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Deletion of chromosome 21 disturbs human brain

morphogenesis

Guimei Yao, MD, PhD’, Xiao-Ning Chen, MD?, Laura Flores-Sarnat, MD?, Gillian M. Barlow, PhD’,
Giandomenico Palka, MD’, John B. Moeschler, MD?, Barbara McGillivray, MD?, Richard P. Morse, MD?, and

Julie R. Korenberg, PhD, MD'

Purpose: Humans with small deletions of chromosome 21 provide important models for understanding the role of
dosage-sensitive genes in brain morphogenesis. To identify chromosome 21 genes responsible for defects of the
central nervous system, we determined the deleted regions and brain malformations in three unrelated individuals
with overlapping partial deletions of chromosome 21. Methods: Fluorescent in situ hybridization and magnetic
resonance imaging were used to define the chromosomal structure and structural brain abnormalities present in
these three individuals. Results: The regions of chromosome 21 found to be deleted in these individuals were as
follows: case 1: KCNJ6 to the telomere; case 2: ITSN1 to the telomere; and case 3: ITSN1 to PCNT2. The
abnormalities of brain structure shared by all included microcephaly, pachygyria, polymicrogyria, colpocephaly,
hypoplastic corpus callosum and white matter, hypoplastic cerebellum, and enlarged ventricular system. The
clinical features in common included mental retardation, microcephaly, facial dysmorphism, and epilepsy (severe
in one patient). Conclusion: From analyses of the molecular, cytogenetic, and neuroimaging data from these three
individuals, combined with those from previously reported cases, we infer that deletion of an 8.4-Mb region in
chromosome band 21¢22.2-22.3 (KCNJ6-COL6A2) is associated with cortical dysplasia. We propose that one or
more dosage-sensitive genes in this region contributes to cortical development and that deletion of 21922.2-22.3
should be considered in the diagnosis of mentally retarded patients with facial dysmorphism and cerebral

dysplasia. Genet Med 2006:8(1):1-7.
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Down syndrome (DS), usually caused by trisomy for human
chromosome 21 (HSA 21), is a major cause of mental retarda-
tion and is characterized by abnormalities of cortical neuro-
anatomy, neurochemistry, and function.!-3 In comparison, the
brain abnormalities associated with chromosome 21 deletions
are much more severe. Individuals with small deletions of HSA
21 may thus provide an important model to link specific chro-
mosomal regions and genes to structural brain malformations,
an approach that may provide the means to understand the
role of subtle variations in gene expression in normal variation.

The association of an HSA 21 interval with a given pheno-
type when duplicated or deleted remains an important first
step in identifying the chromosome 21 genes and molecular
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pathways underlying the pathogenesis of DS. The complete
nucleotide sequence of HSA 21 has been reported,* and 225
genes detectable using specific markers and clones were subse-
quently annotated.> Currently, the Ensembl database lists 243
known genes and 87 pseudogenes on HSA 21 (http://www.
ensembl.org). There are several reports linking specific pheno-
types with partial monosomy or trisomy 21,51 and these have
been used to generate a phenotypic map of 25 DS features.!?
However, despite extensive analyses of gene expression pat-
terns and data from overexpressing mouse models, there are as
yet few definitive links between individual HSA 21 genes and
the phenotypes of DS. Moreover, of the few reports of human
gene mutations that disturb cortical development, none are
located on HSA 21. Identifying HSA 21 genes involved in hu-
man brain morphogenesis would be useful for understanding
normal development and the origins of abnormal brain struc-
tures in DS.

We now report neuroimaging analysis of brain malforma-
tions in three individuals with partial deletions of HSA 21.
Combining these data with the results of our cytogenetic and
molecular studies, and with the data from previously published
individuals with partial monosomy 21,'3-15 suggests that an
8.4-Mb region of 21q22.2-22.3 (KCNJ6-COL6A2) is associ-
ated with cortical dysplasia, specifically pachygyria (few broad,



Yao et al.

flat gyri and shallow sulci), polymicrogyria (too many abnor-
mally small brain convolutions), and colpocephaly (abnormal
enlargement of the occipital horns of the brain). We propose
that one or more dosage-sensitive genes located in this region
contribute to cortical development, and that 21q22.3 deletion
should be considered in the diagnosis of mentally retarded
patients with facial dysmorphism and cerebral dysplasia.

MATERIALS AND METHODS

Clinical analyses

The clinical features in three individuals with partial mono-
somy 21 were assessed as indicated in Table 1. These data were
derived from original records of the primary care physicians,
the examining geneticists, and the consulting specialists. Full
institutional review board-approved procedures were fol-
lowed, and confidentiality was maintained throughout. The
ocular findings will be considered in a future publication.

Cytogenetic analysis

Extended chromosome preparations were prepared from
cultured peripheral lymphocytes by methotrexate synchroni-
zation.'® Chromosomes were stained by G-banding (GTG)
and R-banding (RHG) techniques.'®

Molecular analysis

A series of previously mapped!’-2° chromosome 21 DNA
markers were used as probes to define the copy number and/or
structural rearrangement in individuals with partial mono-
somy 21. The sources and references for each of these probes
can be found in Table 2. DNA probes were extracted from
BAC, PAC, or cosmid clones and labeled by indirect or direct
methods using a Nick Translation Kit (Invitrogen, Carlsbad,
CA). Biotin-11-dUTP or Dig-11-dUTP (Sigma, St. Louis, MO)
were used for indirect labeling, and Alexa Fluor 488-5-dUTP,
Alexa Fluor 568-5-dUTP, Alexa Fluor 594-5-dUTP, and Alexa
Fluor 647-5-dCTP (Molecular Probes, Eugene, OR) were used
for direct labeling.?! To define the breakpoints in each individ-

Table 1.

Clinical features in Down syndrome and three individuals with partial monosomy 21

Partial monosomy 21

Phenotype DS Case 1 Case 2 Case 3
Age at examination 2y ly 2y5mo
Gender M F F
Delivery term Full Full Full
TUGR + n + .
Epilepsy (age of onset) + (9 mo) + (4 mo) +(2y)
Microcephaly + + + +
Holoprosencephaly - - . R
Mental retardation (M, moderate; P, profound®) + P M
Development delay + + +
Ocular findings + + +
Epicanthic folds + - + +
Broad base of nose + + + R
Ear + Dysmorphic - Dysmorphic
Palate + _ + _
Micrognathia + + + +
Webbed neck + - + +
Fingers and toes + + + +
Heart + + + +
Hernias + + - +
Abnormal genitalia + + + +
Hypertonia : + + n
Hypotonia + Truncal General

“Intelligence quotient ranges: mild 50—69; moderate 35—49; severe 20—34; profound <20. Diagnostic and Statistical Manual of Mental Retardation, 4th edition.
DS, Down syndrome; IUGR, intrauterine growth retardation; + presence of feature; - absence of feature; = minor change; blank, no information available.
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Table 2
Molecular probes used for fluorescent in situ hybridization analyses
Case 1 Case 2 Case 3
Probe Locus Copy Probe Locus Copy Probe Locus Copy
B76H7 ¢ D21S11 2 Q9iC1t GART 2 B292B3 “ RBMI11 2
B275H7 ¢ D21S232- 2 Q68F10 “ CRYZL1 2 B76H7 * D21S11 2
D21S364
Q0847° SOD1 2 T1276° CRYZLIITSN1 1 B275H7 “ D215232- 2
D21S364
B116E16 GART 2 B130N6 * ITSN1 1 B48G10“ D21S296- 2
D21S82
B149C3 “ ITSN1 2 B149C3 * ITSN1 1 Q2102° D21S93 2
B189F10 “ 2 B63H12 “ DSCR1 1 Q0847 Y SOD1 2
Q7132° KCNJ6 2 Q81D10" 1 B116E16 * GART 2
P25A17 ¢ KCNJ6 1 B122C7“ RUNX1 1 B149C3 * ITSN1 2
P33P15°¢ KCNJ6 1 Q7132° KCNJ6 1 F32E9* ITSN1 1
B295A6 ¢ KCNJ15ERG 1 B292D2 ¢ MX2MX1 1 Q71327 KCNJ6 1
Q0352° ERG 1 B11C2° ITGB2 1 P25A17 ¢ KCNJ6 1
Q5515° ETS2 1 TelVysis21 ¢ Telomere 1 Qo352° ERG 1
B855C1 © ERGETS2 1 B1171M22 ¢ ERG 1
B28F9 © ETS2FLJ45139 1 B855C1 © ERGETS2 1
B30E4 ¢ DSCAM 1 B30E4 ¢ DSCAM 1
B481D5“ PFKL 1 B411B7 ¢ BACE2 1
FAM3B
MX2MX1
LFA/CD18 ITGB2 1 B8H2 * CBS 1
U2AF1
CRYAA
B215F3 “ S1008 1 B340E4 * D21825 1
TelVysis21 ¢ Telomere B78C7 “ PTTGIIP to 1
PCNT2
B74C9 S1008 2
TelVysis21 ¢ Telomere 2
“Korenberg et al.'>*2,
¥ Hattori et al.*.
 Hubert et al.>.
a Vysis Inc. (Downer’s Grove, IL). B, BAC; P, PAC; Q, Cosmid.
ual case, the strategy used was to perform an initial screen, RESULTS

followed by more specific testing with BACs progressively
closer to the breakpoints.

Fluorescent in situ hybridization

Fluorescent in situ hybridization (FISH) and posthybridization
detection were performed as previously described.>! Multicolor
images were captured with a Zeiss (Munich, Germany) Axioplan
2 microscope equipped with an Axiocam MRM camera and con-
jugated to Metasystem software (Microsoft, Redmond, Washing-
ton). An example of four-color FISH showing the chromosome
21 deletion in case 1 is shown in Figure 1.
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Case 1

This male child, now 5 years and 2 months of age, was de-
livered at 40 5/7 weeks gestation by cesarean section for fetal
decelerations. The G3, P1 mother was 24 years old. Both par-
ents appeared normal, and the family history was unremark-
able. Dysmorphic features including facial abnormalities were
noted immediately after birth, as well as low birth weight
(2.065 kg) and microcephaly. Other clinical features are noted
in Table 1. The ocular findings will be considered in a future
publication. At 9 months of age, he developed intractable epi-
leptic seizures that consisted of tonic and right partial seizures.

3
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76H7 ®
427H6®

Fig.1  Four-color FISH illustrating the chromosome 21 deletion in case 1. One of the
chromosomes 21 is deleted for BACs B855C1 and B74C9. B855Cl1 (red dot), B74C9 (yel-
low dot), B76H7 (pink dot), and B427H6 (green dot).

These worsened with time and at 2 years of age were poorly
controlled by medication. Clinical examinations now show se-
vere developmental delay, altered gait associated with hypoto-
nia, and mental retardation.

Magnetic resonance imaging (MRI) examinations per-
formed at 1 day, 9 months, and 2 years of age revealed clearly
abnormal brain morphology (Fig. 2, Table 3). At 2 years of age,
MRI showed cortical dysplasia with areas of pachygyria,
polymicrogyria, and colpocephaly. Paucity of cerebral white
matter was most marked in the left parietal and occipital lobes.
There was a slight increase in diffuse ventriculomegaly and
widening of the sulci relative to the 9-month examination,
likely reflecting a diffuse atrophy. Hypoplastic cerebellar ver-
mis and corpus callosum were also detected, and the hip-
pocampus was symmetrically malformed. Although there had
been interval progression of the myelination of white matter in
the cerebral hemispheres from the 9-month examination, per-
sistent areas of T2 prolongation were observed in the subcor-
tical white matter in the frontal and temporal lobes and insula,
consistent with delayed myelination. The odontoid process
was hypoplastic, and ossification was delayed. In all three cases,
scans were viewed independently by at least two observers,
author Laura Flores-Sarnat and Dr. Harvey Sarnat (Alberta
Children’s Hospital, Calgary, Canada), and by the referring
neurologist.

Cytogenetic analysis revealed 46,XY,del?!(q22.1). Molecular
analysis was then performed by FISH, using subsets of 37 over-
lapping DNA probes extracted from BAC, PAC, or cosmid
clones. These probes span over 27 Mb of chromosome 21 from
RBM11 in 21q11.2 through the telomere and represent a total
of 63 chromosome 21 markers and 56 genes (Table 2). This
approach enables highly precise definition of the molecular
breakpoints in each individual with partial aneuploidy 21. For
case 1, a total of 19 probes spanning from D21S11 in 21q21.1
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Fig.2 MRIand computed tomography (CT) images of three cases with partial mono-
somy 21. A—D, MRI for case 1 at 2 years of age. A, Coronal MRI section showing polymi-
crogyria (thin arrow), left colpocephaly (thick arrow), and hypoplasia of vermis (arrow-
head). B, Coronal section showing hypoplasia of the corpus callosum (thin arrow) and
cortical dysplasia (thick arrow). C, Sagittal view showing occipital polymicrogyria (thin
arrow). D, Sagittal view showing hypoplasia of the corpus callosum (thin arrow) and
vermis of the cerebellum (thick arrow). E-H, MRI for case 2 at 1 year. E and F, Sagittal
views show severe hypoplasia of the corpus callosum (thick arrow), occipital polymicro-
gyria (arrowhead), and a normal cerebellum and brain stem (thin arrow). G and H, Coro-
nal sections showing cortical dysplasia, mainly pachygyria (thick arrow) and hypoplasia of
the white matter (thin arrow). I-L, Cranial CT for case 3 at 22 years of age (axial sections).
I and J, Generalized cortical dysplasia. I, Polymicrogyria (thick arrow), hypoplasia of the
corpus callosum (thin arrow), and atrophy of the cerebellum (arrowhead). J, Hydroceph-
alus ex vacuo (thin arrow). K and L, Hypoplasia of the white matter (thick arrow) and
severe cortical dysplasia (thin arrow), more pronounced in the frontal and parietal than in
the occipital areas.

through the telomere (ter) were used. This individual was
found to have deletions from KCNJ6 (P25A17) to ter (TelVysis
21), an 8.9-Mb region that includes 88 known genes (Figs. 1
and 3).

Case 2

This female child, now 15 years old, was born very small for
gestational age with severe microcephaly, facial abnormalities,
and a number of other dysmorphic features (Table 1). The
family history was unremarkable. At 4 months of age she was
hospitalized with mild respiratory distress and poor feeding,
during which time she had two episodes of febrile seizures.
MRI scans at 1 year of age showed multiple brain abnormalities
(Fig. 2, Table 3), including diffuse cortical dysplasia with areas
of pachygyria and polymicrogyria, hypoplasia of subcortical
white matter and corpus callosum, and a normal cerebellum.
The patient had severe global developmental delay and was
profoundly mentally retarded.

Cytogenetic analysis revealed 46,XX,del?!(q22). FISH was
then performed as described for case 1, using a total of 12 DNA
probes spanning from GART in 21q22.11 to ter (Table 2). This
individual was found to have deletions from ITSN1 (T1276) to
ter (TelVysis 21), a 12.87-MD region that includes 104 known
genes (Fig. 3).

Genetics IN Medicine
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Table 3
Neuroimaging features in three individuals with partial monosomy 21
Case 1 Case 2 Case 3
MRI MRI CT scan
Cerebral cortex Dysplastic Dysplastic Dysplastic
Frontal Pachygyria, focal area Small lobe pachygyria, Pachygyria, polymicrogyria
of polymicrogyria polymicrogyria
Parietal Bilateral pachygyria Pachygyria Polymicrogyria
Temporal Wide right operculum, High sylvian fissure and insula Pachygyria, polymicrogyria
thin insula
Occipital Polymicrogyria Polymicrogyria Polymicrogyria
Ventricular system Left colpocephaly Mild right lateral enlargement Left > right, hydrocephalus ex vacuo
Subcortical white matter Hypoplasia Hypoplasia Hypoplasia
Corpus callosum Hypoplasia Severe hypoplasia Hypoplasia
Basal ganglia Normal Normal Hypoplasia* atrophy
Thalamus Normal Normal Normal
Cerebellum Mild vermian atrophy Normal Diffuse hypoplasia
Brain stem Normal Normal
AP gradient Frontal occipital No. Mixed, generalized Yes. Generalized cortical dysplasia, frontal>occipital
cortical dysplasia
Mediolateral gradient Bilateral dysplasia Bilateral dysplasia Bilateral dysplasia

MRI, magnetic resonance imaging; CT, computed tomography; AP, anteroposterior.

Case 3

This female child, now 15 years old, was born small for date
at 41 weeks gestation to a 33-year-old G2, P1 mother. At birth
she exhibited multiple abnormal features including micro-
cephaly and dysmorphic facial features (Table 1). Head ultra-
sound revealed a hypoplastic corpus callosum and slight in-
crease in size of the lateral ventricles, and a chest x-ray film
revealed eventration of a hemidiaphragm. By 2 years of age she
developed tonic-clonic seizures, confirmed by an electroen-
cephalogram that showed paroxysmal activity originating in
the left temporal lobe. A cranial CT scan at 2% years of age
revealed hydrocephalus ex vacuo and severe cortical dysplasia
(affecting the left hemisphere more than the right), consisting
of pachygyria, polymicrogyria, hypoplasia of the subcortical
white matter and corpus callosum, and hypoplasia of the cer-
ebellum (Fig. 2, Table 3).

Cytogenetic analysis demonstrated mosaicism with two dif-
ferent cell lines, 46,XX,del?!(q22.2), unstable 21p11.1-ter
(84%), and 46,XX (16%). FISH was performed using 22 DNA
probes spanning from RBM11 in 21q11.2 to ter (Table 2). This
individual was found to have deletions from I'TSN1 (PF32E9)
to PCNT?2 (B78C7),a 12.6-Mb region that includes 102 known
genes (Fig. 3).

DISCUSSION

Individuals with partial aneuploidy for HSA 21 provide rare
opportunities to investigate the links between specific chromo-
somal regions, and possibly individual genes, and phenotypic
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features. In this report, we describe three individuals with
overlapping deletions of chromosome 21 and structural brain
malformations defined by MRI. Complete monosomy 21 re-
sults in death in utero, and the effects of partial monosomy 21
vary depending on the region deleted, size of the region, and
presence of other chromosomal abnormalities. Although there
are few reports in the literature of pure partial monosomy
21 &8 1371522724 there is evidence to suggest that deletion of the
telomeric region D21S112-gter does not result in severe
phenotypes.2>2¢ The brain abnormalities in the three individ-
uals reported here include cortical dysplasia consisting of
pachygyria, polymicrogyria and colpocephaly, hypoplasia of
the corpus callosum and white matter, cerebellar hypoplasia,
and enlargement of the ventricular system (Fig. 2). Although
cortical dysgenesis has been described in human syndromes
associated with deletions of chromosomes 17p13.327 and
Xq22.3-q23,?% it has not been commonly reported in syn-
dromes associated with deletions of chromosomes 15q11.2
(Prader-Willi), 5p15.2 (Cri-du-chat), 7ql1.2 (Williams-
Beuren), and 22q11.2 (Velocardofacial, DiGeorge) (http://
www.ncbi.nlm.nih.gov/), suggesting that the phenotypic ef-
fects reported here are specific for deletion of this region of
chromosome 21.

Only three of the existing reports of pure partial monosomy
21 provide confirmation by neuroimaging of the associated
structural brain malformations.'>2324+ These include Es-
tabrooks et al.,'> who first reported holoprosencephaly (HPE)
detected by CT in one individual with partial monosomy 21
with deletions from 21q22.3 to the 21q telomere (qter) (MH in
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Fig.3 Summary of the chromosome 21 regions deleted in nine individuals with partial
monosomy 21. Regions deleted in individuals with cortical dysplasia (black); regions
deleted in individuals without cortical dysplasia (gray). Original references (superscripts)
for previously reported cases. Minimal region of molecular overlap between the deletions
in individuals with cortical dysplasia (black line with arrows at both ends). Locations of
known genes mapping within the region are indicated. A full list of the genes mapping
within the region can be found at http://www.ncbi.nlm.nih.gov/genome/guide/human/.

Fig. 3). On the basis of this and other cases, an HPE minimal
critical region in 21q22.3 was defined as D21S113 to qter.'*
This overlaps the consensus region for cortical dysplasia de-
fined here by 3.2 Mb, which suggested that deletion of the
HPE1 gene might also cause the defects reported here. How-
ever, the lack of signs of HPE sequence in these individuals
does not support this, although deletion of the HPE1 gene may
contribute. Chen et al.?* reported an individual with micro-
cephaly, corpus callosum dysgenesis, and colpocephaly associ-
ated with deletion from an uncertain proximal breakpoint lo-
cated between D21S156 and D21S53 through the telomere,**
supporting our conclusions and likely narrowing the centro-
meric border of the consensus region to D21S156. The telo-
meric border of the consensus region is narrowed by a number
of reports suggesting that deletion of the telomeric region
of 21q22.3 (D21S112-telomere) does not result in severe
phenotypes.?>2¢ Falik-Borenstein et al.'s reported two individ-
uals with partial monosomy 21 (MT and ST in Fig. 3), both of
whom had deletions from COL6A2 to qter and had normal
range intelligence. Therefore, we combine the data from these
cases and suggest that deletion of an 8.4-Mb consensus region
in 21q22.11-22.3 from KCNJ6 to COL6A2 is associated with
cortical dysplasia (Fig. 3), and that one or more dosage-sensi-
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tive genes important for cortical development map within this
region. The centromeric border is likely narrowed to D215156
on the basis of Chen and colleagues’ report,?* decreasing the
consensus region to X Mb.

It is important to note that deletion of the consensus region
KCNJ6-COL6A2 is not invariably associated with striking cor-
tical dysplasia, similar to the variable expressivity seen with
familial HPE in which obligate carriers of mutations of sonic
hedgehog do not exhibit HPE.? This variability is illustrated by
the report of Ehling et al.,2* who described two unrelated indi-
viduals with deletions from the region of ETS2 to qter associ-
ated with developmental delay, one of whom had a reportedly
normal MRI,?? which supports the morphogenetic variability
expected with human mutations.

Genes located in the region KCNJ6-COL6A2 that are expressed
in the developing cortex may contribute to the cortical dysplasia
seen in these individuals. Although this region contains numerous
genes whose functions and expression patterns in developing
brain are unknown, we note that some, including DSCAM,3° are
expressed in developing cortex. We further note that although the
gene encoding DYRKIA is not within the candidate region, it
maps directly proximal to the centromeric breakpoint, and its
expression in the developing brain®"-3? could therefore be dis-
turbed. However, the consequences position effects on gene ex-
pression are likely to be more subtle than the effects of gene dele-
tion. Therefore, although modified expression of DYRK1A may
contribute to the brain defects reported here, it is unlikely to be
solely responsible.

It is of interest to ask how these data provide clues to brain
morphogenesis in DS. We note that the region deleted in case 1
closely mirrors the “DS critical region” in chromosome band
21q22.2-22.3 (Fig. 3). Duplication of this region has been
shown to contribute to many of the features of DS, particularly
the cognitive defects.””™'"*> We therefore compared the fea-
tures of case 1, as well as cases 2 and 3, with those of DS (Table
1) to determine the phenotypic consequences of deletion ver-
sus duplication of this region. We found that deletion of this
region does disturb the same systems as in DS, resulting in
defects of the heart, eye, genitourinary system, and central ner-
vous system structures, as well as in general growth retarda-
tion, although it does not give rise to the major visceral features
of DS. Therefore, it may not be unreasonable to consider that a
subset of dosage genes in 2122 may influence the major sys-
tems involved in the pathogenesis of DS and disturb develop-
ment of these systems in monosomy 21. Single-gene models
such as knockout mice may help to identify the genes involved.

In conclusion, we suggest the hypothesis that one or more
dosage-sensitive genes located in the region defined by KCNJ6-
COLG6A2 contributes to brain development, particularly the
cerebral cortex. These results may be useful for understanding
the genetic origins of neuroanatomic and cognitive deficits of
DS and of mentally retarded persons with cortical dysplasia.
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