficiency represents the main cause
of OXPHOS disorders (about 25-30% of mitochondrial diseases) associated with a wide
genetic—phenotypic spectrum leading to multiorgan or tissue-specific disorders [8,21]. The
most common clinical presentations are Leber’s hereditary optic neuropathy (LHON),
Leigh syndrome, leukoencephalopathy, neonatal cardiomyopathy, fatal neonatal lactic
acidosis (FILA), childhood-onset mitochondrial encephalomyopathy and lactic acidosis
and stroke-like episodes syndrome (MELAS) [21]. In patients with CI deficiency, mutations
have been found in all of the core subunits (catalytic function), in half of the accessory
subunits (15/30) and in most of the assembly factors (12/15), which are mainly associated
with autosomal recessive inheritance in pediatric cases, and in minor proportion also in
adult individuals (>20 years, principally caused by mtDNA mutations) [10,11,22].

In this study, we describe a newborn male who presented with HCM and lactic
acidosis, developed coagulopathy and multiorgan failure and died at 48 h of life. The
skeletal muscle biopsy showed a single CI defect with no histomorphological abnormalities.
After discarding mutation in the mtDNA, we used a customized NGS gene panel to identify
a novel hemizygous variant ¢.338G>A; p.(Argl13Lys) in the NDUFB11 gene. This variant
was located at 3’ end of exon 2, and several predictors suggested it could affect splicing.
This variant was classified as likely pathogenic according to ACMG/AMP guidelines [18].
To assess the pathogenicity of this variant, we performed a functional validation in skeletal
and heart muscle from the patient, using an analysis of transcripts and protein expression
as well as studies of OXPHOS SCs assembly.

The analyses of cDNA revealed that the variant alters the canonical donor site at the
3’-end of exon 2 and results in an alternate transcript with an additional 30 bp (NM_019056).
At physiological status, the NDUFB11 gene generates two mRNA transcript isoforms: (i) an
abundant short transcript of 462 bp (NM_001135998) coding for a 153 aa protein, and (ii) a
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less-expressed longer transcript of 492 bp (NM_019056), whose biological role is still not
well understood [23]. This long transcript is predicted to encode for a 163 aa protein as
a result of an alternative splicing between exons 2-3 that would add 30 bp to the exon
2 boundary. While there is some debate about which of these two NDUFB11 mRNAs
represents the canonical and the alternative transcript, several reports considered the
shorter transcript (NM_001135998) as the main canonical transcript [23-25]. For instance,
Petruzzella et al. hypothesized that the 10 amino acids insertion present in the long isoform
would lead to a severe alteration in the secondary structure of NDUFB11, suggesting a
possible pathological role for this specific transcript [25]. In this work, we showed using
reverse RT-qPCR that ¢.338G>A alters splicing, leading to the absence of expression of
the canonical short transcript in the proband’s skeletal muscle and heart tissue, thereby
confirming its pathogenic nature. The ¢.338G>A nucleotide change would impede the
splicing machinery to recognize the canonical 5'donor-site leading to the canonical ‘short’
transcript, and as a result, an alternative, non-functional, not fully processed transcript was
the only one expressed in large amounts in the proband’s analyzed tissues. Despite the
high expression levels of the alternative long transcript, only scarce levels of NDUFB11
were detected in the skeletal muscle and no protein was detected in the heart (the primarily
affected tissue according to HCM). These results indicated that the alternative transcript
failed to synthetize a stable protein or only produced minimal amounts of NDUFB11,
whereas the canonical transcript would be required for appropriate NDUFB11 synthesis.
As the ¢.338G>A variant disturbed normal splicing of NDUFB11 mRNA, we also
analyzed the pathophysiological consequences on NDUFB11 protein levels and on the
overall assembly state of the MRC complexes and SCs. CI is assembled from 14 “core”
subunits with catalytic functions (ND1-ND6, ND4L, NDUFV1-V2, NDUFS1, S2, S3, S7 and
S8) and 30 accessory subunits. Although most of the function of the supernumerary or
accessory subunits are poorly understood, the pathogenic variants found in some of these
proteins in patients with several OXPHOS disorders reveal that these subunits are required
for CI stability and assembly [26]. Complexome profiling studies using mtDNA translation
inhibitors previously revealed NDUFB11 as one of the first subunits involved in the initial
steps of assembly of the CI membrane arm [5], a step essential to proceed with the formation
of subsequent CI intermediates assembled at later stages of CI assembly. In agreement,
loss of the NDUFB11 protein led to overall decreased levels of all CI structural modules,
suggesting a severe CI assembly defect, especially in the proband’s heart. This explains
why the proband’s skeletal muscle and heart tissues showed low levels of the remainder
CI subunits, and supports the essential role of NDUFB11 in CI biogenesis [27-29]. In turn,
decreased CI steady-state levels led to a remarkable reduction of SCs I + IlI; + IV, and I +
III; and to the accumulation of SC III, + IV and dimeric CIV (CIV;) in the proband’s heart.
These results are consistent with those previously observed in other cellular models of CI
deficiency [30,31]. CI in-gel activity (CI-IGA) confirms a remarkable reduction of isolated
CI and SCs activity in the proband’s heart compared to the control, which is consistent with
the decreased CI activity observed by spectrophotometry in the proband’s skeletal muscle.
NDUFBI11 is a dominant X-linked nuclear gene (Xp11.23) encoding for a small ac-
cessory CI structural subunit of about 17.3 kDa [15]. To date, 8 de novo and maternally
inherited pathogenic NDUFB11 variants have been detected in 15 patients manifesting with
a wide clinical spectrum. Cardiomyopathy (67% of reported patients) and sideroblastic
anemia (47%) were the primary phenotypes, together with other less frequent clinical man-
ifestations such as failure to thrive (13%), myopathy (13%), short stature (33%), epilepsy
(13%) and microphthalmia with linear skin defects (MLS syndrome) (13%) [16,17,28]. CI
deficiencies usually show a very poor prognosis and about 80% of patients die before the
age of 10 [10]. Our patient died 48 h after birth with HCM. An abortion and two perinatal
deaths were also reported in the proband’s cousins (from a maternal aunt, II-2). Dilated
cardiomyopathy was well documented in the family, despite most NDUFB11 mutations
displaying variable clinical phenotypes somewhat different from other CI defects. Of
the 15 previously reported NDUFB11 patients, only 2 were associated with early death:
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a 6-month female patient having MLS syndrome with histiocytoid cardiomyopathy [24]
and a male who died at 55 h after birth due to a lethal infantile mitochondrial disease
with cardiac failure [29]. Furthermore, Van Rahden et al. described an abortion (XX) at
24 weeks of gestation due to cardiac alterations [24]. X-linked disorders are characterized
by more severe clinical symptomatology in male subjects and a higher number of male
patients. This phenomenon can be explained by the fact that males, compared to females,
only receive a single copy of the X chromosome. In the other hand, lyonization or XCI
is a random stochastic phenomenon that takes place in the embryonic first stages in fe-
males to compensate for double X chromosome genetic dosage. Nevertheless, it has been
described as preferential XCI (skewed XCI) due to the pathogenic variants in X-linked
diseases in healthy carrier females [20,32]. The influence of completed or skewed XCI could
explain why female heterozygous carriers of pathogenic variants in the NDUFB11 gene are
either asymptomatic or show different susceptibility to express phenotypes with respect
to very severely affected males harboring hemizygous pathogenic variants. A protective
effect of skewed XCI pattern due to pathogenic variants in the NDUFB11 gene has been
previously suggested in two healthy mothers of three females with an X-linked dominant
MLS syndrome with histiocytoid cardiomyopathy, epilepsy, developmental delay, failure
to thrive and hypotony [24], as well as in a healthy mother and sister of a 23-year-old male
presenting with sideroblastic anemia, myopathy and lactic acidosis [17]. The XCI analysis in
our family revealed a skewed 78%:22% X inactivation ratio in the carrier proband’s mother
and 80%:20% in a carrier maternal aunt for the mutated allele, suggesting a protective effect
of XCI in these carriers against the pathogenic variant that could partially explain their
asymptomatic phenotype. However, these results fail to explain the HCM found in the
maternal aunt compared to the healthy mother. A less severe, incidental HCM phenotype
detected at the age of 47 in a cardiac study previous to myoma uterine surgery, or even a
different etiology, could explain this event in the maternal aunt, who had two children with
dilated cardiomyopathy (DCM) that died within months after birth.

Furthermore, loss of function variants (p.Trp85*, p.Arg88*, p.Tyr108* and p.Arg134Serfs*3)
were the type of variant present in all previously reported symptomatic female probands in
contrast with missense variants harbored by severe (p.Glul121Lys) or mildly affected (p.Ser96Pro,
p-Pro110Ser) males, or with those males carrying an in-frame variant (p.Phe93del) associated
with sideroblastic anemia [28]. In this context, interestingly, our early-death male proband
harbors a splicing loss of function variant.

All of this evidence suggests that the severity of the phenotype manifested in patients
having a pathogenic variant in the NDUFB11 gene is presumably underlaid by a complex
interplay between the type of variant, the extent of dysfunctional OXPHOS as a result of
complex I deficiency, and in females also by the presence of skewed XCI.

In summary, we showed that a novel exonic ¢.338G>A variant in the nuclear NDUFB11
gene, which was predicted to be a missense variant is actually a splicing variant and is
associated with mitochondrial X-linked isolated CI deficiency and neonatal lethal hyper-
trophic cardiomyopathy. Moreover, our results suggest the canonical short transcript
(NM_001135998) is required for the correct NDUFB11 protein synthesis, as well as for CI
assembly and activity, while the alternative long NDUFB11 transcript seems to have no
functional role. However, further work is warranted to investigate the physiological role of
this transcript. In addition, we showed the pathogenic effect of the NDUFB11 variant in
two tissues in the target patient, skeletal and heart muscle, including their effects on the
steady-state levels of the mitochondrial supercomplexes (SCs).

4. Materials and Methods
4.1. Patient and Family

The study was approved by the Ethics Committee of the ‘Hospital Universitario 12
de Octubre’ (Madrid, Spain) and was performed in accordance with the Declaration of
Helsinki for Human Research. Written consent was obtained from the analyzed patients or
proband’s parents.
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The family pedigree is depicted in Figure 1a. The proband (III-3) was the first child
of non-consanguineous asymptomatic parents. He presented at birth with lactic acidosis
and dysmorphic features. A postnatal echocardiogram displayed a septum alteration
revealing hypertrophic cardiomyopathy (HCM). At 24 h, the child showed an acute clinical
deterioration presenting with respiratory distress and pallor skin and was admitted to the
neonatal intensive care unit. Laboratory data showed hyperlactatemia (20.0 mM, normal <
2.0), with normal plasma glucose and ammonia. He died at 48 h of age from coagulopathy
and multiorgan failure. His maternal aunt (II-2) who was diagnosed incidentally of HCM
at 47 years of age in a routine cardiac study previous to a myoma uterine surgery, had two
male descendants with dilated cardiomyopathy (DCM), who died in the perinatal period
(III-1) and at 3 months of age (I1I-2). Two brother and three sisters of the proband’s mother
referred no cardiac disturbances. One of the mother’s sisters (II-5) had a voluntary inter-
rupted pregnancy due to a malformed fetus with intrauterine fetal death. The proband’s
grandparents had no cardiac abnormalities.

4.2. Mitochondrial Respiratory Chain Analysis

MRC complexes and citrate synthase enzyme activities in skeletal muscle were deter-
mined spectrophotometrically as previously described [33,34].

4.3. Molecular Genetic Studies
4.3.1. Whole Mitochondrial Genome Next-Generation Sequencing

Whole mitochondrial genome deep sequencing (mtDNA-WGS) was performed using
long-range PCR amplification of the entire mtDNA and following the protocols based on
Ion-PGM sequencer (Life Technologies, Carlsbad, CA, USA). Bioinformatic analysis, and
variant calling, annotation and prioritization was carried out using pipeline integrating
variant calling format (VCF) files with Mitomap database and MitImpact predictors using in-
house scripts as reported [34]. The mtDNA haplogroup was predicted using the Haplogrep2
platform [35].

4.3.2. Next-Generation Sequencing (NGS)—OXPHOS Panel

The nuclear encoded structural subunits and assembly factors of the OXPHOS system
were analyzed using a customized “NGS-OXPHOS” panel, which allow the sequencing
of 133 genes (Table S1). This panel was designed with an Ampliseq™ designer v1.2 (Life
Technologies Carlsbad, CA, USA) and sequencing was performed in Ion-PGM Torrent plat-
form (LifeTechonologies, Carlsbad, CA, USA) with a mean read depth of 100X. Sequence
alignment (ref. GRCh37/hg19) and variant detection was performed in Torrent Suite (TMAP-
variantCaller plugin, Thermo Fisher Scientific,, Waltham, MA, USA). Variant annotation
and prioritization were conducted through integration of in-house scripts with Anno-
var [36]. Variant prioritization was based assuming an autosomal recessive or X-linked in-
heritance as follows: (1) status of the variants in the ClinVar database using the InterVar tool;
(2) minor allele frequency (MAF) < 0.01 in population databases such as the Genome Ag-
gregation Database (gnomAD, https://gnomad.broadinstitute.org) and the 1000 Genomes
Project database (http://browser.1000genomes.org); (3) variant pathogenicity predictors
including SIFT (http:/ /sift.jcvi.org), PolyPhen-2 (http:/ /genetics.bwh.harvard.edu/pph2),
LRT (http://www.genetics.wustl.edu/jflab/Irt_ queryhtml), MutationTaster (http://www.
mutationtaster.org), M-CAP (http://bejerano.stanford.edu/mcap/), PROVEAN (http:
/ /provean.jcvi.org/index.php), and CADD Phred (http://cadd.gs.washington.edu) and
splicing predictors such as dbNSFP (https:/ /sites.google.com/site/jpopgen/dbNSFP),
dPSI (difference in percentage spliced in) and Human Splicing Finder (http://www.umd.
be/HSF3/); (4) assessment of phylogenetic conservation using Genomic Evolutionary
Rate Profiling (GERP) and the Phylogenetic Analysis with Space/Time models (PHAST)
programs: phastCons and phyloP. All databases and predictors URLs were accessed on 15
October 2019.
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4.3.3. Sanger Sequencing of the NDUFB11 Gene

Genomic DNA (gDNA) was isolated from total blood, skeletal muscle and heart tissue
using QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) following the manufacturer’s
recommendations. Sanger sequencing was performed in the proband and his parents and a
maternal aunt (II-2 in Figure 1a) to confirm the presence and segregation of the novel variant
identified in the NDUFB11 gene. Polymerase chain reaction (PCR) amplification of exon 2
of NDUFB11 gene (Tables 52 and S3) was performed in an Applied Veriti Thermal Cycler
(Applied Biosystems, Waltham, MA, USA). PCR products were purified using Ilustra
GFX PCR DNA and Gel Band Purification Kit (GE-Healthcare, Amersham, UK). After
purification, PCR product was sequenced using BigDye X Terminator (Applied Biosystems,
Waltham, MA, USA) and signal was detected in an Applied Biosystem 3130xl Genetic
Analyzer (Applied Biosystems, Waltham, MA, USA).

4.3.4. mRNA Analysis of NDUFB11

RNA isolation from skeletal muscle and heart tissue was performed using TRIzol
Reagent (Life Technologies, Carlsbad, CA, USA). Two pug RNA were retrotranscribed with
SuperScript IV (Invitrogen, Waltham, MA, USA) and NDUFB11 cDNA was amplified by
PCRs using specifically designed primers (Tables S2 and S3). PCR products were visualized
in 2.5% agarose gel and were purified using the Illustra GFX PCR DNA and Gel Band
Purification Kit (GE-Healthcare, Amersham, UK). cDNA was sequenced in a 3130x1 Genetic
Analyzer (Applied Biosystems, Waltham, MA, USA). The relative levels of the canonical
(NM_001135998) and alternative (NM_019056) NDUFB11 mRNAs in skeletal muscle and
heart of proband were analyzed with the FastStart Essential DNA Green Master kit (Roche
Diagnostics, Mannheim, Germany) on LightCycler 96 (Roche Diagnostics, Mannheim,
Germany) as described by manufacturer “s protocol using specific primers designed with
PrimerQuest (Integrated DNA Technologies, Coralville, IA, USA) (Table S2). Hipoxantine-
guanine phosphoribosiltransferase 1 (HPRT1) was used as a constitutively expressed house-
keeping control gene. mRNA quantification analyses were conducted as described [37].

4.3.5. Analysis of X Chromosome Inactivation (XCI)

Analysis of XCI was performed using enzymatic digestion of the unmethylated allele
(active allele) and PCR amplification of the methylated allele (inactive allele) of the human
androgen receptor gene (HUMARA) as previously described [38]. This approach allows
analysis of XCI alterations due to X-linked pathogenic variants [39,40]. DNA fragment
analysis of PCR products was performed on 3130xl Genetic Analyzer (Applied Biosystems,
Waltham, MA, USA). The PCR products were also analyzed using DNA-chip microfluidic
electrophoresis on a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Results
were analyzed with “Peak Scanner Software v1.0” (Thermo Fisher Scientific, Waltham,
MA, USA). Each digested sample data were normalized with undigested sample values to
obtain the % XCI and results were expressed as the ratio of the preferentially inactivated
allele, according to the protocol of Torres et al. [40].

4.4. Western Blot Analysis of NDUFB11 and Other MRC Complexes Subunits

Skeletal muscle and heart tissues were resuspended in lysis buffer (1% Tx-100, 10 mM
Tris-HCI pH 7.6, 150 mM NaCl, 1 mM EDTA) with protease inhibitor and phosphatases
(Roche Diagnostic) and then were centrifuged at 11,000x g for 15 min (4 °C). Protein
concentration was quantified with Micro BCA Kit (Thermo Fisher Scientific, Waltham,
MA, USA). Samples were incubated for 5 min in TC 4X buffer (3-Mercaptoethanol) at
95 °C and 30 ng of protein extracts were separated by SDS-PAGE electrophoresis in 12.5%
polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes (GH
Healthcare, Chicago, CA, USA). The following antibodies were used for inmunodetection:
NDUFB11 (Abcam, 1:1000, Cambridge, UK), NDUFA9 (Abcam, 1:1000), NDUFV1 (Santa
Cruz Biotechnology, 1:1000, Dallas, TX, USA), NDUFBS8 (Abcam, 1:500), Core2 (Abcam,
1:2000) and COXII (Abcam, 1:1000). SDHA (Abcam, 1:10,000) was used as loading control.
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Secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technologies,
Danvers, MA, USA) were used to detect the primary antibodies and the reactions were
developed with ECL Prime Western Blotting Detection Reagent (GE Healthcare, Amersham,
UK) in a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules, CA, USA). The optical
densities of the immunoreactive bands were measured using NIH Image] software v1.8
(Wayne Rasband, NIH, Bethesda, MD, USA).

4.5. Blue-Native PAGE for MRC and Supercomplexes and CI In-Gel Activity (CI-IGA) Assay

Skeletal muscle and heart tissues samples were resuspended in sucrose buffer (440 mM
Sucrose, 20 mM MOPS, 1 mM EDTA) with proteases inhibitor (Roche Diagnostics Mannheim,
Germany) and then centrifuged at 800x g for 5 min (4 °C). Supernatants were collected
and centrifuged at 20,000 x g for 20 min (4 °C). To prepare native proteins, pellets were
solubilized in 100 to 200 pL of buffer composed of 1.5 M aminocaproic acid and 50 mM
Bis-Tris, pH = 7.0. After optimizing the solubilizing conditions, digitonin was used at a
concentration of 4 g/g of protein. Evaluation of the steady-state levels of the MRC com-
plexes and SCs was carried out by blue native electrophoresis (BNE), in one (1D) or two
dimensions (2D), and mitochondrial complex I in-gel activity (CI-IGA) assay following
previously described protocols [41]. Proteins were transferred to PVDF membranes (GH
Healthcare) for immunodetection with the following primary antibodies: NDUFB11 (CI;
Abcam, 1:1000), NDUFA9 (CL; Abcam, 1:1000), SDHA (CII; Abcam, 1:10,000), Core2 (CIII;
Abcam, 1:2000) and COX5a (CIV; Abcam, 1:1000). Secondary antibodies conjugated to
horseradish peroxidase (Cell Signaling Technologies, Danvers, MA, USA) were used to
detect the primary antibodies, and the reactions were developed with ECL Prime (GE
Healthcare, Amersham, UK) in a ChemiDoc™ MP Imaging System (Bio-Rad, Hercules,
CA, USA). Band intensity was measured by Image] software v1.8 (Wayne Rasband, NIH,
Bethesda, MD, USA).

4.6. Statistical Analysis

For statistical analysis, Mann-Whitney U test was used when comparing two indepen-
dent groups. Data were reported as the mean £ SEM. Values of p < 0.05 were considered
statistically significant.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms24021743/s1.

Author Contributions: Conceptualization, G.A.-G., ].A. and M.A.M.; methodology, G.A.-G., PS.-L.,
A.G.-Q., R.G.-M.,, A.B., LG.-C. and J.C.R,; software, P.S.-L., A.B. and ]J.C.R.; validation, M.].B.-M.,
E.G-N,, A.B.,, MM, C.U. and M.A M.; formal analysis, G.A.-G., P.S.-L., RG.-M., A.G.-Q., J.A. and
M.A.M,; investigation, G.A.-G., P.S-L., R.G.-M., A.B. and 1.G.-C.; resources, J.A. and M.A.M.; data
curation, M.].B.-M., E.G.-N., A.B.,, M.M. and C.U.; writing—original draft preparation, G.A.-G.,
A.G.-Q. and M.A.M,; writing—review and editing, PS.-L., M.M., C.U., E.G.-N,, ].A. and M.A.M,;
visualization, G.A.-G., M.A.M., M.].B.-M., E.G.-N. and I.G.-C,; supervision, P.S.-L., A.G.-Q., ].A. and
M.A.M.; project administration, J.A. and M.A.M.; funding acquisition, C.U., J.A. and M.A.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Instituto de Salud Carlos III, (ISCIII); Ministerio de Ciencia
e Innovacion (Madrid, Spain), (co-funded by European Regional Development Fund “A way to
make Europe”) grant number PI18_01374 to M.A.M. and PI20_00057 to C.U. P.S.-L. is supported by a
ISCIII-CIBERER contract. G.A.-G. was supported by Raregenomics-CM Network (Education Council,
Comunidad de Madrid, Spain (B2017/BMD-3721)).

Institutional Review Board Statement: The study was approved by the Ethics Committee of the
‘Hospital Universitario 12 de Octubre” (Madrid, Spain) (protocol 18/484) and was performed in
accordance with the Declaration of Helsinki for Human Research.

Informed Consent Statement: All participants or their progenitors provided their written informed
consent for the study.


https://www.mdpi.com/article/10.3390/ijms24021743/s1
https://www.mdpi.com/article/10.3390/ijms24021743/s1

Int. . Mol. Sci. 2023, 24, 1743 12 0f13

Data Availability Statement: The databases and blots analyzed during the current study are available
from the corresponding author upon reasonable request.

Acknowledgments: We want to thank Rosario Solis and Pilar del Hoyo for their technical support,
and the Genomics Unit from Hospital 12 de Octubre Health Research Institute (imas12) for the
support with NGS and sequencing. We are very thankful to the patient’s family for his consent
and disposition.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Fiedorczuk, K.; Sazanov, L.A. Mammalian Mitochondrial Complex I Structure and Disease-Causing Mutations. Trends Cell Biol.
2018, 28, 835-867. [CrossRef] [PubMed]

Formosa, L.E.; Dibley, M.G,; Stroud, D.A.; Ryan, M.T. Building a Complex Complex: Assembly of Mitochondrial Respiratory
Chain Complex I. Semin. Cell Dev. Biol. 2018, 76, 154-162. [CrossRef] [PubMed]

Gonzalez-Quintana, A.; Garcia-Consuegra, I.; Belanger-Quintana, A.; Serrano-Lorenzo, P.; Lucia, A.; Blazquez, A.; Docampo, J.;
Ugalde, C.; Moran, M.; Arenas, J.; et al. Novel NDUFA13 Mutations Associated with OXPHOS Deficiency and Leigh Syndrome:
A Second Family Report. Genes 2020, 11, 855. [CrossRef] [PubMed]

Fiedorczuk, K ; Letts, J.A.; Degliesposti, G.; Kaszuba, K.; Skehel, M.; Sazanov, L.A. Atomic Structure of the Entire Mammalian
Mitochondrial Complex i. Nature 2016, 538, 406—410. [CrossRef]

Guerrero-Castillo, S.; Baertling, F.; Kownatzki, D.; Wessels, H.].; Arnold, S.; Brandt, U.; Nijtmans, L. The Assembly Pathway of
Mitochondrial Respiratory Chain Complex I. Cell Metab. 2017, 25, 128-139. [CrossRef]

Sanchez-Caballero, L.; Guerrero-Castillo, S.; Nijtmans, L. Unraveling the Complexity of Mitochondrial Complex i Assembly: A
Dynamic Process. Biochim. Biophys. Acta Bioenerg. 2016, 1857, 980-990. [CrossRef]

Fernandez-Vizarra, E.; Zeviani, M. Mitochondrial Disorders of the OXPHOS System. FEBS Lett. 2021, 595, 1062-1106. [CrossRef]
Mimaki, M.; Wang, X.; McKenzie, M.; Thorburn, D.R.; Ryan, M.T. Understanding Mitochondrial Complex I Assembly in Health
and Disease. Biochim. Biophys. Acta Bioenerg. 2012, 1817, 851-862. [CrossRef]

Moréan, M.; Rivera, H.; Sanchez-Aragé, M.; Blazquez, A.; Merinero, B.; Ugalde, C.; Arenas, J.; Cuezva, ].M.; Martin, M.A.
Mitochondrial Bioenergetics and Dynamics Interplay in Complex I-Deficient Fibroblasts. Biochim. Biophys. Acta Mol. Basis Dis.
2010, 1802, 443-453. [CrossRef]

Koene, S.; Rodenburg, R.J.; van der Knaap, M.S.; Willemsen, M.A.A.P; Sperl, W.; Laugel, V.; Ostergaard, E.; Tarnopolsky, M.;
Martin, M.A.; Nesbitt, V.; et al. Natural Disease Course and Genotype-Phenotype Correlations in Complex I Deficiency Caused
by Nuclear Gene Defects: What We Learned from 130 Cases. J. Inherit. Metab. Dis. 2012, 35, 737-747. [CrossRef]

Bugiani, M.; Invernizzi, F; Alberio, S.; Briem, E.; Lamantea, E.; Carrara, F; Moroni, I.; Farina, L.; Spada, M.; Donati, M.A; et al.
Clinical and Molecular Findings in Children with Complex I Deficiency. Biochim. Biophys. Acta Bioenerg. 2004, 1659, 136-147.
[CrossRef] [PubMed]

Fernandez-Moreira, D.; Ugalde, C.; Smeets, R.; Rodenburg, R.]J.T.; Lopez-Laso, E.; Ruiz-Falco, M.L.; Briones, P.; Martin, M.A;
Smeitink, J.A.M.; Arenas, J. X-Linked NDUFA1 Gene Mutations Associated with Mitochondrial Encephalomyopathy. Ann. Neurol.
2007, 61, 73-83. [CrossRef] [PubMed]

Miyauchi, A.; Osaka, H.; Nagashima, M.; Kuwajima, M.; Monden, Y.; Kohda, M; Kishita, Y.; Okazaki, Y.; Murayama, K.; Ohtake,
A.; et al. Leigh Syndrome with Spinal Cord Involvement Due to a Hemizygous NDUFA1 Mutation. Brain Dev. 2018, 40, 498-502.
[CrossRef] [PubMed]

Stenton, S.L.; Prokisch, H. Genetics of Mitochondrial Diseases: Identifying Mutations to Help Diagnosis. EBioMedicine 2020, 56, 102784.
[CrossRef] [PubMed]

Shehata, B.M.; Cundiff, C.A.; Lee, K.; Sabharwal, A.; Lalwani, M.K,; Davis, A K.; Agrawal, V; Sivasubbu, S.; Iannucci, G.J.; Gibson,
G. Exome Sequencing of Patients with Histiocytoid Cardiomyopathy Reveals a de Novo NDUFB11 Mutation That Plays a Role in
the Pathogenesis of Histiocytoid Cardiomyopathy. Am. |. Med. Genet. A 2015, 167, 2114-2121. [CrossRef]

Rea, G.; Homfray, T,; Till, J.; Roses-Noguer, E; Buchan, R.J.; Wilkinson, S.; Wilk, A.; Walsh, R.; John, S.; McKee, S.; et al.
Histiocytoid Cardiomyopathy and Microphthalmia with Linear Skin Defects Syndrome: Phenotypes Linked by Truncating
Variants in NDUFB11. Mol. Case Stud. 2017, 3, a001271. [CrossRef]

Lichtenstein, D.A.; Crispin, A.W.; Sendamarai, A.K.; Campagna, D.R.; Schmitz-Abe, K.; Sousa, C.M.; Kafina, M.D.; Schmidt, P]J.;
Niemeyer, C.M.; Porter, J.; et al. A Recurring Mutation in the Respiratory Complex 1 Protein NDUFB11 Is Responsible for a Novel
Form of X-Linked Sideroblastic Anemia. Blood 2016, 128, 913-917. [CrossRef]

Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, WW.; Hegde, M.; Lyon, E.; Spector, E.; et al. Standards
and Guidelines for the Interpretation of Sequence Variants: A Joint Consensus Recommendation of the American College of
Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 2015, 17, 405-424. [CrossRef]

Guo, R;; Zong, S.; Wu, M,; Gu, J.; Yang, M. Architecture of Human Mitochondrial Respiratory Megacomplex I2I1I12IV2. Cell 2017,
170, 1247-1257.e12. [CrossRef]


http://doi.org/10.1016/j.tcb.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/30055843
http://doi.org/10.1016/j.semcdb.2017.08.011
http://www.ncbi.nlm.nih.gov/pubmed/28797839
http://doi.org/10.3390/genes11080855
http://www.ncbi.nlm.nih.gov/pubmed/32722639
http://doi.org/10.1038/nature19794
http://doi.org/10.1016/j.cmet.2016.09.002
http://doi.org/10.1016/j.bbabio.2016.03.031
http://doi.org/10.1002/1873-3468.13995
http://doi.org/10.1016/j.bbabio.2011.08.010
http://doi.org/10.1016/j.bbadis.2010.02.001
http://doi.org/10.1007/s10545-012-9492-z
http://doi.org/10.1016/j.bbabio.2004.09.006
http://www.ncbi.nlm.nih.gov/pubmed/15576045
http://doi.org/10.1002/ana.21036
http://www.ncbi.nlm.nih.gov/pubmed/17262856
http://doi.org/10.1016/j.braindev.2018.02.007
http://www.ncbi.nlm.nih.gov/pubmed/29506883
http://doi.org/10.1016/j.ebiom.2020.102784
http://www.ncbi.nlm.nih.gov/pubmed/32454403
http://doi.org/10.1002/ajmg.a.37138
http://doi.org/10.1101/mcs.a001271
http://doi.org/10.1182/blood-2016-05-719062
http://doi.org/10.1038/gim.2015.30
http://doi.org/10.1016/J.CELL.2017.07.050

Int. . Mol. Sci. 2023, 24, 1743 13 0f 13

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Migeon, B.R. X-Linked Diseases: Susceptible Females. Genet. Med. 2020, 22, 1156-1174. [CrossRef]

Fassone, E.; Rahman, S. Complex I Deficiency: Clinical Features, Biochemistry and Molecular Genetics. J. Med. Genet. 2012, 49,
578-590. [CrossRef] [PubMed]

Valente, L.; Piga, D.; Lamantea, E.; Carrara, F,; Uziel, G.; Cudia, P.; Zani, A.; Farina, L.; Morandi, L.; Mora, M.; et al. Identification
of Novel Mutations in Five Patients with Mitochondrial Encephalomyopathy. Biochim. Biophys. Acta Bioenerg. 2009, 1787, 491-501.
[CrossRef] [PubMed]

Panelli, D.; Lorusso, EP.; Papa, E; Panelli, P; Stella, A.; Caputi, M.; Sardanelli, A.M.; Papa, S. The Mechanism of Alternative
Splicing of the X-Linked NDUFB11 Gene of the Respiratory Chain Complex I, Impact of Rotenone Treatment in Neuroblastoma
Cells. Biochim. Biophys. Acta Gene Regul. Mech. 2013, 1829, 211-218. [CrossRef] [PubMed]

van Rahden, V.A.; Fernandez-Vizarra, E.; Alawi, M.; Brand, K.; Fellmann, F.; Horn, D.; Zeviani, M.; Kutsche, K. Mutations in
NDUFB11, Encoding a Complex i Component of the Mitochondrial Respiratory Chain, Cause Microphthalmia with Linear Skin
Defects Syndrome. Am. J. Hum. Genet. 2015, 96, 640—-650. [CrossRef] [PubMed]

Petruzzella, V.; Tessa, A.; Torraco, A.; Fattori, E; Dotti, M.T.; Bruno, C.; Cardaioli, E.; Papa, S.; Federico, A.; Santorelli, EM. The
NDUEFB11 Gene Is Not a Modifier in Leber Hereditary Optic Neuropathy. Biochem. Biophys. Res. Commun. 2007, 355, 181-187.
[CrossRef]

Barros, M.H.; McStay, G.P. Modular Biogenesis of Mitochondrial Respiratory Complexes. Mitochondrion 2020, 50, 94-114.
[CrossRef]

Anna, A.; Monika, G. Splicing Mutations in Human Genetic Disorders: Examples, Detection, and Confirmation. J. Appl. Genet.
2018, 59, 253-268. [CrossRef]

Reinson, K.; Kovacs-Nagy, R.; C)iglane-Shlik, E.; Pajusalu, S.; Noukas, M.; Wintjes, L.T.; van den Brandt, FC.A.; Brink, M.; Acker,
T.; Ahting, U.; et al. Diverse Phenotype in Patients with Complex I Deficiency Due to Mutations in NDUFB11. Eur. J. Med. Genet.
2019, 62, 103572. [CrossRef]

Kohda, M.; Tokuzawa, Y.; Kishita, Y.; Nyuzuki, H.; Moriyama, Y.; Mizuno, Y.; Hirata, T.; Yatsuka, Y.; Yamashita-Sugahara, Y.;
Nakachi, Y.; et al. A Comprehensive Genomic Analysis Reveals the Genetic Landscape of Mitochondrial Respiratory Chain
Complex Deficiencies. PLoS Genet. 2016, 12, €1005679. [CrossRef]

Stroud, D.A.; Surgenor, E.E.; Formosa, L.E.; Reljic, B.; Frazier, A.E.; Dibley, M.G.; Osellame, L.D.; Stait, T.; Beilharz, T.H.; Thorburn,
D.R;; et al. Accessory Subunits Are Integral for Assembly and Function of Human Mitochondrial Complex i. Nature 2016, 538,
123-126. [CrossRef]

Dang, Q.C.L.; Phan, D.H.; Johnson, A.N.; Pasapuleti, M.; Alkhaldi, H.A.; Zhang, F.; Vik, S.B. Analysis of Human Mutations in the
Supernumerary Subunits of Complex i. Life 2020, 10, 296. [CrossRef] [PubMed]

Patrat, C.; Ouimette, J.F.; Rougeulle, C. X Chromosome Inactivation in Human Development. Development 2020, 147, dev183095.
[CrossRef] [PubMed]

Bujan, N.; Morén, C.; Garcia-Garcia, FJ.; Blazquez, A.; Carnicer, C.; Cortés, A.B.; Gonzélez, C.; Lépez-Gallardo, E.; Lozano, E.;
Moliner, S.; et al. Multicentric Standardization of Protocols for the Diagnosis of Human Mitochondrial Respiratory Chain Defects.
Antioxidants 2022, 11, 741. [CrossRef] [PubMed]

Gonzalez-Quintana, A.; Trujillo-Tiebas, M.].; Fernandez-Perrone, A.L.; Blazquez, A.; Lucia, A.; Mordn, M.; Ugalde, C.; Arenas, J.;
Ayuso, C.; Martin, M.A. Uniparental Isodisomy as a Cause of Mitochondrial Complex I Respiratory Chain Disorder Due to a
Novel Splicing NDUFS4 Mutation. Mol. Genet. Metab. 2020, 131, 341-348. [CrossRef] [PubMed]

Weissensteiner, H.; Pacher, D.; Kloss-Brandstitter, A.; Forer, L.; Specht, G.; Bandelt, H.]J.; Kronenberg, F.; Salas, A.; Schonherr, S.
HaploGrep 2: Mitochondrial Haplogroup Classification in the Era of High-Throughput Sequencing. Nucleic Acids Res. 2016, 44,
W58-W63. [CrossRef]

Wang, K; Li, M.; Hakonarson, H. ANNOVAR: Functional Annotation of Genetic Variants from High-Throughput Sequencing
Data. Nucleic Acids Res. 2010, 38, e164. [CrossRef]

Desai, R.; Frazier, A.E.; Durigon, R.; Patel, H.; Jones, A.W,; Rosa, 1.D.; Lake, N.J.; Compton, A.G.; Mountford, H.S.; Tucker, E.J ;
et al. ATAD3 Gene Cluster Deletions Cause Cerebellar Dysfunction Associated with Altered Mitochondrial DNA and Cholesterol
Metabolism. Brain 2017, 140, 1595-1610. [CrossRef]

Comertpay, S.; Pastorino, S.; Tanji, M.; Mezzapelle, R.; Strianese, O.; Napolitano, A.; Baumann, F; Weigel, T.; Friedberg, J.;
Sugarbaker, P; et al. Evaluation of Clonal Origin of Malignant Mesothelioma. J. Transl. Med. 2014, 12, 301. [CrossRef]

Kubota, T.; Nonoyama, S.; Tonoki, H.; Masuno, M.; Imaizumi, K.; Kojima, M.; Wakui, K.; Shimadzu, M.; Fukushima, Y. A
New Assay for the Analysis of X-Chromosome Inactivation Based on Methylation-Specific PCR. Hum. Genet. 1999, 104, 49-55.
[CrossRef]

Torres, R.J.; Puig, ].G. Skewed X Inactivation in Lesch-Nyhan Disease Carrier Females. ]. Hum. Genet. 2017, 62, 1079-1083.
[CrossRef]

Nijtmans, L.G.]J.; Henderson, N.S.; Holt, L]. Blue Native Electrophoresis to Study Mitochondrial and Other Protein Complexes.
Methods 2002, 26, 327-334. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1038/s41436-020-0779-4
http://doi.org/10.1136/jmedgenet-2012-101159
http://www.ncbi.nlm.nih.gov/pubmed/22972949
http://doi.org/10.1016/j.bbabio.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/18977334
http://doi.org/10.1016/j.bbagrm.2012.12.001
http://www.ncbi.nlm.nih.gov/pubmed/23246602
http://doi.org/10.1016/j.ajhg.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25772934
http://doi.org/10.1016/j.bbrc.2007.01.140
http://doi.org/10.1016/j.mito.2019.10.008
http://doi.org/10.1007/s13353-018-0444-7
http://doi.org/10.1016/j.ejmg.2018.11.006
http://doi.org/10.1371/journal.pgen.1005679
http://doi.org/10.1038/nature19754
http://doi.org/10.3390/life10110296
http://www.ncbi.nlm.nih.gov/pubmed/33233646
http://doi.org/10.1242/dev.183095
http://www.ncbi.nlm.nih.gov/pubmed/31900287
http://doi.org/10.3390/antiox11040741
http://www.ncbi.nlm.nih.gov/pubmed/35453428
http://doi.org/10.1016/j.ymgme.2020.10.008
http://www.ncbi.nlm.nih.gov/pubmed/33093004
http://doi.org/10.1093/nar/gkw233
http://doi.org/10.1093/nar/gkq603
http://doi.org/10.1093/brain/awx094
http://doi.org/10.1186/s12967-014-0301-3
http://doi.org/10.1007/s004390050909
http://doi.org/10.1038/jhg.2017.88
http://doi.org/10.1016/S1046-2023(02)00038-5
http://www.ncbi.nlm.nih.gov/pubmed/12054923

	Introduction 
	Results 
	Biochemical, Genetic and Molecular Characterization of the NDUFB11:c.338G>A Variant 
	cDNA Analysis of NDUFB11 
	X Chromosome Inactivation Pattern by HUMARA Assay 
	Western Blot of NDUFB11 and Subunits of MRC Complexes in Proband’s Tissues 
	Steady-State Levels of Mitochondrial Supercomplexes and CI In-Gel Activity (CI-IGA) 

	Discussion 
	Materials and Methods 
	Patient and Family 
	Mitochondrial Respiratory Chain Analysis 
	Molecular Genetic Studies 
	Whole Mitochondrial Genome Next-Generation Sequencing 
	Next-Generation Sequencing (NGS)—OXPHOS Panel 
	Sanger Sequencing of the NDUFB11 Gene 
	mRNA Analysis of NDUFB11 
	Analysis of X Chromosome Inactivation (XCI) 

	Western Blot Analysis of NDUFB11 and Other MRC Complexes Subunits 
	Blue-Native PAGE for MRC and Supercomplexes and CI In-Gel Activity (CI-IGA) Assay 
	Statistical Analysis 

	References

