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Abstract

Variants in multiple tubulin genes have been implicated in neurodevelopmental disorders, including malformations of
cortical development (MCD) and congenital fibrosis of the extraocular muscles (CFEOM). Distinct missense variants in
the beta-tubulin encoding genes TUBB3 and TUBB2B cause MCD, CFEOM, or both, suggesting substitution-specific
mechanisms. Variants in the alpha tubulin-encoding gene TUBAIA have been associated with MCD, but not with
CFEOM. Using exome sequencing (ES) and genome sequencing (GS), we identified 3 unrelated probands with CFEOM
who harbored novel heterozygous TUBAIA missense variants c.1216C>G, p.(His406Asp); c.467G>A, p.(Argl56His);
and c.1193T>G, p.(Met398Arg). MRI revealed small oculomotor-innervated muscles and asymmetrical caudate heads
and lateral ventricles with or without corpus callosal thinning. Two of the three probands had MCD. Mutated amino acid
residues localize either to the longitudinal interface at which o and f tubulins heterodimerize (Met398, His406) or to the
lateral interface at which tubulin protofilaments interact (Argl56), and His406 interacts with the motor domain of
kinesin-1. This series of individuals supports TUBAIA variants as a cause of CFEOM and expands our knowledge of
tubulinopathies.

Introduction

Neurodevelopment is facilitated by the assembly or dis-
assembly of cytoskeletal proteins called microtubules (MTs),
which facilitate neuronal migration and axon growth [1].
MTs are composed of two major families of tubulins, a and
3, which heterodimerize to form longitudinal polymers, or
protofilaments [2]. Thirteen protofilaments interact laterally
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to form an MT [3]. MTs are dynamic, and heterodimers are
added or removed to promote MT elongation or contraction
[4]. Alpha (o) and beta (p) tubulin families are made up of
multiple isotypes, each encoded by a specific gene [5].
Variants in genes encoding both a and J tubulin isotypes
result in disorders called tubulinopathies [6], of which two
forms include various malformations of cortical brain
development (MCD; HP:0032059) [7] and/or congenital
fibrosis of the extraocular muscles (CFEOM; HP:0001491).

CFEOM is characterized by congenital ptosis
(HP:0007911) and non-progressive restriction of vertical eye
movement, with variable restrictions of horizontal eye
movement. In humans with CFEOM, the superior division of
the oculomotor nerve (CN III) and its targets, the superior
rectus and levator palpebrae superioris muscles, are severely
hypoplastic, while the abducens nerve and inferior division
of CN III and their muscle targets are variably hypoplastic
[8-10]. CFEOM can be isolated or accompanied by other
symptoms and can result from heterozygous missense
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variants in the MT-associated kinesin-encoding gene KIF21A
(MIM#608283) [11], in the p tubulin-encoding gene TUBB3
(MIM#602661), and rarely in other genes including the
tubulin-encoding gene TUBB2B (MIM#612850) [12-16].

MCDs arise from defective development of the cerebral
cortex and are often associated with developmental delays
(HP:0012758), intellectual disabilities (HP:0001249), and
seizures (HP:0001250). Variants in multiple tubulin-
encoding genes including TUBAIA (MIM#602529) have
been implicated in MCD without CFEOM (MIM#611603)
[17]. By contrast, TUBB2B variants can cause MCD with or
without CFEOM (MIM#610031) [15, 18], and TUBB3
variants can cause MCD (MIM#614039), CFEOM
(MIM#600638), or both [13, 16, 19].

Human tubulin variants causing MCD or CFEOM are
heterozygous, missense, and sometimes recurrent, sup-
porting an etiology that is distinct from loss of function.
Consistent with this, loss of Tubb3 in mice does not cause
a developmental phenotype, and loss of Tubb2a or
Tubb2b causes mild MCD [20, 21]. TUBAIA is expressed
highly in the brain, and mice with missense variants in
or knockout of Tubala have MCD or other brain
malformations that are often perinatal lethal [21-24].
While TUBAIA variants are frequently reported to cause
strabismus (HP:0000486) and more rarely reported to
affect cranial nerve development [25], no humans or mice
with TUBAIA/ Tubala variants have been reported to
have CFEOM. Here, we report heterozygous TUBAIA
missense variants in three unrelated probands who have
CFEOM with or without MCD.

Individuals and methods
Consent and clinical data collection

Studies were performed in accordance with the Declara-
tion of Helsinki. Families were consented into a research
protocol approved by the Institutional Review Board of
Boston Children’s Hospital, Boston, MA. Individual 3
was also consented into the Care4Rare Canada Research
Program approved by the Children’s Hospital of Eastern
Ontario Research Ethics Board. Clinical data were
obtained through retrospective review of clinical records
along with questionnaires and clinical updates provided
by each family. Individuals 1 and 2 were also seen in
the Congenital Cranial Dysinnervation Disorders (CCDD)
clinic at Boston Children’s Hospital. Brain magnetic
resonance images (MRI) were obtained clinically and
reviewed retrospectively. When possible, clinical
features were standardized using Human Phenotype
Ontology [7]. Head circumference percentile and z-
score for Individual 3 is based on the Nellhaus scale

[26]. All other height, weight, and head circumference
percentiles and z-scores were obtained from the United
States Centers for Disease Control and Prevention,
National Center for Health Statistics. CDC growth charts:
United States (http://www.cdc.gov/growthcharts/. May
30, 2000).

Sample collection and DNA sequencing

Family 1: DNA was extracted from saliva of the probands
and parents using prepIT.L2P solution (DNA Genotek,
Ottawa, ON, Canada). Sanger sequencing of coding exons
and splice junctions of TUBB3, TUBB2B, CHNI,
PHOX2A, and MYF5 and of KIF21A exons 8, 20, and 21
was uninformative. Genome sequencing (GS) of the trio
was conducted at Baylor College of Medicine Human
Genome Sequencing Center (Houston, TX) as part of NIH
Gabriella Miller Kids First Research Program. DNA
libraries were prepared using KAPA Hyper PCR-free
library prep kit (KAPA Biosystems Inc., Wilmington,
MA) and sequenced on an [llumina HiSeq X to 30X mean
coverage using 150 bp paired-end reads. Raw data were
transferred to the Broad Institute of MIT and Harvard for
alignment to the human reference genome (https://www.
ncbi.nlm.nih.gov/grc; GRCh38) by BWA-MEM and
reprocessing by Picard (https://broadinstitute.github.io/
picard/) [27]. Joint variant calling was conducted with
GATK 4.0 HaplotypeCaller alongside >20,000 reference
genomes at the Broad Institute [28]. Filtering was con-
ducted using GATK Variant Quality Score Recalibrator.
Variants were annotated with a custom version of Ensembl
Variant Effect Predictor [29] and uploaded to seqr for
analysis (https://seqr.broadinstitute.org/).

Family 2: DNA was extracted from saliva of the pro-
band and parents as described for Family 1. Sanger
sequencing of coding regions and splice junctions of
TUBB3, TUBB2B, CHNI, PHOX2A and KIF2IA was
uninformative. Exome sequencing (ES) of the trio
was performed at the Ocular Genomics Institute (OGI,
Massachusetts Eye and Ear Infirmary, Boston, MA).
Libraries were prepared using the Agilent SureSelect
Human v4 kit and sequenced on an Illumina HiSeq 2000.
99% of captured regions had 210X coverage. Additional
data was processed as for Family 1.

Family 3: DNA was extracted from blood of the proband
only and ES was performed as part of the Care4Rare
Canada Research Program [30]. Targeted exon capture was
performed using the Agilent SureSelect Human All Exon
50 Mb (v5) enrichment kit and sequenced on an Illumina
HiSeq 2000 using 2 x 100 bp chemistry. Alignment, variant
calling, and annotation were done with a bcbio-based
pipeline (https://github.com/bcbio/bebio-nextgen), GEMINI
[31], methods accumulated in FORGE and Care4Rare
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Canada Projects [30, 32], and custom annotation scripts
(https://githup.com/naumenko-sa/cre).

ES/GS analysis

For Individuals 1 and 2, ExXAC v0.3 [33], gnomAD 12.0.2
[34], TOPMed (https://bravo.sph.umich.edu/freeze5/hg38/),
and 1000 Genomes Project Phase 3 [35] were used as
reference populations. De novo heterozygous variants with
minor allele frequency (MAF) <0.001 and homozygous or
compound heterozygous variants with MAF <0.01 were
identified. Hemizygous X-linked variants with MAF <
0.001 were also identified for Individual 2. All variants
were excluded if observed in homozygosity in reference
population(s), and de novo variants were deprioritized if
seen in >5 individuals in reference population(s). Variants
that passed QC filters and had allele balances >15 and
genotype qualities >20 were selected, and indels and mis-
sense, nonsense, or splice site-altering single nucleotide
variants were prioritized. Variants were manually inspected
in Integrative Genomics Viewer and deprioritized if they
had poor allele balance or variant quality, low read depth,
local mapping errors, indel stutter, strand bias, or mis-
matched reads. Variants were excluded if common (MAF >
0.05) in an internal database of rare disease samples from
the Broad Institute. De novo variants were deprioritized if
observed in other individuals with disparate phenotypes in
the internal rare disease database.

For Individual 3, ES was analyzed for autosomal or
X-linked heterozygous, homozygous, or putative com-
pound heterozygous variants with MAF <0.001 in gno-
mAD 12.0.2 [34]. Indels and missense, nonsense, or
splice site-altering single nucleotide variants were prior-
itized. Heterozygous and X-linked variants seen <7 times
or compound heterozygous and homozygous variants
seen <15 times out of 5220 alleles in an internal database
of rare disease samples from the Care4Rare Canada
Project were selected.

Sanger validation and cosegregation analysis

PCR primers were designed for Sanger validation of
TUBAIA variants in all three families and cosegregation
analysis in families 1 and 2 (Supplementary Table 1).

Database sharing of variants

Individuals and their TUBAIA variants were deposited
in the Global Variome shared LOVD (https://databases.
lovd.nl/shared/genes/TUBA1A; individual ID numbers
00311884, 00311881, and 00311893) and ClinVar
(accession numbers SCV001449530-SCV001449532;
https://www.ncbi.nlm.nih.gov/clinvar/) [36].
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Protein structural modeling

Using PyMOL (Molecular Graphics System v2.2.2,
Schrodinger, LLC), residues were mapped to structures of
the MT with EB3 (PDB:3JAK) [37] and o/f tubulins with
kinesin-1 (PDB:4HNA) [38]. Polar contacts within 5A
were identified. 2D mapping of TUBAIA-CFEOM residues
was performed (Supplementary Fig. 2).

Tubulin multiple sequence alignment

Multi-sequence alignment was performed using Clustal
Omega v1.2.4 [39] (date of access: December 7, 2020) and
visualized using Jalview v2.11.13 [40] (Supplementary
Fig. 3).

Results
Clinical findings

Each individual had bilateral congenital ptosis
(HP:0007911), restricted vertical eye movements and vari-
ably restricted horizontal eye movements diagnostic of
CFEOM (HP:0001491; Fig. 1A-E). Individuals 1 and 2 also
had abnormal conjugate eye movements (HP:0000549) with
convergence on attempted upgaze (Fig. 1A) and anomalous
extraocular muscle insertions at surgery, which are common
findings in CFEOM [41]. Individual 3 had learning dis-
abilities (HP:0001328), cognitive delays (HP:0100543) and
behavioral challenges (HP:0007018; HP:0010865); Indivi-
dual 1 had mild learning disability (HP:0001328); and
Individual 2 had normal intellectual and social develop-
ment. Individual 3 had gross motor delays (HP:0002194)
while Individual 2 had mild clumsiness. Individual 3 had
cyclic vomiting (HP:0002572). Additional clinical features
are presented in Table 1, Supplementary Text 1, and Sup-
plementary Table 3.

The oculomotor nerves and extraocular muscles could be
visualized on MRI scans of Individual 1; the nerves
appeared hypoplastic bilaterally and the superior and medial
rectus muscles appeared small, but imaging prevented clear
visualization (Fig. 1F, G). Individuals 1 and 3 had bilateral
perisylvian polymicrogyria (HP:0032407; Fig. 2D-F, O, P).
Though Individual 2 had no detectable MCD (Fig. 2J),
deficiency of the falx cerebri (HP:0010654) resulting in
interdigitating frontal lobes, a finding of unclear clinical
significance, was observed (Fig. 2K). MRI scans of each of
the individuals revealed asymmetry of the caudate heads
(HP:0002339) and lateral ventricles (HP:0030047; Fig. 2B-
C, H-I, M-N). Individual 1 also had deficiency of the ros-
trum of the corpus callosum (Fig. 2A), while Individuals 2
and 3 had thinning of the body and splenium or posterior
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Fig. 1 TUBAIA variants are associated with CFEOM. A-I Five
positions of gaze in Individual 1 prior to her first strabismus surgery at
2.5 years of age, demonstrating ophthalmic features consistent with
CFEOM. The individual’s eye movements were directed as follows:
(A) up; (B) right; (C) forward; (D) left; (E) down. Notable ophthalmic
features include: (A) bilateral limitations of upgaze and convergence
on attempted upgaze; (C) Bilateral ptosis and primary eye position in
downgaze; (B, D): full horizontal eye movements; (E): mild bilateral

body of the corpus callosum, respectively (HP:0002079;
Fig. 2G, L). The olfactory sulci and bulbs, internal capsules,
cerebellum, and brainstem appeared normal in all three
individuals. MRI findings are summarized in Table 1.

Sequencing results

Candidate variants in multiple genes were detected after fil-
tering (Supplementary Table 2). ES/GS identified hetero-
zygous TUBAIA variants c¢.1216C>G, p.(His406Asp)
(Individual 1); c.467G> A, p.(Argl56His) (Individual 2);
and ¢.1193T>G, p.(Met398Arg) (Individual 3); all anno-
tated with transcript NM_006009.4. Variants occurred at
conserved residues [42], were absent from population data-
bases, and were predicted to be damaging [43] (Table 1).
All variants were classified as pathogenic or likely patho-
genic for established TUBAIA-associated phenotypes by
ACMG guidelines [44]. Sanger sequencing validated the
presence of TUBAIA variants in all three probands and
absence in unaffected parents and siblings of Individuals 1
and 2 (Supplementary Fig. 1). TUBAIA is highly conserved
across species and is ranked as the 57th most missense
constrained gene within humans among 19,704 total genes
tested (missense z = 5.584) [45].

Protein structural modeling

Representative lateral and longitudinal tubulin interfaces are
represented in Fig. 3A. His406 and Met398, substituted to
aspartate and arginine in Individuals 1 and 3, respectively,
are in o helix H11 on the MT surface (Fig. 3B). These
residues are near to the longitudinal interface between o and
f tubulin within a heterodimer, but neither residue is
recognized to participate in bonded contacts (Fig. 3C) [46].
MCD-associated residues are also in this region (Fig. 3B)

limitations of downgaze and preferred chin-up head positioning. F
Axial T2 weighted MR image (2 mm/0 mm gap thickness) at the level
of the interpeduncular and suprasellar cisterns faintly demonstrates the
oculomotor nerves (arrows). Although the slice thickness was not
optimized for cranial nerve imaging, these nerves appear hypoplastic.
G Coronal T1 MPRAGE image (0.9 mm/0 mm gap thickness) through
the orbits demonstrates small superior and medial rectus muscles
bilaterally (arrows).

[25]. Like certain p tubulin-associated CFEOM residues,
His406 is predicted to interact with the kinesin-1 motor
domain (Fig. 3D) [38]. p.(Argl56His) identified in Indivi-
dual 2 is in o-helix H4 [47] near the interface for
lateral contacts with adjacent protofilaments (Fig. 3E). A
p-(Argl156Gly) substitution has been reported in an indivi-
dual with MCD and epilepsy but without CFEOM [48], and
other substitutions causing MCD have been reported in o-
helix H4 (Fig. 3B) [49].

Discussion

The three probands had CFEOM (HP:0001491) with or
without variable neurodevelopmental disability. MRIs were
consistent with classic tubulinopathies, including asymmetry
of the caudate heads (HP:0002339) and lateral ventricles
(HP:0030047) with abnormalities of the corpus callosum in
all three individuals (HP:0002079), MCD in Individuals 1
and 3 (HP:0032059), and oculomotor nerve and extraocular
muscle findings consistent with CFEOM in Individual 1.
Unlike individuals with more severe presentation of CFEOM
and neurodevelopmental delays and/or MCD due to TUBB3
variants, each participant in this series had normal appearing
anterior commissure, olfactory system, cerebellum, and
brainstem. Each proband harbored a novel TUBAIA hetero-
zygous variant that is predicted to be damaging
(p-(Arg156His), p.(Met398Arg), or p.(His406Asp)). Notably,
a proband with a TUBAIA p.(Gly59Ser) variant was pre-
viously reported to have eyelid asymmetry and a unilateral
deficit of ocular elevation upon adduction in the absence of
MCD, and a proband with a TUBAIA p.(Arg390His) variant
was reported to have ptosis (HP:0000508), strabismus
(HP:0000486), and nystagmus (HP:0000639) in the absence
of MCD [50]. These phenotypes may also be CFEOM, but

SPRINGER NATURE
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Table 1 Summary of TUBAIA variants and clinical features.

Individual 1

Individual 2

Individual 3

Sex
Geographic location/
Ethnicity

Variant genomic
location (GRCh38/
hg38)

Variant (cDNA,
protein; transcript
NM_006009.4)

Exon
Inheritance

Method of variant
identification
Sanger validated?

Properties of amino
acid residues (WT>
Predicted Variant)

PhyloP score [41, 42]*
PHRED-scaled CADD

score [43]b

ACMG Classification
[44]°

Age at clinical
presentation

Current age

Female
USA, Hispanic

chr12:49185150G>C

¢.1216C>G, p.(His406Asp)

4
De novo
GS

Y

Polar basic>Polar acidic
7.76

26.7

Pathogenic

Infancy

13 years

Ophthalmological features

Ophthalmological

diagnosis of CFEOM

(HP:0001491)

Bilateral congenital

ptosis (HP:0007911)

Impaired ocular
abduction
(HP:0000634)

Impaired ocular
adduction
(HP:0000542)

Limited vertical eye

movements

Compensatory head
posture
(HP:0031705)

Abnormal conjugate

eye movement
(HP:0000549)

Anomalous
extraocular muscle
insertions

Horizontal nystagmus

(HP:0000666)

Ophthalmological
surgeries

Y

Y

N

Y, limited upgaze and mildly limited

downgaze bilaterally

Y, Chin-up head positioning

Y, convergence on attempted upgaze,
divergence and occasional convergence

on attempted downgaze

Y, of left superior oblique muscle

N

Y, bilateral

Male
USA, Caucasian/Hispanic

chr12:49185899C>T

c.467G > A, p.(Argl56His)

4
De novo
ES

Y

Polar basic>Polar basic
1.91

23.8

Likely pathogenic
Infancy

13 years

Y

Y (right > left)

Y, bilateral (mild)

Y, limited upgaze bilaterally

Y, Chin-up head positioning

Y, convergence on attempted upgaze with secondary
pseudo-convergence contraction nystagmus, left-side
synkinetic movement of eyelid

Y, of right inferior rectus muscle

N

Y, bilateral

Female

French Canadian,
Caucasian

chr12:49185173 A>C

c.1193T>G, p.
(Met398Arg)

4
Unknown
ES

Y

Nonpolar>Polar basic
7.32

27.6

Likely pathogenic
Infancy

11 years

Y

Y

Y, bilateral

Y, bilateral

Y, limited upgaze and
downgaze bilaterally

N

Y, bilateral

Y, bilateral

SPRINGER NATURE
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Table 1 (continued)

Individual 1

Individual 2

Individual 3

Development

Delayed speech and
language
development
(HP:0000750)

Delayed fine motor
development
(HP:0010862)

Delayed gross motor
development
(HP:0002194)
Learning disability
(HP:0001328)
Cognitive
impairment
(HP:0100543)
Attention deficit
hyperactivity
disorder
(HP:0007018)

Oppositional defiant
disoder
(HP:0010865)

Exam-age
Height
Weight

Head circumference

Dysphagia
(HP:0002015)

Ankyloglossia
(HP:0010296)

Thickened ears
(HP:0009894)

Small forehead
(HP:0000350)

Deeply set eyes
(HP:0000490)

Infantile muscular
hypotonia
(HP:0008947)

Achilles tendon
contracture
(HP:0001771)

Unsteady gait
(HP:0002317)
Tip-toe gait

(HP:0030051)

Y, mild early delays

Y, but no formal diagnosis

N

2 years and 7 months
88 cm (18th percentile, z=—0.92)
13.8 kg (67th percentile, z = 0.44)

50 cm (89th percentile, z = 1.21)

Y, mild early delays

Y, mild early delays

2 years and 7 months
90.2 cm (28th percentile; z=—0.57)
12.587 kg (24th percentile, z=—0.72)

48.9 cm (39th percentile, z=—0.28)

None diagnosed, but some choking on solid food
Y, relieved with tongue release surgery
N

N

Y, mild early delays

Y, but no formal
diagnosis

Delays but no formal
diagnosis

Y

10 years and
10 months

146.3 cm (68.2
percentile, z = 0.44)
31.5kg (22nd
percentile, z=—0.61)

50.7 cm (9th
percentile, z=—1.3,
Nellhaus Scale)

N

N

SPRINGER NATURE
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Table 1 (continued)

Individual 1

Individual 2

Individual 3

Additional features
Cyclic/episodic N N
vomiting
(HP:0002572)
Gastrointestinal N N
dysmotility
(HP:0002579)
Gastroesophageal N Y
reflux (HP:0002020)

Brain MRI findings

Bilateral perisylvian Y N
polymicrogyria
(HP:0032407)

Aplasia of the falx N
cerebri

(HP:0010654)

Hypoplasia of the Y Y
corpus callosum
(HP:0002079)

Abnormality of the
anterior commissure
(HP:0030301)

Abnormality of
lateral ventricle
(HP:0030047)

Abnormal caudate
nucleus morphology

Slightly enlarged N

Y, asymmetry

Y, asymmetry of caudate heads

Y, asymmetry

Y, asymmetry of caudate heads

Y, slightly interdigitating frontal lobes N

Y, asymmetry

Y, asymmetry of
caudate heads

(HP:0002339)

Abnormality of N Possible slightly obtuse angle between the pons/ N
brainstem medulla

morphology

(HP:0002363)

Abnormality of the
extraocular muscles
(HP:0008049)

Y, superior rectus muscles very small,
medial rectus muscles small bilaterally

Y, superior rectus muscles and medial rectus muscles NA
small bilaterally

Y yes, N no, NA not ascertainable/unknown, ES exome sequencing, GS genome sequencing, CFEOM congenital fibrosis of the extraocular

muscles.

phyloP100way from PHASTv1.5, date of access: November 27, 2020.

bCADDV1.6, date of access: November 27, 2020.

“Variants were classified using ACMG criteria (Richards et al., 2015) in November of 2020. These criteria are not applicable for novel gene
identification and have limited utility for significant novel phenotype expansion. Classification is provided for established TUBA1A-associated
tubulinopathy phenotypes, but excludes novel phenotype expansions (e.g., CFEOM) which are not yet well established in association with

TUBAIA variants.

were not reported as such. Furthermore, in an amino acid
multi-sequence alignment, TUBA1A-Arg390 corresponds to
the reported CFEOM residue TUBB3-Arg380 [13], sup-
porting the possible association of this residue with CFEOM
(Supplementary Fig. 3). Thus, variants in the MCD-
associated gene TUBAIA can cause CFEOM with or with-
out concurrent MCD, and TUBAIA should be included in
genetic testing panels for individuals who have CFEOM and
other features of tubulinopathies.

SPRINGER NATURE

Ocular motility phenotypes are frequently reported in
tubulinopathies. In a recent study, strabismus (HP:0000486)
was a feature in 18/29 individuals (62%) with TUBAIA-
associated tubulinopathies, of whom 4 also had nystagmus
(HP:0000639) [25]. It is likely that most of these individuals
have comitant strabismus (HP:0025069), which is common
in the general population and is characterized by a constant
degree of ocular misalignment regardless of the direction of
gaze. CFEOM is a form of incomitant strabismus
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Fig. 2 Brain MRI demonstrates features of classic tubulinopathies
with or without MCD. A-F MR images from Individual 1 at
20 months of age. A Midline sagittal T1 FLAIR MR image reveals
deficiency of the rostrum of the corpus callosum. B Axial T2 and (C)
coronal TI MPRAGE MR images demonstrate an asymmetrically
smaller, foreshortened body of the left caudate nucleus (white arrows)
with mild prominence and dysmorphism of the ipsilateral
lateral ventricle. D Axial T1 FLAIR MR image (5 mm/2.25 mm gap
thickness) demonstrates thickening and irregularity of the posterior
perisylvian cortex (white arrows), most pronounced on the right.
E, F Coronal T1 MPRAGE MR images (0.9 mm/0 mm gap thickness)
confirm bilateral perisylvian polymicrogyria (white arrows). G-I MR
images from Individual 2 at 13 months of age. G 1.5T Siemens
Symphony midline sagittal T1 MR image (4 mm/0.8 mm gap thick-
ness) reveals mild thinning of the body and splenium (arrow) of
the corpus callosum. H Axial (4 mm/0.8 mm gap) and (I) coronal
(2mm/ Omm gap) turbo spin echo T2 weighted MR images show
asymmetric lateral ventricles and caudate nuclei, with the body of the

(HP:0025068) in which ocular misalignment varies with the
direction of gaze. Congenital incomitant strabismus is rare,
but it is possible that a subset of reported individuals with
TUBA1A-associated strabismus had CFEOM.

Cyclic vomiting (HP:0002572) was reported in Indivi-
dual 3 and has been reported previously in association
with TUBB3 p.(Glu410Lys) and TUBB2B p.(Cys354Arg),
suggesting that this is a shared feature of certain tubulino-
pathies [14, 50]. The severity and frequency of cyclic
vomiting in an individual with a TUBB3 p.(Glu410Lys)
variant was ameliorated by prophylactic valproic acid
(VPA) treatment [14], and VPA has been used to success-
fully treat epilepsy in MCD patients who harbor TUBAIA or

right caudate nucleus appearing slightly smaller than the left (arrow).
J Axial spin echo 1.5T Siemens Symphony T1 MR image (4 mm/
0.8 mm gap) demonstrating the perisylvian cortex. The cortical archi-
tecture is not well assessed for MCD due to a combination of technical
parameters and age-appropriate incompletely myelinated subcortical
white matter. K Anterior coronal (2 mm/ 0 mm gap) turbo spin echo T2
weighted MR image shows interdigitating frontal lobes (arrows) attrib-
uted to deficiency of the falx cerebri. L-P MR images from Individual 3
at 7 years of age. L Midline reconstructed sagittal TI MPRAGE MR
image (0.8 mm/ 0 mm interslice gap) reveals accentuation of the usual
thinning of the posterior body of the corpus callosum (arrow). M Axial
T2 (4 mm/1.2 mm gap) and N coronal T1 MPRAGE (1.2 mm/0 mm gap)
MR images show asymmetric lateral ventricles and caudate nuclei, with
the body of the left caudate nucleus appearing smaller than the right
(arrow). O Reformatted axial (0.8 mm thickness) and (P) direct coronal
(1.2mm/ Omm gap) T1 3D MPRAGE MR images demonstrate irre-
gular, thickened perisylvian cortex, more pronounced on the right,
consistent with polymicrogyria (arrows).

TUBB2B variants [48]. VPA may also be effective for
individuals with TUBAIA variants who require intervention
for cyclic vomiting.

CFEOM-associated variants in TUBB3 and TUBB2B have
been reported to stabilize MTs, and many alter kinesin
binding and reduce MT-kinesin interactions [13, 15].
TUBAIA-CFEOM variants may also alter MT stabilization
through changes in lateral (Arg156 and Gly59) or longitudinal
interfaces (His406 and Met398), or through altered kinesin
binding (His406). With a few exceptions, missense variants at
specific f tubulin residues typically cause CFEOM while
others cause MCD [13, 15, 16, 19]. Such a distinction in
TUBAIA seems less clear. Since tubulinopathies are

SPRINGER NATURE
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Fig. 3 Structural modeling of tubulinopathy variants. Structures
were obtained from PDB ID: 3JAK (A-C, E) and PDB ID: 4HNA (D).
A o and P tubulin monomers within a portion of a microtubule.
Representative lateral and longitudinal interfaces are indicated. B o
tubulin monomer with TUBAIA tubulinopathy-associated residues
colored. C o and P tubulin monomers at the heterodimerization
interface. Colored beta tubulin residues are associated with substitu-
tions in TUBB3 and/or TUBB2B. For simplicity, residues associated
with isolated MCD or MCD with involvement of cranial nerves other
than CN3 are omitted in this view. D « and f tubulin complexed with
kinesin-1. Colored beta tubulin residues are associated with substitu-
tions in TUBB3 and/or TUBB2B. For simplicity, residues associated
with isolated MCD or MCD with involvement of cranial nerves other
than CN3 are omitted in this view. Polar interactions between kinesin
and alpha or beta tubulin residues are shown with dashed lines.

associated with a broad spectrum of phenotypes which have
been reported extensively [25, 48, 49], careful assessment and
reporting of clinical features are advised.

In conclusion, this work demonstrates that distinct mis-
sense variants in TUBAIA result in CFEOM with or without
MCD. Additional studies are warranted to elucidate the
functional implications of specific TUBAIA missense var-
iants. This report expands the genetic heterogeneity of
CFEOM and suggests that screening of this additional
tubulin-encoding gene should be pursued in patients with
CFEOM with or without other findings who screen negative
for variants in KIF21A and TUBB3.
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