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Abstract

Subcortical band heterotopia (SBH), is a brain malformation defined by symmetrical and bilateral heterotopic gray
matter bands localized deep within the white matter, between the cortex and lateral ventricles. SBH is the result
of abnormal neuronal migration, with improper positioning of the cortical neurons. DCX gene (doublecortin), a
microtubule-associated protein with essential roles in neuronal migration and differentiation during brain develop-
ment, is one of the main contributors to the X-linked Lissencephaly spectrum pathogenesis (OMIM #300067). DCX
variants are responsible for SBH in females and isolated lissencephaly in males. Herein, we present a 7-year-old
girl with a de novo frameshift variant in DCX gene, unreported by date. The patient has focal complex seizures with
onset at 23 months of age, fully controlled with medication, mild tremor and coordination impairment of fine move-
ments and some learning difficulties, otherwise with normal development. The brain magnetic resonance imaging
revealed the presence of thick SBH. Direct sequencing of DCX gene revealed a pathogenic heterozygous cytosine
duplication in exon 3; this frameshift variant leads to a premature stop codon in position 164 (p.Glnl60Profs*5).
The variant type and its predicted consequence at protein level correlates with the severity of radiological findings.
The clinical presentation of our patient is, however, milder than expected. Our research expands the mutational
spectrum of DCX gene in SBH females and provides a detailed clinical and imagistic description of the patient.
This paper highlights the utility of single gene sequencing as a first-tier diagnostic test of patients with gene-spe-
cific phenotypic features.
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Introduction

Subcortical band heterotopia (SBH), is a brain
malformation defined by symmetrical and bi-
lateral heterotopic gray matter bands localized
deep within the white matter, between the cor-
tex and lateral ventricles (1,2). The presence of a
normal cortical layer and a subjacent heterotop-
ic cortical layer separated by white matter gives
the appearance of a “double cortex”. This brain
malformation is the result of abnormal neuronal
migration, with improper positioning of the cor-
tical neurons (2). The phenotype varies widely
from nearly unaffected to severe neurodevelop-
mental problems (3). A vast majority of patients
develop seizures in early childhood, SBH being
often detected when brain imaging is performed
following epilepsy onset. Other clinical features
are intellectual disability, behavioural and learn-
ing problems, language impairment, hypotonia,
visual perception difficulties, and fine motor
deficits (1,3).

DCX gene (XLIS, doublecortin) is one of the main
contributors to the X-linked Lissencephaly spec-
trum pathogenesis (OMIM #300067), variants in
this gene being responsible for SBH in females,
while the affected males display isolated lissen-
cephaly (2,4,5). DCX is a microtubule-associat-
ed protein (MAP) that plays an essential role in
the neuronal migration and differentiation during
brain development (6). The mutational spectrum
includes all type of variants from large deletions
of DCX gene to intragenic variants (frameshift,
nonsense, splice-site and missense variants). The
truncating variants leading to loss of function
of the affected allele are frequently reported in
sporadic forms of SBH, while missense variants
are more prevalent in familial cases with Lissen-
cephaly spectrum disorder (3,7).

Herein, we present a 7-year-old girl with a de
novo frameshift variant in DCX gene unreported
to date. The patient has seizures, mild tremor and
mild coordination impairment of fine movements

and some learning difficulties, with an otherwise
normal development. The brain magnetic reso-
nance imaging (MRI) revealed the presence of
diffuse, thick subcortical band heterotopia.

This study was approved by the Ethics Commit-
tee of institutions where the study took place.
Written informed consent for participation in the
study and for data publication was obtained from
the parents of the patient, before inclusion in the
study.

Case presentation

Patient description

The patient is the first child of healthy, noncon-
sanguineous parents. She was born at term after
an uncomplicated pregnancy. Family history is
otherwise unremarkable. The psychomotor de-
velopment was normal. The epileptic seizures
first occurred at the age of 23 months - she ex-
hibited the first seizure with hypotonia, unre-
sponsiveness, perioral cyanosis, vomiting, with
a duration of 5 minutes, and postictal sleep. At
the age of 3 years and 7 months she presented a
new seizure with stertorous breathing, left limbs
hypertonia, followed by generalized hypertonia,
unresponsiveness, head and eyes deviated to
the left, with a duration of a few minutes. She
continued to present focal seizures (eyes devi-
ation to the left, left limb hypertonia) with sec-
ondary generalization from sleep, duration of
about 5 minutes, some of them with vomiting.
Neurological examination was normal. Wake
and Sleep electroencephalogram (EEG) showed
spike and spike-wave with high amplitude, pre-
dominantly on temporal-occipital derivations,
especially in right posterior regions. Antiepi-
leptic treatment with levetiracetam was initiat-
ed. Under this treatment she continued to pres-
ent focal complex seizures with a frequency of
2-5 seizures at every 3-6 months. At the age of 5
years and 9 months the treatment with valproate
was initiated, and levetiracetam was withdrawn.
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At the last evaluation, at the age of 7 years, she
was seizure free (in the last five months), and
the clinical and neurological examination was
normal except for a mild tremor and mild co-
ordination impairment of fine movements. She
is integrated in a regular school, but with some
learning difficulties. Sleep EEG showed isolated
diffuse spikes.

Brain imaging

MRI (3T) showed symmetric, diffuse thick sub-
cortical band heterotopia which involves both
hemispheres; all cerebral lobes are affected, ex-
cept for the temporal poles (Figure 1.A, B). The
cortical thickness was slightly decreased. The
thickness of the band was 5-9 mm and the ven-
tricular system was-symmetrically disposed with
size at the upper limit of the normal range.
Sequence variant analysis

Genomic DNA (gDNA) was isolated from pe-
ripheral blood samples using PureLink™. Ge-
nomic DNA Mini Kit (Invitrogen) according to
manufacturer’s protocol. Variant analysis of the
coding sequence and the exon-intron boundaries
of DCX was performed using Sanger sequenc-
ing. The PCR amplicons were generated using
primers described previously (4). Each PCR re-
action was performed in a final volume of 25 pl,
containing: 50 ng gDNA, 2.5 ul reaction buffer
10X, 0.75 pl MgCI2 (50 mM), 0.5 ul ANTP (10
mM), 0.5 pl of each primer (10 uM), 0.1 pl In-
vitrogen Taq Polymerase Recombinant (5 U/ul)
(Thermo Fisher Scientific, Waltham, MA) and
nuclease free water. Thermocycler parameters
were: denaturation at 94°C for 3 minutes, 35 cy-
cles of denaturation 94°C for 45 seconds, prim-
ers annealing 56°C for 45 seconds, elongation
72°C for 1 minute, and the final elongation at
72°C for 5 minutes. After amplicons purification
with ExoSap-IT PCR Product Cleanup Reagent
(Thermo Fisher Scientific), sequencing reaction
was performed using BigDye Terminator v3.1
Cycle sequencing kit (Thermo Fisher Scientif-

ic) according to manufacturer’s protocol. Both
forward and reverse products were further di-
rect sequenced on ABI 3500 Genetic Analyzer
(Applied Biosystems, Foster City, CA, USA).
The quality evaluation of sequencing products
was made using Sequencing Analysis Software
(SeqA6) (Thermo Fisher Scientific). The se-
quences obtained were compared with the wild-
type DCX (RefSeq NM_001195553.2).

Direct sequencing of DCX gene revealed a
frameshift variant consisting of a cytosine du-
plication in exon 3, NG _011750.1:g2.15962dup,
NM 001195553.2:¢.478dup (Figure 1 C); this
variant is predicted to create a premature stop
codon in position 164 (NP_001182482.1:p.GIn-
160Profs*5).

This sequence change was not detected in the
general population (GnomAD, 1000 Genomes,
dbSNP); also, no previous DCX lissencephaly

GCC CC CCACGATGOT CTC TGT G GG TICT/A

GCCCCCCAGTCCTTG GC T

- i, e W

Fig. 1. Brain imaging and genetic data of the
patient. Brain MRI showing thick subcortical
band heterotopia: T2 - weighted sequence — axial
section (A), T1 - weighted sequence - coronal
section (B). Sanger sequencing electropherograms
of DCX showing heterozygous frameshift variant
in the child (C, upper sequence) and normal alleles
in the mother (C, bottom sequence)
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spectrum patients bearing this variant were re-
ported, to the best of our knowledge (Human
Gene Mutation Database - http://www.hgmd.
org/ or literature). Sanger sequencing of exon 3
of DCX gene in the mother showed the normal
sequence.

Discussion

We report on a new de novo pathogenic frame-
shift variant in DCX gene, in a girl with seizures,
mild neurologic features, and SBH.

Subcortical heterotopia (HP:0032391) includes
SBH - the most frequent form, and other rare
anomalies such as nodular, diffuse ribbon-like,
mesial-parasagittal, curvilinear subcortical het-
erotopia. To date, several genes associated with
these conditions were identified, including ARX,
DCX, EMLI, KIF2A4, NDE1, PAFAHIBI1 (LISI),
RELN, TUBAIA, TUBGI, VLDLR, CEPS85L
(8,9,10,11).

Based on the overlapping genetic etiology, SBH
is classified as part of the lissencephaly spectrum
(8). Overall, the majority of SBH patients are fe-
males, although rare male patients were also re-
ported. Most females with SBH show an anom-
aly of DCX, both sporadic and familial cases be-
ing described. Several studies evaluating DCX
variants in SBH females showed a prevalence of
100% in familial cases and varying from 38% to
90% in sporadic cases, due to different inclusion
criteria (3,7).

DCX is an important member of MAP family
with significant contribution in the organization
and stability of microtubules (MT) (12). DCX is
predominantly expressed in developing brain,
playing a crucial role in neurodevelopment, es-
pecially in neuronal migration (6,13). By direct
interactions with MT and indirect association
with actin filaments, DCX regulates the cyto-
skeleton dynamics, a critical process in normal
formation and development of axons and den-
drites of neurons (13).

DCX presents two homologous globular dou-
blecortin domains: the N-terminal DC (N-DC,
residues 45—-150) and C-terminal DC (C-DC,
residues 170-275) connected by a flexible, un-
structured linker (residues 151-169) (14). These
two DC domains are flanked by an N-terminal
unstructured region (residues 1-44) and a serine/
proline-rich region at C-terminal end (residues
275-366). Due to 27% sequence identity, N-DC
and C-DC have the same folding pattern (ubiq-
uitin-like) (15). Further structural and function-
al studies showed some differences between
these two DC domains, which indicate possible
distinct roles in organization and stabilization
of MT. Thus, both DC domains bind to assem-
bled MT, but C-DC binds also to unpolymerized
tubulin (16). The experimental results indicate
that C-DC seems to be important for MT nu-
cleation and for stabilization of tubulin-tubulin
contact, while N-DC is essential for MT stabi-
lization (17). The function of the unstructured
regions which flank the DC domains has to be
elucidated, although these regions are consid-
ered to be important regulators of DCX. While
no information is currently available regarding
the role of N-terminal end of DCX, the C-ter-
minus, which comprises a serine/proline-rich
region, is involved in multiple protein-protein
interactions (18).

The analysis of pathogenic variant types and
their location on DCX gene revealed a wide va-
riety of functional consequences at protein level
associated with a large spectrum of clinical pre-
sentation in SBH females. Missense variants are
mainly clustered in the N- and C-DC domains and
the affected females present a high variability of
their clinical presentations based on the changed
residues position in the DCX protein tridimen-
sional structure (3,7). Thus, protein 3D structural
studies showed that missense variants in N- and
C-DC domains affecting residues which fall at
protein surface lead to deficient interactions with
microtubules and are associated with a milder
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phenotype; missense variants affecting the bur-
ied residues of these domains impair the protein
stability and lead to more severe clinical presen-
tations. In some particular cases, skewed X-in-
activation can explain for phenotype variability
in females carrying the same variants (3). Mis-
sense variants located in the unstructured N-ter-
minal region were reported in unaffected carrier
females. No missense variants were reported in
the linker or serine/proline rich regions, in SBH
females, indicating an increased tolerance of
these regions to this type of sequence variation.
Missense variants are more frequently reported
in inherited cases, while truncating variant are
more prevalent in sporadic cases (3,7).
Truncating variants (gene deletion, frameshift,
nonsense, and splice-site variants) seem to occur
throughout the entire gene with a higher density
in C-DC and usually lead to a severe clinical and
imagistic phenotype in SBH females (3,19,20).
Our patient has a frameshift variant located in
the linker region between N-DC and C-DC, with
a predicted stop codon in position 164 and pro-
tein truncation with loss of the entire C-DC do-
main and serine/proline-rich region. The variant
occurred de novo, which is in agreement with the
majority of previous reports.

The degree of protein function impairment gen-
erally correlates with the severity of imagistic
and clinical presentation. Thus, truncating vari-
ants and missense variants which lead to destabi-
lization of protein structure were often reported
in females with thick or diffuse thin band hetero-
topia, while missense variants with minor effect
on protein function are reported in females with
frontal thin heterotopia or normal carriers. The
presence of thick or diffuse thin band heterotopia
is associated with moderate to severe intellectu-
al disability, severe language delay, behavioural
problems, and epilepsy in SBH females (3).

A limitation of our study is that we report a sin-
gle case; however, taking into account that SBH
is a rare disorder, we consider that each patient

brings valuable insights. Moreover, we have
compared the genetic and clinical data of our pa-
tient with previously published reports in order
to interpret it within the larger context of exist-
ing knowledge on this disorder.

In conclusion, we report on a 7-year-old girl
SBH bearing a novel frameshift variant in DCX
gene. The type of variant and its predicted con-
sequence at protein level correlates with the se-
verity of radiological findings, the presence of
diffuse thick subcortical band heterotopia. The
clinical presentation of our patient is, however,
milder than expected. The patient had focal com-
plex seizures fully controlled with medication,
learning difficulties with mild tremor and mild
coordination impairment of fine movements.
Thus, our research expands the mutational spec-
trum of DCX gene in SBH females and provides
a detailed clinical and imagistic description of
the patient. This paper highlights the utility of
single gene sequencing as a first-tier diagnostic
test of patients with gene-specific phenotypic
features.
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