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Abstract

Leigh syndrome (LS) is one of the most common mitochondrial disease subtypes, caused by mutations in
either the nuclear or mitochondrial genomes. TMEM126B was identified as a mitochondrial complex I
assembly factor. Here, we identified a novel intronic mutation (c.82-2A>G) and a novel exonic insertion
mutation (¢.290dupT) in TMEM126Bfrom a Chinese patient with clinical manifestations of LS. In silico
predictions, minigene splicing assays and patients’ RNA analyses determined that the ¢.82-2A>G mutation
resulted in complete exon 2 skipping, and the ¢.290dupT mutation provoked partial and complete exon 3
skipping, leading to translational frameshifts and premature termination. Functional analysis revealed the
impaired mitochondrial function in patient-derived lymphocytes due to the complex I content and assembly
defect. Although TMEM126B mutations have been related to multi-symptoms (exercise intolerance, severe
muscle weakness, hyperlactic acidemia, pure myopathy, chronic renal failure and cardiomyopathy), we found
the patient carrying these two mutations developed an middle-onset LS. Altogether, this is the first report
that the patient carrying TMEM126B mutations was diagnosed with LS. Our data uncover the functional
effect and the molecular mechanism of the pathogenic variants ¢.82-2A>G and ¢.290dupT, which expand
gene mutation spectrum of LS and clinical spectrum caused by TMEM126Bmutations.
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Introduction

Leigh syndrome (LS, MIM 256000) is the most prevalent childhood-onset mitochondrial disease, with neu-
rodegenerative disorders as its most distinctive feature (Rahman et al., 1996). LS has a prevalence of
approximately 1:40,000 and is highly genetically heterogeneous, primarily with impaired mitochondrial en-
ergy production (Darin et al., 2001). LS exhibits several different modes of inheritance (X-linked, autosomal
or maternal). To data, more than 75 causing genes including both mitochondrial and nuclear genes have
been identified (Schubert Baldo & Vilarinho, 2020). Although defects in each of the five oxidative phos-
phorylation system (OXPHOS) complexes have been observed in LS patients (Lake et al., 2016), nearly
one-third of LS cases are related to complex I deficiency. Mitochondrial complex I is essential for aerobic
respiratory and is located in the first of the mitochondrial oxidative respiratory chain. It oxidizes NADH,
which reduces ubiquinone and transports protons through the inner mitochondrial membrane, resulting in
proton driving force (Hirst, 2013). The complete assembly of complex I requires at least 45 subunits and 15
assembly factors, each of which can lead to mitochondrial complex I disruption and ultimately cause diverse
human diseases including neurodegenerative diseases, aging, mitochondrial disorder and etc (Formosa et al.,
2018; Mimaki et al., 2012; Schapira, 1993; Tinker et al., 2021).

TMEM126B (MIM 615533) is a 7968-bp gene containing five exons that encodes a component of mitochon-
drial complex I intermediate assembly (MCIA) complex, which is required for assembly of complex I but
is not part of the mature complex (Heide et al., 2012). Mutations in TMEM126B would cause an isolated
mitochondrial complex I deficiency and result in various clinical phenotypes such as exercise intolerance,
muscle weakness, hyperlactic acidemia, hypertrophic cardiomyopathy and renal tubular acidosis (Alston et
al., 2016; Sanchez-Caballero et al., 2016; Theunissen et al., 2017). To date, ten patients with a total of four
mutations in TMEM126B have been reported worldwide, but all patients reported had a normal in neuro-
logical presentation (Alston et al., 2016; Sanchez-Caballero et al., 2016; Theunissen et al., 2017). Notably,
the genetic spectrum of the TMFEM126B mutations in China remains unclear.

In this study, using next-generation sequencing in a Chinese patient manifested with LS, we identified two
novel heterozygous mutations of TMEM126B (c.82-2A>G and ¢.290dupT). Bioinformatics analysis and
functional assays revealed that ¢.82-2A>G mutation caused complete exon 2 skipping and ¢.290dupT indu-
ced partial and complete exon 3 skipping. Patient-derived lymphoblastoid cells carrying biallelic mutations



exhibited complex I content and assembly defect and mitochondrial dysfunction. Our findings uncovered
the functional effect and the molecular mechanism of the pathogenic TMEM126B variants c.82-2A>G and
¢.290dupT, which not only expand the gene mutation spectrum of LS, but also expand the clinical spectrum
caused by TMEM126B mutations.

Material and methods
Patient

The patient was admitted to the Department of Pediatrics at Peking University First Hospital and the
clinical diagnosis of LS was established in accordance with previously published criteria (Rahman et al.,
1996). The study received ethical review from Peking University First Hospital (2017-217) and obtained
informed consent from the participant’s legal guardian and family members.

Variants validation

To elucidate the disease-causing genes, we obtained venous whole blood samples from the individual and
her parents for whole-exome and mitochondrial genomic sequencing. According to the instructions of the
manufacturer, the patient’s and parents’ DNA were extracted using the DNA extraction kit (Beyotime
Biotechnology, China). Whole-exome and mitochondrial genomic sequencing were performed by Aegicare
(China). The candidate disease-causing gene was screened according to the criteria mentioned before (Ri-
chards et al., 2015). Total DNA extracted from patient and the parents was amplified by 2xTaq Master
Mix (Vazyme, China) according to the manufacturer’s instruction, and the variants were verified by san-
ger sequencing. The primers are as follows: DupT-F: TTTGTTTACT GTCCTATCTTAAGCAC, dupT-R:
ACCTGATTAGGAGGATTGTTGC, 82-2-F: AAG CCAATGT CTAACAGATAAT, 82-2-R: CTTGTTTC-
CCCCATTCTT. Then segregation study was performed base on the mendelian law.

Bioinformatics analyses of variants

To characterize the population frequency and the pathogenicity of the variants, we predicted the population
allele frequency of the variants using 1000 genomes (https://www.internationalgenome.org/), gnomAD (htt-
ps://gnomad.broadinstitute.org/) and ExAc allele frequency (http://exac.broadinstitute.org) based on the
previous mentioned (Gudmundsson et al., 2021; Kobayashi et al., 2017; Zheng-Bradley & Flicek, 2017). dbS-
NP (https://www.ncbinlm.nih.gov/snp/), Clinvar (https://www. ncbi.nlm.nih.gov/clinvar/) and HGMD
(Human Gene Mutation Database, http://www. hgmd.cf.ac.uk/ac/index.php) were used to predict the pa-
thogenicity of the variants (Landrum et al., 2018; Sherry et al., 2001; Stenson et al., 2014). Pathogenicity
of both variants was analyzed according to the American College of Medical Genetics and Genomics gui-
delines (Richards et al., 2015). MetaDome (https://stuart.radboudumec.nl/metadome/) (Wiel et al., 2019)
combined with NCBI-BLAST (https:// blast.ncbi.nlm.nih.gov/Blast.cgi) to analyze the variant tolerance
of TMEM126B exon 2 as well as exon 3 and amino acid conservation among mammals. Alternative spli-
ce site predictor (http://wangcomputing.com/assp/) (Wang & Marin, 2006) and exonic splicing regula-
tion (http://krainer01.cshl.edu/tools/ESE2/) (Cartegni et al., 2003) to predict the effect of two variants
onTMEM126B mRNA splicing.

Minigene construction and expression

The minigene expression plasmids were constructed as previously reported (Beck et al., 2013) and
in wvitro splicing confirmation was performed follow before (Volodarsky et al., 2015). pSPL3, a clo-
ning expression plasmid, was purchased from Fenghui Biotechnology (China). Briefly, the vector was
cleaved with Bam HI (Takara Bio, USA) andEco RI (Takara Bio), and then ligated the DNA seg-
ment containing the two mutation sites to the pSPL3 vector using T4 ligase (NEB, USA) following
the manufacturer’s instruction. The primers were as follows: dup-F: 5-CGCTCGAGTTTGTTTACTG
TCCTATCTTAAGCAC-3’, dup-R: 5-CGGGATCCACCTGATTAGGAGGATTGTTGC-3’, 82-2-F: 5'-
CGCTCGAGAAGCCAATGTCTAACAGATAAT-3’, 82-2-R: 5-CGGGATCCCTTGTTTCCCCCATT
CTT-3'.



Cell culture

Immortalized lymphocytes derived from II-1 and healthy controls were conducted using epstein-barr vi-
rus procured from B95-8 cells (Cell Bank of the Chinese Academy of Science, China) as mentioned before
(Lou et al., 2018). Immortalized B lymphocytes were culture in Roswell Park Memorial Institute (RP-
MI) 1640 medium (Sigma-Aldrich) supplement with 10% fetal bovine serum (Sigma-Aldrich), 1% (v/v)
penicillin-streptomycin (Beyotime Biotechnology) and 0.25 pg/mL amphotericin B (Beyotime Biotechnol-
ogy). HEK293T cells (Cell Bank of the Chinese Academy of Science) were cultured in Dulbecco’s Modi-
fied Eagle Medium (DMEM) medium (Sigma-Aldrich) supplement with 12% fetal calf serum (Sigma-Aldrich)
and 1% (v/v) penicillin-streptomycin and 0.25 ug/mL amphotericin B. All cells were cultured in 37 incubator

Transfection and RT-PCR analysis

The minigene plasmid transfected into HEK293T cells with lipofectamine 3000 reagent (Thermo Fisher
Scientific, USA) based on manufacturer’s instruction. After 48h, collected the cells and then performed
RT-PCR to evaluate the mRNA splicing. Briefly, total RNA was extracted using TRIzol reagent (Sigma-
Aldrich) and then reverse transcribed to ¢cDNA by reverse transcription kit (Vazyme) according to the
instruction. PCR was performed to amplify the fragment containing the mutant site. All primers
were listed below: forward: 5- ATGGTGGTGTTCGGGTATGA-3’, reverse: 5-AGCGTCTGAACAG
GAAGTTTG-3 (for lymphocytes, exon 1-3); forward: 5-GAAGCGCCCAAGGTTTTCAA-3’, re-
verse: 5-ACTATGCCAATCAGTGAGCTTCT-3 (for lymphocytes, exon 2-4); dSD-F: 5-TCTGAGTC
ACCTGGACAACC-3, dSA-R: 5-ATCTCAGTGGTATTTGTGAGC-3’ (for HEK293T cells). Agarose gel
electrophoresis (BioFroxx, Germany) was used to separate the segment of PCR products. Then the sequence
of each DNA product was determined by sanger sequence.

Blue native polyacrylamide gel electrophoresis

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was conducted as mentioned before (Wei et al.,
2020). For mitochondrial supercomplexes, 1% digitonin (Sigma-Aldrich) was used to dissolve the mem-
brane protein from patient and controls, then 3.5%-16% gradients polyacrylamide gel to separate the su-
percomplexes. For mitochondrial complexes, 1% dodecyl maltoside (DDM, Sigma-Aldrich) was used and
then 3%-11% gradient polyacrylamide gel to separate the complexes. The proteins were transferred on
the PVDF membrane (Bio-Rad, USA), blocked with 5% no-fatty acid milk (Mengniu, China), incubated
with the first and second antibodies, and detected the protein signals. The following antibodies were
used: anti-Grim19 (1:1000, Sigma-Aldrich), anti-SDHA (1:3000, Sigma-Aldrich), anti-UQCRC2 (1:2000,
Sigma-Aldrich), anti-MT-COIT (1:2000, Sigma-Aldrich), anti-ATP5A (1:3000, Sigma-Aldrich), anti-NDUFB6
(1:2000, Sigma-Aldrich), anti-NDUFS3 (1:2000, Sigma-Aldrich), anti-TOMT70 (1:2000, Proteintech, China),
anti-mouse IgG HRP linked (1:2000, Cell Signaling Technology, USA), anti-rabbit IgG HRP linked (1:2000,
Cell Signaling Technology), anti-mouse IgG, AP (1:2000, Cell Signaling Technology).

Oxygen consumption rate

Oxygen consumption rate was performed as before (Wei et al., 2020). In short, 5x10° immortalized lym-
phocytes from the candidate and the age-matched healthy controls were rapidly and gently harvested and
then added to the oxygraphy-2k detector (Oroboros, Austria). Oligomycin (0.1 mg/mL, Sigma-Aldrich) was
used to detect the ATP-linked respiration. Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (0.1mM,
Sigma-Aldrich) was for the maximal respiration and the reserve respiratory capacity.

Cellular ATP content and mitochondrial ROS level detection

Cellular ATP and mitochondrial ROS content were measured by ATP bioluminescent assay kit (Sigma-
Aldrich) and MitoSOX Red reagent (Thermo Fisher Scientific) following the manufacturer’s instruction,
respectively (Wei et al., 2020). For cellular ATP content measurement, immortalized lymphocytes from
patient and age-matched healthy controls were collected and s resuspended with filtered ultrapure water.
Then added the cell suspension to the ATP-releasing solution and detected the autofluorescence. The protein



concentration of the samples was measured with the BCA protein concentration assay kit (Thermo Fisher
Scientific) as a calibration. For the mitochondrial ROS level detection, immortalized lymphocytes from
patients and age-matched healthy controls were collected and resuspended in working solution containing
5uM MitoSOX reagent. Then incubated at 37degC for 10 mins at dark, gently washed cells and detected
the fluorescence.

Results
Clinical manifestation and genetics analysis

The individual (II-1) was born into nonconsanguineous healthy Chinese family with a normal gestational
and delivery record. She fell the development milestone, with instability in walking at the age of 12 months,
and received recovery training for two months, however, no improvement in her symptoms. She developed
uninterrupted strabismus in her left eye at the age of 2 years. Imaging tests showed negative brain magnetic
resonance imaging (MRI) and electroencephalogram (EEG). She was consulted in the Department of Genetic
Metabolism at Peking University First Hospital when she was three years and two months old. The candidate
walked unsteadily, with weak muscular strength, reduced muscle tension, malnutrition but well developed
reflexes and mental response. The face of patient was yellow, with yellow palms and feet, and the back of
the neck was ciliated. Metabolic investigation showed increased blood lactate (3.14, normal range 0.50-2.20
mM) and B- hydroxybutyric acid (1.18, normal range 0.02-0.27 mM). Amino acid and acylcarnitine profile
analysis showed there were no significant abnormal findings. Other tests showed increased aspartate amino
acid transferase (42.2, normal range 0.0-35.0 U/L), lactate dehydrogenase (247.3, normal range 109.0-245
U/L) and a-hydrobutyrate dehydrogenase (260.8, normal range 90.0-250.0 U/L), indicating an abnormal liver
function. MRI demonstrated symmetrical abnormal signals in bilateral cerebral peduncles, and abnormal
signals in the cerebral bridge with adenoid hypertrophy (Figure 1A). Electromyogram/evoked potentials test
(EMG/EP) revealed that left gastrocnemius nerve had sensory conduction abnormalities. Echocardiogram
was normal. She was established the diagnosis of LS according to the standard criteria (Rahman et al.,
1996). Next-generation sequencing was performed to detect the disease-causing gene of the probing, after
the filtering with established criteria (Wei et al., 2020), a novel splice site variant (c.82-2A>G, intron 1)
and a novel insertion variant (c.290dupT, exon 3) in TMEM126B (NM_018480.7) were identified and no
clinically significant mitochondrial genomic-related variants were detected. Segregation analysis confirmed
that ¢.82-2A>G was maternal inherited while ¢.290dupT was paternal (Figure 1B and 1C).

A comprehensivein silico analysis ofc.82-2A>G and c.290dupT

To investigate the potential pathogenicity of the above two variants (c.82-2A>G and ¢.290dupT), we per-
formed a series of bioinformatics analyses. As shown in Figure 2A, both exon 2 and exon 3 of TMEM126B
are conserved across the species and mutations in exon 3 is prone to intolerance by using the MetaDome web
tool (Wiel et al., 2019), and the p.98K seems intolerance and highly conservative. The prediction for the
pathogenicity in several databases showed ¢.82-2A>G was like pathogenic and ¢.290dupT was pathogenic,
the allele frequency of ¢.82-2A>G in gnomAD was extremely low (0.0006), and neither of them had record in
several population variation frequency and pathogenicity prediction databases (Figure 2B). ASSP (Alterna-
tive Splice Site Predictor) (Wang & Marin, 2006) indicates that the ¢.82-2A>G mutation may destroy original
splice constitutive acceptor, while the frameshift mutation ¢.290dupT may create a new splice constitutive
acceptor (Figure 2C). ESE finder (exonic splicing enhancers) predicts the ¢.82-2A>G variant resulted in a
decrease in the SRp40 binding sequence score, and the ¢.290dupT variant leads to increased SRp40 binding
sequence score and loss of SRp55 binding sequence (Figure 2D). Taken together, these results indicate that
both of these mutations (¢.82-2A>G and ¢.290dupT) are disease-causing and affect pre-mRNA splicing.

Identification of variants affecting TMEM126B splicing by using a minigene splicing assay

To explore whether the ¢.82-2A>G and ¢.290dupT variants influence mRNA splicing, we conducted an exon
trapping assay based on pSPL3 plasmids (Figure 3A). RT-PCR and Sanger sequencing showed that both
the empty pSPL3 control and ¢.82-2G mutant constructs gave rise to a 263-bp PCR fragment missing exon
2 of TMEM126B gene, whereas the wild-type ¢.82-2A yielded a RT-PCR product of 385-bp containing exon



2 (Figure 3B and 3C), which indicated that ¢.82-2A>G mutation destroyed the original splice acceptor site
and resulted in full exon 2 skipping. The plasmid constructs of both wild-type ¢.290T and mutant c¢.290dupT
expressed three transcripts, including a transcript without exon 3, a transcript with 103-bp deletion of exon
3 and a transcript containing exon 3 but with one base (T) duplication (Figure 3D and 3E). Quantitative
analysis showed that natural partial and complete exon 3 skipping were weak in wild-type ¢.290T construct,
but significantly increased in mutant ¢.290dupT (Figure 3F). Altogether, our data suggested that c.82-2A>G
mutation caused complete exon 2 skipping and ¢.290dupT induced partial and complete exon 3 skipping.

Confirmation of variant-induced spliceogenicity inpatient-derivedlymphocytes

To assess the physiologic relevance of the splicing defects revealed by the minigene assay, we analyzed the
splicing pattern of TMEMI126B in patient-derived lymphocytes. RT-PCR, using primers specific to exons 1
and 3 spanning the variant ¢.82-2A>G generated a PCR product with complete exon 2 skipping in patient-
derived sample (Figure 4A and 4B), resulting in a 40 amino-acid deletion with a subsequent frame-shift
from codon 28 and premature termination at position 58 in exon 3 (Figure 4C), thus leading to nonsense-
mediated mRNA decay. Agarose gel analysis and Sanger sequencing of the RT-PCR products generated from
patient-derived mRNA using primers specific to exons 2 and 4 detected a full-length transcript carrying the
¢.290dupT in exon 3 and a shorter mRNA with the ¢.290dupT and 103-bp deletion of exon 3 (Figure 4D and
4E). Both of the above transcripts were predicted to cause frameshift and premature termination (Figure
4F), which would likely lead to transcript elimination via the nonsense-mediated decay pathway. Whereas
very little levels of TMEM126B ¢cDNA lacking 103-bp from exon 3 could be detected in control lymphocytes,
further suggesting ¢.290dupT induced splicing defects. These results obtained from patient-derived RNA
samples were in agreement with the minigene data.

Mitochondrial complex I content and assembly defect and mitochondrial dysfunction in
patient- derived lymphocytes

To validate the pathogenic role of ¢.82-2A>G and ¢.290dupT variants in TMEM126B , OXPHOS super-
complexes and complexes were tested in patient-derived lymphocytes. The results indicated that the content
of complex I was markedly decreased in patient-derived immortalized lymphocytes compared with normal
controls. Moreover, supercomplex CI/III;/IV assembly was blocked, while lower assembly intermediate ap-
peared to accumulate notably (Figure 5A and 5B). Mitochondrial respiratory chain complexes are involved
in maintaining proper mitochondrial function, and we then investigated mitochondrial functions in patient-
derived immortalized lymphocytes. As shown in Figure 5C, patient-derived lymphocytes showed a general
decrease in cellular respiratory capacity, including basal, ATP-linked respiration, maximal respiration, and
spare respiration capacity compared to controls. Cellular ATP content of patient-derived lymphocytes was
significantly decreased, whereas the mitochondrial ROS level was increased (Figure 5D and 5E). Together,
these results demonstrated that mitochondrial OXPHOS function was severely impaired in patient-derived
lymphocytes carrying mutations of ¢.82-2A>G and ¢.290dupT.

Literature review and the combination clinical phenotype of TMFEM126B mutations

In order to study the overall clinical phenotypic spectrum caused by TMEM126B (NM_018480.7) mutations,
all published literatures were reviewed (Alston et al., 2016; Sanchez-Caballero et al., 2016; Theunissen et al.,
2017). Upset-plot (Lex et al., 2014) unraveled recurrent clinical phenotypes mainly including muscle symp-
toms (100%, 10/10), developmental delay (30%, 3/10), and visual problems (20%, 2/10) (Figure 6A). The
newly identified individual (1I-1) was diagnosed with LS with the characteristic MRI presentations, bilateral
abnormal signal in cerebral peduncle and pons (Figure 6A). All point mutations and frameshift mutations
reported before are included here for the genotype spectrum study (Figure 6B). Interestingly, except our
report, none of the mutation affected exon 2. Overall genotype-phenotype correlation of TMEM126B was
analyzed by reviewing all the published literature, the enzymatic activity of the complex I in all patients
decreased, and the phenotypes were various mainly the muscle intolerance, development delay (Table 1).
II-1 was the only individual presented neurological symptoms and diagnosed as Leigh syndrome.

Discussion



In this study, we described two novel heterozygous mutations of TMEM126B(c.82-2A>G and ¢.290dupT)
from a Chinese patient manifested with LS.In silico predictions, minigene splicing assays and patients’ RNA
analyses were combined to determine that the c.82-2A>G mutation resulted in exon 2 completely skipped,
and that the ¢.290dupT mutation caused an increase of partial and complete exon 3 deletion transcripts,
which would lead to frameshift and premature termination. Patient-derived immortalized lymphocytes
carrying biallelic mutations exhibited complex I content and assembly defect and mitochondrial dysfunction.
To the best of our knowledge, this is the first report that TMEM126B mutations cause LS.

TMEM126B was identified as the part of MCIA complex to co-migrate with other MCIA complex components
(NDUFAF1, ECSIT, and ACAD9) by complexome profiling (Heide et al., 2012). The defect of each compo-
nents can cause heterogeneous clinical phenotypes. For example, mutations in NDUFAF1 mostly associated
with cardiological symptoms (Dunning et al., 2007; Elisa Fassone et al., 2011), including Wolff-Parkinson-
White syndrome and hypertrophic cardiomyopathy. Genetically deficit inACAD9 commonly linked to car-
diac symptoms, neurological symptoms, and severe lactic acidosis (E. Fassone et al., 2011; Schiff et al.,
2015). Mendelian mutations in FCSIT gene has not yet reported. Individuals carrying TMEM126B mu-
tations mainly presented with exercise intorlance, muscle weakness, hyperlactic acidemia, pure myopathy,
chronic renal failure and cardiomyopathy (Alston et al., 2016; Sanchez-Caballero et al., 2016; Theunissen
et al., 2017). Notably, the clinical phenotypes of our patient are consistent with those of patients carry-
ing TMEM126Bmutations previously reported, except for chronic renal failure and cardiomyopathy (Table
1). Chronic renal failure is not a necessary symptom to diagnose mitochondrial diseases. Significantly, our
patient show a more severe neurological symptoms with clinical presentation consistent with LS. Overall,
we believe that patients with TMEMI126B mutations may exhibit high clinical heterogenicity. The combi-
nation of clinical and molecular diagnosis are required for the diagnosis of TMEM126B mutation-related
mitochondrial diseases.

In silico analysis indicateed that the ¢.82-2A>G mutation located 2bp before exon 2 could lead to the
loss of the original 3’splice acceptor site, while the ¢.290dupT mutation located exon 3 might create a new
constitutive splice acceptor site. In witroexperiments verified that c¢.82-2A>G mutation led to complete
exon 2 skipping and ¢.290dupT caused an increase of transcripts with partial and complete deletion of
TMEM126B exon 3. Mutations that located in exonic splicing enhancer (ESE) region are thought to prevent
serine and arginine-rich (SR) proteins from binding to ESE sequence motifs, which induced exon skipping.
Results of ESE finder software suggested that ¢.290dupT mutation may disrupt a putative SRp55 binding
site, thus increasing the proportion of abnormal splicing transcripts. Further functional study indicated
that patient-derived immortalized lymphocytes exhibited a global mitochondrial dysfunction with decreased
mitochondrial respiratory capacity, reduced ATP content and increased mitochondrial ROS levels due to the
complex I content and assembly defect. Unlike previous reports, biallelic mutations in our patient caused
the complete deletion of exon 2 and the partial truncation of exon 3 of TMEM126B , which resulted in a
more severe TMEM126B defect, leading to a more severe complex I deficiency and brain phenotypes.

In summary, we identify TMEM126B as a novel disease-causing gene resulting in LS with obvious neurological
symptoms, and report two novel TMEM126B mutations (c.82-2A>G and ¢.290dupT) that cause splicing
defects and lead to mitochondrial dysfunction due to the severe complex I deficiency. Our study expands
the genetic mutation spectrum of LS and the clinical spectrum caused by TMFEM126Bmutations.
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Figure titles legends

Figure 1. Segregation analysis, sanger sequence and MRI manifestation.

A. MRI image of proband. Bilateral abnormal signal in pedunculus cerebri and pons were pointed by arrow.
B. Sanger sequence of the affected family. The arrows indicate mutation sites.

C. Segregation analysis of affected individual. Rectangles indicate males, circles female, and solid circle
represents affected individual. The proband was pointed out by arrow.

Figure 2. In silico analysis of TMEM126Bvariants.

A. Amino acid conservation analysis of exon 2 and 3, and amino acid variant tolerance in gnomAD database.
Different backcolor indicates the genetic tolerance.

B. Bioinformatic analysis of allele frequency and pathogenicity prediction about two variants.
C. Putative splice sites and scores for wild-type and mutant sites predicted from ASSP.

D. Splicing regulatory protein binding motif predicted by ESE Finder for wild-type and mutants. Mutation
sites are highlighted in red. NA, not available; HGMD, Human Gene Mutation Database; ACMG, the
American College of Medical Genetics and Genomics.

Figure 3. The minigene splicing assays based on the pSPL3 exon trapping vector.

A. Schematic diagram of the in vitro minigene plasmid construction. The pSPL3 plasmid contains two exons,
SD and SA. The primers were specify to exon SD and SA, respectively.

B-C. Agarose gel electrophoresis (B) and Sanger sequencing (C) for the PCR, products of ¢.82-2A and c¢.82-
2A>G mutant. B-actin was used as loading control.

D-E. Agarose gel electrophoresis (D) and Sanger sequencing (E) for the PCR products of ¢.290T and
¢.290dupT mutant. The ¢.290dupT was highlight with grey background.

F. Relative quantification of each segment of PCR product from pSPL3 control, ¢.290T and ¢.290dupT.
Figure 4. TMEM126B exons 2 and 3 splicing patterns in patient-derived lymphocytes.

A-B. Agarose gel electrophoresis (A) and Sanger sequencing (B) for RT-PCR products from patient and
healthy control’s lymphocytes, which the primers was designed at exon 1 and exon 3 respectively.

C. Schematic representation of the splicing process. The ¢.82-2A>G mutation resulted in premature termi-
nation at position of 58 in exon 3. V9 referred to the transcript variant 9 of TMEM126B (NM_001350396.2).

D-E. Agarose gel electrophoresis (D) and Sanger sequencing (E) for RT-PCR products from patient and
healthy control’s lymphocytes, which the primers were designed at the junction of exon 1 and 2 and exon 4
respectively to avoid amplifying additional transcripts. The mutation was highlight with grey.

F. Schematic representation of the splicing process. The ¢.290dupT caused a premature termination at
position 100 and 101 of the two transcripts, respectively.

Figure 5. Mitochondrial functional validation in patient-derived lymphocytes.

A-B. BN-PAGE for mitochondrial complexes (A) and supercomplex (B). Asterisk indicates the incomplete
assembly intermediate complex. TOMT70 was used as internal loading controls.
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C-E. Oxygen respiration rate (C), relative cellular ATP (D) and mitochondrial ROS content (E) of healthy
control and patient-derived lymphocytes. *p <0.05, **p <0.01, ***p <0.001.

Figure 6. Overview of the TMEM126B variants and phenotypes.

A. The recurrent clinical phenotypes of all published literatures about TMEM126B mutation. Colored circles
(right) indicate various compound phenotypic combination, and the histogram represents corresponding
patient number (Vertical direction). The number of patients corresponding to the phenotype is indicated on
the left of the graph.

B. Summary the location about TMEMI126B mutations of all published literatures. Wathet rectangles

indicates introns, primrose yellow presents exons, mazarine indicates the coding sequence.

¢.290dupT c.82-2A>G TTTTCCAGGTTTT| [ACGC TGCTTCAA/
Father ¥ ¥
€.290dupT ' il /\s"\
1 4. AR AVAYAY AVAVAVAVAGYAY
TTTTCCGGGTTTT AAA
Mother * \CGCTGC'I;TC\ \
1 2 c.82-2A>G A N W\ A N
J VAAVAV AN / A\
NS PN ANV A
o Proband TTTT CCGGGTTTT ACGCTGCTT CAAA
el ¢.82-2A>G ¥ A ¥
¢.290dupT AN JULSg A N A
A A AN AN
A Nucleoti
Intolerance  Neutral  Tolerance olide Change | ©.82:2A>G G
—_— Amino acid Ch, 5
" a .
Amino acid 28 8 Allele nge None p-K98Qfs*3
" e frequency in 1
Homo sapiens 000 genomes NA NA
Pan troglodytes Allele
Exon2 Hylobates moloch Tequency in
xon: Rhinopithecus bieti A ¥ in gnomAD 0.0006 NA
Rhinopithecus roxellana C allel
Macaca mulatta e frequency NA NA
Amino acid 69 3 db!
FGTTAGFSGIFSNFLF! IDALKTYASLATLPFLS Homo sapiens SNP A A
GTTAGFSGIFSNFLF} HDALKTYASLATLPFLS Pan troglodytes Clinva
Exon3 FATTAGFSGIFSNFLF| IDALKTYASLATLPFLSTVIITDKI Hylobates moloch J NA NA
FGTTAGFSGIFSNFLFRR! HDALKTYASLATLPFLS K Rhinopithecus bieti
FGTTAGFSGIFSNFLFRR! IDALKTYASLATLPFLS Rhinopithecus roxellana HGMD NA NA
FGTTAGFSGIFSNFLFRR! IDALKTYASLATLPFLS Macaca mulatta
ACMG Like Pathogenic
pathogenic
C
‘ ASSP Putative splice site ’ Sequence Score Putative splice site | Sequence Score ‘
c.82-2A Constitutive tttttccagGTTTTCAAGA | 12.831 | c.82-2A>G | None None None
acceptor
€.290T None None None €.290dupT | Constitutive tgctttcaagGTTAAACATG | 3.532
acceptor
ESE Finder SRp40 SRp55
Motif Score. Motif Score.
c.82-2A TTCCAGG 3.616796 TATGGC 3.161650
c.82-2A>6 | TITCCGG 3.228096 TATGGC 3.161650
€.290T CTTCAAG 4.040549 TGCTTC 3.831906
€.290dupT TTTCAAG 4.397244 None None

11



A

Forward EcoRl Xhol Reverse
—sv40-promyI J SA — SV40-LPAS -
c.82-2A
@D Exon2 ——
c.82-2G SPL3
. E > p
2 xon (6031bp)
3 — Exon3 ——
4 — Exon3 ——

Lower
s Middle
400bp "E 39 Upper
300bp g
200bp s
2
200bp
100bp

B-actin SD SA

12



BN-Page 1%DDM

Exon 1 Exon 3

GCCCAAGGACACAAR CCTGTTCAGACGC

ALY oty

E

Exon 2 Exon 3 Exon 4

GCTGCEIT

Exon Exon 3 (-103bp) Exon 4

A6

GCTGCETTCAAGA:

M'"TW ™

D
L o Pt
400bp
300bp
200bp
ca -
SSE B
== €
38¢& 8
Cl (Grim19)
Clil (UQCRC2)
CIV (MT-COI)
Tom70
@ 40
3
o
€ 30
o
b
E 20
K4
E
E1o
o
3]
<)

Control 2

Control 1

Control 2

Vo I

Forward
—

Forward
—

Reverse
-«—

458bp

Reverse
-«

[ 3 ] 286tp

Forward Reverse
—

rovr
t64bp

CTGCTTCAAGGTTAA

F

Forward

—

Forward

—

C

STOP

Reverse
«—

34 ] asowp

TGCTTTCAAGGTTAA
sTop

Reverse
-«

TGCTTTCAAGATAA
sToP

277bp

BN-Page 1%Digitonin

-~ 1B:NDUFB6 IB:NDUFS3
g8 - o - o~
kR 2 e Ezcz o3
-
CV (ATP5A) = = |- CHL/V
CIl (SDHA)
*
BN owno
D E
*x EEtd
15 B 2.0+
| £
2 o
£ O 1.54
8 1.0 1%
o o
= @
< G 1.0
2 =
£ 0.5 s
ko 2 0.5
© =
©
0.0 ©
c1 c2 P © 0.0-
c1 c2 P

13
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