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Abgtract

Spind muscular atrophy (SMA) isan autosomd recessive neurodegenerdive disorder caused by
surviva motor neuron gene mutations. Variant forms of SMA accompanied by additiond dinicd
presentations have been dassfied asatypicad SMA and are thought to be caused by variantsin as
yet unidentified causative genes. Here, we present the dinicd findings of two siblingswith an
SMA variant followed by progressive cerebra atrophy, and the results of whole exome sequencing
andyses of thefamily quartet that was performed to identify potential causdtive variants. We
identified two candidate homozygous missense variants, R942Q in the tubulin-folding cofactor D
gene (TBCD), and H250Q in the bromo-adjacent homology domain and coiled coil-containing 1
gene (BAHCCY), located on chromosome 17g25.3 with aninterva of 1.4 Mbp. In silico andysis of
both variants suggested that TBCD rether than BAHCC1 waslikely the pathogenic gene (TBCD
sensitivity, 0.68; spedificity, 0.97; BAHCCL sensitivity, 1.00; specificity, 0.00). Thus, our results
show that TBCD isalikdy nove candidete genefor atypica SMA with progressive cerebra
arophy. TBCD ispredicted to have important functions on tubulin integrity in motor neuronsas
well ason the centrd nervous system.

Keywords Spind muscular arophy, Atypicd, Cerebrd atrophy, Tubulin-folding cofactor D,
Bromo-adjacent homology domain and coiled coil-containing 1, Whole exome family quartet

andyss
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Introduction

Infantile spina muscular arophy (SMA) isafreguent autosomal disease that specificdly affectsthe
motor neuronsof the spindl anterior horn and lower cranid nervenude. ™ Peripherd nerve
involvement or other organ malformations are conventiondly regarded as exdusion criteriafor
infantile SMA. However, recent reportsindicate that dthough the neurologica features are obvious
early in childhood, the somatic features gppear later in childhood, suggesting an apparent lack of
boundaries between purdly neurologica and multiorgan syndromes over time™® SVIA is caused by
mutationsin the survival motor neuron genes 1 and 2 (SVIN and SVIN2) on chromosome 513
The homozygous aosence of SVINL isresponsiblefor SMA, whereas SMIN2 copy number is
associated with the SMA phenotype?

Atypical formsof the disease have been described. Patients with these forms have unusud
additiond neurologicd features (eg., digphragmatic pasy) that areknown asaypica SMA, SMA
variant, non-50-SMA erttities, or SMN1-negative proxima SMA.>® Based on the mode of
inheritance and involvement of other organs or periphera nerves, atypical SMA types have been
reported dong with the causative genes, indluding pontocerebellar hypoplasia (PCH) with infantile
SMA (PCH1A, VRK1,; PCH1B, EXSOC3), SMA and progressive myoclonic epilepsy (PMESMA,
ASAH1), and SMA with crania nerve disorders®®

Progressiveloss of neurologica function aong with theinvolvement of the central nervous system

other than the mator neuron system is diagnosed as aneurodegenerdive diseese and is dassfied

into five mgor categories: polioencephd opathies, leukoencepha opathies, corencephdopathies,
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spinocerebd lopathies, and diffuse encgpha opathies.

Here, we present two cases, shlings, who showed symmetrical proxima neurogenic muscle
arophy complicated by cognitive dysfunction and progressive cerebra arophy. Weinvestigated
the possihility thet these sblingswere affected by aypicd SMA with autosomal recessve
inheritance. To this end, we conducted whole exome sequencing andyses on the two affected
shlingsand their parents, identifying variantsin the tubulin-folding cofactor D gene (TBCD) and
the bromo-adjacent homology domeain and coiled coil-containing 1 gene (BAHCC1) located on
chromosome 17g25.3 with an interva of 1.4 Mbp. Our results suggested that TBCD wasthe likely

causdtive variant for these Shling cases.
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Materialsand methods
Ethics
All studies were performed with theinformed consent of the patients parents and the gpprovd of

the Inditutional Review Boards & the University of Miyazaki and the Universty of Tokyo.

Participants
Two Japanex=familid patientswith atypicd SMA wereenrolled in thisstudy. Their pedigree chart
isshownin Fgure 1. The detaled dinicd fegtures of the shling cases are provided in the Results

section. Thelr parents were non-consanguineous.

Exome sequencing

Genomic DNA was extracted using standard protocol s from peripherd blood leukocytes or the
umbilica cord of the two patients and their parents. Whole exome sequencing and bioinformatics
anaysiswere performed on thetwo patients (cases 1 and 2) as previoudy described.*** Briefly,
exonic sequences were enriched using a SureSdect vA+UTRskit (Agilent, CA) and subjected to
massively pardld sequence andysisusing an Illumina HiSeq 2500 sequencing system (1lluming,
CA). The Burrows-Whedler Aligner’® and SAMtools programs were used with the defailt
parameter settingsfor alignment of raw reads and variation detection (human GRCh37/hg19).
Single nudeotide variants werefiltered usng 800 Japanese, in-house, hedlthy control exome data

collected at the Universty of Tokyo.
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SNP genotyping

Genotyping of sngle nudeatide polymorphisms (SNPs) were performed using aGenome-Wide
NPArray 6.0 (Affymetrix). The availability of genomic DNA enabled genotyping of the genomic
DNA of one patient (case 1) and the parents. SNIP calling was performed using Genotyping
Console software (Affymetrix). PLINK software was usad to obtain a pairwiseidentity-by-descent

(IBD) etimation.™®

Sanger ssquencing

Sanger sequencing was performed to vaidate each candidate variant detected by exome
sequenaing. The entire exon 31 from TBCD was amplified by polymerase chain reaction (PCR)
using an appropriate primer pair, TBCD-F 5-GCATGTCCTCGTGGTGCTTG-3 and TBCD-R
5-GCCAATGATCTCGCCATGGC-3, and AmpliTag Gold (L ife Technologies Jgpan, Tokyo,
Japan). Smilarly, the portion of exon 5 from BAHCC1 harboring another candidate mutation was
amplified by PCR using an gopropriate primer pair, BAHCC1-F
5-GAGTCAGTGCCAGCTGGTGTC-3 and BAHCC1-R
5-CTGCTGCCTCCTTGCACAG-3 and AmpliTag Gold.

Direct nuclectide sequence andlysis was performed using the BigDye Termingator v3.1 kit and an
ABI PRISM 3130 GendticAndyzer indrument (Life Technologies Corporation, Carlsbed, CA,

USA).
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Databaseanalyses

Sequences were compared with wild-type sequences using the online Basic Loca Alignment
Search Tool (BLAST; hitp:/blast.nchi.nlm.nih.gov/Blast.cgi) and the Nationa Center for
Biotechnology Informetion (NCBI) database (http:/Amaww.nchi.nim.nih.gov/homologene). Variants
weretested for potentid pathogenicity using thefollowing bioinformetics software onlinetools:
Polymorphism Phenotyping v2 (PolyPhen2; http://geneticsowh.harvard.edu/pph2/index.shtm),
Scde-Invariant Fegture Transform (hitp:/gft.jcvi.org/), and Align GVGD
(http://agvgd.hai.utah.edu). ****? Protein structure predictions were performed using JPred 4
(http:/Amaww.compbio.dundee.ac.uk/jpred/) and I-TASSER

(http://zhanglab.comb.med.umich.edw!-TASSER/) 22
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Reaults

Casereports

Case 1: A 1-month-old girl wasreferred to our hospitd with hypotoniaand deve opmenta
problems. Shewasthefirg child of unrdated, hedlthy Jepanese parents (Fig. 1) and wasborn
weighing 3,080 g & 38 weeks gedtation viauterineinertiawithout feta and neonatd hypoxemia
Her vitdl Sgnsand weight gain were normd, but she exhibited afrog-leg posture and heed lag. She
had no dysmorphic facid festures or hepatosplenomegay. Her mental Satuswas dert and shewas
visudly atentive. She cried weekly. Her eye positionswere normd, therewere no ocular deviaions,
and her pupilswere equd, round, and reectiveto light. Her face moved symmetricaly. Shewas
ableto swalow during theinitid visit. A high-arched pdate was not noted. Thetonguewas midline
and fasci culationswere suspected. She had dmost normd bulk with marked hypotonia. The Scarf
sign was positive, with diffuse muscle weeknesses encompassing the trunk, limb symmetries, and
proxima muscle dominance. Shewas unableto lift her amsor legs againg gravity, but had some
movement of her hands and feet. Fadid muscular wesknesswas noted. Pes equinus of both feet
was noted. Involuntary movementswere not observed. She exhibited somewithdrawa and
grimacing to pain. Although bilatera plantar flexor responseswere absent, the Babinski reflex was
positive, showing contraction of the extensor halucislongus muscle. The Moro reflex was positive
but wesk. At her firgt vidit, serum biochemica markers (creatine kinase, lectate, pyruvate, amino
acid levels, and other blood serology) werein the norma range. Brain magnetic resonanceimaging

(MRI) (Fig. 24) results showed no obvious abnormal gna. No ddetions or mutationsin exons 7
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and 8 of the SVIN gene were identified from nud eotide sequence analyses of the PCR products,
exduding typical infantile SMA.

At 3months of age, tongue fasciculaionswere dearly goparent, and her voluntary smileand visud
attention werelogt. Shewas admitted again a 7 monthsdueto afailureto thrive. Cerebrd arophy
was confirmed by acomputed tomogragphy (CT) scan and dso by bran MRI (Fig. 2b), withno
findings of cerebdlar arophy or brainsem changes. Her head circumferencewas0.23SD a 1
month, but —2.1 SD a 8 months. Psychomotor retardation was clearly goparent and progressve,
Symptometic partid seizure was observed, which wasintractable to antiepileptic drugs. In addition
to awesk cough and cry, respiratory distress and dysphagiawith abell-shgped chest and
paradoxica respirationswere confirmed a 9 months of age. She began to have difficulty
swalowing. By 12 months she was profoundly mentaly and physicaly reterded, with a

deved opmenta quotient lessthan 20. She was confined to bed, lost spontaneous movements,
communication, or interaction with the environment, and she needed continuous tracheotomy
positive-pressure ventilation and tube nutrition. Although mild optic arophy was observed, mecular
cherry-red spots and retind pigmentary changes were not noted. Pupil responses, eye positions, and
ocular movements were norma, but reection to light became incomplete. Optokinetic nystagmus,
pursuit, saccade, and eye contact werelogt. Thesefindingsindicated progressively deteriorating
visud functions, espedialy dueto cortical visud impairment. Click-evoked auditory braingem
response (ABR) thresholds at 9 months of agewere 30 dB nHL (right) and 40 dB nHL (left).

Latenciesof waves| (right 1.68 ms, left 1.54 ms normd 1.60+ 0.46), Il (right 3.70 ms left 3.48
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ms, norma 4.30+0.50),and V (right 6.12 ms left 5.28 ms, normd 6.63 + 0.78) were obtained
using 90 dB high-lick stimuli & 9 months. These findingsindicated normal auditory peripheral
nerve and brainstem functions.

Reduced nerve conduction velocity (27 mvsee; normal 42.3 + 6.4) and reduced compound musde
action potentid (2.5 mV; normd 5.5 + 2.0) were obsarved in the median nerve. Reduced nerve
conduction velocity (24 m/see; normd 38.5 + 5.5) and reduced compound muscle action potentia
(0.93mV; normd 14.1 + 2.6) were a0 observed in the pogterior tibia nerve (Fig. 2d).

Lysosomd enzyme activitiesthat are relevant to neurodegeneration involving the centra nervous
system and hypotonia(eg., glycosidases, lysosomd proteases, and sulfatases) werein normal
ranges. Normd serum levelsof very long chain fatty acids exduded fatty acid beta oxidation cyde
disorders, medium-chain acyl-coenzymeA dehydrogenese deficiency, long chain
3-hydroxyacyl-coenzymeA dehydrogenase deficiency, very long chain acyl-coenzymeA
dehydrogenase deficiency, and glutaric acidemiatype 1. G-banded chromosomd andysswas
normd. Cardiovascular, hepatic, and rend functionswere dso normd. Echocardiography showed
no sgnsof cardiomyopathy. At 3 years of age, amuscle biopsy specimen confirmed large grouped
arophy with fiber hypertrophy (Fig. 2€). Surd nerve biopsy was norma upon optica micrascopic

examination (Fig. 2f). Shedied of aspiration pneumoniaa 6 years of age.

Case 2: The second patient wastheyounger sgter of case 1 (Fig. 1). Shewasborn at 39 weeks

gestation vianorma ddivery without fetal and neonatd hypoxia, and weighed 3,060 g. Shewas
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referred to our hospitd a 6 months of age with hypotonia, devel opmentd problems, and pes
equines. Her vitdl 9gns and weight gain were normd, but she exhibited afrog-leg posture and heed
lag. At theinitid vist, her head crcumference was within the normd range but became smdler
then the reference range with incressing age. Her tongue was midline with fasciculations. Her
respiratory condition, mentd status, other symptoms, and sensory and reflex responseswerethe
same asthose described for her Sger. Shedso had severe psychomotor retardetion. Intractable
symptomatic partia seizure occurred a 8 months. Respiratory distress and dysphegiawere
progressive, and she needed atracheostomy a 7 months. She has been mechanicaly ventilated to
date, and is currently bedridden with profound mentd retardation. Sheisdill diveat theageof 7
with tracheotomy positive-pressure ventilation, home-based respirator care.

Her serum biochemicd markerswere normd. Brain MRI showed severe cerebrd arophy (Fig. 20),
but no goparent cerebdlar arophy or brainstem changes Anintericta dectroencephdogram
showed occasiond multi-foci paroxysmd sharp waves on abackground activity of dysmorphic
high-normdl voltage deltaand thetawaves. This dectroencepha ogram did not indicate
hypsarhythmia Cardiovascular and hepatic functionswere normd. A congenita solitary kidney
was detected. At 7 years of age, eydash and light reflexeswerelogt. Chromosomd G-band andysis
and array comparative genomic hybridization (27K ; Agilent Technol ogies) found no chromosomd
abnormdlity or copy number variations. Shehaslived alife milar to her dder Sgter.

Differentid diagnosesareligted in the Supplementary online materid (Supplement 1).
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Exome ssquence analyss

Atotd of 142 rare protein-atering and splice-gte variants, whose minor dldefrequencies (MAFS)
werelessthan 0.5% in 800 exomesfrom in-house, hedlthy controls, wereidentified in oneor both
cases. All variantsin each participant were surveyed for compound heterozygous or homozygous
vaiantsthat were consgstent with an autosomd recessvetrait inthefamily (Table 1).

Only two homozygous variants, ¢.750C>A (H250Q) in BAHCCL1 and ¢.2825G>A (R942Q) in
TBCD, a 17g25.3 were shared between the sblings (Table 2). Ther parentswere heterozygousfor
the samevariants of thedldes. R942Q in TBCD was present neither in the exomes from the 800
in-house, hedthy controls nor in the Exome Aggregation Consortium data set, whereas H250Q in

BAHCC1 was observed in 2 of the 800 in-house, hedthy controls(2in 1,600 dldes) (Fig. 3).

In slico functional prediction of thevariants

PolyPhen2 predicted the BAHCCL variant to be benign with ascore of 0.000 (sengtivity, 1.00;
specificity, 0.00). By contragt, the TBCD variant was predicted to be probably dameging, with a
score of 0.995 (sengtivity, 0.68; specificity, 0.97). Moreover, Align GVGD predicted the TBCD
variant asmorelikely than the BAHCCL variant to interferewith function. SIFT predicted both
variantsto afect protein functions, dbeit with a postscript thet the subgtitutions may have been
predicted to affect functions because the sequences used were not sufficiently diverse. Protein
Sructure predictions suggested that R942Q in TBCD may affect protein conformations and higher

gructuresof an dphahdix (Fg. 4).
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Discusson

Theghblings showed aypicd SMA a avery early age during childhood, with hypotoniaand

muscle weeknessindicating lower motor unit dysfunction, but, in addition, progressve
complicated centrd nervous sysem dysfunctions. Severeinfantile generalized wesknesswith
tongue fasdiculations and respiratory fallure suggested an anterior horn disorder, suchas SMALA
muscle biopsy specimen at 3 years of age confirmed grouped atrophy of musces. Theresultsof the
nerve conduction study indicated thet thetibid nerve showed axond-dominant degeneration or
motor unit reduction, whereasthe results of the surd nerve biopsy suggested thet the surd nerve
was normd, indicating thet the pathol ogy was confined to mator neurons. Brain atrophy was
progressive. The patient historiesindicated severe deve opmenta delay and regression, hypotonia,
lossof visud atention, progressve feeding and respiratory problems, and, ultimately, both patients
became bedridden and lost any cognitivefunction a 3 years of age.

Progressive diffuse centrd nervous system disorderswith cognitive (i.e.,, developmentd quotient
lessthan 20) and motor dysfunctions are quite different from those observed in typica SMA, and,
furthermore, distinct from any other atypica formsof SMIA, emphasizing the uniqueness of the
dinicd presentations of these sbling cases.

After differentiating motor neuron diseases fromtypicd SMA and other disorderswith smilar
dinicd features, such asinfantile hypotoniaor psychomotor regresson (See Supplement 1), we
considered atypica SMA and amyotrophic lateral sdlerosis (ALS). 2% Additiondl features,

induding arthrogryposs, myodonic epilepsy, sensory neurd deafness, or pontocerebd lar
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hypoplasia, were dso investigated ## However, none of these featureswere observed, and ALS
was unlikdly, because AL Sis usully regarded as an adult-onset neurodegenerative disorder.”
Many congenital neurodegenerative diseases or atypicd SMA areknown for digtinct diagnoses of
SVIA1-like congenitdl illnesses, for example, SMA with respiratory distress(SMIARD1), SMA
with progressive myodonic epilepsy (SVIAPME), and pontocerebd lar hypoplasia (PCH1A,
PCHlB)."’GThesiinngshereexhibited some symptoms of SMARD (caused by IGHMBP2
mutations), showing severerespiraiory disress a the age of 1 to 6 months, but hemipardyssof the
diaphragm, acharacteristic finding of SMARD, was not observed. ™ Furthermore, SMARD1
does not complicate central nervous system disorders ™%

Pontocerebdlar hypoplasiaexhibits the most Smilar dinica courseto SMA, and refersto agroup
of severe neurodegenerdive disordersthat affect growth and function of the brainstem and
cerebdllum, eventualy resulting in little or no development.2® Different types of pontocerebellar
hypoplasiaare dassified based on dinical findingsand the spectraof pathological changes®©®
Type 1 PCH ischaracterized by central and peripheral motor dysfunction associated with anterior
horn cdll degeneration, and ressmblesinfantile SMA, usualy leading to early death 2 With type
2 PCH, thereis progressive microcephaly from birth combined with extrgpyramida
dyskinesias®® Marked PCH and progressive cerebral arophy arerevedled by brain CT. Here, the
sblings showed microcephay, progressive cerebra atrophy (but not spedtic pasy), severe
extrapyramida dyskinesia, and failureto acquire any voluntary skills There are many other types

of PCH (2-7), but hyperreflexia, optic arophy (PCH3), joint contracture, olivopontocerebdlar
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hypoplasia(PCH4), cerebdlar hypoplasiagpparent in the second trimester, seizures (PCHS), and
mitochonaria respiratory chain defects (PCHB) were not confirmed in the present cases >
Genitd dbnormdities associated with PCH (PCH7) are only observed in patients with the XY
karyotype.®

To the best of our knowledge, the samedinica presentation observed here has not been previoudy
reported; hence, we conducted exome sequencing of the family quartet: the patients (cases 1 and 2),
and their parents. Assuming autosoma recessive inheritance, we searched for geneswith
compound heterozygous or homozygous protein-dtering or splice-gte variantswith MAFsless
than 0.5% in the exomes from the 800 in-house, hedlthy controls, and found that the sblings
caried two homozygous missense variants, R942Q in TBCD and H250Q in BAHCCL. Their
parents had the same variants of these genesin heterozygous sates. R942Q in TBCD isanove
variant, while H250Q in BAHCC1 was observed in 2 of the 800 in-house hedlthy contrals,
uggesting that R942Q in TBCD ismorelikely than H250Q in BAHCCL to bethe causative variant.
Thisnotion was further supported by thefollowing findings: (1) avariant of Drasophila TBCD in
projection neurons|eadsto microtubule destruction and axond degeneration.® (2) Murine Thee
gene mutants, homologs of human tubulin-folding cofector E (TBCE), show phenotypic
characteristics of SMA-like motor neuropathy. 2 (3) In Sn-knockdown cdllsand SMA-like
mice, microtubule density and beta-tubulin levels are reduced ® The d phalbeta tubulin heterodimer
formation requires participation of aseries of chgperone proteins (tubulin-folding cofactorsA—E)

that function downstream of cytosolic chaperonin as a heterodimer assembly machine, and of
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which, TBCD forms one of the assemblies® The efficiency with which TBCD affectstubulin
disruption in vivo depends onitsorigin: overexpresson of bovine TBCD ificiently destroys
tubulin and microtubulesin cultured cells® Interestingly, TUBA4A has recently been reported to
be associated with familid AL'S, supporting that tubulin integrity isessentia in motor neurons™ (4)
Additiondly, in many syndromes of conventionaly grouped purely neurologica disorders,
extraneurological or other neurological complicationswill appesr later in childhood > Giant axond
neuropathy (GAN), rddated to GAN (gigaxonin) mutations, isknown asone of the most
recognizeble neurodegenerative disorders® GAN controls vimentin organization through atubulin
chaperone (TBCB, TBCE)-independent pathway. Although our cases differed from GAN
because of our peripherd nerve biopsy findings, these reports may indicate ardationship between
tubulin chaperones and neurodegenerdtive disorders.

According to the protein structure modds of Pymol (http:/Avww.pymoal.org/) and predicted protein
structures, R942 isinvolved in protein—protein interactionsin structured helices ®® and
evolutiondly conserved among species (Fig. 3). The R942Q variant is suspected to influence
protein conformation and function by changing apostiveto aneutra amino acid on the protein
surface (Fig. 4).

While R942Q has not been reported in public databases, two missense changesinvolving adjacent
residues have been annotated (15753751532, HI41Y ; rs8072406, G343V). The ressonswhy
H941Y and G943V have been reported as not affecting pathogeness may bethat H941Y doesnot

formahelica structure (Fig. 4) and possibly doesnot highly affect protein structure™ and G943V
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doesnot dter charged amino acids. Both glycineand vaine are nonpolar hydrophobic amino
acids™ Therefore, we predict that R942Q causesthe loss of the dectrostatic stability of the TBCD
protein dueto the dteration from apositive to aneutra chargein an amino acid.®

The BAHCC1 gene may a0 be causativein our cases because mice with aknockout of the human
BAHCC1 ortholog (KIAA 1447) have overt motor deficits® However, in silico amino acid
prediction analyses of both homol ogous missense mutations using PolyPhen2 and Align GVGD
showed that R942Q in TBCD was more likely (sensitivity, 0.68; spedificity, 0.97) than H250Qin
BAHCC1 (sensitivity, 1.00; specificity, 0.00) to be causative *** Guiddlines for using prediction
methods recommend the gpplication of severd toals, if possble Herain, we andyzed the results
using three different prediction tools®

TBCD and BAHCC1 are both located on chromosome 17g25.3 a an interval of 1.4 Mbp.
Moreover, thereisarun of homozygosity in the 1.8 Mbp region (chrl7 79,429,228-qter) that
indudes TBCD and BAHCCL as observed by exome and high+density SNIPresults (detanot
shown), which raised the possibility thet both parentsinherited the variantsin TBCD and BAHCC1
fromacommon ancestrd individud. 1BD estimation of the parents from the SNP data, however,
did not suggest thet the parentswere dosdly related, because the pi-hat vaue, which estimatesthe
proportion of IBD between them, was 0.0075. Although R942Q in TBCD ismost likely the
causdtive variant, as discussad above, we cannot rule out the possibility of more complex modds
(i.e, TBCD and BAHCC1 co-expresson, or autosoma dominant transmission dueto parental

germind mosaicism). Further functiond andysesusingin vivo and in vitro mode swill be



10

11
12

T Ikeda. et al 19

necessary to investigate how these mutations are involved in thedinica presentation.

Recently, three papers describing the similar caseswith TBCD variation were published.®* The
patients of these paperswere described as early-onset corticd arophy, postnatal microcephdy, and
developmenta delay/regress on.®** Severd cases gopeared postnatd growth retardation, muscle
weskness/atrophy, respiratory failure, seizures, optic nerve arophy, progressive Spadticity, or severe
dystonia. “** But our caseswould be most severe neurodegenerative conditions asin our paper.
These papersincd ude some functiond aspects of the linkage between the dissase phenotype and
TBCD variation, and they determined TBCD asacausa geneof their patients disease because the
phenotypeswere quite smilar to that of previous report.

In conclusion, ahomozygous mutation in TBCD, which encodes tubulin cofactor, islikey

responsiblefor anove and severe neurodegenerative disorder.
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Accesson numbersand reference ssquences
Note: Nudeotide sequence datareported are availablein the DNA Data Bank of Japan database

under the accesson numbers LC071985 and LC072713.

Reference sequences are available from NCBI for the Homo sapiens TBCD mutation
(NC_000017.10 chromosome 17 reference GRCh primary Assembly; NC_000017.11
chromosome 17 reference GRCh primary Assembly; and NCBI Reference Sequence:
NG_011721.1), and the BAHCC1 mutation (NC_000017.10 chromosome 17 reference GRCh

primary Assambly; and NC_000017.11 chromosome 17 reference GRCh primary Assembly).
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Titlesand legendstofigures

Fg. 1. Family pedigree and chromeatograms of two de novo variantsidentified in TBCD and
BAHCCL.

Participants with available whole exome sequencing andyss areindicated by dots Datawere
obtained by Sanger sequencing during the confirmeation process. Direct nud eotide sequence
andlysis confirmed the TBCD variant (exon 31, ¢.2825G>A, R942Q) and the BAHCC1 variant

(exon 4, ¢.750C>A, H250Q).

Fg. 2. T1- and T2-weghted brain MR imaging, nerve conduction study, and muscle biopsy.

a. MRl of cas= 1 & 1 month of age showing normd findings. b. At 7 months, T1- and T2-
weighted brain MR images show progression of cerebrd atrophy. Given the severe cerebra
arophy and less homogeneous hyperintensity of the white matter seen on T2-weighted imaging,
the MRI findingsindicate early-onset neurodegenerative disorder, in which impaired formeation of
myélin results from neuronal dysfunction.® c. MRI results of case 2 a 6 months of age aso revesd
progressive cerebrd atrophy with less hyperintengity of the white matter. However, thisfinding
does not mean aprimary hypomyelination.® d. Nerve conduction study of case 1 & 9 months of
age Thetibid nerve between the ankle and poplited fossashows reduced nerve conduction
veloaity of 24 m/s(norma 38.5 £ 5.5) and reduced compound musdle action potentia of 0.93 mV
(normd 14.1 £ 2.6). Thesefindings can be accounted for by ether axona-dominant degeneration

or motor unit reduction. Pop Fossa, poplited fossa; LAT, latency (inms); DUR, duration (inms);
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AMP, amplitude (in millivolts, mV); CV, conduction velocity (in meter per second, nvs); LV,
microvolt; ms, millisecond. e. Bicgps muscle biopsy from case 1 at 4 years of age showing large
grouped arophy with fiber hypertrophy, coincident with SMA findings (hematoxylin and eosin
ganing). f. Surd nerve biopsy from case 1 a 4 years of age. This peripherd nerve biopsy specimen
showsno axona degeneration or swollen axons. Mydin sheaths are maintained (toluidine blue
daning).

Fig. 3. Identification of the putative causative variantsin TBCD and BAHCCL.

a. Schemdtic of the BAHCCL gene, compased of 28 exons, and of the TBCD gene, composed of
1,192 amino acidsand 39 exons. b, ¢. Partia amino acid sequence dignment reveasthat (b) H250

and (c) R942 are evolutiondly conserved among species.

Fg. 4. Structure modds of TBCD showing the R942Q variant.

a, b. TBCD protein structure from amino acids 865 to 1170; () and (b) show the same Sructures
observed a different angles. PBD D was downloaded using the Mod datebase™ R942Q islocated
onthe protein surface and is part of ahdlica sructure, suggesting it may beinvolved in protein-
protein or intermolecular interactions by causing loss of apositively charged amino acid. ™
R942Q isrepresented using agtick, whereas the other structures are shown as cartoons. ¢. Protein

structure predictions using JPred (leff) and I-TASSER (right). 2% R942Q likely influencesan dpha

helix. H, dphahdix; C, coail.
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Table 1. Nove nonsynonymous variants detected in target regions of case 1 and case 2.

Reeds Mapped | Mapped Mapping Mapping Covaage | Coverage
Reeds Reeds Rate Rate (unique)
(unique) (%) (unique)
(%0)
Casel | 794091 | 111,3559 | 109,060,26 | 99.2 97.2 156.3 1531
25 & 4
Case2 | 80,887,1 | 115004,7 | 11041864 | 989 95.0 94 954
20 32 8
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Table 2. Candidate homozygous variants detected in case 1 and case 2.

1

Chromo- | Pogtion Refer- | Alter- Zygosty | Meandlde Gene Amino acid
Some ence | ndion frequency within mutation

in house controls
Chrl7 | 79400125 | C A Homo 2/800(0.25%) BAHCC1 | H250Q
Chrl7 80,887,120 | G A Homo 0/800 TBCD R42Q




Table 3. Predictions on the effect of missense subgtitutionsin BAHCC1 and TBCD .

T Ikeda.etal 1

Gene Mutation Polyphen2 SFT AlignGVGD

BAHCC1 H250Q Benign Affects protein function ClassC15

TBCD R942Q Probably Affects protein function ClassC35
Damaging

*Classfiersare ordered dong aspectrum (CO, C15, C25, C35, C45, C55, and C65) from most
likely to interferewith function (C65) to leedt likely (CO).
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