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Abstract: Mutations in tubulin-specific chaperon D (TBCD), the gene encoding one of the co-
chaperons required for the assembly and disassembly of the «/3-tubulin heterodimers, have been
reported to cause perturbed microtubule dynamics, resulting in debilitating early-onset progressive
neurodegenerative disorder. Here, we identified two novel TBCD variants, c.1340C>T (p.Ala447Val),
and ¢.817+2T>C, presented as compound heterozygotes in two affected siblings born to unaffected
carrier parents. Clinical features included early-onset neurodegeneration, failure to thrive, respira-
tory failure, hypotonia, muscle weakness and atrophy and seizures. We established the genotype—
phenotype relationship of these TBCD pathogenic variants and provided insight into the protein
structural alteration that may contribute to this chaperone-associated tubulinopathy.
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1. Introduction

Microtubule dynamic plays a pivotal role in neuronal development and function.
The organization of mitotic spindles involves the polymerization and depolymerization
of ap3-tubulin heterodimers in the microtubule-organizing center (MTOC). Biallelic loss-
of-function mutations in tubulin-specific chaperon D (TBCD), the gene encoding one of
the co-chaperons involved in the assembly-disassembly processes, have been reported to
cause perturbed microtubule dynamics [1,2]. The recessive inheritance of TBCD mutations
may result in early-onset neurodegenerative encephalopathy, as reported in the previous
literature (OMIM #604649). This rare disease is characterized by early-onset diffuse brain
atrophy, postnatal microcephaly, failure to thrive, respiratory failure, hypotonia, muscle
weakness and atrophy, seizures, spasticity, regression, developmental delay, profound
intellectual disability, and absent visual tracking [3]. The majority of affected patients
showed an early onset of symptoms before 1 year of age and had often required respiratory
support since infancy. No affected individual living beyond the age of 20 has been reported
to date [3]. Brain imaging studies of the affected cases showed evidence of hypomyelina-
tion, rudimentary corpus callosum, and progressive brain atrophy involving cerebrum,
cerebellum, and brain stem [2—4]. Here, we report two novel TBCD variants presented as
heterozygous compound mutations in two affected siblings born to non-consanguineous
carrier parents of Chinese descent.
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2. Case Presentation

Two affected patients were born to healthy, non-consanguineous parents of Chinese
descent. The first child (Patient 1) was a baby girl, born at 41 weeks of gestation by
vaginal delivery, weighing 3300 g at birth. Prenatal exams were smooth, and the pregnancy
was uneventful. She exhibited poor locomotive abilities a few months after birth, and
had to rely on a nasogastric tube for feeding until 12 months. Staying floppy, she was
unable to roll over, and exhibited progressive hypotonia and hyporeflexia in the extremities.
Frequent generalized tonic-clonic seizure episodes (about every 1.5 h) were detected after
12 months, and she showed signs of further neurodegeneration since the onset of seizure
episodes (stopped smiling and sucking, and lacked visual attention). She could make
sounds without forming words. An X-ray revealed severe scoliosis and advanced bone age,
more than 2 years older than chronological age. Brain MRI at 11 months showed thinning
of the corpus callosum, diffuse cerebral atrophy involving both gray and white matters,
and sulcal widening with prominent enlargement of the ventricular systems (Figure 1a,b).
Other clinical exams showed thrombocytopenia and the presence of accessory spleen.
Karyotyping analysis yielded normal results. She had recurrent respiratory infections and
died of respiratory failure at 3 years of age.

Figure 1. The T1-weighted, sagittal section of brain MRI from patient 1 shows thinning of the corpus callosum (a). The

T2-weighted, axial section from the same patient shows diffuse cerebral atrophy involving both gray and white matters,

and sulcal widening with prominent enlargement of the ventricular systems, especially at the frontal horns (b).

The second child (Patient 2) is a 2-year-old girl born at 39 + 6 gestational weeks
via natural vaginal delivery, with a birthweight of 3800 g. Her prenatal and perinatal
birth histories were unremarkable. She was initially brought to the hospital at around
12 months due to motor delay, as she was able to roll over, but unable to crawl, stand or stay
sitting up unassisted. At 18 months, frequent seizures developed, ranging from focal to
generalized tonic-clonic seizures, with irregular intervals (minutes to hours). Subsequently,
a marked deterioration of muscle tone and neurologic regression was noted. She no longer
smiled and became impassive to surroundings. She had no visual tracking and occasional
nystagmus. She could produce vocal sounds without words. Laboratory test showed
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mild elevation of aspartate aminotransferase (37 IU/L) and CK (335 IU/L). EEG showed
slow wave activities. A brain MRI performed at 12 months revealed hypoplasia of corpus
callosum and prominent enlargement of cerebral cortical sulci and ventricles (Figure 2a,b).
The patient and her family were referred for genetic survey after two consecutive probands
suffering from similar debilitating neurodegenerative phenotypes at infancy. The clinical
presentations of patient 1 and patient 2 are summarized in Table 1.

Figure 2. The T1-weighted, sagittal section of brain MRI from patient 2 also shows marked thinning of the corpus callosum
(a). The T2-weighted, axial section shows prominent enlargement of cerebral cortical sulci and ventricles (b).

Table 1. Clinical presentation of patients with compound heterozygous TBCD mutations in this study.

Patient 1 Patient 2

Gender, age

Age of seizure onset
Consanguinity
Perinatal history
Epilepsy
Hypotonia
Swallowing
Speech
Skeletal involvement
Others

Female, 36 m (deceased, related to recurrent

. . . Female, 33 m
respiratory infection)

12m 18 m
no no
unremarkable unremarkable
yes, GTS yes, focal to GTS
yes yes
poor; NG feeding until 3 y can eat solid food
scoliosis no
no thrombocytopenia, accessory spleen

After obtaining written informed consent from the parents, genomic DNA was ex-
tracted from the peripheral blood and blood film of the patients and their parents. Whole-
exome sequencing (WES) was performed on the affected sisters and their parents with
Ilumina NovaSeq 6000 sequencer using Agilent v6 Sureselect capture kit. Sequenced
reads were aligned to human genome assembly GRCh37 (hg19) from the Genome Refer-
ence Consortium. HaplotypeCaller algorithm (GATK v. 3.4) was used for variant calling,
followed by annotation with ANNOVAR. In-house scripted pipelines were applied for
filtering and variant prioritization. We identified two suspect disease-causing TBCD vari-
ants: ¢.817+2T>C on intron 8, and ¢.1340C>T (p.Ala447Val) on exon 14 (NM_005993.4).
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Heterozygous TBCD ¢.817+2T>C mutation was present on patient 1, 2 and the unaffected
father, while heterozygous c¢.1340C>T (p.Ala447Val) mutation was found on patient 1, 2 and
the unaffected mother. The two variants were validated by PCR and Sanger sequencing.

3. Discussion

Since 2016, there have been eight published reports of biallelic TBCD mutations
associating with clinical features of neurodevelopmental impairment and early-onset
neurodegenerative encephalopathy [2-10] (Figure 3).
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Figure 3. Schematic representation of TBCD gene located at chromosome 17q25.3, and its expressed TBCD protein product.
The TBCD variants published in the previous literature associated with phenotypes of early-onset neurodegenerative
encephalopathy are plotted in from N-terminal to C-terminal. Our reported variant is highlighted in red. Black dots
represent the number of times a particular variant has been reported. Solid blue and orange-framed bars indicate the
domains and repeated sequence motifs present in a TBCD protein. The insertion/deletion variant ¢.771+1_771+10del and
splice site variants ¢.1564-12C>G, ¢.3192-2A>G, ¢.817+2T>C are not included. The star sign (*) denotes termination of the
amino acid sequence, resulting in protein truncation.

Functional studies established the link between loss-of-function TBCD proteins and
the diseased phenotype [3]. Wild-type TBCD proteins are integral to the axonal trans-
port of mitochondria in neurons, and maintenance of proper growth and organization
of mitotic spindles from the MTOC. Located in the centrosome, TBCD protein is one of
five tubulin-specific chaperones (TBCA-E) that interact with other protein components
of the microtubule network, namely (3-tubulin, the regulatory GTPase ARL2, to form a
functional protein complex. This quaternary structure is an intermediate scaffold, onto
which a-tubulin is added, facilitated by other cofactors TBCE and TBCB [2,3]. When
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compared to the control, the fibroblast cell lines from the biallelic TBCD mutants ex-
hibit a disorganized spindle structure, tangle-shaped mitotic microtubules, reduced aster
formation, and delayed mitotic progression [2]. The disease-associated forms of TBCD
also exhibited decreased thermal stability and lack of tubulin disassembly compared to
the wild-type [2]. TBCD mutations were predicted to alter protein conformation and
protein-protein interactions, and were more susceptible to degradation by the ubiquitin
proteasome pathway [2,4].

A number of TBCD loss-of-function mutations have been linked to early-onset en-
cephalopathy [2—4,6]. Biallelic mutations in AGTPBPI, a gene also involved in microtubule
organization, exhibits similar features of childhood-onset neurodegeneration with cere-
bellar atrophy (CONDCA) in the absence of seizures [11]. The reported phenotypes of
biallelic TBCD mutation include early-onset neurodevelopmental regression, epilepsy
and hypotonia, which corresponded very closely to the clinical presentation observed in
our affected cases. The compound heterozygous variants, c¢.817+2T>C on intron 8, and
c.1340C>T (p.Ala447Val) on exon 14, have not been published in the previous literature
(Table A1). The missense variant ¢.1340C>T has minor allele frequency (MAF) of 8.068E-6
according gnomAD population database (gnomAD v2.1.1), while the splicing-site variant
¢.817+2T>C was not listed on gnomAD, ClinVar or dbSNP. Segregation analysis of the
parental DNA confirmed the unaffected mother to be a heterozygous carrier of ¢.1340C>T
(p.Ala447Val), and the unaffected father to be a heterozygous carrier of ¢.817+2T>C, while
the two affected children inherited both TBCD variants via autosomal recessive trans-
mission. The amino acid substitution in missense variant c.1340C>T (p.Ala447Val) was
predicted to be “damaging”, and “probably damaging” by multiple in silico tools such as
SIFT, Polyphen-2 and MutationTaster. The missense variant ¢.817+2T>C was predicted to
be pathogenic by computational tools BayesDel_addAF, DANN, EIGEN, FATHMM-MKL,
MutationTaster, and scSNV-Splicing. SpliceAl v1.3 predicted a high probability of the
variant being splice-altering, as the delta scores for donor gain (0.95) and donor loss (0.99)
were both very high [12].

The TBCD protein is mainly composed of armadillo/HEAT motifs, or multiple -
helices running in antiparallel directions linked by short loops [2] (Figure 4a). Structural
impact of identified missense variant ¢.1340C>T (p.Ala447Val) was investigated with homol-
ogy modeling using the SWISS-MODEL server (http://swissmodel.expasy.org, accessed
on 8 July 2021.) [13,14]. By substituting Ala447, the best-helix-forming straight-chained
residue, to an aliphatic 3-branched amino acid Valine, the stability of the protein at the level
of secondary and tertiary structures might be affected [15]. In the modeled TBCD tertiary
structures, there appeared to be differences in the proximity and orientation to adjacent
helices, probably due to steric effects [15] (Figure 4b,c) Previously, another compound
heterozygous variant c.1757C>T (p.Ala586Val), resulting in Ala-to-Val substitution in a
different a-helix of the TBCD protein, was reported [4,5], and this structural perturbation
was also predicted to substantially affect the interactions between adjacent helices [4].

In conclusion, we identified two novel TBCD variants that were associated with the
phenotype of early-onset progressive encephalopathy. Our findings strengthened the
genotype-phenotype relationship between TBCD-mediated tubulinopathy and severe
infantile neurodegenerative disorder. We also showed that TBCD protein function may
be impacted, either directly or indirectly, by secondary and tertiary structure alteration
following amino acid substitution.
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Figure 4. Homology-Modeled Structures of TBCD protein (UniProtKB AC: QIBTW9) based on
Swiss-model template (ID 1qgr.1.A, covering TBCD amino residues 194-931). (a) The secondary and
tertiary structure prediction of TBCD; the locations of missense mutations previously published in
past literatures are labeled. Variants that fall outside of this coverage are not shown. The location
of our reported variant Ala447 is boxed. (b) shows the zoomed-in view of (a) at a different angle.
The location of Ala447 in c-helix, the orientation and spacing of adjacent helices are labeled in (b)
compared to its mutant form Val447 (c). The star sign (*) denotes termination of the amino acid
sequence, resulting in a truncated protein.
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Appendix A

Table A1l. List of identified pathogenic TBCD variants associated with early-onset neurodegenerative encephalopathy in
this study.

Physical Mutation ~ Amino Acid SIFT/

Position (hg19) Site Change Zygosity MAFTW ClinVar HGMD Polyphen-2 SpliceAl
17:80755680  c.817+2T>C - het  8.068E-6/33E-4 NA NA J. R
17:80828121 c.1340C>T  p.Ala447Val het 5.802E-05/NA Likely Pathogenic NA D/P -

Abbreviations: TBCD, tubulin Folding Cofactor D; hg19, human genome assembly GRCh37 (hg19) from Genome Reference Consortium;
MAE, minor allele frequency based on dataset from gnomAD browser v2.1.1; TW, Taiwan biobank; HGMD, Human Gene Mutation
Database; D, damaging; P, probably damaging; SpliceAlIv1.3 annotations: DG, delta score for donor gain; DL, delta score for donor loss.
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