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Microtubule dynamics play a crucial role in neuronal development and
function, and several neurodevelopmental disorders have been linked to
mutations in genes encoding tubulins and functionally related proteins. Most
recently, variants in the tubulin cofactor D (TBCD) gene, which encodes one
of the five co-chaperones required for assembly and disassembly of
o/p-tubulin heterodimer, were reported to underlie a recessive
neurodevelopmental/neurodegenerative disorder. We report on five patients
from three unrelated families, who presented with microcephaly, intellectual
disability, intractable seizures, optic nerve pallor/atrophy, and cortical
atrophy with delayed myelination and thinned corpus callosum on brain
imaging. Exome sequencing allowed the identification of biallelic variants in
TBCD segregating with the disease in the three families. TBCD protein level
was significantly reduced in cultured fibroblasts from one patient, supporting
defective TBCD function as the event underlying the disorder. Such reduced
expression was associated with accelerated microtubule re-polymerization.
Morpholino-mediated 7TBCD knockdown in zebrafish recapitulated several
key pathological features of the human disease, and TBCD overexpression in
the same model confirmed previous studies documenting an obligate
dependency on proper TBCD levels during development. Our findings
confirm the link between inactivating TBCD variants and this newly
described chaperone-associated tubulinopathy, and provide insights into the
phenotype of this disorder.
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The normal development and proper function of neu-
rons require microtubules, which are dynamic polarized
cytoskeletal structures participating in a wide variety
of cellular functions including proliferation, migration,
cell morphology and polarity, and intracellular traffick-
ing (1). Microtubules are assembled from heterodimers
of a- and B-tubulin, which constitute a family of struc-
turally related proteins that are expressed with a specific
spatial and temporal expression pattern in post-mitotic
neurons during cortical development (2). The assembly
and disassembly of the o/f-tubulin heterodimers con-
trol microtubule dynamics, and are dependent on sev-
eral chaperone proteins, including cytosolic chaperonin,
five additional co-chaperones termed tubulin cofactors
A through E (TBCA-TBCE), and the ARL2 GTPase
3-7.

In the past few years, human cortical malforma-
tions and neurodevelopmental disorders have been
linked to variants in genes encoding tubulins and
microtubule-associated proteins (8—12). Altered micro-
tubule function and dynamics have also documented
to cause or contribute to neurodegenerative disorders
(13-16). Most recently, Flex et al. (17) reported on the
identification of biallelic variants in tubulin cofactor
D (TBCD) in seven patients of five unrelated families
as the cause of a previously unrecognized autosomal
recessive encephalopathy characterized by intellectual
disability, seizures, early onset cortical atrophy with
hypomyelination, optic atrophy, thin corpus callosum,
and progressive spasticity. At the same time, two other
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groups independently reported on the identification
of a similar neurodevelopmental/neurodegenerative
condition due to biallelic variants in TBCD (18, 19).
All three groups provided biochemical and functional
evidence supporting the deleterious effects of the TBCD
variants on TBCD expression/function, as well as on
o/pB-tubulin heterodimer assembly and microtubule
dynamics (17-19).

TBCD has been shown to be involved in microtubule
assembly and disassembly, and is essential for spindle
microtubule dynamics (5, 20—22). This chaperone plays
a central role in the de novo assembly of the tubulin het-
erodimer. Specifically, it binds to B-tubulin, and consti-
tutes a supercomplex with TBCE and a-tubulin, which
is a required step for o/p-tubulin heterodimerization and
polymerization of the heterodimers into microtubules.
Disease-causing variants affect TBCD stability and func-
tion, and resulted in perturbed microtubule dynamics
(17). Interestingly, in vitro and in vivo studies docu-
mented that both downregulation and overexpression
of TBCD have deleterious effects on microtubule rear-
rangement and function (23-25).

Here, we report on five patients from three unrelated
families exhibiting intellectual disability, absent speech,
epilepsy, optic atrophy, microcephaly, and cortical atro-
phy due to biallelic variants in 7BCD. We document
reduced TBCD levels and perturbed microtubule dynam-
ics in fibroblasts obtained from one subject, and provide
evidence that TBCD silencing in zebrafish recapitulates
major features observed in the human disease. The data
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reported here provide additional insights into the pheno-
type and natural history of this newly recognized tubu-
linopathy into the second decade of life, and the mutation
spectrum of disease-causing 7BCD variants.

Patients and methods
Patients

Patients 1, 2, and 3 were evaluated at the Sheba Medi-
cal Center, Tel-Hashomer, Israel. Patients 4 and 5 were
followed clinically at the A.I. duPont Hospital for Chil-
dren, Wilmington, DE, and St. Christopher’s Hospital for
Children, Philadelphia, PA. In these sibs, genetic test-
ing was performed on a clinical diagnostic basis. Writ-
ten informed consent was obtained from the parents for
genetic analysis. The study was approved by the respec-
tive Institutional Review Boards.

Clinical reports

Family A. Patient 1 is a 26 months old boy, first child
born to non-consanguineous parents of Indian-Jewish
(Cochin) descent. Family history was unremarkable.
The patient first presented for genetic evaluation due to
the combination of microcephaly, developmental delay,
seizures, and hypotonia at age of 1year (Table 1). He
was born following an uneventful pregnancy, at 40 weeks
of gestation, with a birth weight of ~2700 g and head
circumference of 34 cm (20th centile). During infancy,
he was followed in a neurosurgery clinic due to suspected
craniosynostosis, which was later ruled out.

A brain magnetic resonance imaging (MRI) performed
in infancy showed mild dilatation of the ventricles
and subarachnoid spaces with diffuse thinning of the
white matter and corpus callosum, evidence of mild
secondary hypomyelination not involving the internal
capsule, and normal cerebellum (Fig. 1). At 9 months,
he was hospitalized due to a suspected febrile seizure.
Lumbar puncture was performed and the results were
normal. Electroencephalography (EEG) showed disorga-
nized high amplitude delta wave background and multi-
focal polyspike discharges at moderate rate.

At the age of 2years, the patient showed develop-
mental delay, was non-verbal, and had stereotypic hand
movements. He showed microcephaly (43 cm, —4 SD),
hypotonia, and right-sided plagiocephaly, low anterior
hairline, large ears, pectus excavatum, right hand sin-
gle transverse palmar crease and lateral deviation of the
first toes. On neurological examination, he had normal
cranial nerve function, central and peripheral hypotonia,
hyporeflexia and reduced muscle power. He made good
eye contact and followed objects, had primary reaching
movements, and was able to roll and babble; however, he
did not respond to his name. Overall, his developmen-
tal level is roughly equivalent to that of 6 months of age.
Ophthalmologic evaluation at 2 years showed pallor of
the optic disc, while visual evoked potentials (VEP) were
normal.

Chromosomal deletions or duplications were ruled
out using chromosomal microarray analysis (CMA).
Chromosome X inactivation in DNA extracted from

maternal leukocytes showed random X inactivation
(61:39). Metabolic screening included urine organic
acid profile, serum ammonia and acylcarnitine levels,
which were all within normal limits. Serum amino acid
profile had shown high glutamine (1136 nmol/ml, nor-
mal range: 333-809) and proline levels (418 nmol/ml,
normal range: 40—332). However, on a repeated test
a normal profile was noted. Urine amino acid profile
showed slightly high alanine levels (150 pmol/mmol
creatinine, normal range: 41—-130) and was otherwise
non-contributory. As the combination of signs and
symptoms were not fully compatible with any specific
known nosologic entity and the initial evaluation did not
yield a diagnosis, whole-exome sequencing (WES) was
performed, using a trio-based strategy.

Family B. Two sisters (patients 2 and 3) born to
healthy consanguineous parents (first degree cousins)
of Egyptian-Jewish descent, were followed in the
Pediatric Neurology Unit from infancy to the second
decade of life, due to a combination of severe epilepsy,
microcephaly, aphasia, intellectual disability and severe
behavioral disorder (Table 1).

Patient 2

Currently 19 years old, the elder of the two siblings
was reported to have had a normal neonatal course and
achieve appropriate developmental milestones (includ-
ing cruising, communicating, vocabulary of two words
and a normal play pattern) until 11 months of age. Head
circumference was 43.9 cm at 15 months (15th centile).
During the second year of life, slowing of develop-
ment was noticed accompanied by frequent focal clonic
and generalized tonic clonic seizures (GTC’s), partially
related to febrile illnesses, and very frequent atypical
absence seizures. Over almost two decades of follow
up, seizures were intractable and refractory to numerous
anticonvulsants, ketogenic diet and Cannabidiol enriched
cannabis. She gained independent walking at age 3 years
with an ataxic-spastic gait. She had severe cognitive dis-
ability, did not develop verbal abilities, and had con-
sistent behavioral problems characterized by aggres-
siveness, restlessness and severe sleep disturbance only
partially responsive to medication. There was no evi-
dence for neurological deterioration after the first 2 years.
At age of 19 years, circumference was 49 cm, —4 SD.
An extensive diagnostic evaluation ensued. Repeated
EEG showed frequent generalized polyspike and wave
discharges with intermittent slowing. Nerve conduction
studies, electromyography (EMG) and VEP (performed
at 17 months) were all considered normal. At 6 years,
MRI showed mild cortical atrophy and moderately thin
corpus callosum, with no evidence for brain malfor-
mation or signal changes (Fig. 1). Metabolic workup,
consisting of blood lactate, pyruvate, amino acid pro-
file, uric acid, ammonia, cholesterol, carnitine and acyl
carnitines, homocysteine, very long chain fatty acids
(VLCFA), urine tests for organic acid profile, purines,
guanidinoacetate and creatine, and cerebrospinal fluid
(CSF) tests (lactate, glucose and amino acid profile) was
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(b)

Fig. 1. Brain magnetic resonance imaging (MRI) of patients with
biallelic tubulin cofactor D (TBCD) variants. (a) Axial T2 MRI image
of patient 1 (18 months), showing cortical atrophy and hypomyelination
(with no involvement of the internal capsule (left). Myelination age is
equal to chronological age of 3—6 months. Sagittal T1 MRI image of
patient 1 (18 months), showing cortical atrophy and thinning of corpus
callosum with normal cerebellar and brain stem structure (right). (b)
Axial (left) and sagittal (right) T1 MRI of patient 2 (6 years) showing
mild cortical atrophy and moderately thin corpus callosum. (¢) Axial
(left) and sagittal (right) T1 MRI images of patient 4 (4 months) showing
diffuse deficiency of the white matter in both cerebral hemispheres.
Thinning of the corpus, as well as ex vacuo dilatation of lateral and
third ventricles and mild enlargement of the extra axial fluid spaces,
are probably attributable to the overall white matter deficiency. Pattern
of myelination is appropriate for the patient’s age. (d) Axial (left) and
sagittal (right) T1 MRI images of patient 5 (6 months), indicating dilated
supratentorial ventricular system with an irregular contour suggesting
central greater than cortical volume loss. The corpus callosum is present
but markedly thinned.

unremarkable. Finally, genetic workup included kary-
otype, fluorescence in situ hybridization and methylation
studies for Angelman syndrome, CMA and sequencing
of MECP2, FOXGI and CDKLS5. All analyses reported
normal results.

Patient 3

Currently 17 years old, patient 3 is the younger sister of
patient 2. She was born following uneventful pregnancy
and delivery, with no available information on head
circumference at birth; however, the parents did report
deceleration of head growth during the first year of life,
and at 2.5years her head circumference was 45.5cm
(=2 SD). Patient 3 walked at 22 months, but did not
develop speech. Seizures began at around 2 years and
included occasional GTC’s partially related to febrile
illnesses, and very frequent atypical absence seizures.
Developmental and behavioral features were similar to
her older sister with severe cognitive disability, aphasia
and severe behavioral problems, as well as mild ataxia
and spasticity (Table 1). Similar to her sister, seizures
proved to be intractable to multiple anticonvulsants.

With the clinical assumption that the two sisters proba-
bly suffered from the same inherited disorder, WES was
pursued for the siblings and their parents.

Family C. Two brothers (patients 4 and 5), the only
two children born to healthy non-consanguineous parents
of German/Sicilian/Cajun-Hungarian/Irish descent, were
followed by the Pediatric neurology team due to a combi-
nation of severe developmental delay, microcephaly and
epilepsy refractory to treatment (Table 1).

Patient 4

Currently 7 years old, patient 4 was born at term to a 26
years old mother with prenatal care and no prenatal com-
plications. He was born via spontaneous vaginal delivery,
birth weight: 3540 g (60th centile), length: 53.3 cm (75th
centile). Occipito-frontal circumference (OFC) at 9 days
and 2 months reported to be in the 25th centile. He was
reported to have some latching difficulties during the first
few months, and gastroesophageal reflux disease, which
spontaneously resolved. At 4.5 months, he was admitted
to the hospital for status epilepticus. Sepsis work up was
normal. At that time, he was noted to be microcephalic,
weak, hypertonic and minimally interactive. He devel-
oped intractable epilepsy, and a vagal nerve stimulator
was placed at 1year after failing multiple antiepilep-
tic medications. He was never able to roll, sit, crawl,
walk or speak. Due to progressive feeding dysfunction
a G-tube was placed at 4 years. He had recurrent admis-
sions for pneumonias and respiratory distress and even-
tually underwent tracheostomy. At age 7 years, he had a
head circumference of 43.9cm (—4.5 SD), weight was
21 kg (10th—25th centile). Height measurements were
difficult to obtain, but consistently showed short stature
with Z = —3. Physical examination was notable for right
posterior plagiocephaly, otherwise he showed no clear
dysmorphic features nor scoliosis.
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He was ventilator-dependent with progressively
increasing respiratory support needs. He had progressive
weakness; an EMG performed at 3 years showed severe
axonal motor neuropathy. Muscle biopsy showed neu-
rogenic muscle atrophy. He was wheelchair-bound and
immobile, and considered to have spastic quadriplegia.
Ophthalmological examination showed optic nerve
atrophy.

An extensive diagnostic investigation ensued. Brain
MRI performed twice at 4 months showed diffuse cere-
bral atrophy, and at 3 years showed progressive gray
and white matter atrophy. Spine MRI was consid-
ered normal at 4 years. CSF levels for neurotransmit-
ter profile, lactate, pyruvate and amino acids were
within normal limits, as were serum lactate, pyru-
vate, amino acids, carnitine and acylcarnitine, Crea-
tine Kinase (CK), VLCFA, biotinidase, ammonia and
transferrin electrophoresis studies. Urine oligosaccha-
rides, organic acids and mucopolysaccharides were also
considered normal. CMA showed a 6ql16.3 deletion
(100088936-100198541) (Hg18;2006), noted to be an
equivocal result (parents not evaluated).

Patient 5

Currently 15 months old, he was born full term via
spontaneous vaginal delivery, birth weight 3540 g, length
50.8 cm, with neither prenatal nor perinatal complica-
tions. Early development was considered normal, and
he reportedly rolled over at 4 months and sat unas-
sisted at 5 months. However, at 5 months he began expe-
riencing seizures, which proved refractory to multiple
antiepileptic medications. Before seizures onset he was
able to reach, coo, follow and fix, smile and laugh. At
8 months, he was noted to have microcephaly (42 cm,
—2.3 SD) and hypertonia. Vagal nerve stimulator was
implanted at 9 months to assist with seizures control. At
age 15 months he was unable to roll, sit, reach, track or
laugh and had minimal social interaction. Physical exam-
ination showed no dysmorphic features nor scoliosis. He
was non-communicative, had increased muscle tone in
upper extremities and decreased tone in lower extremi-
ties, and lacked head control or purposeful hand move-
ments. Brain MRI at 7 months showed partial agenesis of
corpus callosum and diffuse cerebral atrophy. Ophthal-
mological evaluation showed bilateral optic nerve pallor.
Finally, clinical WES was pursued for the siblings and
their parents.

Methods

Whole-exome sequencing

After obtaining written informed consent form the par-
ents, genomic DNA was extracted from peripheral blood
leukocytes by standard procedures. Sequencing and data
analysis methods are detailed in Appendix S1, Support-
ing information.

Structural analysis
Methods are detailed in Appendix S1.
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Cell cultures
Methods are detailed in Appendix S1.

TBCD expression and microtubule re-polymerization
studlies
Methods are detailed in Appendix S1.

Zebrafish TBCD knockdown and rescue experiments
Methods are detailed in Appendix S1.

Results

Three unrelated families were included in this study.
Demographic, clinical and molecular data of the patients
are summarized in Table 1.

WES results

Family A — WES data analysis yielded 11 homozygous
private/rare variants affecting protein-coding sequences
and transcript processing (Table S1). Among these, the
¢.1423G>A missense change in TBCD (NM_005993.4),
predicting the p.Ala475Thr amino acid substitution
(NP_005984.3), for which the proband was found to
be homozygous and both parents heterozygous car-
riers (Fig. 2a), was considered as the most promis-
ing candidate. The variant had previously been anno-
tated in ExAC (2/118538, heterozygous state), and was
not found in our in-house WES databases nor in 80
alleles from Indian-Jewish (Cochin) unaffected indi-
viduals, using HinplI restriction enzyme analysis. The
amino acid substitution was predicted to be damaging
by different in silico tools (Polyphen2, LRT, variant
Taster, FATHMM, Variant Assessor) (Polyphen2: http://
genetics.bwh.harvard.edu/pph2/, Database of genomic
variants: http://projects.tcag.ca/variation/, 1000 genome
project: http://www.1000genomes.org/, SNAP: http://
rostlab.org/services/snap/). Consistently, the amino acid
residue was found to be conserved throughout evolution
(Fig. 2b). Of note, the c.1423G>A change was recently
reported as the causative event underlying a similar clin-
ical phenotype observed in two sisters born to an unre-
lated family of Indian-Jewish (Cochin) descent (18).

Family B — Based on the presence of two affected
female siblings and parental consanguinity, autosomal
recessive inheritance was hypothesized. WES data anal-
ysis yielded 10 homozygous rare variants predicted to
have functional impact on coding sequences. Of these,
the ¢.2810C>G (p.Pro937Arg) variant in TBCD was
prioritized as the best candidate underlying the disor-
der. Genotyping of parental DNAs confirmed segrega-
tion (Fig. 2a). This variant had not been previously
reported in public databases and had not been identified
in our databases. The amino acid substitution affected
a conserved residue (Fig. 2b) and was predicted to be
damaging by different in silico tools (Polyphen2, LRT,
Mutation Taster, Mutation Assessor).

Consistent with the causative role of each TBCD vari-
ant, no other gene with high-quality, functionally relevant
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biallelic changes was identified as candidate underlying
the disease in the two families, and none of the genes with
putative de novo variants were functionally linked to pro-
cesses relevant to neurodevelopment and/or neurodegen-
eration. Moreover, sharing of the same candidate gene
and the overlapping phenotype among patients strongly
suggested that the biallelic variants in 7TBCD were causal.

Family C —In parallel, a third family with two
affected siblings with similar clinical features was ascer-
tained using clinical WES. WES data analysis revealed
two different variants in the TBCD gene, ¢.1757C>T
(p-Ala586Val) and ¢.3192-2A>G (IVS34-2A>QG), for
which the siblings were compound heterozygous and
each parent carried one variant. These variants had
not been previously reported in public databases. The
p-Ala586Val affects a highly conserved residue, and is
predicted to be damaging by multiple in silico tools.
Similarly, the splice site change affects a canonical
splice acceptor site in intron 34, and is predicted
to cause aberrant transcript processing. Of note, the
c.1757C>T variant has been reported in two sisters
of Palestinian-Muslim descent with similar phenotype
(18).

Structural analysis

The affected residues mapped at different regions of the
modeled structure of native TBCD obtained by homol-
ogy modeling and validated by molecular dynamics
(MD) simulation (Fig. 3a). Substitution of the hydropho-
bic residues Ala*’> and Pro®’’ with threonine and
arginine, respectively, were expected to strongly per-
turb the local structure of TBCD due to the differ-
ent chemical-physical characteristics of the affected
residues. Specifically, Pro®3 is part of a hydrophobic
core stabilizing the relative position of two helices, which
is predicted to be disrupted by the introduced positively
charged residue (Fig. 3b). Similarly, Ala*’® is located
in a buried and hydrophobic region, which contributes
to the stability of the relative orientation of four helices
(Fig. 3c), and the Ala-to-Thr substitution is expected to
rearrange such structural organization.

In the modeled TBCD structure, Ala®®® is relatively
close to Ala*’>. The p.Ala586Val change is conservative,
with only a slight increase in steric volume. MD simu-
lations performed to investigate the structural perturba-
tion induced by the Ala-to-Val substitution documented
that the introduction of the valine residue causes a local
rearrangement of the structure by perturbing the interac-
tions of helix 578—-592 with adjacent helices (Fig. 3d).
While all substitutions were predicted to have relevant
structural impact, their long-range effects deserve further
investigations.

Impact on TBCD protein levels and microtubule dynamics

The  recessive inheritance  pattern  suggested
a loss-of-function mechanism exerted by the
disease-associated TBCD variants. To explore a
possible impact of the identified variants on protein
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Fig. 3. Structural impact of the identified tubulin cofactor D
(TBCD) variants. (a) Location of the three residues affected by the
disease-associated amino acid substitutions (p.Ala475Thr, p.Ala586Val
and p.Pro937Arg) (lateral chain highlighted in pink) in the TBCD
structure (orange, a-helix; yellow, f-strand; blue, 3 helix; cyan, turn).
The location of residues previously reported to be affected in subjects
with biallelic 7BCD mutations is also shown (lateral chain highlighted
in green). (b) Pro”3” with surrounding hydrophobic residues contribute
to a hydrophobic core with a role in stabilizing the structure of protein
locally. Residues participating in such interactions (distance < 3.6 A)
are indicated with their lateral chains. (¢) Ala*’® is located in a buried
and hydrophobic region, which contributes to the relative orientation
of four a helices in antiparallel conformation. (d) Ala>%0 is a buried
residue located in a region of « helices. (e) MD simulations performed
to investigate the structural perturbation induced by the Ala586Val sub-
stitution documented a local rearrangement of the structure affecting the
interactions of these helices and resulting in a substantial rearrangement
of their relative orientation.

Color figure is available in Online version.
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Fig. 4. Impact of the homozygous c.1423G>A missense change (p.Ala475Thr) in tubulin cofactor D (TBCD) on f-tubulin levels and microtubule
dynamics. (a) Immunofluorescence analysis of cultured skin fibroblasts (patient 1) showing the reduced f-tubulin levels (left, bottom) compared with
an unaffected age-matched individual (left, top). In contrast, no significant difference in the levels of a-tubulin was documented between fibroblasts
of the patient (right, bottom) and control (right, top). Scale bar (20 pm) is the same for all panels. (b) Western blots from patient 1 immortalized
B lymphocytes lysates showing reduced levels of TBCD and B-tubulin compared with control cells (left). Consistent with the immunofluorescence
findings, no significant difference in the level of a-tubulin was documented. HSC70 is shown as loading control. Densitometry of the western blots
comparing the amount of protein in patient cells compared with control cells (n=3) is also shown (right). Results are displayed as average (+SD).
*p <0.05, ¥*p <0.01. (¢) Accelerated microtubule re-polymerization. Representative confocal microscopy analysis of fibroblasts from patient 1 after
nocodazole treatment and medium recovery showing accelerated microtubule re-polymerization compared with control cells. Such perturbed dynamics
is less evident compared to what is observed in fibroblasts from a patient homozygous for the p.Prol122Leu change, which dramatically affects protein
stability and results in rapid degradation of the chaperone. Fixed cells were stained with anti-a-tubulin antibody (red) and DAPI (blue). Scale bar (47 pm)
is the same for all panels.

Color figure is available in Online version.

Alad475Thr

Pro1122Leu

synthesis/stability, qPCR and western blot assays were of protein lysate extracted from both immortalized B
performed. No differences in the level of TBCD mRNA Iymphocytes and fibroblasts; however, consistently doc-
were detected between skin fibroblasts and lymphoblas- umented a significant reduction in the amount of TBCD
toid lines obtained from patient 1 and two control protein (Fig. 4a). Similar to what previously documented
individuals (data not shown). Western blot analysis by Flex et al. (17) western blot and immunofluorescence
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analyses did not outline any significant difference in
the level of a-tubulin between patient and control cell
lines; however, a significant reduction in B-tubulin was
documented (Fig. 4b), suggesting a possible impact of
substantially reduced TBCD expression/function on
fB-tubulin availability in cells.

As defective TBCD function has been documented to
affect microtubule dynamics (17), the kinetics of tubulin
re-polymerization was assessed in primary fibroblasts
from patient 1 and compared with controls and fibrob-
lasts from a patient with severely impaired TBCD
function (Fig. 4c). Following complete microtubule
de-polymerization, recovery was allowed for 5, 10, and
20 min. Compared to what was observed in treated con-
trol fibroblasts, microtubule re-polymerization appeared
to be accelerated in cells from patient 1, which is con-
sistent with these mutations being hypomorphic (17).
Of note, such perturbed dynamics was less marked
compared with what was observed in fibroblasts with
extremely reduced TBCD levels, which is in line with the
overall less severe phenotype characterizing the present
patient (17).

Phenotype analysis of morpholino-mediated TBCD
silencing in zebrafish

Zebrafish tbcd protein shows 65% identity with
human TBCD. thcd morpholino (mo) was injected
to zebrafish embryos at one cell stage, at different doses
(0.12-0.2mM). tbcd was significantly diminished in
0.14mM injected larvae, and completely absent fol-
lowing 0.2mM mo injection. tbcd knockdown (KD)
animals presented with a phenotype that appeared from
day 2. Major features in morphants included micro-
cephalus, and small eyes (Fig. 5a,b). Other features also
included short and thick tail, heart edema, and scattered
pigment. A progressively more severe phenotype was
observed at increasing mo dose, from 0.12 to 0.2 mM
(Fig. 5a, from left to right). Overall, such phenotype
was evident at the range of 80—85% (82.5% on average)
of a total of 100 injected larvae analyzed in the three
experiments with 0.2 mM mo. Histological analysis of
morphants performed at 3 dpf revealed brain atrophy,
with thin neural layers, decreased neural density and
hydrocephalus (Fig. 5c¢,i). tbedATS mo presented reduced
eye size (45%) with a defective lamination with absence
of the nuclear and plexiform layers, in comparison to
control larvae which displayed normal retinal lamination
(Fig. 5c,ii). Finally, histology of muscle tissue of mor-
phants showed myocyte disorganization and irregular
myoseptae (Fig. 5c,iii).

Western blot analysis documented loss of B-tubulin
which was consistently associated with reduced/
abolished tbcd expression, while a dose-dependent
reduction of a-tubulin levels was noticed compared with
uninjected larvae (Fig. 6a).

To further verify the specificity of tbcd mo effect
on the phenotype observed in zebrafish larvae, TBCD
cDNA was co-injected with thed mo (0.2 mM). Pheno-
typic analysis of the morphants documented a partial
rescue of the phenotype, with 40% of the co-injected
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embryos (n=60) exhibiting no apparent malformation,
supporting the specificity of the phenotype due to tbcd
modulation. High TBCD expression in the malformed
fish concurred with high B-tubulin expression, compared
to non-rescued larvae (Fig. 6b). Furthermore, compared
to the latter, normal-appearing co-injected larvae exhib-
ited a pB-tubulin expression level similar to that observed
in uninjected animals. Remarkably, overexpression of
TBCD had similar phenotypic effects in injected larvae
as tbcd downmodulation (Fig. 6¢), strongly suggesting
the need for an exact TBCD dosage for normal develop-
mental processes.

Discussion

Microtubule dynamics play a key role in an array of neu-
ronal cellular functions, and therefore it has been pre-
dicted and shown that variants in the tubulin gene fam-
ily (i.e. TUBAIA, TUBA4A, TUBAS, TUBB2B, TUBB3,
TUBB4A, and TUBBS), as well as in genes encod-
ing functionally related proteins (TBCE, among others)
cause both brain cortical anomalies and neurodevelop-
mental/neurodegenerative disorders (8, 11-16, 26).
TBCD, one of the five tubulin co-chaperones, is crucial
for the proper assembly and disassembly of the micro-
tubules. Highly expressed in brain and spinal cord during
fetal development, TBCD functions not only as a tubulin
co-chaperone mediating proper folding and heterodimer
assembly of tubulins but is also crucial for recruitment
of the y-tubulin ring complex located in centrosomes,
the microtubule-organizing centers (23). Previous stud-
ies have shown that TBCD expression levels require
an extremely fine equilibrium, with both under and
overexpression causing disruption of normal neuronal
morphogenesis (25). Furthermore, TBCD interacts with
additional key players in neuronal development, such as
Down syndrome cell adhesion molecule (Dscam) and
Strip (25, 27). In addition, loss of TBCD in Drosophila
results in abnormal arborization of dendrites and axonal
degeneration while its overexpression is also associ-
ated with microtubules’ disruption and ectopic dendrite
arborization (25). Therefore, it was expected that any
variant altering the fine tuning of the TBCD level and/or
function would prove detrimental to normal brain cor-
tical development and neuronal function. Nonetheless,
until only very recently, no human phenotype had clearly
been attributed to defective or aberrant TBCD function.
Interestingly, in 2014, Poulton et al. pointed out a pos-
sible contributing role of 7TBCD on the severity of the
phenotype of a patient with severe microcephaly asso-
ciated with a WDRG62 variant, and a missense change
(p-Phel121Val) and a duplication encompassing the
wild type TBCD allele (28). Immunostaining showed
an abnormal tubulin network in cells from the patient
with both WDR62 and TBCD variants. Very recently, a
new disorder was linked to impaired TBCD function by
three groups: Flex et al. (17) reported on seven individ-
uals from five unrelated families exhibiting a previously
unrecognized autosomal recessive trait characterized by
neurodevelopmental and neurodegenerative features due
to biallelic variants in 7TBCD. They documented that
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(a) (b)

ul thed*'™ mo (0 12-0 2mM) ul tbed mo
| (0.2mM)

Fig. 5. Phenotype of morpholino (mo)-mediated tubulin cofactor D (tbcd) silencing in zebrafish. (a) tbed silencing effects, from 4 days post-fertilization
(4 dpf), are dose-dependent from mild to severe (left to right). The zebrafish larvae phenotype shows microcephalus (white arrowhead), scattered
pigment, hydrocephalus (asterisk), small eyes (black arrowhead), heart edema (black arrow) and a short and thick tail (white arrow). (b) Dorsal view
of thcd®TC mo effects on head and eye size compared to uninjected larvae. (c) Histology findings for thcd“TC mo-treated larvae compared to control
larvae (UI, uninjected): (i) brain histology following thcd“T¢ mo injection. tbcd”TC morphants display abnormally thin neural layers and decreased
neural density in all brain areas, and hydrocephalus. Hematoxylin and eosin (H&E) staining, 2 pM paraffin sections. Magnification, X20; (ii) eye
histology of control and tbcd”T® mo at 3dpf. Morphants showed smaller eye (45%) and defective lamination, while U) control larvae showed normal
retinal lamination. H&E staining, 2 M paraffin sections. Please note that magnification of control is x40; while tbhcdAT® mo magnification is X60; (iii)
muscular histology following tbcd”T® mo injection. In the mo-treated larvae, myocytes are disorganized and the myoseptae are irregular compared with
the control larvae myocytes, myotomes and myoseptae which show a regular organization. H&E staining, 2 pM paraffin sections. Magnification, X60.
Color figure is available in Online version.

disease-causing TBCD mutations perturbed TBCD lev-
els and/or function, and showed accelerated micro-
tubule polymerization and enhanced microtubule stabil-
ity resulting from defective TBCD function. Edvardson
etal. (18) reported on four individuals from two unre-
lated consanguineous families, showing a similar phe-
notype and biallelic variants in 7TBCD as well. They
also showed reduced TBCD levels in cultured patient
fibroblasts, and further confirmed the causative role of

the variants in 7BCD in the disruption of the o/p-tubulin
heterodimer assembly pathway, using complementary
functional assays (18). Miyake etal. (19) described
eight affected patients from four unrelated families (two
of whom, patients 7 and 8, corresponding to patients
2 and 3 of this report) having a similar phenotype,
including postnatal microcephaly, developmental delay,
seizures and diffuse brain atrophy beginning during the
first year of life, found to harbor variants in TBCD.
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Fig. 6. tbed/tubulin cofactor D (TBCD), a-tubulin and f-tubulin levels, and phenotype in tbcd®TC mo-treated larvae with/without concomitant
overexpression of TBCD. (a) tbcd® ™0 mo (0.14 and 0.2mM) injection results in dose-dependent inhibition of tbed expression and undetectable
B-tubulin; a-tubulin expression appears to depend upon the level of tbcd downmodulation. HSC70 levels are shown for protein load normalization.
UI, uninjected. (b) Co-injection of TBCD in morphants. Undetectable tbcd and f-tubulin levels in thcd“TC mo (0.2 mM) are rescued by co-injection
with linearized cmv::7TBCD cDNA (7 ng/ml). Exogenic myc-tagged TBCD expression is detected by using a myc-antibody. Of note, two sub-populations
were apparent following co-injection: normal phenotype and severely malformed larvae. The latter showed strikingly higher expression levels of both
tbed and p-tubulin, compared to the former. (¢) Severe larvae phenotype in response to TBCD overexpression at 0.2 mM. Similar to what is observed
in morphants (tbcd mo 0.2 mM) (ii), co-injection of cmv::TBCD (10-20ng/pl) together with bcd mo resulted in either a rescued, normal-appearing
larvae (iii), or a very severe phenotype (10 ng/pl) (iv) or high mortality (20 ng/pl). Uninjected embryo is shown for comparison (i).

Color figure is available in Online version.
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Microcephaly, intractable seizures and developmental delay caused by biallelic variants in TBCD

They also provided compelling data from a brain biopsy
obtained from one deceased patient, as well as demon-
stration of the deleterious effects of the TBCD variants
using Drosophila melanogaster olfactory projection neu-
rons (19).

Here, we report an extensive clinical characterization
of five patients from three unrelated families with bial-
lelic mutations in TBCD. This study provides additional
data contributing to the delineation of the phenotypic
spectrum resulting from biallelic TBCD variants. Sim-
ilar to the majority of the previously reported patients,
all five patients showed microcephaly, which was mostly
acquired, refractory epilepsy, significant intellectual dis-
ability, and no speech (17-19). Four of five patients
had severe seizures refractory to different therapies, two
of them requiring vagal nerve stimulator implantation
(Table 1). Interestingly, Xu et al. (29) recently studied
microtubular stability presumed to be crucial for main-
taining the integrity of microtubule-based axonal trans-
port, and reported the association between microtubule
dynamics and chronic epilepsy. Optic atrophy/optic disc
pallor was noted in three patients, while information was
not available for two. This finding was reported in six of
the seven patients reported by Flex et al. (17) and in four
of the eight patients reported by Miyake et al. (19) Feed-
ing difficulties were reported in the first cohort (17) and
were severe enough in two of the five patients reported
here to require G-tube insertion.

Brain MRI findings, i.e. cortical atrophy with thinning
of the corpus callosum and evidence of delayed myelina-
tion, were similar to the previously described cases, and
noted in all four patients for which neuroimaging studies
were performed. Of note, in a recent study focusing on
the key neuroimaging findings of 80 patients with tubu-
linopathies, abnormalities of the corpus callosum were
noted in 32 of 80 (40%) patients (26).

With regard to the molecular basis of disease, and
consistent with the autosomal recessive pattern noted in
the previously described families, the patients reported
herein were either homozygous or compound heterozy-
gotes for missense/splice site variants in TBCD. While
patients 2 and 3 were born to consanguineous par-
ents, the family of patient 1 did not report consan-
guinity. Nonetheless, his parents are of Indian-Jewish
(Cochin) descent, which can be viewed as a genetic
isolate (30). Indeed, the p.A475T variant identified by
WES is the one reported in the previously reported
affected family of Jewish-Cochin descent (18), sug-
gesting a common ancestral mutation. Noteworthy, the
maternally inherited p.A586V identified in family C who
reported a mixed origin, was also identified in two sib-
lings of Muslim-Palestinian descent (18). The two addi-
tional variants identified in our patients (p.P937R and
IVS34-2A>G) were not previously described.

Similar to previous observations by Flex et al. and
Edvardson et al. (17, 18), a significantly reduced amount
of TBCD protein was documented in skin fibroblasts
and lymphoblastoid lines (patient 1), confirming that
defective TBCD represents a crucial molecular event
underlying the pathogenesis of this disorder.

Microtubules frequently switch between phases of
growth and shrinkage, a property known as ‘dynamic
instability’ (31), which has profound impact on neu-
ronal development and function. In addition to its role
in building the core structure of microtubules, TBCD
may modulate microtubule dynamics by promoting tubu-
lin disassembly. Flex et al. (17) documented that defec-
tive TBCD function has profound effect on microtubules
dynamics by perturbing the polymerization rate and sta-
bility of microtubules. By documenting an accelerated
microtubule re-polymerization in primary skin fibrob-
lasts from an affected subject, the present report con-
firms those observations. Similar to what was previously
reported, we did not observe a significant change in the
a-tubulin levels in fibroblasts and lymphoblastoid cells
from the same patient. However, a decrease of a-tubulin
expression was observed in the tbed*TS morphants, a dis-
crepancy that may be attributable to species-specific dif-
ferences on the impact of aberrant TBCD function (24).
In contrast, we documented a significant reduction in
B-tubulin levels in TBCD mutated cells. The significance
of this association needs to be validated and further stud-
ies are necessary to understand whether this B-tubulin
reduction is a result of f-tubulin misfolding or acceler-
ated degradation. Nonetheless, this finding suggests that
dysregulation of microtubule dynamics resulting from
biallelic inactivating variants in 7BCD might result from
multiple, counteracting processes controlling -tubulin
folding, o/p-tubulin heterodimerization, and microtubule
polymerization and de-polymerization.

Finally, we established a morpholino-mediated tbcd
KD animal model, which presented with microcephaly,
and neurodevelopmental, ophthalmologic and muscle
features recapitulating the human 7BCD variant-related
phenotype. Interestingly, the morphant phenotype was
evident beginning at 2 dpf, and its severity was affected
by mo dosing. Histologically, brain tissue of morphants
showed abnormally thin neural layers and decreased neu-
ral density when compared with control larvae, and the
eyes were smaller (45%) with absent lamination. Over-
all, these findings further support the picture of defec-
tive TBCD function as the mechanism of disease of this
novel tubulinopathy, and suggest impaired migration and
lamination in the brain and the eyes in this KD model,
which well fits with the crucial role of TBCD in the neu-
ronal migration and cortical organization processes. We
suggest that these dose effects reflect the crucial role of
the TBCD in the fine tuning of the assembly and disas-
sembly of the microtubule network which seems to be
extremely sensitive to the precise TBCD levels. This con-
clusion is also consistent with those of Edvardson et al.
(18) who showed that both deficiency and overexpression
of TBCD had deleterious effects.

To conclude, the five affected individuals reported
herein further delineate the newly described
chaperone-related tubulinopathy, characterized by
intractable epilepsy, intellectual disability and acquired
microcephaly, and cortical atrophy and thinned corpus
callosum as major MRI features, caused by biallelic
variants in 7BCD. The zebrafish mo model of this
rare disorder recapitulates key features of the human
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phenotype, underscoring the fine equilibrium of TBCD
expression required for the normal function of micro-
tubular dynamic instability. Further studies will shed
additional light on the pathogenetic abnormalities that
may eventually lead to therapeutic options.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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