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¢.209G>A
p.Gly70Asp
H. sapiens TBL1XR1 INEDGTLFD
M. musculus Thl1xr1 INEDGTLFD
B. Taurus TBL1XR1 INEDCTLED
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X. tropicalis tbl1xr1 INEDGTLED
D, rerio tbl1xr1a INEDGTLFD
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p.LeuZ82Pro  plle3d7SerfsX19

LisH F-box-iike

Figure 2 De novo TBLIXRI mutation. The ¢.209G>A (p.Gly70Asp)
mutation occurred de novo at an evolutionarily conserved amino acid in an
F-box-like domain. Multiple amino-acid sequences of TBL1XR1 proteins
were aligned with tools available on the CLUSTALW web site. Two previously
reported mutations (p.Leu282Pro and p.1le397SefsX19) are highlighted in
red. A full color version of this figure is available at the Journal of Human
Genetics journal online.
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575 in-house control exomes. Both mutations were predicted as
damaging by SIFT and PolyPhen2. However, MutationTaster classified
only p.Gly70Asp in TBLIXRI as damaging whereas p.Thr265Met in
SELPLG was predicted as a polymorphism. We found no recessive
mutations in known early-onset epileptic encephalopathy genes
including SLC25422, PNPO, PNKP and PLCBI.” All experimental
protocols used were approved by the Institutional Review Board of
Yokohama City University School of Medicine.

SELPLG encodes P-selectin glycoprotein ligand 1, for which a
knock-out mouse study showed that Selplg is required for leukocyte
adhesion and rolling.%° No neurological abnormalities were reported,
suggesting that the SELPLG mutation is less likely to be involved in
the phenotype of this patient.

TBL1XR1, also denoted as TBLRI, is required for P-catenin~Tcf-
mediated Wnt signaling.!"> Mutations in TCF4, an essential mediator
of Wnt signaling, have been shown to cause Pitt-Hopkins Syndrome,
which presents with severe intellectual disability, seizures and stereo-
typic movements.!®!! This suggests that the B-catenin-Tcf-mediated
Wnt pathway of signaling is essential for normal brain function.
Moreover, two de novo TBLIXR! mutations (p.Leu282Pro and
p-lle397SerfsX19) were found in 2 of 2446 patients with autism
spectrum disorders.»> In our case, the p.Gly70Asp mutation occurred
in an evolutionarily conserved amino acid within an F-box-like
domain (Figure 2). Indeed, the F-box-like domain of TBLRI

A de novo TBLIXRI mutation and West syndrome
H Saitsu ef af

(TBLIXR1) is essential for a high affinity interaction between
TBLIXRI and SMRT, a co-repressor of nuclear hormone receptors.?
This implies that p.Gly70Asp may affect this interaction. Therefore,
the evidence suggests that the p.Gly70Asp mutation may cause a West
syndrome phenotype with Rett-like and autistic features.

The role of TBLIXRI mutations was also investigated in 280 epileptic
patients. High-resolution melting analysis revealed that three rare
missense variants (p.Alall6Ser, p.Gly405Glu and p.Asn407Ser) were
present in three patients. Since they were predicted as benign by
PolyPhen-2, these mutations are unlikely to be pathogenic. These data
suggest that TBLIXRI mutations are rarely involved in epileptic patients.

In conclusion, we describe a Japanese girl with a de novo TBLIXRI1
mutation that is predicted as pathogenic. Our report suggests that the
clinical spectrum of TBLIXRI mutations includes autistic features as a
core phenotype, as well as presenting with West syndrome and Rett-
like features.
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We developed a next-generation sequencing (NGS) based mutation
screening strategy for neurodevelopmental diseases. Using this system, we
screened 284 genes in 40 patients. Several novel mutations were discovered.
Patient 1 had a novel mutation in ACTB. Her dysmorphic feature was mild
for Baraitser-Winter syndrome. Patient 2 had a truncating mutation of
DYRKIA. She lacked microcephaly, which was previously assumed to be a
constant feature of DYRKIA loss of function. Patient 3 had a novel mutation
in GABRD gene. She showed Rett syndrome like features. Patient 4 was
diagnosed with Noonan syndrome with PTPN/] mutation. He showed
complete agenesis of corpus callosum. We have discussed these novel
findings.
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Despite many recent studies focusing on discovering
the genetic basis of neurodevelopmental diseases, it is
still largely unknown. We developed a next-generation
sequencing (NGS) based mutation screening strategy.
We screened 284 genes known or predicted to be asso-
ciated with neurodevelopmental disorders with micro-
cephaly/macrocephaly, central nervous system (CNS)
anomalies and intellectual disability (ID).

Materials and methods

We studied 40 patients with neurodevelopmental disor-
ders. They were negative for conventional cytogenetic
studies and microarray analysis. With the approval of
our institutional ethics commitiee, the patients were ana-
lyzed using this targeted sequencing. The genomic DNA
of each patient was extracted from peripheral blood using
extraction kit. Detail of the cell sample preparation was
described in Supporting information.

Target gene sequencing

Three microgram of each sample DNA was sheared to
150—200 bp using the Covaris DNA Shearing System
(Wobum, MA, USA). To capture the target exonic DNA,
we used the SureSelectXT Custom capture library (Agi-
lent, Santa Clara, CA) for 1.6 Mb of exons of neuronal
gene capture. The sequence library was constructed
with the SureSelect XT Target Enrichment System
for HHlumina Paired-End Sequencing Library kit (Agi-
lent) according to the manufacturer’s instructions. We
performed DNA sequencing of either 76- or 101-bp
paired-end reads using the Illumina Genome Analyzer
IIx (Ilumina, San Diego, CA) and HiSeq 2000 sequencer
(Tllumina, San Diego, CA).

Single nucleotide variation (SNV) calling

NGS reads were aligned to the Human reference genome
(GRCh37/hgl9). We then excluded polymerase chain
reaction (PCR) duplicates, and extracted reads uniquely
mapped to the reference genome that were properly
paired within the insert size within mean+2 stan-
dard deviation (SD) of the mean. Base calling was
performed in on-target regions, those regions within
100bp upstream and downstream of the exon capture
probes. SNV and insertion and deletion (indel) calling
were performed using SAM TooLs and GATK software.
We excluded known variants found in database. We
then narrowed the candidates to only non-synonymous,
nonsense and splice site SNVs and frame shift indels.
More details of method for variant calling are described
in Supporting information.

NGS base-call quality check

To analyze the quality of our base-calling algorithm,
we used genotypes from HapMap database (release
#28, obtained from ftp:/ftp.ncbi.nlm.nih.gov/hapmap/
genotypes/2010-08_phasell+III/). Sanger sequence
validation of SNVs was performed using Applied
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Biosystems 3730x] DNA Analyzer (Life Technologies,
Carlsbad, CA).

Results

To identify the causal mutation for neuronal diseases,
we designed custom capture probes for the exons of 284
neuronal genes (Table S1, Supporting information). We
performed targeted genes sequencing using these probes
and generated 1.7 Gb of sequence on average. The aver-
age read depth of the on-target regions was 608. To
check the quality of our NGS base calls, we sequenced
HapMap-JPT NA18943 using the same method as the
other samples, and compared our NGS calls with the
released genotype of the HapMap consortium. The geno-
types for 3129 locations were comparable between the
two data sets. All but 16 of the 3129 genotypes were con-
cordant between our NGS calls and the HapMap data. We
validated these mismatched 16 positions using Sanger
sequencing and all 16 were consistent with our NGS calls
(Tables S2 and S3). On the basis of this, we estimate the
false positive and false negative rate of our SNV calling
to be <0.032% (<1/3129).

Clinical reports

In all patients, developmental quotient (DQ) was mea-
sured using the Kyoto Scale of Psychological Develop-
ment test.

Patient 1 with ACTB mutation

The 3-year-old female was born at 37 weeks of gestation
by normal delivery. Her developmental milestones were
markedly delayed. She sat unsupported at 18 months of
age. Recently, she walked with support. She spoke sev-
eral meaningful words. Her DQ was 39 at 2 years of
age. Physical examination identified dysmorphic fea-
tures, including a flat face, arched eyebrows, narrow
palpebral fissures, low-set posteriorly rotated ears and a
thin upper lip. Ophthalmological investigation revealed
no colobomata. Her height was 86.3 cm (—0.8 SD), and
weight was 12.3 kg (mean). Her head circumference was
50cm (+1.2 SD) at 2 years and 6 months of age. Neuro-
radiological investigations revealed enlarged lateral ven-
tricles, decreased white matter volume and pachygyria
dominant in the frontal lobe (Fig. 1a,b).

A novel missense was identified in ACTB,
c.733G>A, p.G245S. She was therefore diagnosed
with Baraitser-Winter syndrome (BRWS) (1).

Patient 2 with DYRK71A mutation

The 7-year-old female patient was born at 39 weeks
of gestation by induced delivery. Her developmental
milestones were severely retarded. She could not walk
independently. She had no communicative language.
In addition, her visual acuity was disturbed by severe
amblyopia. She could see and reach objects within
30cm. She exhibited self-injurious behavior, temper
tantrums and vocal tics by vibrating her palate. She
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Fig. 1. (a, b) T1-weighted magnetic resonance image (MR) of patient 1
with ACTB mutation shows enlarged lateral ventricles, decreased white
matter volume and pachygyria dominant in the frontal lobe.

was diagnosed with autism spectrum disorder (ASD)
according to DSM-5. Her DQ was not properly assessed
because of visual disturbance.

Physical examination identified dysmorphic features,
including frontal bossing, hypertelorism, nystagmus,
epicanthal folds, a flat nasal bridge, bilateral low-set
ears, down-slanting palpebral fissures, a short philtrum, a
high arched palate, downturned mouth and micrognathia.
Her weight was 14.6 kg (—2.2 SD), height was 103.5 cm
(—3.1 SD) and head circumference was 52 cm (+0.6 SD).
She showed relative macrocephaly.

Brain computerized tomography (CT) and
magnetic resonance imaging (MRI) were normal.

Retinal abnormalities and optic nerve hypoplasia
were not identified by fundoscopic investigations.
Electroencephalography (EEG) showed no epileptic
discharges. She had an early termination codon in exon
11 of the DYRKIA gene (c.C1699T: p.Q567%).

Patient 3 with GABRD mutation

The 12-year-old female was born at 41 weeks of gesta-
tion by induced delivery. Her development was severely
retarded with generalized muscular hypotonia. She sat
alone at 4 years of age. She cannot walk independently.
She spoke no meaningful words. Her DQ was 12 at
9 years of age. She showed stereotyped behavior includ-
ing hand gripping and bruxism. Purposeful hand skills
were not obtained. She was diagnosed with Rett syn-
drome. EEG revealed bilateral occipital dominant high
voltage slow spike and wave complex. Her height was
137 cm (—3.4 SD), weight was 35 kg (—2.1 SD) and head
circumference was 51 cm (—1.8 SD). Brain CT and MRI
were normal.

She had 2 bp insertion—deletion corresponding to two
amino acids in GABRD gene (c.G498A:p.M166I and,
¢.G499A: p.D167N) (Fig. 2). This mutation was de novo.

Patient 4 with PTPNT7 mutation

The 4-year-old male was born at 40 weeks of gestation by
normal delivery. Profound sensorineural hearing loss was
confirmed. He was able to control his head at 4 months,
roll over at 6 months of age. He could sit without support
at 14 months of age. He started to walk without support
at 3years of age. His height was 90.7cm (—1.8 SD),
weight was 14.3kg (—-0.4 SD) and head circumference
was 48.3cm (—1.1 SD). Brain MRI at 4 years of age
showed agenesis of corpus callosum (ACC) (Fig. 3).
His DQ was 40. His dysmorphic features including
hypertelorism, epicanthal folds, flat nasal bridge, low set
ears, growth failure and ACC suggested the diagnosis of
Mowat-Wilson syndrome. However, molecular analysis
of ZEB2 mutation was negative. Target gene sequencing
revealed a heterozygous mutation in the PTPNI11 gene
(c.A188G, p.Y63C). This mutation has been repeatedly
reported in Noonan syndrome (NS) (2). We reevaluated
his clinical features and concluded that the diagnosis of
NS is appropriate. This is the first association of ACC
and NS with PTPN1] mutation.

Other patients

Three patients with cerebellar anomalies were diagnosed
with mental retardation and microcephaly with pontine
and cerebellar hypoplasia (MICPCH) due to CASK muta-
tions. Another patient was homozygous for AHI/ muta-
tion. The diagnosis of Joubert syndrome was confirmed.
They showed typical findings.

Discussion

ACTB mutation in patient 1 was predicted to be
pathogenic in in silico analysis. BRWS is a rare

3
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Fig. 2. Patient 3 had 2bp insertion—deletion corresponding to two amino acids in GABRD gene (NM_000815: exon5: ¢.G498A: p.M166I and

NM_000815: exon5: c.G499A: p.DIGTN).

Fig. 3. Brain magnetic resonance imaging (MRI) of patient 4 with
PTPN11 mutation showed agenesis of corpus callosum

MCA/ID syndrome characterized by dysmorphic
features, including ptosis, colobomata and neuronal
migration anomalies (1). Riviere et al. (3) reported that
mutations in ACTB and ACTGI cause BRWS. Clinical
variability of BRWS is often discussed. Di Donato
etal. (4) reported three patients with Fryns-Aftimos
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syndrome (FAS) who had a mutation in the ACTB
gene. They suggested that mutations in ACTB cause a
distinctly more severe phenotype than ACTGI muta-
tions. They concluded that FAS is an early and severe
manifestation of BRWS. Patient 1 did not show the
typical features of BRWS. Her dysmorphic features
were mild, and her head circumference was over average
size. Recently, Verloes et al. (5) delineated the spectrum
in 42 patients with BRWS. They reported that facial
dysmorphism varies from mild to severe and evolves
considerably over times. They suggested the designation
of Baraitser-Winter cerebrofrontofacial syndrome.
Patient 2 had had severe ID, motor disturbance, autis-
tic behavior and visual problems. She had truncating
mutation of DYRKIA. She lacked microcephaly, which
was previously assumed to be a constant feature of
DYRKIA loss of function. DYRKIA is a protein kinase
that belongs to the highly conserved dual-specificity
tyrosine phosphorylation-regulated kinase (DYRK)
family. DYRKIA is a highly conserved gene located in
the Down syndrome critical region at 21q22. DYRKIA is
involved in brain growth through neuronal proliferation
and neurogenesis. DYRKIA overexpression has been
implicated in ID and microcephaly in Down syndrome.
Haploinsufficiency of DYRKIA is associated with 1D,
epilepsy and microcephaly (6). So far, mutation anal-
ysis of DYRKIA has been carried out in patients with
ID and microcephaly (7, 8). Courset et al. (9) studied
the DYRKIA gene in a cohort of 105 patients with ID
and Angelman syndrome-like symptoms, and they iden-
tified a de novo frameshift mutation in a patient with
growth retardation, ID, and seizures. O’Roak et al. (10)
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captured and sequenced 44 candidate genes in 2446 ASD
probands. They discovered 27 de novo events in 16 genes
including DYRKIA. The three patients with a DYRKIA
mutation showed microcephaly.

We suppose that the clinical spectrum of DYRKIA
mutations may have more variability. Microcephaly may
not be a constant feature in the patients with DYRKIA
mutations. Another novel finding in patient 2 was severe
amblyopia. DyrkIA (+/—) mice showed thin retina
(11). We recommend ophthalmologic investigation for
patients with DYRKIA mutations.

Patient 3 had a 2 bp insertion—deletion corresponding
to two amino acids in GABRD gene. This is the first
report of a GABRD mutation associated with Rett syn-
drome like features. GABRD encodes a subunit of the
ligand-gated chloride channel for gamma-aminobutyric
acid (GABA), the major inhibitory neurotransmitter
(12). The majority of GABAA receptors contain two
o-subunits, two p-subunits, and a y- or 8-subunit. Muta-
tions in inhibitory GABAA receptor subunit genes
(GABRAI, GABRB3, GABRG2 and GABRD) have been
associated with genetic epilepsy syndromes including
childhood absence epilepsy (CAE), juvenile myoclonic
epilepsy (JME), pure febrile seizures (FS), generalized
epilepsy with febrile seizures plus (GEFS+), and Dravet
syndrome (or severe myoclonic epilepsy in infancy).

There have been some reports on the association of
generalized epilepsies and GABRD mutations. GABRD
gene is assigned to chromosome 1p36 (13). Patients with
the 1p36 deletion syndrome often have epileptic seizures
(14). Windpassinger et al. (12) found that GABRD is
expressed most abundantly in the brain. They suggested
that the GABRD 1is a good candidate for the neurode-
velopmental and neuropsychiatric anomalies seen in the
1p36 deletion syndrome.

Patient 3 has been diagnosed with Rett syndrome. Het-
erozygous disruption of GABRB3 produces increased
epileptiform EEG activity and elevated seizure suscep-
tibility in Angelman syndrome (15). We assume that
mutant GABRD is likely to cause increased neuronal
excitability in our patient. Further investigation is neces-
sary to clarify mutations in Rett syndrome-like patients
without known genetic causes.

Patient 4 was diagnosed with NS, the most com-
mon RASopathy characterized by short stature, distinct
facial features, congenital heart defect, and ID of various
degrees. Patient 4 showed ACC. So far association of NS
and ACC is not known. Hypoplasia of corpus callosum
is occasionally reported in cardio-facio-cutaneous syn-
drome, another RASopathy. We consider ACC to be an
unusual manifestation of RASopathy.

Our NGS-based mutation screening strategy showed
a certain success in the diagnosis of patients with neu-
rodevelopmental disorders when conventional clinical
genetic testing has proven negative. Presented patients
showed unique or unexpected manifestations. We are

planning whole-exome sequencing for the remaining
unexplained patients.

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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Abstract

Gene mutation of tubulin alpha-1A (TUBA1A), a critical component of microtubules of the cytoskeleton, impairs neural migra-
tion and causes lissencephaly (LIS). The approximately 45 cases of disease-associated TUBATA mutations reported to date dem-
onstrate a wide spectrum of phenotypes. Here we describe an 8-year-old girl with lissencephaly, microcephaly, and early-onset
epileptic seizures associated with a novel mutation in the TUBAIA gene. The patient developed Hirschsprung disease and the syn-
drome of inappropriate antidiuretic hormone secretion (SIADH), which had not previously been described in TUBATA mutation-
associated disease. Our case provides new insight into the wide spectrum of disease phenotypes associated with TUBAIA mutation.
© 2013 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tubulin alpha-1A (TUBA1A) is a critical component
of microtubules of the cytoskeleton and is expressed
transiently during neuronal development [1]. Because
TUBAIA mutation interferes with microtubule func-
tion, it is considered to impair neural migration [2]. In
2007, TUBA1A mutations were first proposed to cause
human lissencephaly (LIS), which is characterized by a
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smooth cerebral cortex [2]. The approximately 45 cases
of disease-associated TUBA1A mutations reported to
date have strengthened the claim that TUBA1A muta-
tions cause LIS in humans [2-5].

The results of several studies have led to the classifi-
cation of TUBAlA mutation-associated LIS into 2
groups. The first is that of classic LIS, which is charac-
terized by a loosely organized and markedly thickened
four-layer cortex and apparently normal cerebellum;
the second comprises LIS associated with cerebellar
hypoplasia (LCH) [5]. The prevalence of TUBAIA
mutations is higher (~30%) in cases of LCH compared
with that (1-4%) in cases of classic LIS [3,5]. Recent
studies have revealed that, in addition to LIS, TUBA1A
mutations can be associated with polymicrogyria,
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epilepsy, developmental delay, facial dysmorphy, facial
diplegia, and other abnormalities, demonstrating a wide
spectrum of clinical phenotypes [4,6]. However, because
of the limited number of cases, it remains necessary to
accumulate cases of disease-associated TUBA1A muta-
tion and clarify the mutation-specific spectrum of the
clinical phenotype. In addition, several polymorphisms
of TUBAIA are unrelated to disease [3]. To establish
appropriate genetic counseling, information regarding
disease-associated TUBA1A mutations should be evalu-
ated through detailed case studies [3].

Here we present a case that is the first known to man-
ifest LIS and microcephaly in combination with the syn-
drome of inappropriate antidiuretic hormone secretion
(SIADH), Hirschsprung disease (HSCR), and a novel
mutation in the TUBA1A gene. We provide new insight
into the wide spectrum of clinical phenotypes of
TUBAI1A mutations.

2. Case report

The patient is an 8-year-old girl who was born to
healthy nonconsanguineous parents by vaginal delivery
at a gestational age of 42 weeks with Apgar scores of 7
at 1 min and 8 at 5 min. She has no siblings. Her birth
weight was 2.176 g (—3.1 SD), crown-heel length was
48.5 cm (—0.6 SD), and occipitofrontal head circumfer-
ence was 29 cm (—3.5 SD), thus showing symmetrical
intrauterine growth retardation. Facial dysmorphism
included microcephaly, hypertelorism, and large
uplifted earlobes. On day 9 after birth, she developed
infantile seizures, which were controlled by using two
antiepileptic drugs. Magnetic resonance imaging
(MRI) of the brain disclosed agyria, enlarged lateral
ventricles, agenesis of the corpus callosum, abnormal
rotation of the hippocampus, dysmorphic and hypo-
plastic features of the basal ganglia and thalamus,
and hypoplastic cerebellum which led to a diagnosis
of LCH (Fig. 1).

When the patient was 6 months old, seizures recurred
and were found to be associated with hyponatremia
(122 mEq/L), increased body weight, high urinary
sodium (140 mEq/L; normal, <20 mEq/L), low serum
osmolarity (252 mOsm; normal, 260-290 mOsm), and
high urine osmolarity (360 mOsm) relative to the serum
osmolarity—features consistent with the diagnostic cri-
teria for SIADH. Fluid restriction treatment success-
fully resolved the hyponatremia, and the seizures
diminished simultaneously. However, she concurrently
developed abdominal distention and increasing vomit-
ing. A barium enema showed a narrowed segment of
the rectum (Fig. 2). A rectal biopsy demonstrated an
absence of ganglion cells and an increase in the number
and size of acetylcholinesterase-positive nerve fibers in
the lamina propria. In light of the findings, HSCR was
diagnosed, and supportive care with enemas and central

vein catheterization were initiated, without surgical
intervention. At the age of 8 years, she is undergoing
treatment with tube feeding and anti-epileptic drugs.
She shows severely retarded mental and physical devel-
opment with poor social interaction. Chromosome anal-
ysis showed a normal 46, XX karyotype in all cells.
Testing for LIS1 and ZFHXI1B2 gene mutations (for
LIS and Mowat-Wilson syndrome, respectively) pro-
duced negative results. Evaluation of TUBA1A revealed
a heterozygous c.599G—A (p.Cys402Tyr) mutation.
Parental samples were not obtained, however the hetero-
zygous ¢.599G—A (p.Cys402Tyr) mutation was absent
in 22 healthy control individuals.

3. Discussion

TUBAIA mutation-associated LIS is a rare genetic
disorder. We have added a new case with a confirmed
novel TUBA1A mutation, which was not identified in
22 healthy control individuals in our study and 60
healthy control individuals in a previous study [3].
Brain MRI of the present case showed complete or
near-complete agyria, corresponding to classic LIS
grade 1 associated with cerebellar hypoplasia; together,
these can be categorized as LCH. LCH is predomi-
nantly associated with mutation of TUBAIA rather
than LIS1 and DCX [5]; therefore the brain MRI find-
ings in the present case are consistent with the predom-
inant TUBAIlA mutation-associated phenotype.
According to previous studies, the site of the mutation
in TUBAIA seems to determine the brain disorder
phenotype [4,5]. For example, all 5 cases associated
with the TUBAIA mutation p.R402C showed LIS,
whereas all 4 cases associated with the mutation
p-R402H manifested LCH [5]. In another study, 2 cases
with the mutation p.R264C showed pachygyria with
subcortical band heterotopia, vermis hypoplasia of
the cerebellum, and partial agenesis of the corpus cal-
losum [4]. Accordingly, our case, which is associated
with the novel mutation p.C402Y, will facilitate predic-
tion of the brain disorder phenotype in a future case
with the same mutation.

The most striking feature of the case is the associ-
ation of LIS with HSCR. Only one other case present-
ing with both LIS and HSCR has been reported; that
case also showed microcephaly and tetralogy of Fal-
lot, although the wunderlying gene mutation was
unknown [7]. Among cases of LIS due to genetic
mutation (in LIS1, DCX and so on), ours is the first
to manifest both LIS and HSCR, thus the present
case implicates that HSCR can be included among
the clinical phenotypes of TUBA1A mutation-associ-
ated disease. HSCR, which is characterized by a lack
of ganglion cells in the bowel, is a multigenic neuro-
cristopathy due to failure of neural crest cell migration
[8]. Although TUBAIA mutation is well known to
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Fig. 1. T2 weighted Axial (A, B and C), T1 weighted sagital (D, E and F) and T2 weighted coronal (G, H and I) images by MRI showing agyria
(grade I) (A-I), agenesis of the corpus callosum (D-F, H), excessive dilation of lateral ventricles (A, B, C, D, G, H, I), abnormal rotation of
hippocampus (H), the basal ganglia and thalamus of the dysmorphic and hypoplastic features (B, H), cerebral aqueduct stenosis (E), cerebellum
posterior rotation, and pontocerebellar hypoplasia (D, E, F, I).

Fig. 2. (A) Frontal abdominal radiograph showing marked dilation of the bowel with absence of gas in the rectum (arrow). (B) Lateral view of a
barium enema examination at 6 months of age disclosed abnormal narrowing of the rectum (arrow).
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impair neural migration and subsequently cause LIS,
no study to date has clarified the correlation between
TUBAIA mutation and abnormal neural crest cell
migration in leading to HSCR. However, a recent
study demonstrated that the gap junction protein
connexin 43 (CX43) affects neural crest migration via
effects on microtubules [9]. The CX43 protein is
expressed abundantly in migrating neural crest cells,
which are functionally coupled through gap junction
channels [10]. CX43-knockout mice showed cardiac
anomalies that arose from the abnormal deployment
of cardiac neural crest [11]. Another study demon-
strated the loss of CX43 in the aganglionic intestinal
segments in HSCR [12]. In addition, microtubules
have been identified as playing a critical role in the
trafficking of CX43 to the cell membrane [13]. Fur-
thermore, CX43 binds to both alpha-tubulin and
beta-tubulin [14]. Together, these findings suggest that
mutation of TUBAIA, which is a critical component
of microtubules, alters neural crest migration through
impairment of CX43 function and thus contributes to
the development of HSCR.

Our patient had SIADH, which occurs in patients
with diverse medical conditions, including agenesis of
the corpus callosum, bronchial carcinoma, hydrocepha-
lus, and postoperative brain injury among others [15].
Because SIADH is a secondary disease rather than a
specific genetic disorder, we speculate that our patient’s
SIADH arose due to her severe brain malformations
and was not a direct result of TUBA1A mutation.

In conclusion, we present a patient with a novel
TUBAIA mutation associated with LIS and HSCR.
Our case provides new insight into the wide spectrum
of disease phenotypes and implicates TUBAIA in
both neuronal and neural crest migration. TUBAIA
gene analysis should be considered in cases of LIS
associated with HSCR in the absence of known gene
mutations.
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