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Autism is a severe neurodevelopmental dis-
order defined by social and communication
deficits and ritualistic-repetitive behaviors
that are detectable in early childhood. The
etiology of idiopathic autism is strongly ge-
netic, and oligogenic transmission is likely.
The first stage of a two-stage genomic
screen for autism was carried out by the
Collaborative Linkage Study of Autism on
individuals affected with autism from 75
families ascertained through an affected
sib-pair. The strongest multipoint results
were for regions on chromosomes 13 and 7.
The highest maximum multipoint heteroge-
neity LOD (MMLS/het) score is 3.0 at
D13S800 (approximately 55 ¢M from the
telomere) under the recessive model, with
an estimated 35% of families linked to this
locus. The next highest peak is an MMLS/het
score of 2.3 at 19 ¢cM, between D13S217 and
D13S1229. Our third highest MMLS/het
score of 2.2 is on chromosome 7 and is con-
sistent with the International Molecular Ge-
netic Study of Autism Consortium report of
a possible susceptibility locus somewhere
within 7q31-33. These regions and others
will be followed up in the second stage of
our study by typing additional markers in
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both the original and a second set of identi-
cally ascertained autism families, which are
currently being collected. By comparing re-
sults across a number of studies, we expect
to be able to narrow our search for autism
susceptibility genes to a small number of ge-
nomic regions. Am. J. Med. Genet. (Neuro-
psychiatr. Genet.) 88:609-615, 1999.

© 1999 Wiley-Liss, Inc.
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INTRODUCTION

Autism is a severe neurodevelopmental disorder de-
fined by social and communication deficits and ritual-
istic-repetitive behaviors that are detectable in early
childhood and continue, with a fairly predictable
course, throughout the life span. Based on genetic epi-
demiological studies, it is now clear that idiopathic au-
tism is strongly influenced by genes [Santangelo and
Folstein, 1999]. The ratio of the sibling recurrence risk
(6-8%) [Ritvo et al., 1989] to the population prevalence
(2-5/10,000) [American Psychiatric Association, 1994]
generates a very large sibling risk ratio (Ag), ranging
from 120-400. The MZ and DZ pairwise twin concor-
dance rates of 60% and 0%, respectively [Bailey et al.,
1995], suggest a heritability greater than 90%. Al-
though the mechanism of genetic transmission has not
yet been determined, oligogenic transmission is sug-
gested by the patterns of inheritance observed in fami-
lies as well as the greater than 4:1 ratio of concordance
for autism in MZ to DZ twins.

Despite this strong genetic influence, the search
for autism genes has only recently begun in earnest.
Candidate gene studies have provided conflicting evi-
dence for linkage disequilibrium to the serotonin trans-
porter gene on chromosome 17 [Cook et al., 1997;




619 CLSA

Klauck et al., 1997]. Case reports of a possible excess of
cytogenetically detectable duplications on chromosome
15q11-13 in autistic individuals have been reported,
prompting further study of this region [Baker et al,
1994]. Perjcak-Vance et al. found suggestive evidence
of linkage (maximum parametric LOD score = 2.6) in
37 sib-pairs to several polymorphisms in this region,
including GABRB3, the gamma-aminobutyric acid re-
ceptor subunit gene [Pericak-Vance et al., 1997]. Sub-
sequently, Cook et al. reported linkage disequilibrium
between autism and GABRB3, but not in flanking
markers [Cook et al., 1998]. A genome screen reported
by the International Molecular Genetic Study of Au-
tism Consortium (IMGSAC) in 87 sib-pair families re-
vealed the strongest evidence for linkage on chromo-
some 7q [IMGSAC, 1998a, 1998b]. Five other regions
were also implicated in that study, with lesser support.

We report here the results of our initial genomic
screen for genes underlying autism. We identified sev-
eral regions of interest, with the strongest results on
chromosomes 13 and 7.

MATERIALS AND METHODS
Sample

Seventy-five families with at least two children with
autism (including three families with three autistic
children) comprise the sample for this study. The fami-
lies were recruited from three regions of the United
States (Midwest, New England, and mid-Atlantic
states) through three clinical data collection sites: the
University of Iowa, Tufts University-New England
Medical Center, and Johns Hopkins University. All
probands met algorithm criteria of the Autism Diag-
nostic Interview-Revised (ADI-R) [Lord et al., 1994]
and were at least 3 years old. All probands were as-
sessed with the Autism Diagnostic Observation Sched-
ule (ADOS) [Lord et al., 1989] or a later revision
(ADOS-G). Nonverbal 1Q estimates were based on
available medical records. When medical records were
unavailable, minimal IQ estimates were made using
the Vineland Adaptive Behavior Scales [Sparrow et al.,
1985] and Raven’s Progressive Matrices Form Board
[Raven, 1956]. Most probands underwent a standard-
ized physical exam for evidence of neurocutaneous ab-
normalities, localizing neurological signs and dysmor-
phology. Families were excluded if (1) either proband
had evidence of a medical condition associated with
autism by history or exam (such as tuberous sclerosis
or fragile X syndrome); (2) either proband had evidence
of gross central nervous system injury by history or
exam; (3) either proband experienced a severe perina-
tal event; or (4) both probands had nonverbal 1Q esti-
mates below 30. The rationale for these exclusion cri-
teria was to decrease sample heterogeneity (e.g., there
may be genetic factors unique to families in which both
probands have severe/profound mental retardation).
Fragile X was ruled out, in at least one autistic child
per family, by earlier testing (available through the
medical record) or by screening in our laboratory.

Genotyping

Blood samples were taken from all available first-
degree relatives. In almost all cases at least two af-

fected siblings and both parents were sampled. DNA
from each subject was prepared from whole blood using
standard nonorganic protocols. In a small number of
cases lymphoblastoid cell lines have been initiated
[Anderson and Gusella, 1984]. Short tandem repeat
polymorphic markers (STRPs) spanning the genome
were utilized for the genomic screening. These markers
represent a modified version of Weber set 9 (www.
marshmed.org/genetics). The majority of these STRPs
are tri- and tetranucleotide repeat polymorphisms de-
veloped by the Cooperative Human Linkage Center
{Sheffield et al., 1995]. A total of 403 markers were
genotyped with an average spacing of 9 ¢cM. An addi-
tional 13 markers were added in two regions of particu-
lar interest: on chromosome 13, where we obtained our
highest signal, and on chromosome 7, based on the re-
ported finding of the IMGSAC [1998a, 1998b].

Genotyping was performed at the University of lowa
(even numbered chromosomes) and Vanderbilt Univer-
sity (odd numbered chromosomes) using essentially the
same protocol. Polymerase chain reaction (PCR) ampli-
fication of STRPs was performed with 20 ng of genomic
DNA in 8.4 pL reactions containing 1.25 pL of PCR
buffer (100 mM Tris-HCI [pH 8.8], 500 mM Kel, 15 mM
MgCl,, 0.01% gelatin [w/v], 200 uM each of dATP,
dCTP, dGTP and dTTP, 2.5 pmol of each primer and
0.25 unit of Taq DNA polymerase). Samples were am-
plified for 35 cycles at 94°C for 30 s, 55°C for 30 s, and
72°C for 30 s. PCR products were electrophoresed on
6% polyacrylamide gels containing 7.7 M urea at 60 W
for approximately 2 hrs. Gels were silver stained using
the method of Bassam et al. [Bassam et al., 1991]. Gels
were either transferred to Whatmann paper (Vander-
bilt) or the images were captured using a CCD camera
{Iowa). In both cases the gels were scored indepen-
dently by two observers. Genotyping data were entered
into a locally developed genotyping and data manage-
ment system at each site. The database system Geno-
Map [Scheetz et al., 1998] was used at the lowa site
and for coordination of all data handling across the twa
sites; the LAPIS database system was used at the
Vanderbilt site [Haynes et al., 1995].

Statistical Analysis

(i) Establishing regions of interest for follow-up
at Stage 2. Our initial screening strategy entailed
calculating an affected sib-pair (ASP) test at each
marker, for our Stage 1 data. Any region yielding a
p-value = 0.10 would then be retained for follow-up in
an independent set of families, currently being col-
lected, for a Stage 2 analysis. We conducted the initial
screen using a simple recessive LOD score which, for
data such as ours, is equivalent to the ASP test of the
hypothesis that the mean number of alleles shared
identical by descent is 1 [Knapp et al., 1994]. This test
has been shown to be the most powerful ASP test over
a range of models [Blackwelder and Elston, 1985]. The
maximum LOD score is approximately distributed as a
x? {one sided) with one degree of freedom, and accord-
ingly,a LOD threshold of 0.36 was used for initial
screening purposes. LOD scores were calculated using
the MLINK subroutine of the LINKAGE package
(Lathrop et al., 1985].



TABLE I. Sample Demographics

Families in screen 75%
Total individuals genotyped 298"
Autistic prebands 1522
Males 123
Females 29
Age range (yrs) at ADI 3.0-31.0
Ethnicity
Caucasian 94.7%
African-American 2.6%
Asian 1.3%
Hispanic ) 1.3%
Other 0%
Probands by IQ group
<30 7%
29-49 21%
50-69 33%
70+ 34%
Not known 5%
Parental occupation (primary provider)
Professional/Intermediate 49%
Nonmanua! skilled 16%
Manual skilled 17%
Partly skilled/unskilled 16%
Chronically unemployed 1%
No work due to physical/emotional illness 1%
Parental education (primary provider)
Graduate degree 17%
College degree 42%
Partial college 19%
High school 22%
<High school 0%

30ne family was not genotyped on the even chromosomes, lowering the
total number of families, individuals, and probands for the even chromo-
some analyses to 74, 295, and 151, respectively.

(ii) Measuring evidence for linkage in the Stage
1 sample. Increased power to detect linkage may be
achieved by calculating LOD scores under a dominant
as well as a recessive model (as above) [Durner et al.,
1999; Vieland et al., 1992}, and by explicitly allowing
for locus heterogeneity. Consequently, we calculated
two LOD scores, one for a dominant model and one for
a recessive model, allowing for locus heterogeneity via
the admixture model of Smith [Smith, 1963]. Both two-
point and multipoint versions of this analysis were run.
We report later in this article the higher of the two
multipoint scores at each locus, and refer to this as the
MMLS/het statistic [Greenberg, 1989; Hodge et al,,
1997]. All offspring in our families were affected, all
parents were designated as phenotypically unknown,
and the low population prevalence of autism means
that allowing for intrafamilial phenocopies is unneces-
sary. Therefore, only one parameter is involved in
specification of the genetic model for these analyses,
viz., the disease allele frequency. We set this frequency
to arbitrarily high values of 0.10 for the recessive
model and 0.04 for the dominant. Two-point analyses
were run using the MLINK and HOMOG subroutines
of the LINKAGE package [Lathrop et al., 1985]; mul-
tipoint MMLS/het analyses were run in GENE-
HUNTER [Kruglyak et al., 1996], with scores calcu-
lated at each marker locus and at 10 points between
markers. We also report NPL p-values as calculated by
GENEHUNTER.

We note that 4.6 times the two-point admixture LOD
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Fig. 1. Frequency distribution of two-point recessive maximum homo-

geneity lod scores (ASP tests).

score is approximately distributed as a x% with between
1 and 2 degrees of freedom, while 4.6 times the multi-
point admixture LOD score is approximately distrib-
uted as a x2 with 1 degree of freedom (because only the
admixture parameter « is estimated). But for the
MMLS/het statistic, a correction is needed to the cor-
responding x? distribution to compensate for our hav-
ing calculated two LOD scores (one dominant, one re-
cessive) at each locus. Hodge et al. [1997] showed that
(under homogeneity) adding 0.3 to the ordinary signifi-
cance cut-off is a conservative correction for the two
tests. At the one locus where we have evidence of link-
age in the Stage 1 data set (see below), we also maxi-
mized the LOD score over the sole parameter of the
genetic model (disease allele frequency), which allows
us to evaluate the evidence for linkage at (or near) the
true point of maximum likelihood. This technique has
been shown to be a mathematically correct way to es-
timate the gene frequency [Hodge and Elston, 1994;
Vieland and Hodge, 1996], assuming that there really
is linkage, and it has been shown to yield good param-
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Fig. 2. Frequency distribution of multipoint MMLS/het scores.
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Plot of MMLS/het scores across all autosomes. Note: scores are calculated at 416 markers and at 10 peints between each pair of markers.



eter estimates even when the mechanism of inheri-
tance is oligogenic [Greenberg and Berger, 1994].

RESULTS

Sample demographics are described in Table 1. Two
hundred and ninety-eight individuals from 75 families
were genotyped for all chromosomes; one family was
not genotyped on the even chromosomes. Among the
individuals with autism, the ratio of males to females is
4.2:1, which is consistent with the fourfold increase in
the prevalence of autism among males [American Psy-
chiatric Association, 1994]. The ethnicity of the sample
was predominately Caucasian (94.7%), probably be-
cause a large number of the families were from the
Midwest (N = 51) and, in particular, from the lowa
site. Assuming those with an unknown IQ are in the
lower 1Q groups, 66% of the individuals with autism
were in the mentally retarded 1Q range. This propor-
tion of autistic individuals with mental retardation is
consistent with epidemiological reports in the litera-
ture [American Psychiatric Association, 1994].

Regions Identified for Follow-Up at Stage 2

Figure 1 shows the frequency distribution of Z,gp,
the maximum 2-point homogeneity LOD scores (ASP
tests) for the 217/403 markers yielding a maximum
LOD > 0.

A total of 60 Z,gp scores, or 15% of the total 403
markers analyzed, exceeded the threshold (LOD =
0.36) for follow-up. These markers span roughly 27 re-
gions on 16 chromosomes, including the region on
chromosome 7 previously identified by the IMGSAC
(IMGSAC, 1998a, 1998b], and the region of chromo-
some 15 identified by Pericak-Vance et al. [1997] and
others [Cook et al., 1998; Schroer et al., 1998].

Evidence for Linkage in the Stage 1 Sample

Figure 2 shows the frequency distribution of the mul-
tipoint MMLS/het scores for the 259/416 markers with
scores >0, including the 403 markers from the original
screening set and thirteen additional follow up mark-
ers on chromosomes 7 and 13. As can be seen in Figure
2, three markers have MMLS/het scores >2; two of
these are on chromosome 13, and the third is on chro-
mosome 7.

Our region of greatest interest is on chromosome 13,
where the peak multipoint MMLS/het score is 3.0 un-
der the recessive model at marker D13S800 (55 cM;
NPL p value = 0.008). We estimate that 35% of fami-
lies in our data are linked to this locus. It is of interest
to note that under the dominant model, the MMLS/het
at this locus is 1.1. Greenberg and Berger [1994] have
shown that a difference of two LOD units is strong
evidence in favor of one mode of inheritance over the
other when there really is linkage. Additionally, when
we maximize the MMLS/het over disease allele fre-
quency, the MMLS/het score is 3.4 at a disease allele
frequency of =.002, with an estimated 30% of families
linked. A second, smaller peak occurs around 19 ¢M,
between markers D13S217 and D13S1229, with a
MMLS/het = 2.3 under the recessive model (NPL p-
value = 0.019). We estimate that 33% of families are
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linked to this locus. Our third highest peak (MMLS/het
= 2.2 under the recessive model; NPL p-value = 0.022)
occurs on chromosome 7 at marker D7S1813 around
104 ¢M, with 29% of families estimated to be linked to
this locus. Figure 3 shows plots of the multipoint
MMLS/het scores across all autosomes.

DISCUSSION

We examined 75 families with 416 markers. OQur
strongest result is an MMLS/het score of 3.0 on chro-
mosome 13, at D13S800 (map position 55 ¢cM). Assum-
ing an autosomal recessive model we estimate that ap-
proximately 35% of families in our data set are linked
to this locus. The one other published genomic screen
in autism [IMGSAC, 1998a] reported an MLS of ap-
proximately 0.60, approximately 20 cM distal to our
highest peak on chromosome 13. Studies of simulated
data sets have shown that peaks around a true locus
can vary by as much as 15 c¢M in either direction in
different samples from the same population [Hauser et
al., 1996]. Thus, two peaks even 30 cM apart may rep-
resent the same underlying locus, suggesting that the
IMGSAC score might represent the same locus. Also of
note, the IMGSAC analysis did not explicitly allow for
locus heterogeneity. If indeed only a subset of families
in their data set are linked to this locus, allowance for
heterogeneity might increase their signal at that locus.

Our other strong region of interest is on chromosome
7 (MMLS/het = 2.2, at D751813, map position 104 cM,
under the recessive model), where we estimate 29% of
our families are linked. A second smaller peak on chro-
mosome 7 (MMLS/het = 0.8) occurs at GATA32C12 at
150 c¢cM. The IMGSAC [1998a] reported their highest
LOD score (2.5 calculated using ASPEX) on chromo-
some 7 at map position 145 cM. Their follow up of this
region with additional markers and families yielded a
peak LOD of 3.6 near D7S530 at 135 ¢M. [IMGSAC,
1998b]. This locus falls between our primary and sec-
ondary peaks on this chromosome, suggesting the pos-
sibility that a single locus lies in this region. Given the
strong evidence in the IMGSAC sample, our results
lend further support to the importance of this region in
autism. Also of note, Fisher et al. [1998] have mapped
a locus for a specific speech and language disorder
(SLI) gene (SPCH1) between D7352459 and D75643 (at
121-125 ¢M), and others have suggested that these two
conditions, autism and SLI, may have overlapping ge-
netic etiologies [Lord and Paul, 1997].

Another region of interest is at the proximal end of
chromosome 15 (15q11-13), which has received sub-
stantial attention because of both cytogenetic abnor-
malities [Baker et al., 1994] and positive genetic link-
age results that have been reported {Cook et al., 1998,
Pericak-Vance et al., 1997]. Our maximum MMLS/het
scores in this region are 0.51 and 0.54 at D155975 (13
¢M) and ACTC (32 c¢cM), respectively. Thus, we are un-
able to confirm or deny the presence of a chromosome
15 susceptibility locus in our data.

. The interpretation of linkage results based on mul-
tiple data sets is a particularly vexing problem for com-
plex diseases, with failure to replicate appearing to be
the rule rather than the exception. For example, four
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genomic screens in MS [Ebers et al., 1996; Haines et
al., 1996; Kuokkanen et al., 1997; Sawcer et al., 1996]
reported a total of 77 different regions across all four
studies, only 20 of which overlapped in at least two
studies and only 2 of which overlapped all four studies.
However, this failure to replicate does not demon-
strate that the initial findings were false positives.
Suarez et al. [1994] have shown that replication of a
true linkage may require substantially larger sample
sizes than those required for initial detection. More
recently, Wang et al. [In press] have confirmed an im-
portant corollary to this: that when similarly sized data
sets are used, it i1s expected that true findings will be
followed up by nonreplications as a matter of course.
Thus, while the concordance between our findings and
the IMGSAC findings on chromosome 7 are promising,
the fact that the IMGSAC does not report a strong sig-
nal similar to the one we report on chromosome 13 (a
likelihood ratio of 1000:1 in favor of linkage) cannot
necessarily be interpreted as evidence that a true link-
age does not exist in that region. In summary, we have
identified evidence for linkage to a previously unre-
ported region on chromosome 13, and obtained evi-
dence in support of a previously implicated region on
chromosome 7. We are currently undertaking the sec-
ond stage of our project, which involves collecting an
additional 100 families for follow-up analysis.
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NOTE ADDED IN PROOF

Since our manuscript was accepted, two additional
genome screens of multiplex autism families have been
published:

Philippe A, Martinez M, Guilloud-Bataille M, et al.
1999. Genome-wide scan for autism susceptibility
genes Hum Mol Genet 8:805-812.

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