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Autosomal recessive lissencephaly with cerebellar
hypoplasia is associated with human RELN mutations
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Normal development of the cerebral cortex requires long-range
migration of cortical neurons from proliferative regions deep in
the brain. Lissencephaly (“smooth brain,” from “lissos,” mean-
ing smooth, and “encephalos,” meaning brain) is a severe devel-
opmental disorder in which neuronal migration is impaired,
leading to a thickened cerebral cortex whose normally folded
contour is simplified and smooth. Two identified lissencephaly
genes’3 do not account for all known cases?, and additional
lissencephaly syndromes have been described®. An autosomal
recessive form of lissencephaly (LCH) associated with severe
abnormalities of the cerebellum, hippocampus and brainstem
maps to chromosome 7922, and is associated with two indepen-
dent mutations in the human gene encoding reelin (RELN). The
mutations disrupt splicing of RELN cDNA, resulting in low or
undetectable amounts of reelin protein. LCH parallels the reeler
mouse mutant (Reln™), in which Reln mutations cause cerebellar
hypoplasia, abnormal cerebral cortical neuronal migration and
abnormal axonal connectivity®7. RELN encodes a large (388 kD)
secreted protein8 that acts on migrating cortical neurons by
binding to the very low density lipoprotein receptor (VLDLR),
the apolipoprotein E receptor 2 (ApoER2; refs 9-11), a3pB1 inte-
grin12 and protocadherins!3. Although reelin was previously
thought to function exclusively in brain, some humans with
RELN mutations show abnormal neuromuscular connectivity
and congenital lymphoedema, suggesting previously unsus-
pected functions for reelin in and outside of the brain.

We identified two consanguineous pedigrees with LCH appropri-
ate for linkage analysis. The first (Fig. 1a) consisted of British
parents who are half-first cousins!®. At birth, affected children
showed normal head size, congenital lymphoedema and hypoto-
nia. Brain magnetic resonance imaging (MRI) showed moderate
lissencephaly and profound cerebellar hypoplasia (Fig. 2). Cogni-
tive development was delayed for all affected children, with little
or no language and no ability to sit or stand unsupported. There
was also myopia, nystagmus and generalized seizures that could
be controlled with medication!4. A second pedigree from Saudi

Fig. 1 Pedigree, microsatellite and multipoint linkage analysis of LCH. Pedi-
grees are illustrated for the British (a) and Saudi Arabian (b) pedigrees, along
with alleles of markers in or near 7g22. Multiple normal siblings who were not
tested are indicated by numbers inside of circles or squares. The disease-associ-
ated alleles are indicated by shading. Note that all affected individuals are IBD
for markers in chromosome 7g22. There is no evidence for linkage disequilib-
rium between the two pedigrees. Multipoint lod-score analysis of LCH in chro-
mosome 722 (c) shows relative map positions along the x axis and multipoint
lod score along the y axis. The location of the markers used in the multipoint
analysis and the location of RELN are indicated. The maximal multipoint lod
score is 4.82 in the region of RELN. Although the multipoint lod score rises to
[B.0 between 22 and 30 cM, this region is ruled out as a candidate region
because of obligatory flanking recombination events.

Arabia (Fig. 1b) consisted of a first-cousin marriage with three
affected and four unaffected offspring. The affected children
showed severe delay in neurological and cognitive development,
hypotonia and epilepsy.

Before screening the entire genome for linkage, we tested
markers near RELN (ref. 15) and DABL1 (ref. 16), because muta-
tions of the mouse homologues of these two genes cause brain
defects in mice that resemble LCH (ref. 7), including hypoplasia
of the cerebellum, brainstem abnormalities and a neuronal
migration disorder of the neocortex and hippocampus”7. Both
pedigrees showed substantial regions of homozygosity (Fig. 1a,b)
in all affected children near the RELN locus in chromosome
7922, highly suggestive of identity by descent (IBD), whereas nei-
ther the clinically normal parents nor any of the normal siblings
were homozygous for markers in 7g22. IBD in both pedigrees
included a contiguous set of 13 microsatellite markers in 7922. As
expected (given that the two pedigrees are unrelated), there was
no evidence of linkage disequilibrium between the two families.

Statistical analysis provided strong evidence for linkage of LCH
to chromosome 7g22. Combining the two pedigrees provided a
pooled two-point lod score of 3.28 at marker D7S554 and of 4.02
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Fig. 2 MRI analysis of chromosome 7g22-linked lissencephaly with
cerebellar hypoplasia (LCH). Standard coronal and parasagittal views
are shown from a normal individual (a,b), an affected member of the
British pedigree (c,d) and an affected member of the Saudi Arabian
pedigree (e,f). Axial views of the cortex (g) and pons (h) from other
members of the Saudi Arabian pedigree are also shown. The cortex is
thickened and the gyral pattern is simplified (c-f). Both of these
abnormalities are more severe frontally and temporally, so that the
thickness and gyral pattern of the occipital and parietal cortex are
relatively normal (c,e,g). The hippocampus (asterisk) fails to undergo
its normal pattern of infolding, and consequently appears flattened,
lacking definable upper and lower blades (f). The subcortical white
matter is decreased in amount but consistently normal in its signal
characteristics. The corpus callosum is thin but present over its entire
rostral-caudal extent (c,e). The lateral ventricles are enlarged, which
is a common finding in congenital brain abnormalities, representing
persistence of the fetal ventricular configuration rather than true
hydrocephalus. The cerebellum (arrow in c) is severely reduced in size
(c,e), with hypoplasia of the inferior vermis and cerebellar hemi-
spheres, devoid of any detectable folia (folds) or normal architecture.
The pons (arrowhead in e) is reduced in size in superior-inferior and

antero-posterior extent (c,e,h). The normal ventral bulge of the pons, formed by fibres of the middle cerebellar peduncles, is greatly reduced in size, commensurate
with the hypoplasia of the cerebellum (c,e,h). All visualized cranial nerves appeared normal, including I, lll, V, VII, Vil and XII (b,d,f).

at D7S2446 (Table 1). Nonparametric linkage analysis also pro-
vided highly significant evidence for linkage of LCH to 7g22
(P<0.00003). Multipoint analysis provided a maximal lod score
greater than 4.8 (Fig. 1c). These data and analysis of homozygos-
ity indicated a minimal candidate interval for LCH of approxi-
mately 15 cM between D7S630 and D7S1799. Because RELN is
contained within this interval, we tested it for mutations in LCH.

Reelin is encoded by 65 exons, covering more than 400 kb of
genomic DNA and 12 kb of coding cDNA (refs 7,15,18). We ampli-
fied the entire RELN cDNA using nested RT-PCR amplification of
RNA from immortalized lymphoblastoid cell lines, and detected a
normal, previously described”1819 splice variant that removed 6 bp
of coding sequence (exon 63) without altering the reading frame. In
affected individuals in the Saudi Arabian pedigree, the remainder of
the RT-PCR products were normal except between nt 5,123 and
6,189, where RT-PCR products were 85 bp shorter than normal in
affected patients only (Fig. 3a,b). DNA sequence analysis of the aber-
rant PCR product revealed normal sequence until bp 5,705 of the
ORF, corresponding to the end of exon 35, and normal sequence
corresponding to the beginning of exon 37, but precise deletion of 85
bp corresponding to exon 36 (Fig. 3b). The apposition of exon 35 to
exon 37 indicates abnormal splicing, which deletes exon 36 and pro-
duces a translational frameshift with the addition of 22 missense
amino acids, followed by a premature termination codon.

Sequence analysis of genomic DNA from affected patients (Fig.
3c) revealed a mutation at the splice acceptor sequence of exon 36
that changes the sequence from CAG to CAA. There is a G at
position —1 bp in 100% of known splice-acceptor sites?, All three
affected patients in this family were homozygous for the splice-
acceptor mutation (Fig. 3c, and data not shown). The parents
were both heterozygous for the mutant CAA sequence and the
normal CAG sequence (Fig. 3d,e). The DNA sequence of 90 nor-
mal individuals (45 European and 45 Saudi Arabian or other
Middle Eastern Arabic individuals) showed homozygosity for the
normal CAG sequence in all samples (Fig. 3f).

We identified a second distinct mutation in the British pedigree.
RT-PCR products were once again normal in size and sequence
except between nt 6,696 and 6,844 (Fig. 3g). We observed several
abnormal PCR products, including a predominant PCR product
approximately 150 bp shorter than normal (Fig. 3g). Sequence
analysis of the aberrant RT-PCR product indicated that it matched
the RELN cDNA sequence until bp 6,696, corresponding to the
end of exon 41, and after bp 6,844, the beginning of exon 43. The
removal of exon 42 in the mutant cDNA deletes 148 bp (Fig. 3g,h),
producing a translational frameshift and early termination codon
following 6 missense amino acids. DNA sequence analysis of
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genomic DNA between exons 41 and 43 in affected patients did
not reveal gross rearrangements or mutations at the most highly
conserved splice donor and acceptor sequences, although other
mutations in these introns or elsewhere could not be excluded.

To confirm that the splicing mutations affect reelin protein, we
analysed serum from both pedigrees, as reelin has recently been
detected in normal human serum?L, Reelin is present in serum as
three bands of approximately 420 kD, 310 kD and 160 kD, which
seem to represent proteins with post-translational modifications
(Fig. 4a,b). In the Saudi Arabian pedigree, reelin was undetectable
in affected patients, whereas parents and unaffected siblings

Table 1 = Two-point lod score table for mapping of LCH to
markers in chromosome 7¢g22

Marker 6 0.0 0.01 0.05 0.1 0.2 0.3 0.4
D7S660

Zmax total -0.44 -0.04 0.45 0.61 0.53 0.29 0.07
Ped2 0.84 0.87 0.90 0.84 0.61 0.32 0.08
Ped1 -1.28 -0.92 -0.45 -0.24 -0.08 -0.03 -0.01
D7S630

Zmax total -1.98 -0.01 0.52 0.62 0.52 0.33 0.14
Ped2 0.75 0.74 0.67 0.58 0.40 0.24 0.10
Pedl -2.73 -0.75 -0.14 0.04 0.12 0.09 0.04
D7S8554

Zmax total 3.28 3.20 2.89 2.50 171 0.97 0.35
Ped2 2.13 2.09 1.90 1.66 1.18 0.70 0.27
Ped1 1.14 111 0.99 0.84 0.54 0.27 0.08
D7S796

Zmax total 2.77 271 2.45 212 1.47 0.86 0.34
Ped2 1.49 1.46 1.33 1.16 0.83 0.51 0.22
Pedl 1.28 1.25 112 0.96 0.64 0.35 0.12
D7s818

Zmax total 2.77 271 2.45 212 1.47 0.86 0.34
Ped2 1.49 1.46 1.33 1.16 0.83 0.51 0.22
Ped1 1.28 1.25 112 0.96 0.64 0.35 0.12
D7S2446

Zmax total 4.02 3.94 3.60 3.17 2.30 1.44 0.50
Ped2 2.64 2.59 2.38 212 1.58 1.03 0.50
Pedl 1.38 1.35 1.22 1.05 0.72 0.40 0.15
D7S1799

Zmax total -2.65 0.23 0.73 0.79 0.62 0.38 0.16
Ped2 -3.49 -0.59 -0.00 0.16 0.20 0.14 0.07
Ped1 0.84 0.82 0.74 0.63 0.42 0.23 0.09
D7S52554

Zmax total -0.77 -0.11 0.33 0.39 0.24 0.04 -0.04
Ped2 -1.4 -0.78 -0.22 -0.02 0.09 0.07 0.02
Pedl 0.70 0.67 0.56 0.42 0.15 -0.03 -0.06

Markers are ordered from centromere (top) towards the telomere. The marker
order is taken from the Whitehead map. Ped1 refers to the British pedigree,
and Ped2 to the Saudi Arabian pedigree.
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showed normal or reduced levels of the three reelin bands, consis-
tent with the heterozygous state (Fig. 4a). In affected patients in
the British pedigree, reelin levels were reduced in affected patients
and were only barely detectable if samples were deliberately over-
loaded on the gel (Fig. 4b). Because the affected children in both
pedigrees are clinically and radiographically indistinguishable, we
conclude that both mutations are probably null alleles.

The two human splicing mutations in RELN resemble natu-
rally occurring mouse Reln™ alleles. The Saudi Arabian mutation
truncates the predicted protein after the fourth reelin repeat (Fig.
5a,b), deleting 1,616 amino acids and the highly basic carboxy
terminus that is required for normal secretion and function?223,
The British mutation truncates the predicted protein in the fifth
repeat, removing 1,229 amino acids (Fig. 5a,b) including the
highly basic C terminus. Both human mutations resemble the
Reln™-AIb2 gllele (Fig. 5¢), in which a retrotransposon insertion
into exon 37 causes skipping of that exon with a translational
frameshift?4. In a second naturally occurring mouse allele, Reln-Ort
(Fig. 5¢), an L1 element inserted into exon 61 produces skipping
of that exon with a translational frameshift232526, The Reln™-Or!
and Reln"-AbZ glleles are phenotypically indistinguishable from
alleles in which reelin protein is undetectable.

Fig. 4 Western-blot analysis shows loss of reelin from the serum of LCH patients.
a, Western-blot analysis of serum from a normal control (nl serum) and from the
father, normal siblings (nl sib 1, nl sib 2), mother and two affected children with
LCH in the Saudi Arabian family. Reelin is normally present in serum as three
bands at (420, 310 and 160 kD (arrows; ref. 21), which appear to represent post-
translational modifications of the protein, as they are all present when RELN
cDNA is transfected into cultured cells (rn sup). Parents (heterozygous for muta-
tions) and unaffected siblings show preserved reelin immunoreactivity, with occa-
sional decreased amounts consistent with the heterozygous state. Both affected
offspring show no detectable reelin, even when the lanes are overloaded and
overexposed. Loading controls indicate a band of comparable size from the Pon-
ceau staining of the original gel. b, Western-blot analysis of serum from normal
controls and from the parents and three affected offspring of the British pedi-
gree. Parents show preserved reelin immunoreactivity, whereas all three affected
patients (affected 1, affected 2, affected 3) show reduction of reelin staining, with
bands being faintly detectable only when samples from affected individuals are
deliberately overloaded. The location of a size standard (187 kD) is indicated.
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Fig. 3 Mutational analysis of RELN in LCH. a, Agarose gel electrophoresis of an
RT-PCR product from an affected child in the Saudi Arabian pedigree (Saudi) com-
pared with normal (nl), using primers spanning nt 5,123-6,189 of the coding
sequence. The resulting PCR product is 85 bp smaller than normal. b, DNA
sequence analysis of the abnormal PCR product (a), which is normal in sequence up
to the end of exon 35, and normal again after the beginning of exon 37, indicating
a splicing abnormality that deletes exon 36. Sequence analysis of genomic DNA
from an affected (aff) patient (c) shows that patients are homozygous for a muta-
tion that changes the splice acceptor from CAG to CAA, altering the G that is pre-
sent in 100% of known splice acceptor sites?. Other affected patients in this family
were also homozygous for this mutation (not shown). The parents (fa, mo) were
both heterozygous for the mutation (d,e), and the sequence of a normal control
(nl) is shown in (f). g, An RT-PCR product of a segment of RELN cDNA from a nor-
mal (nl) and an affected patient from the British pedigree (Eng), illustrating the
shortened PCR product present in the patient sample, which is 148 bp shorter than
normal due to skipping of exon 42. The mutant sequence is normal up to bp 6696
of the cDNA sequence, at the end of exon 41, and at bp 6844 of the cDNA, indicat-
ing a deletion of the cDNA of 148 bp, corresponding to a skipping of exon 42.

Whereas the phenotype effected by human RELN mutations
resembles the Reln™ mouse (Fig. 2), human LCH patients point
to several previously unsuspected functions of reelin in and
outside the brain. Although abnormalities of RELN mRNA
have been reported in postmortem brains of schizophrenic
humans?’, we found no evidence of schizophrenia in individu-
als with heterozygous or homozygous RELN mutations. On the
other hand, the one LCH patient studied with a muscle biopsy
showed evidence of abnormal neuromuscular connectivityl4,
Moreover, at least three patients had persistent lymphoedema
neonatally, and one showed accumulation of chlyous (that is,
fatty) ascites fluid that required peritoneal shunting!®. The
apparent role for reelin in serum homeostasis may reflect reelin
interactions with LDL superfamily receptors outside the brain,
as well as in the brain.

Methods

Patient ascertainment. We enrolled patients after obtaining informed con-
sent in accordance with protocols approved by the Institutional Review
Board of Beth Israel Deaconess Medical Center. MRI imaging was per-
formed at several sites and used standard clinical protocols. Peripheral
blood obtained by antecubital venipuncture was subjected to lymphocyte
separation using Lymphocyte Separation Medium (Organon Technica).
We used kits (Qiagen) to prepare DNA from lymphocytes using standard
techniques. The Genomics Core Facility at Massachusetts General Hospital
created immortalized lymphoblastoid cell lines from selected patients
using standard techniques of Epstein-Barr virus-mediated transformation.
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Microsatellite analysis. We identified appropriate microsatellite markers
from published!® and the Marshfield (http://www.marshmed.org/genetics/)
and Genethon maps?, purchased them as PCR primers (Research Genetics)
and amplified them from patient DNA samples using standard conditions.
We separated the PCR products on denaturing polyacrylamide gels, visual-
ized the products using silver staining (Promega) and determined alleles by
running size standards. The allele sizes and frequencies are from the
Genome Database (http://gdbwww.gdb.org/) and Marshfield web sites.

Linkage analysis. We performed parametric and nonparametric analyses
using the Genehunter program, considering the twins in the British pedi-
gree to be monozygotic. For the parametric analyses, we assumed a suscep-
tibility allele with frequency 0.01 and penetrance of 0.9. We performed
multipoint analyses for D7S630, D7S554, D7S796, D7S818, D7S2446,
D7S1799 and D7S2554. Allele frequencies for D7S554, D7S818 and
D7S1799 were not available and therefore were assumed to be equal. How-
ever, the influence of allele frequencies on the multipoint results was exam-
ined. We changed the allele frequencies from the most prevalent alleles to
different values and the results did not change significantly. Nonparametric
tests for linkage were also performed in which we did not have to specify
any genetic parameters such as penetrance and disease allele frequency.

Mutation analysis. We designed RT-PCR primers using Oligo and Primer3
(http://www.embnet.sk/cgi-bin/primer3/primer3_www.cgi). Initial PCR
reactions (35 cycles) generally spanned 1-1.2 kb of RELN cDNA, with sec-
ondary, hemi-nested PCR reactions (35 cycles) consisting of fragments
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Fig. 5 Effects of human and naturally occurring mouse RELN mutations on the
predicted protein. a, The predicted reelin protein. It consists of a region of
homology to F-spondin at the amino terminus, followed by 8 ‘reelin’ repeats,
each consisting of an internal EGF-like repeat flanked by reelin-specific
sequence. The C terminus includes many highly charged amino acids that
appear to be required for secretion. b, Schematic views of the Saudi Arabian
and British mutant alleles. The Saudi Arabian allele causes skipping of exon
36, which causes a translational frameshift and early termination codon fol-
lowing the addition of 22 missense amino acids. The British mutation skips
exon 42, which also creates a termination codon in the middle of the fifth
reelin repeat, after the addition of 6 missense amino acids. ¢, All known natu-
rally occurring mouse mutant alleles of Reln (ref. 7). Two of the three known
alleles are splicing mutations similar to the human alleles. The Reln™-AP2 gllele
skips exon 37 and the Reln™©" allele skips exon 61, and both of these alleles
appear to be complete null alleles.

400-600 bp in length suitable for direct DNA sequencing. Sequences of PCR
primers are available on request. DNA sequence analysis was performed
using the dye termination reaction and Big Dyes (Perkin Elmer). We separat-
ed and read the sequence products on an ABI377 automated sequencer, and
contiged and analysed them using the Sequencher (Genecodes) program.

Western-blot analysis. Serum (1 pl) diluted into denaturing sample buffer
was run on 4-15% gradient gels (Biorad) and transferred overnight onto
Immobilon-P membranes (Millipore). We stained the blots with Ponceau
to normalize loading, then blocked them in 4% nonfat dry milk (1 h) and
incubated them overnight in anti-reelin (142) antiserum at 1:200 dilution.
We then rinsed the blots, incubated them in HRP-conjugated goat anti-
mouse 1gG secondary antibody at 1:2,000 for 1 h, rinsed them again, then
incubated them in LumiGlo Chemiluminescent Substrate (KPL) for 1 min
and exposed them to film (X-OMAT LS, Kodak) for 2-45 min.
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