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Purpose: Tubulinopathy represents a group of disorders caused by variants in tubulin genes,
which present with a wide spectrum of brain malformations. This study was conducted to pro-
vide insight into the phenotypic and genetic spectra of tubulinopathy within the Korean pediatric
population.

Methods: Among individuals who underwent genetic testing at a pediatric neurology clinic be-
tween June 2011 and December 2021, 15 patients with tubulin gene variants were retrospective-
ly recruited. Clinical features, genetic information, and brain imaging findings were retrospective-
ly reviewed.

Results: The genetic spectra of the patients included TUBATA (n=5, 33.3%), TUBB4A (n=6,
40.0%), TUBB3 (n=2, 13.3%), TUBB (n=1, 6.7%), and TUBB2A (n=1, 6.7%) variants. Two novel
mutations were identified: a c.497A>G; p.(Lys166Arg) variant in TUBATA and a ¢.907G>C;

p.(Ala303Pro) variant in TUBB. All 15 patients exhibited developmental delays, with a broad spec-
trum of severity. Other common manifestations included microcephaly (n=10; 66.7%) and sei-
zures (n=9; 60%). A review of the neuroimaging data revealed a range of findings that were both
genotype-specific and overlapping across genotypes. In cases of TUBATA mutation (n=5), four
patients (80%) presented with pachygyria and polymicrogyria, while three (60%) displayed cere-
bellar hypoplasia and dysplasia. All patients with TUBB4A variants (n=6) exhibited hypomyelin-
ation, and three (50%) had cerebellar dysplasia.

Conclusion: This study represents the first cohort analysis of tubulin gene mutations associated
with tubulinopathy in a Korean pediatric population. It suggests that these mutations can pro-
duce a broad spectrum of neurodevelopmental and neuroimaging findings and should be consid-
ered within the differential diagnosis in relevant clinical scenarios.
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molecular and cellular events to successfully form the brain’ intri-

Introduction

cate structure, a process that relies heavily on microtubules. These

Cerebral development requires a highly coordinated sequence of cylindrical, scaffold-like components are crucial for cell division,

© 2024 Korean Child Neurology Society
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0/)
which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

www.annchildneurol.org 115


http://crossmark.crossref.org/dialog/?doi=10.26815/acn.2024.00423&domain=pdf&date_stamp=2024-04-01

Son HJetal. ® Clinical and Genetic Spectrum of Tubulinopathy

ANNALS OF CHILD NEUROLOGY

intracellular transport, and cellular support, making them indis-
pensable for neurogenesis, neuronal migration, and post-migration
organization [ 1]. Microtubules are polymers composed of various
tubulin building blocks, including alpha-, beta-, and gamma-tubu-
lin subunits. Tubulin exists in multiple isoforms, each encoded by a
different gene. Mutations in these tubulin genes lead to a range of
phenotypes, suggesting that each tubulin plays a distinct role in
neurons and other tissues. However, the specific molecular mecha-
nisms by which mutations in each tubulin isoform contribute to
their associated phenotypes remain poorly understood [2].

Tubulinopathy encompasses a range of disorders resulting from
variants in individual tubulin genes, which manifest as a broad ar-
ray of brain malformations and overlapping phenotypes [2]. Com-
mon symptoms include developmental delay, intellectual disability,
seizures, microcephaly, and complex cortical development malfor-
mations [3]. The discovery of TUBAIA in 2007 as the first known
gene associated with malformations of cortical development-type
lissencephaly marked the beginning of our understanding in this
area. Since then, mutations in other genes that encode alpha-tubu-
lin (TUBAIA), beta-tubulin (TUBB2A, TUBB2B, TUBB3, TUB-
B4A, and TUBB), and gamma-tubulin (TUBGI) have been iden-
tified [4]. While mutations in certain genes, such as TUBAIA,
TUBB2B, and TUBBS, are frequently reported in the literature,
others (like TUBGI) have been less commonly documented. The
advent of next-generation sequencing techniques has led to a rapid
expansion in our understanding of the genotype-phenotype spec-
trum associated with tubulin gene mutations.

Atypical cases are continuously being identified, which is key to
achieving phenotypic matching and reaching an accurate genetic
diagnosis. Furthermore, this process can yield insights into the
mechanisms by which each tubulin isotype modifies the properties
of microtubule polymers.

Here, we report the first case series of tubulinopathy in the Kore-
an pediatric population. Our goal was to refine the clinical spec-
trum of tubulinopathy in relation to genotype. With this study, we
aimed to expand the understanding of the genotype-phenotype
landscape of tubulinopathy, thereby enhancing molecular testing
and diagnosis.

Materials and Methods

Patients who presented with unexplained global developmental
delay at the Pediatric Neurology Clinic of Seoul National Universi-
ty Children’s Hospital between June 2011 and December 2021
were considered for this study. Those diagnosed with a tubulin
gene mutation via trio whole exome sequencing (WES) were re-
cruited. Trio WES was performed using Illumina technology, with
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the methods detailed in our previous report [S]. The WES data
were aligned with the hg19 reference genome and processed in ac-
cordance with the best practices of the Genome Analysis Toolkit.
Variant annotation was conducted using the ANNOtate VARia-
tion (ANNOVAR) program, which included the RefSeq gene set
and gnomAD, focusing on rare protein- altering variants with a fre-
quency of less than 0.001% in gnomAD. The potential pathogenic
impact of the identified variants was assessed using the Combined
Annotation Dependent Depletion tool [6].

Patients who lacked parental samples or for whom complete trio
samples were not available, precluding the determination of de
novo status, were excluded from the study. Variants were evaluated
and classified according to the guidelines proposed by the Ameri-
can College of Medical Genetics [7]. The ClinVar and Human
Gene Mutation databases were searched for previous reports of
variants.

The medical records were retrospectively reviewed, encompass-
ing initial presenting symptoms, age of onset, clinical course, devel-
opmental history, current status, physical examination findings,
seizure history, and treatment history. All examinations, including
electroencephalography (EEG), brain magnetic resonance imag-
ing (MRI), and genetic testing, were thoroughly examined. Pa-
tients were categorized based on the tubulin isoforms impacted by
mutations and matched with the above information.

The study protocol received approval from the Institutional Re-
view Board of Seoul National University Hospital (IRB No.
H-2210-047-1367) and adhered to the applicable guidelines and
regulations. To protect confidentiality, any identifiable information
of human participants, including patient names, initials, hospital
numbers, dates of birth, or other protected healthcare information,
remain undisclosed in the publication. Due to the retrospective na-
ture of the study, the requirement for written informed consent

was waived.

Results

A total of 15 patients (male:female ratio, 5:10) with tubulin gene
variants were identified. The median age at presentation was 12
months (range, 1 to 152). The reasons for presentation included
developmental delay (73.3%, n=11), seizures (6.7%, n=1), micro-
cephaly (6.7%, n=1), cyanosis (6.7%, n=1), and feeding difficulty
in a neonate (6.7%, n=1).

The median age at genetic diagnosis was 47 months (range, 13
to 163). Fifteen distinct variants were identified across the 15 pa-
tients. The genetic profiles of these patients included variants in
TUBAIA (n=5, 33.3%), TUBB4A (n=6, 40.0%), TUBB3 (n=2,
13.3%), TUBB (n=1, 6.7%), and TUBB2A (n=1, 6.7%). Two nov-
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el mutations were discovered: a c497A>G; p.Lys166Arg variant in
TUBAIA and a c.907G>C; p.Ala303Pro variant in TUBB. These
variants were not present in the 1000 Genomes or ClinVar databas-

es (Table 1).

The clinical characteristics of the 15 patients with tubulin gene
variants are summarized in Table 2. The median age of the patients
at the time of review was S years (range, 2 to 18). All 15 patients
exhibited developmental delays, which varied widely in severity

Table 1. Genotypes and brain imaging findings of individuals with tubulinopathy

Case ID Gene Nuccyl]zlr?gaemd aciﬁTrI]r;%ge Inheritance ~ Status Chromosome DVS;/?;’lphIC El\{rqgtr?glr; %irsi)?:lslgr 92?159?:3_ cgﬁcr)gﬂfr]
pattern hypoplasia hypoplasia
TUBATA (n=5)
Al TUBATA c.5G>A p.Arg2His ~ Denovo  Reported Chr12;49580615 + - + - +
A2 TUBATA c.883T>C p.Cys295Arg Denovo  Reported Chr12;49579266 - + - - +
A3 TUBATA c.1007A>G  p.lys336Arg Denovo  Reported Chr12;49579142 + - + + +
A4 TUBATA c497A>G  plys166Arg Denovo  Novel  Chr12;49579652 + - + - +
A5 TUBATA c.790C>T  p.Arg264Cys Denovo  Reported Chr12;49579359 + - - + -
TUBB4A (n=6)
B1 TUBB4A c158G>A  p.Arg53GIn  Denovo  Reported Chr19;6502219 - + - -
B2 TUBB4A c.785G>A  p.Arg262His Denovo  Reported Chr19;6495725 - + + -
B3 TUBB4A c.1325G>A p.Arg442His Denovo  Reported Chr19;6495338 - + - - -
B4 TUBB4A c938G>A pArg313His Denovo  Reported Chr19;6495725 - + - - -
B5 TUBB4A c446G>A p.Gly149Asp Denovo  Reported Chr19;6496217 - + - - -
B6 TUBB4A c.745G>A p.Asp249Asn Denovo  Reported Chr19;6495765 - + + + -
TUBB3 (n=2)
C1 TUBB3 c.785G>A  p.Arg262His Denovo  Reported Chr16;90001644 - - - - -
C2 TUBB3 c929A>G p.Tyr310Cys Denovo  Reported Chr16;90001788 - + - +
TUBB (n=1)
D TUBB c907G>C  p.Ala303Pro  Denovo  Novel Chr6;30691686 - - + +
TUBB2A (n=1)
E TUBB2A c.5G>A pArg2His ~ Denovo  Reported Chr6;3157693 + - + + +
Table 2. Clinical features
Variable TUBA1A (n=5) TUBB4A (n=6) TUBB3 (n=2) TUBB (n=1) TUBB2A (n=1)  Total (n=15)
Developmental delay
Motor delay 5 (100) 6 (100) 2 (100) Present Present 15 (100)
Language delay 5(100) 6 (100) 2 (100) Present Present 15 (100)
Intellectual disability 5 (100) 5(83.3) 2 (100) Present Present 14 (93.3)
Hypotonia 1(20) 1(16.7) 1 (50) 0 0 3(20)
Spasticity 0 5(83.3) 0 0 0 5(33.3)
Microcephaly 5(100) 2(33.3) 1 (50) Present Present 10 (66.7)
Facial dysmorphism 2 (40) 0 1 (50) 0 Present 4(26.7)
Abnormal eye movement 3(60) 3(50) 2 (100) Present 0 9 (60)
Seizure 3(60) 4 (66.7) 0 Present Present 9 (60)
Brain imaging findings
Dysmorphic gyral pattern 4 (80) 0 0 0 Present 5(33.3)
Hypomyelination 1(20) 6 (100) 1 (50) 0 0 8(53.3)
Cerebellar dysplasia 3(60) 3(50) 0 Present Present 8(53.3)
Basal ganglia hypoplasia 2 (40) 2(33.3) 0 0 Present 5(33.3)
Corpus callosum hypoplasia 4 (80) 0 1 (50) Present Present 7 (46.7)
Values are presented as number (%).
https://doi.org/10.26815/acn.2024.00423 117
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across both motor and language domains. Notably, one patient
with the ¢.1325G>A TUBB4A gene variant (case ID: B3) demon-
strated normal intelligence at the age of 6 years. In contrast, a pa-
tient with the c.158G>A TUBB4A variant (case ID: B1) lacked ex-
pressive language skills at 12 years old and communicated exclu-
sively through nonverbal means. While comprehensive data re-
garding intelligence quotient were not available, two other patients
(case IDs: C1 and D) presented with only mild intellectual disabil-
ities. Developmental regression was uncommon, and significant
neurological functional decline was observed in only one patient.
That individual, who had the ¢.745G>A TUBB4A gene variant
(case ID: B6), began walking with assistance at approximately 30
months and displayed a wide-based ataxic gait. His walking ability
improved gradually until the age of 7 years, when he was able to
walk unaided. However, since that time, a gradual increase has
been noted in gait disturbance, likely due to increasing spasticity.
At present, the patient is unable to stand independently.

Common clinical presentations associated with mutations in
various tubulin isoforms were identified. These include micro-
cephaly (n=10, 66.7%); ocular abnormalities such as strabismus,
nystagmus, and optic atrophy (n=9, 60%); and seizures (n=9,
60%), which were observed relatively frequently. Less common
features included hypotonia (n=3, 20%) and mild facial dysmor-
phisms, including short palpebral fissures, upslanting eyes, and
low-set ears (n=4, 26.7%). Spasticity was noted in five patients, ex-
clusively among those with a TUBB4A gene variant. The probabil-
ity of patients with a TUBB4A mutation presenting with spasticity
was high, at 83.3% (five of six patients).

A review of patients’ neuroimaging data revealed a broad spec-
trum of findings, with considerable overlap (Tables 1,2 and Fig, 1).
We identified several structural abnormalities commonly observed
across various tubulin isoform mutations. This included dysmor-
phic gyri such as pachygyria and polymicrogyria (n=5, 33.3%), hy-
pomyelination (n=8, 53.3%), cerebellar dysplasia (n=8, 53.3%),

basal ganglia hypoplasia (n=5, 33.3%), and corpus callosum hypo-
plasia (n=7, 46.7%). Notably, hypomyelination was present in all
patients with TUBB4A variants. One patient, who had a TUBB3
variant (case ID: C1), exhibited normal MRI findings. Nine pa-
tients who presented with epileptic seizures underwent further
analysis in a separate group (Table 3). The median age at seizure
onset was 18 months (range, 9 to 52). The types of seizure semiol-
ogy were diverse, including both focal (n=3, 33.3%) and general-
ized (n=6, 66.7%) seizures. No semiology was specific to any tubu-
lin isoform, and patients with the same tubulin isoform mutation
displayed different types of semiology. For example, each patient
with TUBAIA variants (case IDs: A2, A3, and A4) exhibited
unique seizure semiologies. Notably, neither of the patients with a
TUBBS3 variant had a phenotype involving seizures. EEG data
from nine patients revealed interictal epileptiform discharges, such
as spikes and sharp waves. Of these, six patients also had abnormal
background EEG activity.

Discussion

This study represents the first cohort analysis of Korean pediatric
patients diagnosed with tubulinopathies, contributing to the un-
derstanding of the genotype-phenotype spectrum. Tubulinopathy
was initially characterized by malformations in cortical develop-
ment. The genotype most often associated with marked structural
anomalies is TUBAIA. TUBAIA-related tubulinopathies exhibit
prominent features of various cortical malformations, including
anomalies in cortical gyration, the basal ganglia, and the corpus
callosum [4]. In the present study, among the five patients with
TUBAIA variants, dysmorphic gyral pattern (n=4) and corpus
callosum hypoplasia (n=4) were the most common findings. No-
tably, grossly dysmorphic gyral patterns, such as polymicrogyria or
pachygyria, were relatively specific to variants of TUBA1A.
Cortical malformations have also been observed in cases involv-

Fig. 1. Brain images of individuals with tubulinopathy. Each figure displays T1-axial, T2-axial, and T1-sagittal views arranged horizontally
according to case ID.
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Table 3. Clinical characteristics of epilepsy in patients with tubulinopathy

Age at

Case Seizure Suppressed or slow background S : Seizure
D Gene oe ?rr:]sg)t activity on EEG Epileptiform discharge on EEG control
A2 TUBATA Focal tonic 18 + (intermittent diffuse delta activity) + (frequent spike discharges from the left tem-  Seizure well
poral area) -controlled®
A3 TUBATA Spasms 17 + (intermittent high-amplitude delta burst with  + (frequent spike discharges from the left or Drug-resistant
spikes, sometimes followed by brief background  right occipital area) epilepsy’
attenuation)
A4 TUBATA Myoclonic 9+ (excessive high-amplitude delta activity in the  + (frequent spike or spike and wave discharges ~ Seizure well
left hemisphere) from the left frontal-central or temporal area) ~ -controlled®
B1 TUBB4A Generalized 36 + (intermittent high-amplitude delta activity) + (a few suspicious sharp wave discharges from Drug-resistant
tonic the left or right frontal area) epilepsy’
B2 TUBB4A Hypotonic ~ 51 + (diffuse suppressed background activity) + (a few atypical sharp wave discharges from  Drug-resistant
the left or right frontal area) epilepsy’
B4 TUBB4A Spasms 13 - + (occasional spike discharges from both frontal Seizure well
areas) -controlled®
B5 TUBB4A Generalized 12 + (diffuse suppressed background activity) + (frequent spike discharges from the right cen- Drug-resistant
tonic tral-parietal area) epilepsy’
D TuBB Focal tonic 52 - + (frequent spike discharges from the right pari- Drug-resistant
etal area) epilepsy’
E TUBB2A  Atypical 48 - + (near-continuous generalized spike and wave ~Drug-resistant
absence discharges during sleep; occasional spike dis-  epilepsy”

charges from the left temporal area)

EEG, electroencephalography.

*Seizure-free state after adequate trials of two antiseizure medications; °Failure to achieve and maintain seizure freedom with adequate trials of two anti-

seizure medications.

ing other genes. Reports on TUBB variants are limited, and the
specific phenotype of brain malformation associated with TUBB
mutations remains unclear [8]. In this case series, one patient with
anovel TUBB variant (c.907G>C; p.Ala303Pro) exhibited a range
of anomalies, including asymmetric basal ganglia with a globular
appearance, protrusion of the caudate head into the lateral ventri-
cle, thinning of the corpus callosum, and hypoplasia of the cerebel-
lar vermis. Mutations in TUBB3 can result in a spectrum of MRI
findings, from normal results to dysgenesis of the corpus callosum,
anterior commissure, and internal capsule, as well as a generalized
loss of white matter and basal ganglia dysmorphism [9]. Corre-
spondingly, one patient with a TUBB3 mutation in the present re-
port had completely normal MRI findings. Patterns of cortical
malformation—particularly abnormal gyral patterns—are often
linked to TUBA 1A mutations, while hypoplasia or dysplasia of the
cerebellum, basal ganglia, or corpus callosum are less specific indi-
cators.

Tubulinopathy may also manifest as hypomyelination, which
should be considered in the differential diagnosis of hypomyelin-
ation. Mutation of the TUBB4A gene is linked to hypomyelinating
leukoencephalopathy and the condition known as hypomyelin-
ation with atrophy of the basal ganglia and cerebellum [10]. Con-
sistent with prior research, all patients in our study with TUBB4A
mutations (n=6) exhibited hypomyelination, and half of these in-

https://doi.org/10.26815/acn.2024.00423

dividuals also had cerebellar atrophy. While TUBB4A mutations
are closely associated with hypomyelination, they are not the sole
cause; other genotypes, including TUBA1A and TUBBS3, were also
found to be associated with hypomyelination in our cohort. The
presence of hypomyelination should prompt consideration of tu-
bulinopathy as a diagnosis, particularly when accompanied by oth-
er structural brain abnormalities.

Tubulinopathy is characterized by developmental delay, which
was evident in all patients in this study. However, the severity of the
delay varies widely, even among individuals with the same gene
mutation. In our study, a patient with a TUBB4A mutation featur-
ing the c.1325G>A variant (case ID: B3) demonstrated near-nor-
mal intelligence, despite the presence of hypomyelination observed
in brain imaging. While developmental delays are a universal ob-
servation in these cases, the degree to which they are experienced
can vary considerably.

Patients with tubulinopathy may exhibit additional neurological
signs that are key to diagnosis. In a previous study, 23 out of 27 pa-
tients with TUBA1A mutations (85.2%) displayed spastic diplegia
or quadriplegia, a finding also observed in 30% (three out of 10) of
patients with TUBB3 mutations [8]. A 4-year-old boy with the
TUBB2A p.Ala248Val variant presented with developmental delay,
spastic diplegia, and an exaggerated startle response, but no epilep-
sy [11]. Notably, in our current cohort, spasticity was observed
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only in patients with the TUBB4A gene variant, affecting 83.3%
(five out of six) of these cases. Although previous reports have sug-
gested that alpha-tubulinopathy is more likely to cause spasticity
than beta-tubulinopathy, the variability in our findings—potential-
ly due to the small sample size or ethnic specificity—indicates that
nearly any genotype may present with these features. In our cohort,
TUBB4A mutation was also the only variant associated with sub-
stantial neurological functional regression due to spasticity. Since
worsening spasticity can hinder walking, as seen in one patient
(case ID: B6), spasticity must be managed proactively through re-
habilitation and medication whenever possible.

In contrast, TUBB3-related tubulinopathies cause congenital fi-
brosis of the extraocular muscles type 3 and other forms of paralyt-
ic strabismus [9,12]. In the present study, both patients with
TUBBS3 variants exhibited abnormal eye movements. However,
this feature is not specific to TUBB3, as it was also observed in pa-
tients with TUBAIA, TUBB4A, and TUBB mutations. Therefore,
while abnormal eye movements are commonly seen in patients
with TUBB3 mutations, they can also be present in patients with
other genotypes.

In this study, nine patients (60%) presented with epileptic sei-
zures; however, no individual with the TUBB3 gene variant exhib-
ited such symptoms. This observation aligns with prior research,
which indicated that among 62 patients with the TUBB3 variant,
only three experienced febrile seizures.

In conclusion, we present the first case series of tubulinopathy in
Korean patients. Considering the variety observed in brain imag-
ing and clinical phenotypes, tubulinopathy should be consistently
included in the differential diagnosis of global developmental delay.
Accompanying characteristics, such as abnormalities in brain im-
aging (including cortical malformation and hypomyelination) and
neurological symptoms (such as abnormal eye movements, spas-
ticity, and seizures), may offer clues for the diagnosis of tubulinop-
athy. While some features were more frequently associated with
mutations in specific tubulin isoforms, a notable overlap was ob-
served in most features.

One limitation of the present study was the relatively small num-
ber of cases examined. To reinforce the findings, a larger collection

of case reports is necessary.
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