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A full genome screen for autism with evidence for
linkage to a region on chromosome 7q

International Molecular Genetic Study of Autism Consortium *
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Autism is characterized by impairments in reciprocal
social interaction and communication, and restricted
and stereotyped patterns of interests and activities.
Developmental difficulties are apparent before 3
years of age and there is evidence for strong genetic
influences most likely involving more than one sus-
ceptibility gene. A two-stage genome search for
susceptibility loci in autism was performed on 87
affected sib pairs plus 12 non-sib affected relative-
pairs, from a total of 99 families identified by an interna-
tional consortium. Regions on six chromosomes (4, 7,
10, 16, 19 and 22) were identified which generated a
multipoint maximum lod score (MLS) > 1. A region on
chromosome 7q was the most significant with an MLS
of 3.55 near markers D7S530 and D7S684 in the subset
of 56 UK affected sib-pair families, and an MLS of 2.53
in all 87 affected sib-pair families. An area on chromo-
some 16p near the telomere was the next most signifi-
cant, with an MLS of 1.97 in the UK families, and 1.51
in all families. These results are an important step to-

wards identifying genes predisposing to autism; es-
tablishing their general applicability requires further
study.

INTRODUCTION

Autism—the prototypical Pervasive Development Disorder
(PDD)—has a population prevalence @#/10 000 and is
characterized by impairments in reciprocal social interaction and
communication, restricted and stereotyped patterns of interests
and activities, and the presence of developmental abnormalities
by 3 years of agel{£3). A strong genetic component in autism is
indicated by an increased concordance rate in monozygotic
versus dizygotic twins4(5) and a risk to siblings of idiopathic
cases which is 75 times greater than the general population
prevalence As = 75: ratio of 3% sibling risk divided by the
population prevalence of 0.0033)]( The behavioural phenotype
can extend to other PDD¢g,§) and the genetic liability is
probably mediated by several 10€).(A full genome-wide search

for susceptibility loci was undertaken since the neurobiological
basis of the disorder is unknown and there are no strong candidate
genes.

*(http://www.well.ox.ac.uklmaestrin/iat.html)
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Table 1. Summary description of family samples

Breakdown of relative-pairs Stage 1 Stage 2 Total

UK All UK All UK All
Sibling pair families 25 36 30 49 55 85
Sibling trio families 0 0 1 2 1 2
Other relative-pair families 1 3 9 9 10 12
Total number of affected individuals 201

Composition of relative-pairs

Case Type 1/Case Type 1 43
Case Type 1/Case Type 2 56
Sex of relative-pairs

Male/male 71
Male/female 24
Female/female 4

Age of probands (meahSD) 10.5+£ 6.5

Mean ADI algorithm domain scores
Case type 1 Case type 2

Social 242+ 47 20.4+5.7

Communication 16.24.3 149+ 4.4

Repetitive 6.%# 2.3 5.7+2.9

Vineland Adaptive Behaviour Composite Scores 46.2+18.6 52.3+20.8
RESULTS Although the 99 families used for genotyping were all

caucasian, 66 were from the UK, 11 from Germany, 10 from The
Strict criteria were applied to identify 99 families containingNetherlands, five from the USA, five from France and two from
affected relative-pairs. At least one individual in each pair had@enmark. Consequently the large UK subgroup of families have
clinical diagnosis of autism, satisfied Autism Diagnostic Interbeen considered separately in the final analysis as they represent
view (ADI) algorithm criteria §) for autism in the three the largest population from a single country. Summary details of
behavioural domains (qualitative impairments in reciprocathe 99 affected relative-pair families are provided in Table
social interaction; qualitative impairments in communicationthe UK families both cases have been karyotyped using standard
restricted, repetitive and stereotyped patterns of behavioorethods in 62 of the 66 families and one case only in the other
interests and activities), showed developmental abnormalities fiour. One case has been tested for Fragile X by DNA analysis in
the first 3 years, and had a history of language delay; thea#t 66 UK families. In the total sample of 99 families, at least one
individuals were designated Case Type 1. Twin and family studiesise has been karyotyped in 87 of the families and one case testec
of autism {,6) indicate that the genetic liability extends tofor Fragile X in 98 of the 99 families. No chromosomal
Asperger’s syndrome [a disorder characterized by the same kialnormalities or cases of Fragile X were detected.
of abnormalities that typify autism, but in which there is no For stage 1 of the genome screen, 316 microsatellite markers
general delay in language or cognitive developrmighaqid other  were typed in 39 families, including 254 markers from the index
PDDs. Because of the low base rate of autism in the populatiset by Reedt al.(9), to which another 62 were added to fill in the
(2,3), including relative pairs in which the other proband hasarger gaps. After calculating pairwise and multipoint MLS, 38
Asperger’s syndrome or PDD is unlikely to introduce significantmore markers were added in regions of interest, for a total of 354
genetic heterogeneity. Individuals were designated as Case Typarkers typed in stage 1; 62 of these markers had an MLS
2 if they had a clinical diagnosis of Asperger’s syndrome, PD[pairwise or multipoint) > 0.5. In stage 2, 60 additional families
or autism unaccompanied by language delay (even if ADVere genotyped using asubset of 175 markers, that focused on the
algorithm criteria for autism were met), and if they had one afegions identified in stage 1. Although only one marker on the X
these clinical diagnoses but fell 1 point below threshold on one ohromosome (DXS996) reached an MLS > 0.5 in the stage 1 data
the behavioural domains of the ADI algorithm. Individualsset, markers across the whole chromosome were included in stage
fulfilling clinical and ADI algorithm criteria for autism but with 2 because of the increased incidence of autism in nazdgdjue
apparent profound retardation were also designated Case Typéa2the small number of available families, the stage 1 and stage 2

Figure 1. Multipoint maps along each chromosome, generated by ASPEX under a model of no dominance variance. Solid lines represetuchszdareland

dashed lines represent exclusion plots\for 2.5. The results for the total data set of 87 affected sib-pair families are shown in red and the results for the subset c
56 UK affected sib-pair families are shown in blue. The position of markers used in the genome screen are shown bydslufetypadgh stage 1 only, and by

green triangles if typed in stages 1 and 2.
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Table 2.Loci with a single-point MLS > 1 in either all familites or the UK subset determined by the SPLINK program, the lowest GH
P-value for each region, the maximum identity-by-descent sharing and multipoint MLS generated by ASPEX

ALL UK
Position ~ SPLINK SPLINK  GH % ASPEX Position SPLINK SPLINK GH %  ASPEX
Marker cM MLS _ P-value P-values Sharing MLS cM MLS _P-value P-values Sharing MLS
PEAK 2 103.0 0.0356 56.4 0.65 103.0 0.0361 58.6 0.76
D251351 103.0 2.14 0.0015 2.36 0.0009
D2S142 166.3 1.33 0.0109 032  0.1560
D3S1303 138.4 1.06 0.0220 0.63 0.0675
PEAK 3 141.2 0.1237 57.6 0.73 141.2 0.1853 58.7 0.55
D4S2936 0.0 1.52 0.0070 0.76 0.0470
D4S412 3.0 1.33 0.0111 0.73 0.0510
PEAK 4 4.8 0.0036 60.7 1.55 21.0 0.0155 61.6 1.10
CFTR 1255 136 0.0101 087 00358
D75480 127.2 1.70 0.0045 0.99 0.0263
D7S8530 136.4 1.30 0.0121 2.87 0.0003
PEAK 7 144.7 0.0022 64.0 2.53 146.3 0.0006 70.1 3.55
D7S684 149.6 2.26 0.0011 2.58 0.0005
D7S82513 154.1 1.00 0.0251 1.89 0.0028
PEAK 8 35.0 0.0339 57.4 0.79 35.0 0.0420 58.4 0.61
D8S1786 441 1.43 0.0087 1.86 0.0030
D10S197 50.5 1.55 0.0065 0.45 0.1101
PEAK 10 51.9 0.0087 60.7 1.36 30.3 0.0577 60.5 0.69
D10S201 105.9 1.25 0.0135 0.76 0.0467
D12S338 1133 1.05 0.0221 0.46 0.1027
PEAK 12 113.9 0.0303 58.8 0.86 113.9 0.1722 57.3 0.36
PEAK 13 85.0 0.0317 56.3 0.59 103.4 0.1084 58.5 0.46
D13S193 85.0 1.52 0.0066 1.05 0.0218
D14S80 20.6 232 0.0010 2.06 0.0019
D14S1034 25.3 1.22 0.0146 1.39 0.0094
PEAK 14 32.2 0.0365 57.6 0.99 229 0.0318 60.0 0.97
D14S70 329 0.99 0.0261 0.66 0.0623
D16S407 16.7 1.28 0.0128 1.08 0.0208
PEAK 16 17.3 0.0054 59.4 1.51 19.3 0.0126 65.9 1.97
D16S3114 21.8 1.05 0.0228 1.12 0.0190
PEAK 19 48.2 0.0324 59.2 0.99 49.0 0.0304 61.1 1.11
D19S549 49.0 1.16 0.0164 1.45 0.0080
D225264 4.0 1.30 0.0121 0.71 0.0547
PEAK 22 5.0 0.0073 59.7 1.39 175 0.0226 63.7 1.36
D225280 25.0 0.92 0.0310 1.36 0.0103

The position is the approximate relative position in cM from pter to gter. When the locations of the peaks (the highestaéh3dgion)
reported by GH and ASPEX differ slightly, the ASPEX position is indicated.

data were analysed together rather than treating stage 2 asegion (ASPEX additive model), while MAPMAKER/SIBS
‘replication’ data set. maximized over the ‘possible triangle’ gives an MLS of 1.48.
The results of the multipoint analyses of the combined stage 1Using ASPEX, six chromosomes (4, 7, 10, 16, 19 and 22) with
and stage 2 data using the program ASPEXL() are displayed regions generating a multipoint MLS > 1 were identified in either
in Figurel. Because the ASPEX program only analyses data frothe UK or total families (Figl, Table2). The long arm of
sibling pair families, the Genehunter program [GB){was also chromosome 7 from D7S530 to D7S684 was the most significant
used since it can analyse data from both sibling-pair and othesgion, with a multipoint MLS of 2.53 (GR = 0.0022) in all
relative-pair families. The single-point results for those markerfamilies and an MLS of 3.55 (GH = 0.00057) in the subset of
that had an MLS of 1.0 or greater and the multipoint results fdgK families. Based on the estimated sharing probabilities in the
each region are presented in TablBased on all 87 sib-pair interval between D7S530 and D7S684 in the UK familigs (z
families, [(B2% of the genome was excluded far= 2.5; the 0.05, 2= 0.50, 2z = 0.45), this locus has an effect corresponding
entire X chromosome was excluded at this levakafonsistent  to aAs of 5.0. The next most significant region was on the short
with the results of Hallmayest al (13). The majority of the arm of chromosome 16 near markers D16S407 and D16S3114,
single-point results are consistent with the multipoint curvesvith a multipoint MLS of 1.51 (GHP = 0.0054) in all families and
However, one of the highest single-point MLS [2.14 at D2S1351.97 (GHP = 0.0126) in the UK families. Based on the estimated
using SPLINK maximized over Holman’'s ‘possible triangle’sharing probabilities in the UK familiespéz0.09, 2= 0.50, 2 =
(14)] is much lower on the multipoint curve, most likely due t00.41) in the interval between D16S407 and D16S3114, the
lower sharing at the flanking markers. This region gives an ML&gion-specifid\s is 2.8. No elevated IBD sharing is observed in
of 0.65 using ASPEX with an additive model and also onlyhe relevant regions on either chromosome 7 or 16 using the 31
achieves an MLS of 0.79 using MAPMAKER/SIBS5] non-UK families; this may be due to heterogeneity across
maximized over the ‘possible triangle’. Similarly, three markergopulations or simply small sample size. There was no evidence
on chromosome 14 have single-point MLS at or above 1.0 (Tabté linkage disequilibrium in either of these regions but the
2), yet the multipoint curve only achieves a value of 0.99 in thimarkers are far apart (5—10 cM). The next most significant region
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was on chromosome 4 with a multipoint MLS of 1.55 (BH  Genotyping was undertaken using a fluorescence-based semi-
0.0036) in all families, an MLS of 1.1 (GP= 0.0155) in the UK automatic method9j. Polymerase chain reactions (PCR) were

families and an MLS of 0.7 in the non-UK families. performed in 96-well microtitre plates, in a final volume ofld 5
containing 40 ng of genomic DNA, 10 mM Tris pH 8.3, 50 mM
DISCUSSION KClI, 1-3 mM MgCb, 200uM dNTPs, 0.2uM of each primer and

0.25 U Tag polymerase. Thirty-five cycles (30 s &t®430 s at

Over 300 transcripts map to the chromosome 7q regi@ra6d 50-66°C, 30 s at 72C) were performed in MJ Research
possible candidate genes expressed in the brain include atférmocyclers. PCR products were combined into pools and
protein-coupled peptide receptor (GPR37), protein tyrosingped using ABI 373A sequencing machines and the GENE-
phosphatase receptor tygde polypeptide (PTPRZ1), ephrin SCAN/GENOTYPER software (Applied Biosystems). Checking
tyrosine kinase receptor (EPHBG6), muscarinic acetylcholinfor non-mendelian inheritance of markers and conversion of
receptor M2, pleiotrophin (PTN), neural precursor cell expressedllele sizes to whole numbers were performed using the GAS
developmentally down-regulated 2 (NEDD2/ICH1/CASP2)package (version 2]1993-1995, A. Young, Oxford University).
glutamate receptor metabotropic 8 (GRM8), similar to potassiuBenbase (version 2.0.5, J.-M. Sebaoun and M. Lathrop) was used
channel EAG, similar to synaptophysin and similar'®&V#P-  to store all genotypic and phenotypic data and to produce the
activated protein kinasgchain. A gene for tuberous sclerosisnecessary files for statistical analysis.
(TSC) has been mapped telomeric to the chromosome 16p regiolThe genome screen consisted of 354 microsatellite markers
but not ordered with respect to other markers (Stanford Humagtith an average intermarker distance of 10 cM and average
Genome Center RH map, http://www-shgc.stanford.edu). Hovheterozygosity of 0.77. The order and genetic distances were
ever, TSC was clinically excluded in the autistic probands in thiaken from the Généthon map9) and other published maps
study. (20,21). The accuracy of the input marker map was checked by

In summary, the first full genome scan in autism has revealegstimating intermarker genetic distances from the marker data.
several interesting loci, one of which achieves an MLS of 3.55in
the largest subset of relative-pair families. Further families,
including singleton cases, are currently being ascertained Katistical analysis
replicate these findings. Fine mapping, tests for linkage disequi-
librium and analysis of candidate genes in these regions

4if addition to straightforward error detection based on simple
underway.

genotype elimination, the marker data were haplotyped using
SIMWALK2 (22-24) to check for chromosomes with an
MATERIALS AND METHODS excessive number of recombination events. The initial analysis of
the stage 1 data used SPLINK to compute pairwise MLS scores
maximized under the ‘possible triangle’ restrictiofg)( Sub-

An international consortium of clinicians identified potentialsequent analyses were carried out with ASPEX1() which
multiplex autism families from clinic cases, and by mailing healttuses information from all the marker loci on a chromosome
care professionals, special schools and members of Natiorénultaneously. Both of these programs use maximum likelihood
Autistic Societies. Initial screening excluded cases younger thanethods to estimate marker allele frequencies from the input data.
4 years, those who appeared unlikely to fulfil diagnostic criterid;lowever, the results should be relatively insensitive to mis-
cases with a past or current medical disorder of probabgpecification of marker allele frequencies as both parents were
etiological significance and families in which both probands wergenotyped in 95% of the families in this study. ASPEX computes
apparently profoundly handicapped. Clinical assessments weggnultipoint MLS, maximized oveks, as well as an exclusion
then conducted on 178 potential multiplex families. The APl ( map along each chromosome. The exclusion map is a function of
and the Vineland Adaptive Behaviour ScalEg (vere adminis- the assumed (fixed) value fidg, which for the exclusion maps
tered to parents and an obstetric and medical history takepresented here was taken to be 2.5. All ASPEX multipoint
Potential probands were assessed using the Autism Diagnogiigalyses were performed under an additive model (no dominance
Observation Schedule [ADOS8)], or a later revision. Psycho- variance), so that ifjzs the probability of an affected sib-pair
metric data are currently being obtained. A physical examinaticsharing i alleles identical by descent, thgr D.25As, z; = 0.50

of potential cases included a careful search for phakamatosesitisl 2 = 0.50 — g. For the regions on chromosome 2 and 14 where
rule out TSC. A blood sample was taken from both cases aitfie single-point and multipoint scores under an additive model
available first degree relatives. When possible karyotyping wagere conflicting, multipoint analyses used MAPMAKER/SIBS
performed on both cases in a family and molecular genetic testifigp) maximized over the possible triangle. Since ASPEX and
for Fragile X on one case, previous results were also obtainé®PLINK only use sib-pairs, non-parametric Z-pair statistics were
This study was approved by the ethical committees of theomputed using Genehuntég), which permits the inclusion of
collaborating organizations. an additional 12 non-sib-pair families, each containing one
extended relative-pair. In the three families with three affected
individuals, all possible pairs were used in the analyses. For the
Genehunter analyses, maximum likelihood estimates of marker
Blood samples were taken and genomic DNA was extracted usiatiele frequencies as provided by SPLINK were used. In the
Nucleor® kit. In addition, lymphoblastoid cell lines were regions of interest on chromosome 7 and 16 a total of 13 markers
generated from peripheral blood leukocytes, providing a renewrere tested for linkage disequilibrium using the transmission
able source of DNA. In 15 cases in which a blood sample couttisequilibrium test Z5,26), as implemented in the ASPEX
not be obtained, DNA was extracted from buccal swabgrogram.

Families

Genotyping
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There has been much discussion about what is the appropriéde Holmans, P. (1993) Asymptotic properties of affected-sib-pair linkage

evidence for ‘significant’ or ‘suggestive’ linkagé&7#-30); the 15
suggestion of Elstor3() of forgoing such labelling of results has =™
been followed here. The-values returned by Genehunter aresg.
known to be quite conservativd232), however, and may
understate the significance of these findings.
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