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Fine Mapping of Autistic Disorder to Chromosome 15q11-q13 by Use
of Phenotypic Subtypes
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S. A. Ravan,2 L. Elston,1 K. Decena,1 S. L. Donnelly,1 R. K. Abramson,2 H. H. Wright,2
G. R. DeLong,1 J. R. Gilbert,1 and M. A. Pericak-Vance1

1Duke University Medical Center, Durham, NC; and 2W. S. Hall Psychiatric Institute, University of South Carolina, Columbia

Autistic disorder (AutD) is a complex genetic disease. Available evidence suggests that several genes contribute to
the underlying genetic risk for the development of AutD. However, both etiologic heterogeneity and genetic het-
erogeneity confound the discovery of AutD-susceptibility genes. Chromosome 15q11-q13 has been identified as a
strong candidate region on the basis of both the frequent occurrence of chromosomal abnormalities in that region
and numerous suggestive linkage and association findings. Ordered-subset analysis (OSA) is a novel statistical
method to identify a homogeneous subset of families that contribute to overall linkage at a given chromosomal
location and thus to potentially help in the fine mapping and localization of the susceptibility gene within a
chromosomal area. For the present analysis, a factor that represents insistence on sameness (IS)—derived from a
principal-component factor analysis using data on 221 patients with AutD from the repetitive behaviors/stereotyped
patterns domain in the Autism Diagnostic Interview–Revised—was used as a covariate in OSA. Analysis of families
sharing high scores on the IS factor increased linkage evidence for the 15q11-q13 region, at the GABRB3 locus,
from a LOD score of 1.45 to a LOD score of 4.71. These results narrow our region of interest on chromosome
15 to an area surrounding the g-aminobutyric acid–receptor subunit genes, in AutD, and support the hypothesis
that the analysis of phenotypic homogeneous subtypes may be a powerful tool for the mapping of disease-suscep-
tibility genes in complex traits.

Introduction

Autistic disorder (AutD [MIM *209850; MIM *607373])
is a complex neurodevelopmental disorder characterized
by significant disturbances in social, communicative, and
behavioral functioning. Initially described by Leo Kanner
(1943), the core features of AutD have remained consis-
tent since this early formulation. Onset of AutD occurs
before age 3 years; symptoms continue throughout life.
AutD is the most studied disorder among a larger clinical
group known as “pervasive developmental disorders”
(PDDs). Other PDDs include Asperger disorder, Rett syn-
drome (MIM #312750), childhood disintegrative disor-
der, and pervasive developmental disorder not otherwise
specified. Rett disorder can now clearly be distinguished
by the mutations in the MECP2 gene. The most recent
review of multiple epidemiological surveys estimates the
prevalence of AutD at ∼1 per 1,000 children, with the
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prevalence for all PDDs at 6 or 7 per 1,000 (Fombonne
2002).

Several twin and family studies have shown strong
evidence for genetic factors in the etiology of AutD (Rit-
vo et al. 1985; Folstein and Piven 1991; Lotspeich and
Ciaranello 1993; Szatmari et al. 1998). The sibling-re-
currence-risk ratio (ls), estimated from epidemiological
studies, ranges from 50 to 150 (Smalley et al. 1988;
Folstein and Piven 1991; Bailey et al. 1995; Interna-
tional Molecular Genetic Study of Autism Consortium
1998) and is considerably higher than the ls estimates
for other complex disorders, such as multiple sclerosis
(20–40) (Ebers et al. 1995), Alzheimer disease (4–5)
(Farrer et al. 1997), and schizophrenia (9–10) (Risch
1990; Kendler et al. 1993). It is estimated that several
chromosomal loci contribute to genetic susceptibility in
AutD (Pickles et al. 1995; Maestrini et al. 1998). In an
effort to identify these genes, several genome screens
have been performed (International Molecular Genetic
Study of Autism Consortium 1998; Barrett et al. 1999;
Philippe et al. 1999; Risch et al. 1999; Collaborative
Linkage Study of Autism 2001; Shao et al. 2002b). By
use of the criteria of LOD score 11 (parametric or sib-
pair method) and/or nominal P value !.05 between a
marker and AutD, a number of regions have been iden-
tified as interesting. However, despite the high estimate
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of ls, most of these studies have failed to identify loci
with the classical threshold for significant evidence of
linkage ( ) (Lander and Kruglyak 1995). ThisLOD � 3.6
divergence between epidemiological studies and link-
age results is common in complex traits (e.g., AutD)
in which both multiple genes and environmental fac-
tors are likely to contribute to the underlying disease
etiology. In fact, similar findings have been observed in
other common complex diseases, such as hypertension
(Krushkal et al. 1999; Xu et al. 1999; Levy et al. 2000;
Allayee et al. 2001), cardiovascular disease (Rubattu et
al. 1996; Broeckel et al. 2002; Harrap et al. 2002), and
multiple sclerosis (Haines et al. 1996). Both etiologic
heterogeneity and genetic heterogeneity are hypothe-
sized as contributing to the failure to obtain significant
LOD scores that has been observed in AutD.

Heterogeneity also confounds efforts to localize and
identify the genes underlying AutD. One way to address
this complication is to identify homogeneous subsets of
families that have the same underlying AutD genetic
susceptibility. Several analyses of familial data on AutD
have supported the hypothesis that examination of ho-
mogeneous subsets of data is a valuable approach in the
mapping of AutD loci. Subsets of patients with AutD
who were selected on the basis of delayed speech sub-
stantially increased evidence for linkage at loci on chro-
mosomes 2 and 7 (Folstein and Mankoski 2000; Brad-
ford et al. 2001; Buxbaum et al. 2001; Shao et al. 2002a).

The limitation of stratification analysis, however, is
that the subset of families must be defined prior to linkage
analyses. Thus, the identification of appropriate trait-re-
lated–covariate cutoff values that define genetically ho-
mogeneous subsets is crucial to the application of such
a stratification approach. New approaches to incorporate
covariates into linkage analysis have recently been pro-
posed. Ordered-subset analysis (OSA) is one way to cir-
cumvent the definition of arbitrary or a priori cutoffs
(Hauser and Boehnke 1998; Ghosh et al. 2000; Hauser
et al. 2001). OSA can identify family subsets defined by
the level of a trait-related covariate that provides maxi-
mal evidence for linkage, without requiring a priori def-
inition of the subset. In this method, families are ranked
according to their family-specific covariate values, and
family-specific LOD scores are added one by one, in rank
order. After each family is added, the maximum LOD
scores for the subset of families are determined. The max-
imum subset LOD (OSA-LOD) score and the families in
the subset leading to that score are then identified. The
significance of the increase in the OSA-LOD score relative
to the overall LOD score is estimated using a permutation
test.

The class of behaviors described generally as “repet-
itive behaviors and stereotyped patterns” (RB) is an im-
portant trait-related covariate worthy of investigation
in AutD for several reasons: (a) Despite that RB is one

of the three core domains required for the diagnosis of
AutD and has been well defined by the Autism Diagnostic
Interview–Revised (ADI-R) (Lord et al. 1994), it is the
least studied of the core domains. (b) The ADI-R has
thoroughly characterized the essential diagnostic features
of AutD and provides coverage of a variety of constitutive
features within the RB domain; however, the ADI-R RB
domain algorithm is designed to determine a cutoff point
for diagnosis and lacks the sensitivity to capture the full
extent of the severity of either the RB domain or under-
lying subgroups. This global characterization of RB ap-
pears to be inconsistent with the observed clinical pat-
terns and suggests the presence of possible factors within
the RB class (a factor analysis aiming to refine this do-
main is described below, in the “Statistical Analysis” sub-
section). Cuccaro et al. (in press) used factor analysis on
the RB items from the ADI-R and identified as least two
distinct factors (see the “Families and Methods” section).
(c) The high-sibling-concordance pattern in RB makes
it a good candidate feature for the identification of ho-
mogeneous subgroups. Familiality among sibships with
AutD has been observed by Silverman et al. (2002) for
select RB items within the ADI-R subarea scores in a
sample of 212 sibships. This was the only domain score
that showed significant familiality in their data set. (d)
There is support for the presence of repetitive phenom-
ena in children with Prader-Willi syndrome (PWS [MIM
#176270]), which is caused by the loss of the paternal
contribution of the proximal part (15q11-q13) of the
long arm of chromosome 15 (Ohta et al. 1999). Cy-
togenetic abnormalities on chromosomal region 15q11-
q13 are also among the most frequent cytogenetic ab-
normalities reported in patients with AutD (Martin et
al. 2000). Of individuals with AutD or other PDDs,
∼1% have a duplication of the 15q11-q13 region (Wol-
pert et al. 2000; Boyar et al. 2001). This evidence also
leads us to reinvestigate chromosome 15.

In addition to the existence of patients with AutD who
have cytogenetic abnormalities in the region of 15q11-
q13, there are several other lines of evidence supporting
this region as a candidate region that potentially harbors
AutD-risk genes (Cook et al. 1998; Rineer et al. 1998;
Schroer et al. 1998). That this region contains the disease
loci for both PWS and Angelman syndrome (AS [MIM
#105830]) raises interest (Ozcelik et al. 1992; Knoll et
al. 1993; Wevrick et al. 1994; Jay et al. 1997), since a
subset of individuals with PWS or AS have been reported
to exhibit behavior similar to that seen in AutD (Arrieta
et al. 1994; Demb and Papola 1995; Summers et al. 1995;
Steffenburg et al. 1996; Dykens and Kasari 1997). Thus,
the 15q11-q13 region is one of the most complex regions
of the genome in terms of genome stability, gene ex-
pression, and gene imprinting.

Several groups have also identified this region as
interesting through linkage studies in autism (Philippe
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et al. 1999; Risch et al. 1999; Liu et al. 2001). In
addition to the linkage findings, significant linkage
disequilibrium (LD) has been reported with AutD and
both the g-aminobutyric acid (GABA)–receptor b3-
subunit gene (GABRB3 [MIM *137192]) and the
GABAg genes (GABRG1 [MIM *137166], GABRG2
[MIM *137164], and GABRG3 [MIM *600233]), at
the 15q11-q13 region (Menold et al. 2001). The con-
vergence of the linkage and association data, together
with cytogenetic evidence, supports 15q11-q13 as a
chromosomal region harboring a susceptibility gene
for AutD. However, research results for this region
are not consistent. Some studies have not replicated
these results (Salmon et al. 1999). This region is so
broad that more candidate genes for AutD have been
proposed, such as the APBA2 and SLP1 genes (Mad-
dox et al. 1999; Smith et al. 2000). Hence, new ap-
proaches are needed to further investigate this region.
OSA is a powerful method to identify homogeneous
subgroups of families with distinct underlying etiol-
ogies, to potentially help in the fine mapping and
localization of the susceptibility gene for AutD.

Families and Methods

Families

Families were ascertained using clinical referrals and
active recruitment through lay organizations providing
services to families with AutD. There was no known
overlap between the families included in the present
study and those in other AutD genetic research studies.
Detailed diagnostic evaluations of the family data are as
described elsewhere (Ashley-Koch et al. 1999). In brief,
the ADI-R (Lord et al. 1994) was used to confirm the
clinical diagnosis of AutD. Patients with AutD were in-
cluded in the study if they were between 3 and 21 years
of age. The Vineland Adaptive Behavior Scales interview
(survey edition) was administered, to assess develop-
mental level (Sparrow et al. 1984). Discrepancies be-
tween ADI-R and clinical findings were resolved using
additional clinical measures, including the Autism Di-
agnostic Observation Schedule–Generic (DiLavore et al.
1995). Only individuals diagnosed with idiopathic AutD
were included in the study. Individuals with sympto-
matology of disorders associated with AutD—such as
fragile X syndrome, tuberous sclerosis complex, AS, and
PWS—were excluded from the data set. Blood was ob-
tained from patients with AutD and their parents and
siblings, for DNA extraction. All aspects of the research
study were approved by the institutional review boards
at the participating institutions, and informed consent
was obtained from all participants or their parents or
legal guardians.

Clinical Assessment Instrument

The ADI-R (Lord et al. 1994) was used to confirm the
clinical diagnosis of AutD on the basis of DSM-IV/ICD-
10 criteria. The ADI-R is the most widely used research
measure for the identification of AutD. This instrument
is a standardized semistructured interview used in the
differential diagnosis of the PDDs. It consists of a hier-
archical series of probes and questions that allow care-
takers to provide detailed descriptions of the individual’s
behaviors. The ADI-R contains items in three content
areas, or domains: (1) social interaction, (2) nonverbal
or verbal communication, and (3) restricted, repetitive
behaviors and interests. The majority of the items yield
scores ranging from 0 (absence of feature) to 3 (clear
display of feature, with accompanying impairment or dis-
ruption). Select groups of items are summed into three
domain scores that form the basis for the diagnostic al-
gorithm. The classification of AutD requires that an in-
dividual exceed cutoff scores in each of the three content
areas (Lord et al. 1997). The ADI-R yields a diagnostic
algorithm that accurately and reliably discriminates AutD
from other developmental disorders, such as mental re-
tardation or language disorder (Lord et al. 1997).

Statistical Analysis

Two-point parametric linkage analysis of all markers
was performed using the Fastlink program of the Link-
age software package (Lathrop et al. 1984). To minimize
the effect of incorrect penetrance functions, we examined
both low-penetrance (affected individuals only) auto-
somal dominant and autosomal recessive models, with
allele frequencies of 1/1,000 and 1/100, respectively
(Shao et al. 2002b). Marker-allele frequencies were es-
timated from a set of 50–100 unrelated white individuals
unaffected by AutD. In addition to standard likelihood
methods, genetic-trait model-independent methods were
used to assess linkage. Affected-sib-pair (ASP) analysis
was performed by Aspex (Hinds and Risch 1998), which
calculates a maximum LOD score.

To reduce the phenotypic heterogeneity underlying
AutD, we performed OSA (Hauser and Boehnke 1998;
Ghosh et al. 2000) in an effort to identify more homo-
geneous groups of families on the basis of RB, since RB
add to behavioral heterogeneity in AutD. An exploratory
factor analysis was conducted to refine the RB domain.
Thirteen ADI-R items that represent repetitive interests
and behaviors were selected for use in the factor-extrac-
tion procedure. The items were drawn from those ADI-
R items that cover a range of repetitive motor, sensory,
and behavioral phenomena in AutD. Cuccaro et al. (in
press) hypothesized that there were at least two distinct
groups of RB factors and that the factors would respec-
tively index developmental disability and autism. Given
the overlap in autism and mental retardation, it was pro-
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Table 1

Factor Loadings for RSMB and IS

ADI-R ITEM AND VARIABLE

LOADINGa

Factor 1 Factor 2

RSMB:
81. Hand and finger mannerisms .72 .06
72. Repetitive use of objects .69 .06
77. Unusual sensory interests .58 .20
71. Unusual preoccupations .52 .07
84. Complex mannerisms .49 .29
85. Rocking .43 �.03
76. Unusual attachment to objects .42 .13

IS:
73. Difficulties with minor changes

in personal routine or environment �.01 .80
74. Resistance to trivial changes

in environment .13 .69
75. Compulsions/rituals .20 .59

Other:
70. Circumscribed interests .29 .12
36. Sensitivity to noise .27 .04
78. Idiosyncratic negative response

to specific sensory stimuli .14 .30

a The values shown in boldface italics are those item loadings that
had absolute values 1.35, the level considered significant to describe
the factors.

posed that at least one factor would be associated with
developmental disability. However, a more subtle pattern
of autism-specific deficits would also be identified, with
an emphasis on compulsions and difficulties with change.
The factor analysis was run using the ADI-R protocols
of 221 independent probands from our data set. Principal-
component factor analysis using a correlation matrix with
varimax rotation (the most commonly used orthogonal
rotation that maximizes the variance of the loadings)
yielded a two-factor solution. Item loadings with absolute
values 10.35 were used to describe the factors. The first
factor consisted of seven items collectively referred to as
“repetitive sensory and motor behaviors and interests”
(RSMB) (ADI-R items 81, 72, 77, 71, 84, 85, and 76).
The second factor consisted of three items collectively
referred to as “insistence on sameness” (IS) (ADI-R items
73, 74, and 75). This second factor is consistent with the
early conceptualizations of Kanner (1943), who identified
maintenance of or insistence on sameness as a core feature
of autism. Table 1 lists the factors and loadings.

The ADI-R RB domain score and the RSMB and IS
factors were then analyzed separately as covariates in
OSA. The OSA method proceeds as follows: First, the
families are ranked according to their mean sibship value
for the factor score (e.g., the IS score), from highest to
lowest. Second, starting with the family with the highest
IS score, we add family-specific LOD scores (LOD scores
computed separately for each family) one by one, in rank
order, until all families are included. Third, after each
family is added, the maximum LOD score for the current
subset of families is determined and is denoted as the
“subset LOD score”; the highest of the subset LOD
scores is determined, along with the families in the subset
leading to that OSA-LOD score. Finally, the family-spe-
cific multipoint LOD scores are calculated using the
Genehunter-Plus software package, on the basis of the
information from all available affected relative pairs
(ARPs) and with the incorporation of Kong and Cox’s
model (Kruglyak et al. 1996; Kong and Cox 1997).

The P value for the significance of the increase in the
OSA-LOD score from the baseline LOD score was es-
timated by using a permutation test of the hypothesis
that the covariate-defined subset yields a significant in-
crease in the LOD score as compared with that for ran-
domly ordered families. Simulation shows that this pro-
cedure preserves the appropriate type I error rate and
can increase power to detect a locus in the presence of
heterogeneity (Hauser et al. 2001; E. R. Hauser, R. M.
Watanabe, W. L. Duren, M. P. Bass, C. D. Langefeld,
and M. Boehnke, unpublished data).

Multivariate analysis of variance (MANOVA) was
used to compare the two subsets (i.e., the subset iden-
tified by OSA and the other subset comprising the rest
of the data) on the area scores of communication, social
interaction, and restricted- or repetitive-behavior ADI-R

domain scores. Since these scores are highly correlated
and the observations in siblings are not independent, the
univariate t test is not appropriate here. The three do-
main scores served as the set of response variables in
MANOVA, in looking for clinical feature difference be-
tween these two groups. The dependent observations in
siblings were also adjusted. PROC GLM (SAS) was used.

Genotyping

Genomic DNA was extracted from whole blood by
using the Pure Gene method and standard protocols
(Vance 1998). PCR was performed in 96-well micro-
titer plates by using 30 ng of total genomic DNA. The
individual 10-ml PCR mixtures contained 1# PCR buf-
fer, 0.2 mM of dNTPs, 1.5 mM of MgCl2, 0.5 mM of
each primer, and 0.5 U of Platinum Taq (Life Tech-
nologies). PCRs were run on Hybaid Touchdown ther-
mal cyclers (ThermoHybaid US) by using the following
touchdown program: 1 cycle of 3 min at 94�C; 2 cycles
each of 5 s at 94�C, 30 s at 65�C, 63�C, 61�C, 59�C, or
57�C, and 30 s at 72�C; 30 cycles of 5 s at 94�C, 30 s
at 55�C, and 45 s at 72�C; and 1 cycle of 3 min at 72�C.
DNA fragments were separated on 54-well 6% dena-
turing acrylamide gels, were subsequently visualized by
staining with SYBR gold (Molecular Probes), and were
scanned on a Hitachi FMBIO II fluorimager (Hitachi
Instruments). Gel images were analyzed with Bioimage
software (Genomic Solutions), and the resulting data
were sent through the CHG Data Coordinating Center
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Figure 1 Nonparametric multipoint OSA results for the chro-
mosome 15 region.

Table 2

LOD Scores for the Entire Data Set and the IS and Non-IS Subsets

MARKER

ENTIRE DATA SET

( )N p 81
IS SUBSET

( )N p 23
NON-IS SUBSET

( )N p 58

LOD Scorea

MLSb

LOD Scorea

MLSb

LOD Scorea

MLSbDominantc Recessivec Dominantc Recessivec Dominantc Recessivec

GATA143C02 �.107 �.07 0 .7 .72 .25 �.29 �.28 0
GABRB3 1.40 1.07 .21 4.71 3.83 2.72 .16 .04 0
D15S97 .04 �.04 0 1.41 1.12 1.31 �.08 �.21 0
GABRA5 �.04 �.09 0 .4 .31 .26 �.11 �.14 0
D15S822 .35 .16 .01 1.63 1.10 1 �.05 �.07 0
D15S975 �.00 .17 .22 1.26 1.09 .33 �.20 �.07 .21
D15S156 .56 .56 .01 1.28 1.35 .5 .11 .12 0
D15S217 �.05 .12 .22 1.03 .80 .86 �.30 �.18 .04

a Two-point maximum LOD score based on parametric linkage analysis method.
b Two-point maximum LOD score based on nonparametric ASP method.
c Low-penetrance model.

(Rimmler et al. 1999), for quality-control (QC) analysis.
To minimize systematic errors due to sample switches,
gel loading, or reading errors, we added QC samples to
each gel analyzed in the laboratory. Before the merging
of genotypic data, agreement between the genotypes for
the QC and its matching sample was required.

Results

In the 15q11-q13 region (extending from 9 cM to 23
cM), eight markers were genotyped: GATA143C02,
GABRB3, D15S97, GABRA5, D15S822, D15S975,
D15S156, and D15S217. Eighty-one multiplex families
with completed genotypes and with completed covariate
information were included in the present analysis. Table
2 shows the baseline LOD score for the entire AutD data
set. Neither the ADI-R domain score nor the RSMB
component showed any significant (empirical )P ! .05
increase in OSA-LOD score over the baseline LOD score.
However, OSA using the IS component as a covariate
yielded a significant increase in LOD scores.

The peak OSA-LOD score (based on the nonpara-
metric ARP method) for this region is 3.19 at marker
GABRB3, for a subset of 23 families with the highest
mean IS scores. These families are those with affected
individuals who have the highest scores on the IS fac-
tor. Thus, the mean IS score can be construed as a po-
tential index of severity in that specific domain: higher
scores reflect greater impairment associated with IS. Fig-
ure 1 compares the multipoint LOD scores for the base-
line group and for the IS subset. The nonparametric
ARP-method–based LOD score for the entire data set
under the same maximization parameters at marker
GABRB3 is 0.18. The increase in the LOD score is 3.01.
By use of a permutation-test framework (Hauser and
Boehnke 1998; Hauser et al. 2001), the observed OSA-
LOD score was compared with the OSA-LOD score

obtained at any point along the chromosome when fam-
ilies were added in random order. An empirical P value
of .0095 was obtained as the proportion of 5,000 ran-
dom orderings of the families that gave an OSA-LOD
score greater than the observed score.

LOD scores for the IS subset (23 families with the
highest IS scores) were compared with the non-IS subset
(the rest of the 81-family subset), applying traditional
parametric two-point linkage analysis using the Fastlink
software package (Lathrop et al. 1984). The parametric
LOD scores for these two subsets are shown in table 2.
At marker GABRB3, the IS subset yields LOD scores
of 4.71, under the dominant affecteds-only model, and
3.83, under the recessive affecteds-only model. The non-
IS subset yields LOD scores of 0.16, under the dominant
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Table 3

Means and Multivariate and Univariate Results: Comparison
between the IS and Non-IS Subsets

P

ADJUSTED MEAN FOR

IS Subset
( )N p 46

Non-IS Subset
( )N p 122

Multivariate test .0043
Univariate test:

Social interaction .007 20.43 16.65
Repetitive behaviors .0006 7.78 5.84
Nonverbal communication .08 9.43 8.14
Verbal communication .02 16.18 13.94

affecteds-only model, and 0.04, under the recessive af-
fecteds-only model.

The clinical features for the IS subset were compared
with those for the non-IS subset. Table 3 shows the com-
parisons between the two groups for ADI-R domain
scores for social interaction, verbal and nonverbal com-
munication, and repetitive behaviors. Since these domain
scores are highly correlated, MANOVA was performed
to adjust for correlation between dependent variables
and correlation within families. As expected, there was
a significant overall difference between these two
groups ( ), since there was a significant dif-P p .0043
ference with respect to the repetitive-behaviors domain
score (P p .0006) when families were ranked by IS
score. Meanwhile, there were also significant dif-
ferences between the two groups with respect to the
social-interaction domain score (P p .007). Although
the nonverbal-communication score did not show
statistical significance between two groups ( ),P p .08
the verbal-communication score has shown difference
( ). The verbal comparison involved fewer par-P p .02
ticipants (65% of patients), because some affected in-
dividuals remain nonverbal and therefore are not as-
signed a verbal-communication domain score under
the ADI-R. The mean values for each group, after ad-
justment for the other factors, are shown in table 3.

Discussion

The purpose of the OSA approach is to reduce the impact
that genetic heterogeneity has on linkage findings in AutD
by the identification of a subset of families with a more
homogeneous phenotype, resulting in increased overall
evidence for linkage to a chromosomal region with a more
distinct LOD-score peak (Hauser and Boehnke 1998;
Ghosh et al. 2000; Hauser et al. 2001). Identification of
a subset of families with enhanced linkage evidence is an
efficient method to begin the search for trait-associated
polymorphisms or mutation analysis, since these families
are more likely to contain the susceptibility gene in ques-
tion than are families not included in the subset. In ad-
dition, identification of a trait-related covariate by using
the OSA method helps to refine the linkage region and
the list of candidate genes in this region on the basis of
biological pathways that connect the covariate and the
trait. By use of OSA, a phenotypically homogeneous sub-
set of families that most likely contribute to the linkage
on chromosome 15 in our data set has been identified,
and the linkage region is narrowed. This information will
be invaluable in our ongoing molecular analysis of this
region.

The overall behavior of OSA has been shown in sim-
ulation studies (Hauser et al. 2001). Results show that
the OSA method preserves the appropriate type I error
rate and can increase the power to detect a locus in the

presence of heterogeneity. In addition to the simulation
results, OSA has been applied and verified in various
studies. OSA replicated the linkage results for breast
cancer and chromosome 17q that have been reported
by Hall et al. (1990), in their localization of BRCA1.
The performance of the OSA method has also been ex-
amined in a genome screen performed on 719 ASPs from
the Finland–United States Investigation of Non–Insulin-
Dependent Diabetes Mellitus Genetics study (Valle et
al. 1998; Ghosh et al. 2000), an international effort
to identify genes for type 2 diabetes. Results for specific
traits and chromosomal regions have been presented by
Ghosh et al. (2000). Given the variation in observed
overall LOD score across a genome screen, the P value
obtained using the permutation procedure is of crucial
importance in evaluating the increase in the linkage ev-
idence when subsetting families. The successful per-
formance of OSA in our data set illustrated that OSA
is a very helpful method in follow-up analysis.

Identification of the IS subset in AutD is noteworthy
for several reasons. To date, the ADI-R has been used
primarily as a diagnostic algorithm. Phenotype refine-
ment using the ADI-R has so far been limited to inves-
tigation of language subtypes. The finding of at least two
distinct factors within the RB domain conforms to clinical
evidence of two phenomena in that domain: (1) RSMB,
a global developmental-disability factor in which repet-
itive motor and sensory phenomena are common, and
(2) IS, a factor thought to be more specific to AutD. The
IS factor is consistent with the earliest conceptualizations
of AutD, in which maintenance of sameness was a core
feature (Kanner 1943). In addition, our findings extend
the work of Silverman et al. (2002), who have found
evidence of familiality for repetitive behaviors in ASPs
with AutD. Moderate familiality of the RSMB and IS
factors among the ASPs with AutD was also observed in
the present data set. Identification of a subset of individ-
uals with AutD who display greater difficulties with com-
pulsions and resistance to change may provide clues to
specific brain regions involved in such difficulties. Finally,
the IS factor may be associated with greater social deficits,
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as indicated by a higher score on the ADI-R socialization
domain for this subset. This establishes a preliminary
relationship between one core feature of AutD (social
impairment) and the repetitive behaviors (e.g., the IS
factor) within this group of families.

That no significant increase in OSA-LOD score was
obtained by using as a covariate the RB domain score
from the ADI-R algorithm also supports the observation
that the ADI-R and its various domain scores are con-
structed primarily for the purpose of diagnosis. The re-
finement of the RB domain by analysis tools such as
principal-component factor analysis and by using the
derived factor scores is the key to rendering the domain
differential enough to catch the severity gradient of the
feature. With the aid of new statistical methods such as
OSA, the continuous covariate can be successfully util-
ized to narrow the susceptibility-gene region. That the
IS factor but not the RB factor increased the linkage
evidence for AutD in the 15q11-q13 region may be
explained by the IS factor’s subsuming the phenomenon,
often observed in patients with PWS, of obsessive-com-
pulsive behavior, which therefore may be caused by a
deletion or disruption of a gene or several genes in the
15q11-q13 region, where the PWS disease locus resides.
OSAs using the IS factor score, the RB factor score, and
the RSMB domain score to study the other candidate
regions of interest, on chromosomes 2 and 7, that have
previously been reported (Ashley-Koch et al. 1999; Shao
et al. 2002b) did not improve the LOD scores, but there
is a possibility that the RB factor score would be useful
as a covariate in the OSA of the other chromosomal
regions.

Our results also strengthen the evidence for linkage
between AutD and GABAA. GABAA is the chief inhibitory
neurotransmitter in the human brain, binding and ex-
erting its effects through a complex series of GABAA re-
ceptors. Genes for at least three of the GABAA-receptor
subunits (b3, a5, and g3) lie in the 15q11-q13 region
and are excellent candidate genes for AutD. The peak
linkage marker in our data set, GABRB3, is ∼60 kb be-
yond the 3′ end of b3-subunit gene. By family-based as-
sociation analysis, significant linkage disequilibrium has
been found between an AutD-susceptibility locus and a
marker, GABRB3 155CA-2, in the GABA b3-subunit
gene, on chromosome 15q11-q13 (Cook et al. 1998; Sil-
verman et al. 2002). Additional evidence for linkage dis-
equilibrium between AutD and marker GABRB3 has
been found by Bass et al. (2000) and Menold et al. (2001).

Previously reported duplications of the 15q11-q13
region in AutD have been exclusively of maternal origin.
Several reports have suggested that duplications of ma-
ternal but not paternal origin increase the risk for de-
velopmental disorders (Browne et al. 1997; Cook et al.
1997; Ashley-Koch et al. 1999). Increased maternal al-
lele sharing was found in the IS subset. Maternal sharing

versus paternal sharing was respectively 58.5% versus
50% in the entire data set. In the IS subset, maternal
sharing versus paternal sharing was respectively 93.5%
versus 66.7%, with respective maximum LOD scores
of 2.97 versus �0.06. The evidence for a significant
increase in maternal sharing not only suggests the in-
volvement of imprinting genes in the region but also
serves as a clue to the underlying biological mechanisms.
Meanwhile, our analysis also consistently showed that
using the IS factor to identify a distinct clinical subgroup
is meaningful in candidate-gene study in that chromo-
somal region. Therefore, behavioral phenotypes can po-
tentially be highly valuable clues to the identification of
genes responsible for behavioral abnormalities.

In summary, these data support previous reports im-
plicating the role that one or more genes in the chro-
mosome 15q11-q13 region play in AutD susceptibility
and potentially narrow the candidate-gene region. The
GABA b3-subunit gene is a leading candidate gene for
AutD susceptibility. These findings also suggest that em-
pirically derived behavioral factors are valuable in the
characterization of AutD data sets for linkage analysis
and, thus, that phenotypic subgrouping is a powerful
tool in the mapping and identification of genes for com-
plex traits.
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