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Autism is a complex neurodevelopmental disorder with severe cognitive and
communication disabilities, that has a strong genetic predisposition." Reelin, a
protein involved in neuronal migration during development, is encoded by a gene
located on 7q22,> within the candidate region on 7q showing increased allele
sharing in previous genome scans.*® A case/control and family-based association
study recently reported a positive association between a trinucleotide repeat
polymorphism (GGC) located in the 5’ untranslated region (UTR) of the reelin gene
and autism.’ We performed a transmission disequilibrium test (TDT) analysis of
the 5'UTR polymorphism in 167 families including 218 affected subjects (117 trios
and 50 affected sib pairs) and found no evidence of linkage/association. Our results
do not support previous findings and suggest that the reelin gene is unlikely to
play a major role as a susceptibility factor in autism and/or genetic heterogeneity.

There is compelling evidence from twin and family studies that genetic factors contribute
substantially to the predisposition to autism (for review, see Lamb et al'). Indeed, the
concordance rate in monozygote twins is approximately 80%-90%,'®!! the sibling recurrence
risk is estimated at 45,'> and the heritability is >90%.10 Estimates from genetic epidemiology
and linkage studies of the number of genes involved vary from 3'* to more than 15."* Although

genome-wide screens have identified several susceptibility loci,> 413

some of which overlap,
no specific genes associated with autism have yet been identified.

The neurodevelopmental hypothesis of autism is supported by the age at onset in early
childhood (before three years of age), the presence of motor impairments detected during the
first few months of life and some times even at birth in children later developing autism,'® and
more specifically by the observation of post-mortem neuroanatomical anomalies, suggestive of
migration alterations that could occur early during development (first trimester).'”'® Genes
coding for proteins involved in neurodevelopment are thus candidate genes in autism.

Increasing evidence suggest that the reelin protein could be involved in the pathophysiology
of some major psychiatric disorders (for review, see Fatemi'®). A 50% decrease in reelin protein
was found in the cortex, cerebellum and hippocampus of schizophrenic and bipolar
patients.?>?! A preliminary report also described a decrease in reelin in cerebellar homogenates
of autistic patients (cited in Fatemi'®). In addition, a form of lissencephaly was found linked to
a mutation of the reelin gene in one pedigree.**

Reelin is the defective protein in the different strains of reeler mice, whose phenotype is
characterized by severe ataxia and major anomalies of the lamination in the cortex,

hippocampus and cerebellum (for review, see '**

). The pattern of these anomalies resembles
some of the anomalies seen in autism. Reelin is expressed during development in Cajal-Retzius
cells, which play a crucial role in cortex lamination, and is later expressed by interneurons of the
cortex and hippocampus and by granular cells in the cerebellum. The gene encoding reelin

(RELN) is located on 7q22.% This region lies within the chromosome 7q autism susceptibility
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locus identified in several genome scans.>® Recently, a polymorphic trinucleotide repeat
(GGC)n was described in the 5' untranslated region (UTR) of the gene and was found
positively associated to autism in both family-based and population-based association studies.’”

We performed a family-based linkage/association study in a sample of 167 nuclear families,
comprising 50 sib pairs and 117 trios. Preferential allelic transmission from heterozygous
parents to affected offspring was analyzed using the extended transmission/disequilibrium test
(ETDT) for multiallele marker loci.>* Genotype distribution and allele frequencies of the patient
and parent groups for the 5'UTR polymorphism are shown in Table 1. The genotyping
revealed 10 alleles, ranging from 4 to 16 repeats. The global distribution of alleles in our autistic
patients differed significantly from that previously reported by Persico et al’ in a sample of
autistic patients of Italian descent (X2 =27.6, df = 10, P = 0.002). Further analyses revealed
that this difference was mainly due to the rare alleles. Indeed, as in the initial report, alleles 8
and 10 were the most frequent and there was no statistically significant difference between the
frequency of these two alleles in patients in our sample and those of the previous report:
39.2% and 54.4% in our sample versus 44% and 45% reported by Persico et al’ (P =0.24 and
P =0.036, respectively, not significant after Bonferroni correction). In contrast, the frequency
of allele 12 was significantly lower in our sample (0.46%) compared to that found in the
previous study (5.8%) (x2 = 18.5, df = 1 P =0.0001 exact P value). Moreover, we did not
observe the long allele with 23 repeats previously reported but found a new 16 repeat allele.
These differences in allelic distribution most likely reflect the differences in ethnic composition
between our sample and that of Persico et al.” Our family data set is composed mostly of
Caucasian families (94%) recruited in seven countries (France, Sweden, Norway, Italy, Austria,
Belgium, and the United States), whereas the families studied by Persico et al were either Italian
or Caucasian-American.

The transmission data for the alleles of the reelin gene polymorphism are presented in Table
2, for the total sample and separately for the population of trios and sib pairs. The extended
TDT analysis did not reveal a transmission disequilibrium in the total sample, either with the
allele-wise TDT (2 = 8.99, df =9, P = 0.44) or the genotype-wise TDT (y2 = 20.15, df = 14,
P = 0.13). Similarly, no preferential transmission of any of the alleles was detected when
analyzing the samples of trios and sib pairs separately (trios: allele-wise TDT, x2 = 10.09, df =
8, P = 0.26; genotype-wise TDT, 2 = 15.94, df = 12, P =0.19; sib pairs: allele-wise TDT,
¥x2 =592, df = 6, P = 0.43; genotype-wise TDT, %2 =9.69, df = 7, P =0.21). Moreover,
stratification of the data set based on sex of probands (transmissions to male probands: allele-
wise TDT, X2 =6.65,df =9, P=0.67; genotype-wise TDT, X2 =15.36,df =14, P= 0.35) and
maternal versus paternal transmissions did not reveal any significant transmission
disequilibrium (data not shown).

Our results do not support the previous report by Persico et al,” which found excess
transmission of the longer alleles of the (GGC)n 5'UTR polymorphism of the reelin gene (=11
repeats) in patients affected with autism from 172 trios collected in Italy and the USA. There is
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no obvious explanation for this discrepancy. Autism is a heterogeneous disorder and clinical
heterogeneity could be a source of variation between the two samples, although the same
diagnostic criteria were used in both studies. A false negative cannot be totally excluded
although our sample is rather large. Interestingly, the sample of sib pairs examined here was the
same used in the genome scan in which a region overlapping the location of RELN gene showed
a multipoint maximum lod score of 0.83.* Ethnic heterogeneity might offer some explanations
to the difference with the previous report. Persico ef a/ found significant differences in the
genotype and allele distributions of GGC triplet repeats between Italian and Caucasian-
American patients; moreover, the association was more marked in the American families,
whereas the Italian families displayed only a weak association.” Separate analysis of the
subsample of American families of European descent in our data set (n=16) failed to reveal any
transmission distortion (allele-wise TDT, %2 = 1.97, df = 3, P = 0.58; genotype-wise TDT,
x2 =1.98, df =3, P =0.58). Similarly, we found no evidence of linkage disequilibrium when we
analyzed separately the subsamples of Caucasian families of French (allele-wise TDT, %2 =
7.7, df = 8, P = 0.46; genotype-wise TDT, 2 = 12.34, df =11, P =0.34) or Scandinavian
descent (allele-wise TDT, %2 = 3.26, df =4, P = 0.51; genotype-wise TDT, %2 = 5.06 df =5,
P =0.41). The possibility of a spurious association in the previous report cannot be excluded,
particularly since the difference in transmission concerns only rare alleles with 11 repeats or
longer, particularly allele 12, which is found in only two patients in the present sample, but
represents 5.8 % of the alleles in the study by Persico and coworkers.

Genetic heterogeneity in autism has previously been suggested by linkage studies. In mice,
different mutations of genes involved in the reelin pathway lead to phenotypes similar to that

of the reeler mice (e.g., scrambler mice, yotari mice or knock-out of mDabl or cdk5).%*>2

Indeed, reelin is known to be part of a complex pathway (for review see '**

) leading to
phosphorylation of the microtubule-stabilizing protein tau?’ and the expression of reelin is
regulated by transcription factors such as homeoprotein® and brain-derived neurotrophic factor
(BDNF).?’ Therefore, the absence of association seen in this study does not discard the
hypothesis that reelin and/or other genes in this pathway are involved in the pathophysiology
of autism.

In conclusion, using a large sample of families, we did not confirm the association between
the 5S'UTR GGC repeat polymorphism and autism initially reported.” Thus, our results suggest
that the reelin gene does not play a major role in the predisposition to autism. Further studies

are warranted to determine the precise role of reelin and/or the reelin pathway in autism.

Materials and methods

Clinical population
Fifty families with at least two affected siblings (including one family with three autistic

children) and 117 trios, comprising 218 affected individuals, were included in the study.
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Families were recruited by the PARIS study at specialized clinical centers in seven countries
(France, Sweden, Norway, Italy, Austria, Belgium, and the United States). All patients fulfilled
the DSM-1IV criteria for autistic disorder and the Autism Diagnostic Interview-Revised (ADI-
R) algorithm for ICD-10 childhood autism.?® Subjects were included after a complete clinical
and neuropsychological evaluation described previously.* Patients diagnosed with associated
organic conditions or other established chromosomal disorders were excluded. Among the 50
sib-pairs, 19 were from Sweden, 15 from France, 6 from Norway, 4 from the United States, 3
from Italy, 2 from Austria, and 1 from Belgium. Among the trios, there were 85 from France,
14 from the United States, 10 from Norway, and 8 from Sweden. All the sib-pairs were
Caucasian; among the trios, 107 were Caucasian, 4 Caucasian/African Caribbean, 2
Caucasian/African, 2 Asian, 1 African, and 1 Caucasian/Asian. There were 161 males and 57
females (male:female ratio of 2.8:1). Written informed consent was obtained from all families
participating in the study. The study was approved by the ethical committees of the

collaborating institutions.

DNA analysis

Genomic DNA was extracted from peripheral blood leukocytes or lymphoblastoid cell lines.
The 5'UTR polymorphism of the reelin gene (GenBank Accession N° U79716) was amplified
by PCR using primers flanking exon 1 (forward: 5'-CGCCTTCTTCTCGCCTTCTC-3" and
reverse: 5'-CGAAAAGCGGGGGTAATAGC-3") in a 20 uL volume containing approximately
50 ng of genomic DNA and thermostable Taq Polymerase (AmpliTaq, Perkin Elmer Cetus,
Rockville, MD, USA). The forward primer was labeled with IRD800 (MWG Biotech,
Germany). PCR products were visualized by 8% polyacrylamide gel electrophoresis, using a
LICOR 4000L sequencer. Genotyping was carried out blind to the clinical status, was

performed in duplicate and read by two independent investigators.

Statistical analysis

Results were analyzed using the ETDT program,”* which calculates an allele-wise statistic,
which assumes an allele-specific effect on transmission distortion, and a genotype-wise statistic
which allows for an independent effect of each parental genotype. TDT analyses were
performed only in families were both parents were genotyped. In addition, we compared the
allelic frequencies between our sample and that reported previously’ using a Pearson chi-
squared test. When the expected values were less than 5, exact P values were computed with
the StatXact software.

Acknowledgements
We thank the patients and their families who made this research possible. This work was
supported by the INSERM, the Assistance Publique-Hopitaux-de-Paris (PHRC AOM95076



1duasnuew Joyine vH

=
0
1]
=
2
o
o
[
N
»
[¢M]
-~
o
<
1]
=
@,
o
=
[N

MO Krebs et al 6

and CRC n°932413), and the Swedish Medical Research Council (grant n°® K97-21X-11251-
03CK). SL received financial support from Pfizer France (‘Projet Cabanis’). We are grateful to

Christiane Penet, Yolaine Pothin, and Jacqueline Bou for technical assistance at the DNA and
cell bank from the INSERM U289 (IFR des Neurosciences, Hopital Pitié-Salpétrieére) and to
Nathalie Griffon (INSERM U109).

References

10.

11.

12.

13.

14.

15.

Lamb JA, Moore J, Bailey A, Monaco AP. Autism: recent molecular genetic advances. Hum
Mol Genet 2000; 9: 861-8.

DeSilva U, D'Arcangelo G, Braden VV, Chen J, Miao GG, Curran T, ef al. The human reelin
gene: isolation, sequencing, and mapping on chromosome 7. Genome Res 1997; 7: 157-64.
International Molecular Genetic Study of Autism Consortium. A full genome screen for autism
with evidence for linkage to a region on chromosome 7q. Hum Mol Genet 1998; 7: 571-8.
Philippe A, Martinez M, Guilloud-Bataille M, Gillberg C, Rastam M, Sponheim E, et al.
Genome-wide scan for autism susceptibility genes. Paris Autism Research International Sibpair
Study. Hum Mol Genet 1999; 8: 805-12.

Ashley-Koch A, Wolpert CM, Menold MM, Zaeem L, Basu S, Donnelly SL, et al. Genetic
studies of autistic disorder and chromosome 7. Genomics 1999; 61: 227-36.

Barrett S, Beck JC, Bernier R, Bisson E, Braun TA, Casavant TL, et al. An autosomal genomic
screen for autism. Collaborative linkage study of autism. Am J Med Genet 1999; 88: 609-15.
Buxbaum JD, Silverman JM, Smith CJ, Kilifarski M, Reichert J, Hollander E, et al. Evidence
for a susceptibility gene for autism on chromosome 2 and for genetic heterogeneity. Am J
Hum Genet 2001; 68: 1514-20.

International Molecular Genetic Study of Autism Consortium. A genomewide screen for
autism: strong evidence for linkage to chromosomes 2q, 7q, and 16p. Am J Hum Genet 2001;
69: 570-81.

Persico AM, D'Agruma L, Maiorano N, Totaro A, Militerni R, Bravaccio C, et al. Reelin gene
alleles and haplotypes as a factor predisposing to autistic disorder. Mol Psychiatry 2001; 6:
150-159.

Bailey A, Le Couteur A, Gottesman I, Bolton P, Simonoff E, Yuzda E, ef al. Autism as a
strongly genetic disorder: evidence from a British twin study. Psychol Med 1995; 25: 63-77.
Steffenburg S, Gillberg C, Hellgren L, Andersson L, Gillberg IC, Jakobsson G, ef al. A twin study
of autism in Denmark, Finland, Iceland, Norway and Sweden. J Child Psychol Psychiatry 1989;
30: 405-16.

Ritvo ER, Jorde LB, Mason-Brothers A, Freeman BJ, Pingree C, Jones MB, et al. The UCLA-
University of Utah epidemiologic survey of autism: recurrence risk estimates and genetic
counseling. Am J Psychiatry 1989; 146: 1032-6.

Pickles A, Bolton P, Macdonald H, Bailey A, Le Couteur A, Sim CH, et al. Latent-class
analysis of recurrence risks for complex phenotypes with selection and measurement error: a
twin and family history study of autism. Am J Hum Genet 1995; 57: 717-26.

Risch N, Spiker D, Lotspeich L, Nouri N, Hinds D, Hallmayer J, et al. A genomic screen of
autism: evidence for a multilocus etiology. Am J Hum Genet 1999; 65: 493-507.

Liu J, Nyholt DR, Magnussen P, Parano E, Pavone P, Geschwind D, et al. A genomewide
screen for autism susceptibility loci. Am J Hum Genet 2001; 69: 327-40.



yduosnuew Joyine vH

=
n
@D
-
2
(]
o
-
N
»
w
\‘
o
<
@D
-
@,
o
=
[ERN

MO Krebs et al ;

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Teitelbaum P, Teitelbaum O, Nye J, Fryman J, Maurer RG. Movement analysis in infancy may
be useful for early diagnosis of autism. Proc Natl Acad Sci U S 4 1998; 95: 13982-7.
Courchesne E. Brainstem, cerebellar and limbic neuroanatomical abnormalities in autism. Curr
Opin Neurobiol 1997; 7: 269-78.

Bailey A, Luthert P, Dean A, Harding B, Janota I, Montgomery M, et al. A clinicopathological
study of autism. Brain 1998; 121: 889-905.

Fatemi SH. Reelin mutations in mouse and man: from reeler mouse to schizophrenia, mood
disorders, autism and lissencephaly. Mol Psychiatry 2001; 6: 129-133.

Fatemi SH, Earle JA, McMenomy T. Reduction in Reelin immunoreactivity in hippocampus of
subjects with schizophrenia, bipolar disorder and major depression. Mol Psychiatry 2000; 5:
654-63, 571.

Guidotti A, Auta J, Davis JM, Gerevini VD, Dwivedi Y, Grayson DR, et al. Decrease in reelin
and glutamic acid decarboxylase67 (GAD67) expression in schizophrenia and bipolar disorder:
A postmortem brain study. Arch Gen Psychiatry 2000; 57: 1061-9.

Hong SE, Shugart YY, Huang DT, Shahwan SA, Grant PE, Hourihane JO, ef al. Autosomal
recessive lissencephaly with cerebellar hypoplasia is associated with human RELN mutations.
Nat Genet 2000; 26: 93-6.

Rice DS, Curran T. Mutant mice with scrambled brains: understanding the signaling pathways
that control cell positioning in the CNS. Genes Dev 1999; 13: 2758-73.

Sham PC, Curtis D. An extended transmission/disequilibrium test (TDT) for multi-allele
marker loci. Ann Hum Genet 1995; 59: 323-36.

Ohshima T, Ogawa M, Veeranna, Hirasawa M, Longenecker G, Ishiguro K, et al. Synergistic
contributions of cyclin-dependant kinase 5/p35 and Reelin/Dabl to the positioning of cortical
neurons in the developing mouse brain. Proc Natl Acad Sci U S A 2001; 98: 2764-9.

Sheldon M, Rice DS, D'Arcangelo G, Yoneshima H, Nakajima K, Mikoshiba K, et al. Scrambler
and yotari disrupt the disabled gene and produce a reeler-like phenotype in mice. Nature 1997,
389: 730-3.

Hiesberger T, Trommsdorff M, Howell BW, Goffinet A, Mumby MC, Cooper JA, et al. Direct
binding of Reelin to VLDL receptor and ApoE receptor 2 induces tyrosine phosphorylation of
disabled-1 and modulates tau phosphorylation. Neuron 1999; 24: 481-9.

Mallamaci A, Mercurio S, Muzio L, Cecchi C, Pardini CL, Gruss P, et al. The lack of Emx2
causes impairment of Reelin signaling and defects of neuronal migration in the developing
cerebral cortex. J Neurosci 2000; 20: 1109-18.

Ringstedt T, Linnarsson S, Wagner J, Lendahl U, Kokaia Z, Arenas E, ef al. BDNF regulates
reelin expression and Cajal-Retzius cell development in the cerebral cortex. Neuron 1998; 21:
305-15.

Lord C, Rutter M, Le Couteur A. Autism Diagnostic Interview-Revised: a revised version of a
diagnostic interview for caregivers of individuals with possible pervasive developmental
disorders. J Autism Dev Disord 1994; 24: 659-85.



MO Krebs et al

Table 1 Distribution of genotype and allele frequencies of the RELN gene 5’UTR
triplet repeat polymorphism in autistic patients and their parents

Patients Parents
(n=218) (n=436)
T Genotypes
= 4-8 1 (0.5%) 1 (0.2%)
) 4-10 1 (0.5%) 1 (0.2%)
5 5-8 1 (0.5%) 0
= 5-10 0 1 (0.2%)
5 7-8 0 1 (0.2%)
= 7-10 1 (0.5%) 0
q 8-8 36 (16.5%) 68 (15.6%)
=l 8-10 84 (38.5%) 192 (44.0%)
- 8-11 2 (0.9%) 3 (0.7%)
2 8-12 1 (0.5%) 3 (0.7%)
3 8-13 8 (3.7%) 15 (3.4%)
Z 8-14 1 (0.5%) 2 (0.5%)
2 8-16 1 (0.5%) 2 (0.5%)
§ 10-10 70 (32.1%) 127 (29.1%)
3 10-11 2 (0.9%) 2 (0.5%)
= 10-12 1 (0.5%) 3 (0.7%)
o 10-13 8 (3.7%) 13 (3%)
S 10-14 0 - 1 (0.2%)
o 13-13 0 - 1 (0.2%)
Alleles
4 2 (0.5%) 3 (0.3%)
5 1 (0.2%) 1 (0.1%)
7 1 (0.2%) 1 (0.1%)
8 171 (39.2%) 355 (40.7%)
10 237 (54.4%) 467 (53.6%)
11 4 (0.9%) 5 (0.6%)
12 2 (0.5%) 6 (0.7%)
13 16 (3.7%) 29  (3.3%)
14 1 (0.2%) 3 (0.3%)

16 1 (0.2%) 2 (0.23%)
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Table 2 TDT of the RELN gene 5’UTR (GGC)n variant in autistic disorder

Alleles Trios Sib pairs Total sample x P
T NT T NT T NT

4 2 0 0 0 2 0

5 1 0 0 0 1 0

7 1 0 0 0 1 0

8 54 67 49 49 103 116 0.77 0.38
10 63 58 47 45 110 103 0.23 0.63
11 2 1 2 0 4 1

12 1 3 1 1 2 4

13 11 7 4 6 15 13 0.14 0.71
14 0 0 2 1 2

16 0 0 1 1 1 1

T = transmitted, NT = not transmitted. Total sample; allele-wise TDT, ¢* = 8.99, df =9,
p= 0.44; genotype-wise TDT, ¢* = 20.15, df = 14, p = 0.13. In the last two columns are
indicated the ¢* and p values for the transmission of individual alleles in the total sample.



