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TUBA1A tubulinopathy is a rare neurodevelopmental disorder associated with brain malformations as well as early-onset and
intractable epilepsy. As pathomechanisms and genotype-phenotype correlations are not completely understood, we aimed to
provide further insights into the phenotypic and genetic spectrum. We here present a multicenter case series of ten unrelated
individuals from four European countries using systematic MRI re-evaluation, protein structure analysis, and prediction score
modeling. In two cases, pregnancy was terminated due to brain malformations. Amongst the eight living individuals, the
phenotypic range showed various severity. Global developmental delay and severe motor impairment with tetraparesis was
present in 63% and 50% of the subjects, respectively. Epilepsy was observed in 75% of the cases, which showed infantile onset in
83% and a refractory course in 50%. One individual presented a novel TUBA1A-associated electroclinical phenotype with
evolvement from early myoclonic encephalopathy to continuous spike-and-wave during sleep. Neuroradiological features
comprised a heterogeneous spectrum of cortical and extracortical malformations including rare findings such as cobblestone
lissencephaly and subcortical band heterotopia. Two individuals developed hydrocephalus with subsequent posterior infarction.
We report four novel and five previously published TUBA1A missense variants whose resulting amino acid substitutions likely affect
longitudinal, lateral, and motor protein interactions as well as GTP binding. Assessment of pathogenic and benign variant
distributions in synopsis with prediction scores revealed sections of variant enrichment and intolerance to missense variation. We
here extend the clinical, neuroradiological, and genetic spectrum of TUBA1A tubulinopathy and provide insights into residue-
specific pathomechanisms and genotype-phenotype correlations.

European Journal of Human Genetics (2022) 30:298–306; https://doi.org/10.1038/s41431-021-01027-0

INTRODUCTION
Microtubules play a pivotal role during brain development being
indispensable for mitosis, neuronal migration, synaptic connectiv-
ity, and axonal transport [1]. Perturbance of microtubule-
dependent functions from variants in the main components α-,
β-, and γ-tubulin cause neurodevelopmental disorders (NDDs)
with partially overlapping phenotypes, known as tubulinopathies
[2–4]. Tubulinopathies show a broad spectrum of malformations
of cortical (MCDs) and extra-cortical development and are
increasingly recognized as a cause of early-onset epilepsies
[5, 6]. Their anti-epileptic treatment is challenging as epilepsy
predominantly shows an infantile onset and treatment-resistant
course with various semiologies [7]. As sole specific epilepsy

syndrome, infantile spasms were reported in one third of the cases
[8]. The different tubulin isotypes show sequence homology but
differ in spatio-temporal expression suggesting unique, isotype-
specific functions [9]. Tubulinopathies are predominantly caused
by variants in TUBA1A, encoding the major CNS α-tubulin isotype,
which accounts for a rapidly growing number of more than 170
cases [8]. TUBA1A tubulinopathy shows a more severe clinical and
neuroradiological phenotype than β-tubulinopathies comprising a
combination of MCDs and changes of extra-cortical structures
such as cerebellum, corpus callosum (CC), basal ganglia,
brainstem, and ventricles. MCDs encompass subtypes of lissence-
phaly and cortical irregularities with simplified gyration in
combination with atypical polymicrogyria [5]. For this so called
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“polymicrogyria-like cortical dysplasia”, the term “tubulinopathy-
associated cortical dysgenesis” has been proposed [10]. Except for
three familial cases, TUBA1A-tubulinopathy is exclusively caused
by de novo missense variants scattered throughout the gene [11].
So far, only one case with the variant p.(Tyr408*), resulting in a
truncated protein, has been reported with polymicrogyria,
epilepsy, and global developmental delay [12]. Given the absence
of truncating variants in affected and healthy individuals,
haploinsufficiency is likely not tolerated in humans. Establishment
of genotype-phenotype correlations is challenging and underlying
pathomechanisms of variant-specific effects are not completely
understood [11]. Depending on their localization in the quaternary
structure, variants are predicted to alter longitudinal, lateral, or
microtubule surface interactions, thereby disturbing interaction
with different motor and microtubule-associated proteins (MAPs)
potentiating phenotypic diversity [13].
In this study, we complement clinical and genetic characteristics

of TUBA1A tubulinopathy in a series of ten individuals with nine
different missense variants. By deep-phenotyping neuroradiologi-
cal and electroclinical findings, we further elucidated the spectrum
of this disorder associated with early-onset epilepsies.

SUBJECTS AND METHODS
Recruitment and genetic testing
Individuals were recruited from collaborating centers in Germany,
Switzerland, the Netherlands, and the United Kingdom. Clinical data and
imaging results were obtained from medical records. Seizure outcome
relates to the last 6 months of follow-up and was defined as follows:
“controlled”= no/sporadic seizures, “partially controlled” ≥ 50% seizure
reduction, “refractory to treatment” ≤ 50% seizure reduction. Genetic
testing was performed using either gene panel, single, or trio-exome
sequencing of peripheral blood samples and amniotic fluids prepared by
standard techniques. Putatively causative variants were confirmed by
Sanger sequencing except for i01 and i08. Segregation was tested in all but
i05. Variants were classified based on the ACMG criteria [14]. Genetic and
phenotypic information of all variants in this report have been submitted
to the ClinVar database. All participating families gave their informed
consent for genetic testing and use of pseudonymized clinical data.
For specific missense variants, protein structure and variant effect

prediction modeling as well as literature research was performed.
Methodological details are provided in the Supplementary Methods.

Systematic, quantitative assessment of neuroradiological
features
In addition to standard assessment of MRI in all cases, nine postnatal MRIs
of the four individuals i02, i03, i05, and i06 (age at imaging: 4 days-4.8
years; median: 72.9 months) and one fetal MRI (i09) were systematically
assessed by two experienced neuroradiologists (LJ, IH). MRIs were
reviewed for abnormalities of (1.) cerebral cortex including hippocampus,
(2.) deep gray matter (thalamus and basal ganglia), (3.) internal capsule, (4.)
brainstem, (5.) posterior fossa, (6.) cerebellum, (7.) white matter, (8.) cranial
nerves, and (9.) internal and external CSF spaces. Further methodological
details regarding descriptive and quantitative MRI re-evaluation para-
meters are delineated in the Supplementary Methods.

RESULTS
The cohort comprised ten individuals from which eight were alive
at last follow-up (age range: 1–14 yrs; median: 9.5 yrs). In two cases
(i08, i09), pregnancy was terminated in GW 19+ 2 and 25+ 0,
respectively, due to severe brain malformations detected in
prenatal ultrasound and fetal MRI. Only the eight living individuals
had postnatal clinical examinations. Table 1 summarizes clinical,
neuroradiological, and genetic characteristics.

Clinical features
Seven out of eight living individuals (88%) showed microcephaly
with an occipito-frontal circumference range from −6.60 to −2.50
SDS at last follow-up (mean: −4.22 SDS). All individuals had

developmental disorders affecting cognition, which comprised
global developmental delay in 5/8 (63%) and autism spectrum
disorder in 2/8 individuals (25%). Motor symptoms were
ubiquitously observed ranging from isolated muscular hypotonia
(i01, i02) or leg dyspraxia (i07) in the three ambulatory subjects,
older than 12 months, to tetraparesis with spastic, dystonic,
spastic-dyskinetic or spastic-hypotonic characteristics in the four
non-ambulatory subjects. Independent walking was achieved in
all ambulatory subjects.
Epilepsy was present in 6/8 subjects (75%). Age at onset was

known in 5/6 cases that all had infantile and even neonatal
seizures (3/5; i03, i05, and i04) with a median age of 7 days (range:
3 d–8 mo). Four subjects had combined focal and generalized
epilepsies with multiple seizure types including focal to bilateral
tonic-clonic seizures (three cases) and epileptic spasms (two
cases). Developmental and epileptic encephalopathy was reported
in all six individuals with distinct early-onset epileptic encephalo-
pathy in two children classified as West syndrome (i06) and early
myoclonic encephalopathy with burst suppression (i03). The
electroclinical pattern of subject i03 subsequently evolved to
encephalopathy with continuous spike-and-wave during sleep
(CSWS) during childhood (Fig. S3). More than 50% reduction in
seizure frequency was achieved in 2/5 cases (40%) with
monotherapy using valproic acid or vigabatrin whereas seizures
were refractory in the remaining cases despite polypharmacy with
two or more anti-epileptic drugs. Further epileptological features
are presented in Table 2.
Ocular abnormalities were frequent (5/8; 63%) and included

ocular motility disorders such as nystagmus (3/5; 60%) and
strabismus (2/5; 40%) as well as central visual impairment (3/5;
60%) due to optic nerve hypoplasia (i03, i06) or retinal atrophy
(i05). Dysmorphic features included facial dysmorphisms such as
low-set ears, small mouth, high palate (i06), flat profile of the face
(i08), bitemporal narrowing, pronounced upper orbital rim,
upslanting epicanthal fold, macrotia, and retrognathia (i04).
Further dysmorphisms comprised conic fingers, sacral pit (i04),
spina bifida occulta (i07), brachycephalus, overriding fingers, and
club feet (i08).

Neuroradiological features
All postnatally examined individuals had MCDs varying from focal,
mainly perisylvian, irregular sulci and/or cortex-white matter
junctions suggestive of polymicrogyria (i02, i03, i06) to a diffusely
simplified gyral pattern with variable thickening and irregularity of
the cortex (i03, i05, i06; Figs. 1 & S1). A thick, lissencephalic cortex
with an irregular inner surface and faint radial stripes consistent
with cobblestone lissencephaly was observed in i05. In i03, i05,
and i06, the hippocampus was hypoplastic (Fig. 1). T2-
hyperintensity and facilitated diffusion in the territory of the
posterior cerebral arteries were observed in i05 and i06 showing
hydrocephalus (Fig. S1). All postnatal MRIs displayed abnormal
deep gray matter: Changes were subtle in i02 where the caudal
portion of the anterior limb of the internal capsule (ALIC) was not
discernible (Fig. S2). i03, i05, and i06 had small thalami and
dysplastic, relatively larger, round and/or rotated basal ganglia
without discernible ALIC and with dysplastic anterior horns of the
lateral ventricles (Fig. 1). The brainstem was thin (z-scores ≤−2.0
SDS) in all except for i09 and asymmetric in i05 and i06, while the
mesencephalon was overall better preserved (Fig. 1, Table S1).
Abnormal foliation of the craniomedial cerebellum and a small,
rotated vermis were present in the three severely affected
individuals i03, i05, and i06, the latter with large posterior fossa
(Fig. 1). The CC was either normal (i02), thin (i03, i05, i09), or
agenetic (i06; Fig. 1 & S2). Myelination was delayed in i03 and i06
but complete in all individuals after the age of 2 years. The left
olfactory bulb was absent in i03 and thin in i06 (Fig. 1). In i05 and
i06, hydrocephalus developed from aqueduct stenosis, requiring
ventriculo-peritoneal shunting (Fig. S1). Fetal imaging of i09
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revealed a not age-appropriate gyral pattern, hypoplasia of the CC,
wide occipital horns of the lateral ventricles and a small vermis.
Thalami and basal ganglia showed no discernible abnormalities
(Table S1). Detailed features from MRI re-evaluation are further
delineated in Figs. 1, S1, S2, and Table S1.
Neuroradiological findings of the five individuals not system-

atically re-assessed was performed between the age of 3 days and
4.8 years. All MRIs were abnormal. MCDs were described in 3/5
cases (60%) including focal cortical dysplasia (i01), focal dysgyria
with dysmorphic hippocampus (i10), and frontal pachygyria with
subcortical band heterotopia (i04). Basal ganglia were dysmorphic
in two cases with asymmetry (i10) and indiscernible ALIC (i01).
Abnormalities of the brainstem were not described. Cerebellar
malformations were present in 3/4 cases (75%) and ranged from
hypoplasia (i04) to irregular foliation with hypoplastic and rotated
vermis (i01). The CC was hypoplastic in i01 and i07 and normal in
i10. Myelination was delayed in i04. Dilated ventricles were
observed in i07 and i08.

Genetics
Nine different pathogenic or likely pathogenic missense variants in
TUBA1A were detected in ten unrelated individuals. While the four
variants c.656 T > C p.(Ile219Thr), c.967 G > A p.(Val323Met), c.1049
G > T p.(Gly350Val), and c.1264 C > A p.(Arg422Ser) were novel, the
five variants c.5 G > A p.(Arg2His), c.518 C > T p.(Pro173Leu), c.521
C > T p.(Ala174Val), c.652 G > A p.(Asp218Asn), and c.1205 G > A
p.(Arg402His) were previously reported [2, 15–18]. The variant
p.(Ala174Val) occurred twice in our cohort (i03, i04; Table S2). All
variants that were tested for segregation occurred de novo.

Affected residues are highly conserved throughout species and
isotypes [9]. We visualized the distribution of all 93 pathogenic and
65 likely pathogenic variants that have been reported in the
literature and ClinVar; while pathogenic variants affect large parts
of the protein, seven different variants from healthy gnomAD
controls show a reciprocal distribution and especially enrich at
residue Ser287 (N= 11) and in the variable C-terminal tail including
residues 440-448 (Fig. 2, Table S4). VEP score values of gnomAD
variants estimate a mild or moderate damaging effect in
comparison to all remaining substitutions at the respective residue.
As an exception, p.(Pro173Ser) is listed once in gnomAD although a
high damaging effect is predicted and different missense variants
at this residue have repeatedly been associated with NDDs.
Pathogenic variants emphatically gather around residues Arg2,
Arg214, Arg264, Arg390, Arg402, and Arg422 (all N > 10; Fig. 2).
Although the allele frequency of pathogenic variants is similarly
distributed throughout the N-terminal (35%), intermediate (33%),
and C-terminal domain (32%), the highest mutational constraint is
observed in the shorter C-terminal domain containing 16% of
amino acids. To evaluate the likelihood of pathogenic variant
effects, we annotated the VEP meta-score REVEL for all theoretically
possible TUBA1A missense variants and assessed position-specific
score value distributions using a heatmap. The variants identified
in this study are localized in sections of moderate to high predicted
damaging effects and high REVEL score values overlap with
sections of pathogenic variant enrichment with C-terminal
emphasis, which is supported by similar tendencies of different
established VEP scores (Fig. 2; Fig. S4, Tables S2 & S3). All variants in
our cohort were assessed for localization and effects on the

Fig. 1 Brain imaging of individuals with TUBA1A variants. Individuals i03 (A), i05 (B), and i06 (C) have common findings of (I) small thalami,
(II) dysplastic, namely rounded, rotated basal ganglia without discernible ALIC and altered shape of frontal horns, (III) abnormal brainstem, (IV)
a small, rotated vermis, as well as (V) malformations of cortical development. A i03 at 5 months: Simplified gyral pattern and thick cortex with
irregular surface and cortex-white matter junction in the perisylvian area, suggestive of polymicrogyria (A1,2,5). Small thalami, rounded basal
ganglia without discernible ALIC (A2). CC and brainstem are thin, whereas mesencephalon and medulla oblongata are disproportionately thick
and long, respectively (A4). Cerebellar foliation is irregular, with a polymicrogyria-like aspect (A3,5). The hippocampus is hypoplastic with
incomplete enfolding and near vertical orientation (A6). The left olfactory bulb is missing (A7; arrows). B i05 at 9 years: Shunted hydrocephalus
due to aqueduct stenosis (shunt not depicted) with thick skull and T2-hyperintense residua of bilateral posterior cerebral artery infarction
(B1–3). Gyral pattern is simplified, the cortex is thick with slightly irregular inner surface and faint radial stripes suggestive of cobblestone
lissencephaly (B7). Small thalami and rounded, rotated basal ganglia without discernible ALIC (B2). Thin, distended CC, presumably a
combination of hypoplasia and hydrocephalus (B4). Abnormal brainstem with short pons as well as disproportionately thick mesencephalon
and long medulla oblongata (B4); asymmetry is best appreciated on axial image (B3). Cerebellar folia are irregular (B3,5). The hippocampus is
hypoplastic with incomplete enfolding and near vertical orientation (B6). Both olfactory bulbs are visible (B8; arrow). C i06 at 2.8 months before
shunting of hydrocephalus (motion artefacts on follow-up): Decreased sulci with thick, smooth cortex of the parieto-occipital lobes (C1,2;
arrows) suggestive of pachygyria and irregular internal and external cortical surface in right temporal lobe and bilateral perisylvian areas
suggestive of polymicrogyria (C2,8; arrows). Agenesis of the CC (C4,6). Abnormal brainstem with disproportionately thick mesencephalon, short
pons, long medulla oblongata (C4), and asymmetry (C3). Hypoplastic hippocampus and parahippocampal gyrus (C6) and hypoplastic left
olfactory bulb (C7,8; arrow). ALIC= anterior limb of the internal capsule, CC= corpus callosum.
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TUBA1A quaternary structure using protein modeling (Fig. 3). The
known variants are distributed throughout TUBA1A belonging to
different mutational effect classes. p.(Arg402His) and p.(Arg422Ser)
are located in the C-terminal H11-H11’ loop and helix H12,
respectively, putatively interacting with motor proteins and MAPs.
The novel variants p.(Val323Met) and p.(Gly350Val) are located in
β-strands S8 and S9, respectively, mediating conformational
changes upon GTP hydrolysis and stabilizing lateral interactions.
p.(Pro173Leu) and p.(Ala174Val) show proximity to a GTP binding
site interacting with the GTP ribose group. p.(Asp218Asn) and p.
(Ile219Thr) are located at the luminal side of the longitudinal
interface known to mediate intradimer interactions between α-
and β-tubulin monomers whereas p.(Arg2His) is located in an area
essential for longitudinal interdimer interactions.

DISCUSSION
TUBA1A tubulinopathy is a rare neurodevelopmental disorder with
a high burden of disease but clinical studies with sufficient cohort
sizes are scarce. We here complement the clinical, epileptological,
neuroradiological, and genetic spectrum presenting ten indivi-
duals with four novel and five previously published missense
variants.
The broad range of phenotypic severity observed here under-

scores the clinical variability of TUBA1A tubulinopathy [5, 8]. ASD in
association with isolated hypoplasia of the CC, as observed in i07,
represents the mild end of the spectrum emphasizing the
relevance of TUBA1A in ASD pathophysiology [19]. The severe
spectrum comprises extensive cortical dysgyria and

hydrocephalus in association with severe global developmental
delay, tetraparesis, and intractable epilepsy (i05, i06). More
extensive MCDs are a relevant cause for termination of pregnancy,
mirrored by the two fetal cases described here. TUBA1A-associated
epilepsy shows various semiologies and predominantly manifests
in the first year of life, which is supported by the results in our
study [7, 8]. We underline the role of tubulinopathies in infantile
epilepsy reporting a high proportion of children with neonatal
onset and refractory course of epilepsy. Notably, i03 showed early
myoclonic encephalopathy evolving to an electroclinical picture of
CSWS during childhood with a high index of epileptiform
potentials during sleep. CSWS has not been described in TUBA1A
tubulinopathy so far but has been noted as a feature of other
monogenic NDDs such as MECP2-associated Rett syndrome or
Angelman syndrome [7, 20]. Brain malformations were highly
variable ranging from focal to extensive brain malformations.
MCDs reported here were characterized by an irregular pattern of
gyri and sulci different from classic polymicrogyria or lissence-
phaly, as also suggested by Oegema et al. [10]. Interestingly, i05
and i06 had hydrocephalus from connatal aqueduct stenosis that
became symptomatic during the first weeks of life. Another
distinct feature that has not previously been described in TUBA1A
tubulinopathy was ischemia in the territory of the posterior
cerebral arteries in both cases [21]. The risk for hydrocephalus and
associated complications should therefore be acknowledged by
caring physicians. Subcortical band heterotopia has only been
sporadically described in tubulinopathies, being more frequent in
association with the genes DCX and LIS1 [22]. By presenting
another case (i04), we here identify TUBA1A tubulinopathy as a

Fig. 2 Distribution patterns of pathogenic and benign TUBA1A variants. A Density of pathogenic variants reported in Pubmed (red) and
ClinVar (violet). B Linearized TUBA1A protein model including domain annotation and description of herein reported variants (black).
C Heatmap visualization of mean REVEL score values for all biologically possible TUBA1A missense variants according to their position in the
primary structure. D Density of benign variants reported in gnomAD (light green). Pathogenic variant enrichment can be found in the
C-terminal domain and, in particular, at residues Arg2, Arg214, Arg264, Arg402, and Arg422 (N > 10). Distribution of pathogenic compared to
benign variants is mainly reciprocal. Variant densities are plotted with respect to their allele count.
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rare but recurrent cause for this rare migrational disorder [23].
Tubulins have a crucial role in cerebellar development and circuit
formation that has been demonstrated by fetal neuropathology,
RNA sequencing, and mouse models [18, 24, 25]. Consistently,
cerebellar involvement was an initial, non-progressive finding in
the majority of individuals reported here [26].
Due to its high phylogenetic conservation, TUBA1A has little

tolerance for missense variation. Accordingly, the general popula-
tion is depleted of missense variants mirrored by only seven
gnomAD entries. Consequently, interpretation of novel variants is
challenging, also because VEP scores generally predict a
pronounced deleterious effect. By outlining distributions of
pathogenic and benign variants in synopsis with VEP scores for
all possible missense variants, we show that both features in
combination, despite relevant limitations, can be useful for variant
interpretation. Our heatmap visualization models approximately
recapitulate regions with pathogenic variant enrichment. The
residues Arg264, Arg402, and Arg422 are most frequently affected
by missense variants, accounting for 55% (N= 57) of all cases
reported in the literature and ClinVar. Important interactions of
these residues with motor proteins, MAPs, and chaperonins have
been demonstrated by protein structure and animal models
explaining their role in pathophysiology of tubulinopathies
[5, 27, 28] This is in line with the recurrent variant p.(Arg402His)
identified in a fetus with severe brain malformations and the novel

variant p.(Arg422Ser) found in a living individual of our cohort. The
novel variants p.(Val323Met) and p.(Gly350Val) are located in
TUBA1A sections undergoing conformational change upon GTP
hydrolysis [29]. As additional structural feature, Gly350 stabilizes
the M-loop being essential for lateral interactions between
microtubule protofilaments [30]. Regarding the predicted dama-
ging effect of p.(Gly350Val) and the severe brain malformations of
the fetus, dysfunction of lateral interactions and an impaired
conformational change might be probable pathomechanisms. In
contrast, the substitutions p.(Val353Ile) and p.(Val323Met) were
associated with milder NDDs and lower VEP score values [5].
Besides motor protein and MAP interactions, longitudinal intra-
and interdimer interactions of α-β-heterodimers are postulated to
be crucial for microtubule lattice stability [29]. Remarkably, i05 and
i06 carrying substitutions at residues Asp218 and Ile219, involved
in longitudinal interactions, both show a severe, overlapping
phenotype and course of disease [31]. Furthermore, an individual
with the alternate substitution p.(Asp218Tyr) had a similar
phenotype to i05 including a thin cortex layer and dysgyria
resembling cobblestone lissencephaly [32]. Despite reports on two
milder affected individuals, our findings concerning Asp218 and
Ile219 support relevance of longitudinal interactions for proper
TUBA1A function [18, 33]. We present three individuals harboring
the known and recently reported substitutions p.(Pro173Leu) and
p.(Ala174Val) at residues likely involved in GTP binding [29]. To

Fig. 3 Localization of missense variants in a TUBA1A protein model. Ribbon diagram of the TUBA1A monomer (highlighted in light blue)
surrounded by α- and β-tubulin monomers assembling the microtubule filament (transparent gray; based on PDB: 5JCO). The kinesin KIF1A
motor protein is aligned to this structure and shown as ribbon with transparent surface (green; PDB: 2HXF). Amino acid residues affected by
missense variants are shown as spheres in (A) for variants previously reported in the literature (magenta) and (B) for novel variants reported
here (red). C View from A/B rotated by −90° x-axis and −45° y-axis with the amino acid positions A174 and P173 as spheres and the GTP
molecule in stick representation. Both residues are proximal to the GTP binding site and affect the same T5 turn between two α-helix folds.
The amino acid changes at these positions likely disrupt binding to the GTP ribose group. D View from A/B rotated by −90° x-axis showing the
central TUBA1A monomer (with transparent surface) from luminal with the two amino acid positions D218 and I219 predicted to disrupt the
longitudinal interactions at the surface close to the neighboring monomer.
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date, only few substitutions of this functional class have been
reported [13]. i03 and i04, both carrying p.(Ala174Val), are severely
affected and i03 shares high phenotypic overlap with the
published case [17]. i02 harboring p.(Pro173Leu) supports
genotype-phenotype correlations comprising rather mild brain
malformations with moderate developmental delay and ASD,
respectively, comparable to previously reported individuals
carrying this variant [16, 19, 34], from which only one showed a
severe phenotype [11]. High phenotypic variability from altera-
tions at this residue is mirrored by high VEP scores for the
substitution with Leucine in contrast to p.(Pro173Ser) found in a
single gnomAD control.

CONCLUSION
TUBA1A tubulinopathy is a relevant cause of congenital brain
malformations as well as early-onset and intractable epilepsy with
semiologic diversity. We here assess a representative cohort and
highlight novel epileptological, neuroradiological, and genetic
aspects. As establishment of genotype-phenotype correlations
remains challenging, we aimed to facilitate future interpretation of
novel variants using distributional and computational prediction
analysis in affected individuals and controls. Missense variants in
additional genes, random processes in cellular pathways, epige-
netic factors, and chaperonin interactions could be possible
modifiers and will require further research to completely under-
stand the role of TUBA1A variation in neurological diseases
[13, 35, 36].

DATA AVAILABILITY
All variants identified in this report have been submitted to the ClinVar database
including ACMG assertation and summarized clinical data. All further data necessary
for interpretation are provided within paper and supplementary information
including supplementary tables. Additional data are available from the correspond-
ing author on reasonable request.

REFERENCES
1. Silbereis JC, Pochareddy S, Zhu Y, Li M, Sestan N. The Cellular and Molecular

Landscapes of the Developing Human Central Nervous System. Neuron.
2016;89:248–68.

2. Keays DA, Tian G, Poirier K, Huang GJ, Siebold C, Cleak J, et al. Mutations in alpha-
tubulin cause abnormal neuronal migration in mice and lissencephaly in humans.
Cell 2007;128:45–57.

3. Jaglin XH, Poirier K, Saillour Y, Buhler E, Tian G, Bahi-Buisson N, et al. Mutations in
the beta-tubulin gene TUBB2B result in asymmetrical polymicrogyria. Nat Genet.
2009;41:746–52.

4. Poirier K, Lebrun N, Broix L, Tian G, Saillour Y, Boscheron C, et al. Mutations in
TUBG1, DYNC1H1, KIF5C and KIF2A cause malformations of cortical development
and microcephaly. Nat Genet. 2013;45:639–47.

5. Bahi-Buisson N, Poirier K, Fourniol F, Saillour Y, Valence S, Lebrun N, et al. The
wide spectrum of tubulinopathies: what are the key features for the diagnosis?
Brain 2014;137:1676–700.

6. Kolbjer S, Martin DA, Pettersson M, Dahlin M, Anderlid BM. Lissencephaly in an
epilepsy cohort: Molecular, radiological and clinical aspects. Eur J Paediatr Neurol.
2021;30:71–81.

7. Romaniello R, Zucca C, Arrigoni F, Bonanni P, Panzeri E, Bassi MT, et al. Epilepsy in
Tubulinopathy: Personal Series and Literature Review. Cells. 2019;8:669.

8. Schroter J, Doring JH, Garbade SF, Hoffmann GF, Kolker S, Ries M, et al. Cross-
sectional quantitative analysis of the natural history of TUBA1A and TUBB2B
tubulinopathies. Genet Med. 2021;23:516–23.

9. Hausrat TJ, Radwitz J, Lombino FL, Breiden P, Kneussel M. Alpha- and beta-
tubulin isotypes are differentially expressed during brain development. Dev
Neurobiol. 2021;81:333–50.

10. Oegema R, Cushion TD, Phelps IG, Chung SK, Dempsey JC, Collins S, et al.
Recognizable cerebellar dysplasia associated with mutations in multiple tubulin
genes. Hum Mol Genet. 2015;24:5313–25.

11. Hebebrand M, Huffmeier U, Trollmann R, Hehr U, Uebe S, Ekici AB, et al. The
mutational and phenotypic spectrum of TUBA1A-associated tubulinopathy.
Orphanet J Rare Dis. 2019;14:38.

12. Posey JE, Rosenfeld JA, James RA, Bainbridge M, Niu Z, Wang X, et al. Molecular
diagnostic experience of whole-exome sequencing in adult patients. Genet Med.
2016;18:678–85.

13. Fourel G, Boscheron C. Tubulin mutations in neurodevelopmental disorders as a
tool to decipher microtubule function. FEBS Lett. 2020;594:3409–38.

14. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards
and guidelines for the interpretation of sequence variants: a joint
consensus recommendation of the American College of Medical Genetics and
Genomics and the Association for Molecular Pathology. Genet Med. 2015;
17:405–24.

15. Srivastava S, Cohen JS, Vernon H, Baranano K, McClellan R, Jamal L, et al.
Clinical whole exome sequencing in child neurology practice. Ann Neurol.
2014;76:473–83.

16. Sanders SJ, Murtha MT, Gupta AR, Murdoch JD, Raubeson MJ, Willsey AJ, et al. De
novo mutations revealed by whole-exome sequencing are strongly associated
with autism. Nature 2012;485:237–41.

17. Wei H, Krishnappa J, Lin G, Kavalloor N, Lim JY, Goh CJ, et al. Microcephaly with a
simplified gyral pattern in a child with a de novo TUBA1A variant. Am J Med
Genet A. 2020;182:576–8.

18. Aldinger KA, Timms AE, Thomson Z, Mirzaa GM, Bennett JT, Rosenberg AB, et al.
Redefining the Etiologic Landscape of Cerebellar Malformations. Am J Hum
Genet. 2019;105:606–15.

19. Iossifov I, O’Roak BJ, Sanders SJ, Ronemus M, Krumm N, Levy D, et al. The con-
tribution of de novo coding mutations to autism spectrum disorder. Nature
2014;515:216–21.

20. Sonnek B, Doring JH, Mutze U, Schubert-Bast S, Bast T, Balke D, et al. Clinical
spectrum and treatment outcome of 95 children with continuous spikes and
waves during sleep (CSWS). Eur J Paediatr Neurol. 2021;30:121–7.

21. Mutch CA, Poduri A, Sahin M, Barry B, Walsh CA, Barkovich AJ. Disorders of
microtubule function in neurons: imaging correlates. AJNR Am J Neuroradiol.
2016;37:528–35.

22. Oegema R, Barkovich AJ, Mancini GMS, Guerrini R, Dobyns WB. Subcortical het-
erotopic gray matter brain malformations: Classification study of 107 individuals.
Neurology 2019;93:e1360–e73.

23. Poirier K, Keays DA, Francis F, Saillour Y, Bahi N, Manouvrier S, et al.
Large spectrum of lissencephaly and pachygyria phenotypes resulting from de
novo missense mutations in tubulin alpha 1A (TUBA1A). Hum Mutat.
2007;28:1055–64.

24. Breuss M, Morandell J, Nimpf S, Gstrein T, Lauwers M, Hochstoeger T, et al. The
Expression of Tubb2b Undergoes a Developmental Transition in Murine Cortical
Neurons. J Comp Neurol. 2015;523:2161–86.

25. Fallet-Bianco C, Laquerriere A, Poirier K, Razavi F, Guimiot F, Dias P, et al.
Mutations in tubulin genes are frequent causes of various foetal malformations of
cortical development including microlissencephaly. Acta Neuropathol Commun.
2014;2:69.

26. Romaniello R, Arrigoni F, Panzeri E, Poretti A, Micalizzi A, Citterio A, et al. Tubulin-
related cerebellar dysplasia: definition of a distinct pattern of cerebellar mal-
formation. Eur Radio. 2017;27:5080–92.

27. Aiken J, Moore JK, Bates EA. TUBA1A mutations identified in lissencephaly
patients dominantly disrupt neuronal migration and impair dynein activity. Hum
Mol Genet. 2019;28:1227–43.

28. Leca I, Phillips AW, Hofer I, Landler L, Ushakova L, Cushion TD, et al. A proteomic
survey of microtubule-associated proteins in a R402H TUBA1A mutant mouse.
PLoS Genet. 2020;16:e1009104.

29. Alushin GM, Lander GC, Kellogg EH, Zhang R, Baker D, Nogales E. High-resolution
microtubule structures reveal the structural transitions in alphabeta-tubulin upon
GTP hydrolysis. Cell 2014;157:1117–29.

30. Prota AE, Bargsten K, Zurwerra D, Field JJ, Diaz JF, Altmann KH, et al. Molecular
mechanism of action of microtubule-stabilizing anticancer agents. Science
2013;339:587–90.

31. Lowe J, Li H, Downing KH, Nogales E. Refined structure of alpha beta-tubulin at
3.5 A resolution. J Mol Biol. 2001;313:1045–57.

32. Kumar RA, Pilz DT, Babatz TD, Cushion TD, Harvey K, Topf M, et al. TUBA1A
mutations cause wide spectrum lissencephaly (smooth brain) and suggest that
multiple neuronal migration pathways converge on alpha tubulins. Hum Mol
Genet. 2010;19:2817–27.

33. Powis Z, Towne MC, Hagman KDF, Blanco K, Palmaer E, Castro A, et al. Clinical
diagnostic exome sequencing in dystonia: Genetic testing challenges for com-
plex conditions. Clin Genet. 2020;97:305–11.

34. Li J, Wang L, Yu P, Shi L, Zhang K, Sun ZS, et al. Vitamin D-related genes are
subjected to significant de novo mutation burdens in autism spectrum disorder.
Am J Med Genet B Neuropsychiatr Genet. 2017;174:568–77.

35. Mossink B, Negwer M, Schubert D, Nadif Kasri N. The emerging role of chromatin
remodelers in neurodevelopmental disorders: a developmental perspective. Cell
Mol Life Sci. 2021;78:2517–63.

J. Schröter et al.

305

European Journal of Human Genetics (2022) 30:298 – 306



36. Francis JW, Newman LE, Cunningham LA, Kahn RA. A Trimer Consisting of the
Tubulin-specific Chaperone D (TBCD), Regulatory GTPase ARL2, and beta-Tubulin Is
Required for Maintaining the Microtubule Network. J Biol Chem. 2017;292:4336–49.

ACKNOWLEDGEMENTS
We are indebted to the patients and their families.

AUTHOR CONTRIBUTIONS
JS was responsible for acquisition, extraction, and analysis of patient data, literature
research, compilation of published variant data, analysis and visualization of variant
effect prediction data, writing the paper, and creating summary tables. BP provided
and compiled patient as well as variant data and created computational 3D protein
models. HB analyzed and visualized variant effect prediction data and provided
feedback on the paper. JHD was responsible for acquisition of patient data and
creating summary tables. SHD, EKB, AH, DH, MA, AM, SN, SO, DKP, MJP, and JRL
provided and compiled patient as well as variant data and provided feedback on the
paper. IH and LJ re-evaluated imaging data, compiled the corresponding tables as well
as figures, and provided feedback on the paper. DG was responsible for patient and
imaging data acquisition. GFH and SK provided feedback on the paper. SS was
responsible for project coordination, patient data acquisition, and writing of the paper.

FUNDING
BP obtains funding by the Deutsche Forschungsgemeinschaft (grant PO2366/2-1). SS
and JS are supported by the Dietmar Hopp Foundation (grant 1DH1813319 to SS). JS
is additionally supported by the Physician-Scientist-Program (University of Heidel-
berg). Open Access funding enabled and organized by Projekt DEAL.

COMPETING INTERESTS
The authors declare no competing interests.

ETHICS APPROVAL
The study was approved by the by the ethics committee of the University of
Heidelberg (S-318/2018).

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41431-021-01027-0.

Correspondence and requests for materials should be addressed to Steffen Syrbe.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2022

J. Schröter et al.

306

European Journal of Human Genetics (2022) 30:298 – 306

https://doi.org/10.1038/s41431-021-01027-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Complementing the phenotypical spectrum of TUBA1A tubulinopathy and its role in early-onset epilepsies
	Introduction
	Subjects and methods
	Recruitment and genetic testing
	Systematic, quantitative assessment of neuroradiological features

	Results
	Clinical features
	Neuroradiological features
	Genetics

	Discussion
	Conclusion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Ethics approval
	ADDITIONAL INFORMATION




