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Abstract

Background: Lissencephaly represents a rare subgroup of ge-
netically distinct neurological disorders of neuronal migration char-
acterized by a paucity or absence of cerebral gyration. The most
common form of lissencephaly has been isolated and referred to
as classic or type 1 lissencephaly. It is frequently related to abnor-
malities within LIS1 or DCX genes, with abnormalities ranging from
single base pair substitutions to contiguous gene deletions.

Methods: In this study, we report, for the first time, a clinical
and genetic characterization of eight unrelated Tunisian children
presenting type 1 lissencephaly. We screened LIS1 and DCX abnor-
malities thanks to a combination of molecular cytogenetic meth-
ods and next generation sequencing.

Results: One deletion of DCX and three deletions of LISI were
observed. One of these deletions was inherited from a maternal
reciprocal translocation and estimated to approximately 2,9 Mb
length. In addition, a 26 Kb LIS1 deletion was detected and refined
between exon 3 up to exon 11 by target capture and sequencing.
The last LIS1 rearrangement was a mutation (c.779T>A, p.V260E).
Finally, two novel DCX mutations were found out (c.910G>C,
p.G304R/c.436T>C, p.F146L).

Conclusions: Our data confirm the individuality and originality
of type 1 lissencephaly on both the phenotypic and the genetic lev-
els. Furthermore, our data confirm again that LIS1 and DCX are the
most genes associated with type 1 lissencephaly and spotlight the
usefulness of developing approaches and methods for detecting a
large number of known causative gene mutations.
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Introduction

Neuronal migration is an extremely complex process, in
which neurons move away from their original site in the ven-
tricular zones to their destination in specific brain regions [1].
The most common neuronal migration disorder is type 1 lis-
sencephaly, caused by defects in neurogenesis and nucleoki-
nesis [2]. It is characterized by paucity (agyria) or the absence
of cerebral gyration (pachygyria) resulting in a “smooth brain”
[3]. Lissencephalic patients have various clinical manifestations,
including severe psychomotor retardation and epilepsy. In addi-
tion, neurological deficits and an early death were observed [4].

The heterogeneity of the associated genes to lissencephaly
has historically made it difficult to determine the specific etiol-
ogy. To the best of our knowledge, 25% are characterized at the
molecular level [5]. Nevertheless, LISI and DCX are the major
candidate genes. PAFAH1B1, a platelet-activating factor acetyl-
hydrolase isoform 1B a subunit, also known as LIS1, is involved
in a signal transduction pathway that is important for cerebral
development [6-7]. In fact, LIS1 deletions extending from single-
exon deletions to deletions of the entire coding region cause a
more severe phenotype than missense mutation. Besides, LIS1
mutations are responsible for about 65% of type 1 lissencepha-
ly [8], while mutations in DCX, a gene involved in microtubules
stabilization, are typically associated with classic lissencephaly
in males with a prevalence of 25% [9].

In this study, we report the clinical and molecular genetic
findings in eight Tunisian children having type 1 lissencephaly.
One DCX deletion and four LIS1 deletions were found and were
predicted to result in truncated protein. In addition, a novel mu-
tation in LIS1 and DCX genes were detected and were predicted
to result in non-functional protein.

Interestingly, our data contributes to further defining the
molecular characteristics associated with type 1 lissencephaly
to improve the genotype-phenotype correlation.

Patients and methods
Patients

Eight children were referred to our department of Cytoge-
netics and Biology of Reproduction for their developmental de-
lay and dysmorphic features. The clinical details of each patient
are shown in Table 1. Photographs of patients 2, 3,5 and 7 are
shown in Figure 1. There was no history of lissencephaly in any
of the eight patients except for patient 3. The Magnetic Reso-
nance Imaging (MRI) of patients 1 and 2 are shown in Figure 2.

This study was approved by the local Ethics Board of the Uni-
versity Hospital Farhat Hached. Written informed consents to
genetic testing and picture publication were obtained from the
parents.

\\and D”).

Figure 1: Photographs of the patients at the age of consultation (P2/A, P3/B, P4/C and P5/D), Brachydactyly seen in patient 5 (D’

~

A. Normal brain for comparison.
B. Transverse section shows bifrontal diffuse agyria (P1).
C. Axial section T1 and sagittal section T2 show diffuse pachagyria

Figure 2: Aspects of the type 1 lissencephaly on MRI in patients with LIS1 microdeletion.

T1 sequence (D- transverse section, E-sagittal section, F/G- coronal section) showing diffuse agyria, cortical thickening,
\\valley underline 8 and ventriculomegaly. Section H (T2 sequence): Cerebellar atrophy to the left (P2).
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CTabIe 1: Clinical and molecular characteristics of eight patients with lissencephaly spectrum.

)

Genetic data
3 - L Neurological ) Inheri- .
Patient Sex Age Clinical examination R Brain MRI Target cap- In silico analyses
examination FISH analysis CGH analysis tance
ture
Psychomotor Posterior agyria, 46,XY,ish
retardation, severe and Global anterior del(17p13.3)
P1 M| 14m X . . Not done Not done Father Not done
early epilepsy, moderate| hypotonia pachygyria with (LIS1*1)
facial dysmorphia ventriculomegaly
X i 46,XX,ish
Psychomotor Axial and Scattered agyria del(17p13.3)
P2 F 4y retardation, West peripheral with (LISlp*l). Not done Not done | De novo Not done
syndrome hypotonia | ventriculomegaly
) ) 46,XX,der(17) 46,XX.arr[GRCh18]
facial dysmorphia, . Type 1
! Axial . t(3;17) 3p26.2(224727_3864822)
P3 F 4m epilepsy, . lissencephaly Not done | Mother Not done
X hypotonia . . (p26.2;p13.3)mat X3,17p13.3(48539_2976723)
growth retardation with leukomalacia
X1 mat
Type 1 X
Psychomotor . . Deletion from
i i Axial and lissencephaly
lyand| retardation, epilepsy, i i 46,XY.arr[GRCH18]1 exon 3 up to Not
P4 M X peripheral (Agyria) and LIS1*2 Not done
8m | West typique syndrome, ) 7p13.3(2522672-2549373)x1| exon 11 of done
K i hypotonia | corpus callosum
facial dysmorphia ) LIS1 gene
agenesis
West syndrome, Mutation Taster: Disease-
brachydactyly, facial . . LIS1 mutation causing (0,99)
6yand R Axial Diffuse
P5 M dysmorphia, growth . X LIS1*2 arr(1-22)(XY)x2 (c.779T>A, | Denovo gnomAD: Not reported
1/2 i hypotonia pachygyria
retardation, p.V260E) Polyphen-2: Probably-
psychomotor retardation damaging (score 0,999)
Type 1 46,XY,ish
P6 M 6y NA NA X Not done Not done NA Not done
lissencephaly | del(Xq23)(DCX--)
Agyria, atrophy of . Mutation Taster: Disease-
. ) DCX mutation .
. Axial and | the white matter, causing (0,99)
West syndrome, facial i (c.910G>C,
P7 M| 13m . . peripheral | corpus callosum LIS1*2 Not done De novo| gnomAD: Not reported
dysmorphia, epilepsy i K p.G304R)
hypotonia | hypoplasia, ven- Polyphen-2: Probably-
triculomegaly damaging (score 1)
. i DCX mutation Mutation Taster: Disease-
Facial dysmorphia, .
R (c.436T>C, causing (0,99)
mental retardation, Type 1
P8 M | 15y X Normal i LIS1*2 Not done p.F146L) Mother | gnomAD: Not reported
speech delay, walking lissencephaly .
del Polyphen-2: Possibly
ela
v damaging (score 0,941)
Genetic data
3 - L Neurological ) Inheri- L.
Patient Sex Age Clinical examination L Brain MRI Target cap- In silico analyses
examination FISH analysis CGH analysis . tance
ure
Psychomotor Posterior agyria, 46,XY,ish
retardation, severe and Global anterior del(17p13.3)
P1 M| 14m X . L Not done Not done Father Not done
early epilepsy, moderate| hypotonia pachygyria with (LIS1*1)
facial dysmorphia ventriculomegaly
) . 46,XX,ish
Psychomotor Axial and Scattered agyria
. . . del(17p13.3)
P2 F 4y retardation, West peripheral with (LIs1*1) Not done Not done | De novo Not done
syndrome hypotonia | ventriculomegaly
. . 46,XX,der(17) 46,XX.arr[GRCh18]
facial dysmorphia, . Type 1
N Axial . t(3;17) 3p26.2(224727_3864822)
P3 F 4m epilepsy, . lissencephaly Not done | Mother Not done
X hypotonia . . [(p26.2;p13.3)mat X3,17p13.3(48539_2976723)
growth retardation with leukomalacia
X1 mat
Type 1
Psychomotor X . P Deletion from
K i Axial and lissencephaly
lyand| retardation, epilepsy, i i 46,XY.arr[GRCH18]1 exon 3 up to Not
P4 M . peripheral (Agyria) and LIS1*2 Not done
8m | West typique syndrome, i 7p13.3(2522672-2549373)x1| exon 11 of done
K i hypotonia | corpus callosum
facial dysmorphia ) LIS1 gene
agenesis
West syndrome, Mutation Taster: Disease-
brachydactyly, facial i i LIS1 mutation causing (0,99)
6yand X Axial Diffuse
P5 M dysmorphia, growth . X LIS1*2 arr(1-22)(XY)x2 (c.779T>A, |De novo gnomAD: Not reported
1/2 X hypotonia pachygyria
retardation, psychomo- p.V260E) Polyphen-2: Probably-
tor retardation damaging (score 0,999)
Type 1 46,XY,ish
P6 M 6y NA NA X Not done Not done NA Not done
lissencephaly | del(Xq23)(DCX--)
Agyria, atrophy of i Mutation Taster: Disease-
. . DCX mutation .
. Axial and | the white matter, causing (0,99)
West syndrome, facial i (c.910G>C,
P7 M| 13m . i peripheral | corpus callosum LIS1*2 Not done De novo gnomAD: Not reported
dysmorphia, epilepsy ) R p.G304R)
hypotonia hypoplasia, Polyphen-2: Probably-
ventriculomegaly damaging (score 1)
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Facial dysmorphia,
mental retardation, Type 1 lissen-
P8 M 15y . Normal
speech delay, walking

delay

cephaly

LIS1*2

Mutation Taster: Disease-
causing (0,99)
gnomAD: Not reported
Polyphen-2: Possibly
damaging (score 0,941)

DCX mutation
(c.436T>C,
p.F146L)

Not done Mother

NA: Not Available; m: months; y: years.
Karyotype

Chromosomal analysis was performed according to standard
procedures for all the patients. Metaphase chromosome prepa-
rations were obtained by Phytohemagglutinin (PHA) stimulat-
ed lymphocyte culture. Cell cultures were incubated for 72 h.
Chromosome analysis was carried out applying R-banding at a
500-band level according to the International System of Human
Cytogenetic Nomenclature (ISCN) 2016 [10].

Fluorescence In Situ hybridization (FISH)

FISH was performed on blood lymphocytes blocked on meta-
phases of all the patients, according to the standard protocol.
Two probes screening chromosome 17 short arm and chromo-
some X short arm were used: Commercial probes; Miller-Diek-
er/Lissencephaly region probe set: LISI (Red) and RARA (Green)
(Vysis) (Abbott Laboratories, IL, USA) and DCX probe. Then,
probes were co-denaturized for 7 min at 75°C. After overnight
hybridization at 37°C and washing, chromosomes were counter-
stained with a 4,6 Diamino-2-Phenylindole (DAPI). The hybrid-
ized chromosomal spreads were analyzed using a fluorescent
microscope equipped with appropriate filters and a Cytovision
FISH system image capture software (Axioskop Zeiss® fluores-
cent microscope). Slides were scored on the basis of the num-
ber of probe signals for each metaphase. For each target area,
ten hybridized metaphases were analyzed.

Array CGH

Oligonucleotide array CGH was performed using the Agi-
lent Human Genome CGH Microarray Kit 44K®. This microar-
ray consisted of more than 44,000 oligonucleotide probes that
spanned both coding and non-coding regions. The coverage of
the human genome was made with an average spatial resolu-
tion of 75,000 pair bases.

The patient’s DNA as well as a reference DNA was fragment-
ed by heat at 95°C for 20 minutes. Each fragmented DNA prod-
uct was labeled by random priming using either ULS5 or ULS3.
After column-purification, probes were denaturized and pre-
annealed with 5 pg of human Cot-1 DNA, 10 pl of CGH Block-
ing agent and 55 pl of hybridization buffer. Hybridization was
performed at 65°C during 24 h. The microarray was washed,
scanned and analyzed with Agilent Feature Extraction® 9.1 soft-
ware. Results were interpreted using DNA analytics® 4.5 soft-
ware. Only imbalances involving three or more adjacent probes
were held. The identification of probes with a significant gain or
loss was based on the log? ratio plot deviation from 0 with cutoff
values of 0.5 to 1, and —0.5 to —1, respectively.

Panel capture sequencing, alignment, and variant calling

We designed a targeted sequencing panel of 198 genes re-
lated to cortical malformation which are listed in Table 1 in the
supplement. Gene panel sequencing of patients was performed
using Seq Cap EZ Med Exome (Roche Nimble Gene, USA). We
manually processed each series of 24 DNA samples correspond-
ing to index cases for library preparation, and then libraries
were pooled for capture and enrichment reaction.

For the sequencing step, paired-end read sequences were
performed on Illumina Hi Seq 4000 sequencing platforms (lllu-
mina, Inc., San Diego, California, USA).

As for the bioinformatics analysis of sequencing data, se-
guence quality was assessed with Fast QC, then the reads were
mapped using BWA-MEM against the hg19 genome reference,
sorted and indexed in a bam file (Samtools 1.4.1), duplicates
were flagged (Sambamba) and coverage was calculated (Picard-
Tools). Variant calling was done with GATK Haplotype Caller.
Variants were then annotated with Snp Eff, db NSFP, gnom AD,
Clin Var, and an internal database.

Sanger sequencing

Potentially pathogenic mutations identified by targeted se-
quencing panel were confirmed by Sanger sequencing. The
sequencing of PCR amplified fragments was performed on an
ABI3100withtheBigDyeSequencingKitaccordingtothemanufac-
turer’s specifications (Thermo Fischer Scientific, Waltham, MA).

Primers used for PCR were: F: 5-AGACATCCAGGAACAT-
GCGA-3’ and R: 5-TTGTCAGACAGAGATCGCGT-3’ (DCX, exon
2), or F: 5’-AAAGTTCTACTCCAGTGTCAGTGTG- 3’ and R: 5'-TG-
GAGGAAGAGTCCGTCAAC- 3’ (DCX, exon 3), or F: 5’-TCGACTT-
GCATCTCTAACTTGG-3’ and R: 5’-TGCATTAACAGCCCTGAAAC- 3’
(LIS1, exon 8).

Results

The conventional cytogenetic analysis revealed a normal
karyotype in all patients. For these patients, we conducted a
FISH using a probe specific for the LIS1 gene on 17p13.3 and
DCX gene on Xg23. This technique showed one microdeletion of
DCX gene (P6) and three microdeletions of LISIgene (P1, P2 and
P3) (Figure 3). Parents were also analyzed by FISH using a probe
specific for LIS1 gene, in order to study the nature of de novo or
inherited microdeletion. One of these deletions (P3) was inher-
ited from a maternal reciprocal translocation (t (3; 17) (p26.2;
p13.3). Array CGH analysis estimated the loss of at least 2,9 Mb
on the short arm of chromosome 17 (Figure 3). Interestingly, a
26KbLIS1 deletion was also detected and refined between exon
3 up to exon 11 (20 Kb) by target capture and sequencing (P4)
(Figure 3). In addition, a novel mutation (c.779T>A, p.V260E)
was identified in LIS1 in one of the boys (P5) and two other novel
mutations (c.910G>C, p.G304R/ c.436T>C, p.F146L) were found
in DCXin 2 boys (P7,P8) by target capture and sequencing (Table
1) (Figure 4). In fact, mutation in exon 8 of LIS1 gene was not
found in any of the patient’s parents, confirming the de novo
origin in the patient (P5) (Figure 4). The mutation ¢.910G>C of
the DCX gene was validated by Sanger sequencing in the patient
but in none of the parents indicating a de novo mutation (P7)
(Figure 4). On the other hand, the mutation c.436T>C of the
DCX gene was found in the patient’s mother (P8) (Figure 4).

In silico analyzes of the two variations (p.F146L) and
(p.G304R) in the DCX gene showed that these two variations
are predicted as “Disease Causing” (0.99) (Mutation Taster). Te
variation (p.F146L) is possibly pathogenic with a score of 0.941
(polyphen-2). While the variation (p.G304R) is probably patho-
genic with a score of 1 (polyphen-2). The F and G residue are
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highly preserved among different species (Phast Cons). Fur-
thermore, in silico predictions demonstrated that the p.V260E
variation in the LIS1 gene was likely predicted as deleterious
("Disease Causing" (0.99) (Mutation Taster)) and as probably
pathogenic (polyphen-2/score=0,999). Furthermore, the V resi-
due is highly preserved among different.

/T ™~

\

|
i
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|

Figure 3: FISH and CGH array analysis. FISH results from patient
1, 2 and 3 (A) using Miller-Dieker/Lissencephaly region probe set:
LISI (Red) and RARA (Green) (Vysis) (Abbott Laboratories, IL, USA)
showing no hybridization to chromosome 17 (Green arrow), array
CGH (44 K) Results from patient 3 showing 17p13.3 deletion of at
least 2,9 Mb in size (B) and 3p26.2 duplication of at least 3,6Mb
in size (C), array CGH (44 K) Results from patient 4 (D) showing
17p13.3 deletion of at least 26 Kb in size, FISH results from patient
6 (E) using DCX specific probe showing no hybridization to chromo-
some X (Red arrow). ‘
o J

icagaccotgcogtgithtggutcatagcaac
AT b a n_ & R 5 N
GACCAGACTGTGCBTGHMRTGGGTCBTAGCAAC
GACCABACTGTGCBTGIRTGEGTCBTAGBCALL
Patient

GACCAGACTGTGCEBTGTRTGGOTCETAGCAAC
GACCABACTGTGCBTGIRTGEETCBTABCALC
Mother

GACCAGACTOTGCGTGTRTGOGTCGTAGCAAL

CACCABACTETGCBTOIRTGEOGTCBTABCALL

P LS

Father

Cggsccgcracticasgaggatogey
m G P L L Q G D C
GGGGACCGCTACE TCAAGGGGATTGTGG
GGGGACCGCTACEICAAGGGGATTGT G

GGGGACCGCTACETCAAGGGGATTGTG
GEGGACCGCTACFITCALGGGGATTGTG

o b oo o

Figure 4: The LIS1 gene sequence electropherogram of patient 5
shows the missense variant (c.779T>A). The LIS1 gene sequence
electropherogram of parents of patient 5 is normal (A), The DCX
gene sequence electropherogram of patient 7 shows the missense
variant (c.910G>C). The patient’s family did not have this mutation
(B), The DCX gene sequence electropherogram of patient 8 and her
\\mother shows the missense variant (c.436T>C) (C). )

Discussion

In the past few years, genetic studies identified 20 genes
associated with lissencephaly [11], including LISI (OMIM *
607432) and DCX (OMIM * 300121), encoded two proteins as-
sociated to microtubules and initially identified as the causative
genes of this disorder. So far, mutations in these genes account
for 85% of type 1 lissencephaly [12]. LISI mutation is mostly as-
sociated with type 1 lissencephaly whereas, hemizygous DCX
mutation is less common and is typically observed in males [4].

On the other hand, subcortical band heterotopia is observed
about 10 times more frequently in females [13]. Clearly, this is
in accordance with our cohort of patient.

Target capture sequencing identified a novel heterozygous
missense mutation of LIS (c.779T>A) in a male patient (P5),
would result in a non-functional protein (p.V260E), which is lo-
cated on the 5 WDA40 repeats. Interestingly, the 260-valine acid
residue is highly preserved among different species, indicating
its importance to the protein function in the development of the
nervous system. According to bioinformatic analyses, we sug-
gest that this mutation is a novel mutation and is predicted to be
potentially damaging. To date, most of the mutations reported
in LIS1 gene are deletions, duplications and nonsense while mis-
sense mutation represents approximately 16% of all mutations
reported [4]. Furthermore, missense mutations are associated
with less severe phenotype (pachygyria/grade 4) than truncat-
ing mutations (agyria/grade 2,3) [14]. In concordance with the
phenotype of our patient who present pachygyria, it has been
supposed that this deleterious mutation is responsible for this
phenotype. However, others studies not have shown a correla-
tion between the mutation’s type and the phenotype’s severity.
For these reason, functional studies are required.

We have diagnosed 4 cases of 17p13.3 deletions : 3 patients
(P2, P3 and P4) are responsible for Miller-Dieker Syndrome
(MDS : OMIM#247200) and 1 patient (P1) is responsible for
Isolated Lissencephaly (ILS : OMIM#607432). All patients pre-
sented type 1 lissencephaly (Agyria-Pachygyria). According to
various previous studies, our patients shared common clinical
feature [15-16]. Curiously, it has been reported that 17p13.3
deletion is associated with epilepsy (71.3%), lissencephaly
(41%), intrauterine growth retardation (62%), ventricular dila-
tion (59%) and corpus callosum anomalies(17%) [17,18].

It has been shown that MDS is caused by deletion includ-
ing at least PAFAH1B1 and YWHAE genes and that ILS is caused
by deletion and heterozygous mutation of PAFAH1B1. MDS
patients exhibit more severe phenotype compared to patients
with ILS [8-18]. This is consonant with clinical data of patients
(P1, P2, P3 and P4). It has been reported that 90% of MDS pa-
tients are associated with 17p13.3. Also, partial deletions of
PAFAH1B1 gene are responsible for rare MDS cases [19]. The
clinical picture of MDS patients reported with both 17p13.3 or
PAFAH1B1 deletions is characterized by severe lissencephaly
[19-8], ascertainning the agyria observed in the patient (P4).
Furthermore, array CGH showed a gain of nearly 26 Kb of the
17p arm in this patient (P4), between 2522672 and 2549373
based on the human genome version 18. Subsequently, this de-
letion was confirmed and refined between exon 3 up to exon
11 by target capture sequencing. Thus, we can hypothesize that
FISH, CGH and Next Generation Sequencing (NGS) are comple-
mentary techniques. Despite the development of NGS, such as
target capture sequencing which may be a useful tool in screen-
ing a large number of known causative gene mutations, CGH
still remains an important technique with a high sensitivity in
the detection of LIS1/DCX deletion.

Several variations in the DCX gene have been reported as re-
sponsible for anterior lissencephaly and Subcortical Band Het-
erotopia (SBH), second form of lissencephaly, in both boys and
girls, respectively, who present essentially epilepsy and intellec-
tual disability. These variations including deletions, nonsense
mutations, frameshift mutations and missense mutations are
located mostly in the two functional microtubule binding do-
mains of doublecortin (N-DC and C-DC). However, the majority
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of mutations are de novo and approximately 20% are mutations
inherited from the mother.

In our study, we identified two mutations in the DCX gene
(c.910G>C; p.G304R) de novo and (c.436T> C, p.F146L) inher-
ited (maternal), respectively in two male patients (P7) and (P8).
A novel hemizygous missense mutation (c.910G>C), would re-
sult in a non-functional protein (p.G304R), that is located next
to the C-DC domain. Due to its importance in the stabilization
of microtubules during neuronal migration, we can suggest that
variation can be responsible for the phenotype of patient (P7)
who presented mental retardation, epilepsy, hypotonia and lis-
sencephaly.

The second patient (P8) presented with mental retardation,
delayed walking and lissencephaly. Targeted panel was identi-
fied a novel hemizygous missense mutation (c.436T>C), would
result in a non-functional (p.F146L), that is located in the N-DC
domain of the doublecortin protein. The 146-F acid residue is
highly preserved among different species, and the mutation
was estimated in silico as deleterious with a score of 0.941.

The patient (P8) has a phenotype less severe than that
presented by the patient (P7). Thus far, we can suggest that
p.F146L mutation affecting the N-DC domain has a less del-
eterious effect, likewise predicted by bioinformatics analysis
(score=0.941).While, previous studies hypothesized that muta-
tions in the C-DC domain resulted in a less severe phenotype
compared to those in the N-DC domain [21]. In fact, it has been
shown that the first 213 amino acids of DCX are enough for bind-
ing microtubules [22]. Therefore, a mutation beyond that would
be associated with a less severe phenotype. These is not the
case for the patient (P8), who has p.F146L mutation associated
with the less severe phenotype compared to that presented by
the patient (P7) with a p.G304R mutation. This difference could
be explain by the capacity of the residue in itself to alter the
three-dimensional structure and the stability and the function
of the protein. Thus, functional studies are required in order to
comparing these two variations. Interestingly, previous studies
have shown that doublecortin functions via binding to micro-
tubules, enhancing microtubule polymerization and facilitating
microtubule bundling [23], suggesting that both N-CD and C-DC
domain play an important role in microtubule binding [24]. Con-
sequently, these mutations found out in our study may affect
tubulin binding through direct interaction or destabilization of
DCX protein and may contribute to the patients’ phenotype.

Conclusion

This is the first study in Tunisia reporting the clinical and
genetic data in eight children with type 1 lissencephaly. In this
study, we confirm that LISI and DCX are the main causative
genes for this neuronal migration disorder. So far, deletion or
mutation of these genes plays an important role in lissencepha-
ly, with each gene leading to a specific feature although genetic
interactions between these genes also exist. Furthermore, our
study contributes to a better delineation of the genotype-phe-
notype correlation of type 1 lissencephaly and spotlights the
usefulness of developing approaches and methods for detect-
ing a large number of known causative gene mutations.
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