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Phenotypic Homogeneity Provides Increased Support for Linkage
on Chromosome 2 in Autistic Disorder
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Allison A. Ashley-Koch,1 Ruth K. Abramson,2 Harry H. Wright,2 Robert G. DeLong,1
John R. Gilbert,1 Michael L. Cuccaro,1 and Margaret A. Pericak-Vance1
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Autistic disorder (AutD) is a neurodevelopmental disorder characterized by significant disturbances in social, com-
municative, and behavioral functioning. A two-stage genomic screen analysis of 99 families with AutD revealed
suggestive evidence for linkage to chromosome 2q (D2S116 nonparametric sib-pair LOD score [MLS] 1.12 at 198
cM). In addition, analysis of linkage disequilibrium for D2S116 showed an allele-specific P value of !.01. Recently,
linkage to the same region of 2q was reported in an independent genome screen. This evidence for linkage increased
when analysis was restricted to the subset of patients with AutD who had delayed onset (136 mo) of phrase speech
(PSD). We similarly classified our data set of 82 sib pairs with AutD, identifying 45 families with AutD and PSD.
Analysis of this PSD subset increased our support for linkage to 2q (MLS 2.86 and HLOD 2.12 for marker D2S116).
These data support evidence for a gene on chromosome 2 contributing to risk of AutD, and they suggest that
phenotypic homogeneity increases the power to find susceptibility genes for AutD.

Autistic disorder (AutD [MIM 209850]) is a neurod-
evelopmental disorder characterized by significant dis-
turbances in social, communicative, and behavioral
functioning. Evidence from epidemiologic and genetic
analyses indicates that AutD is genetically heterogeneous
(reviewed by Pericak-Vance et al. 2002). Studies of both
twins and isolated AutD patients have consistently
shown that, even when narrowly defined and diagnosed,
AutD is associated with a very wide range of clinical
manifestations (Lord and Rutter 1994; Bailey et al.
1996). Recently, Leal and Ott (2000) demonstrated that
stratification by clinical symptoms can lead to increased
power to detect linkage if the phenotypic heterogeneity
is the result of genetic heterogeneity. Thus, the identi-
fication of homogenous subgroups within the broader
AutD phenotype may aid in linkage studies. The diffi-
culty with this approach is in the identification of the
appropriate phenotypic groups for stratification.
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Recent studies of AutD have suggested that grouping
families on the basis of reliably measurable language
traits may increase power for linkage analysis (Folstein
and Mankoski 2000; Bradford et al. 2001). Pragmatic
language abnormality is one of the diagnostic criteria
for AutD, and age at onset of phrase speech is an im-
portant clinical feature (MacLean et al. 1999; Buxbaum
et al. 2001). Chromosome 2q is a region potentially
harboring AutD risk genes, with several groups report-
ing evidence for linkage to the same region (Buxbaum
et al. 2001; International Molecular Genetics Study of
Autism Consortium [IMGSAC] 2001; Shao et al. 2001).
Of particular interest is the analysis approach used by
Buxbaum et al. with respect to chromosome 2 and AutD
linkage. Buxbaum et al. (2001) reported linkage evi-
dence for a susceptibility gene for AutD on chromosome
2. They found a maximum multipoint heterogeneity
LOD score (HLOD) of 1.96 and a maximum multipoint
NPL score of 2.39 on chromosome 2q (at 186 cM, for
D2S364), in an analysis of 95 affected-relative–pair
(ARP) families affected with AutD. Hypothesizing that
a more genetically homogeneous population would in-
crease power to identify genes and that clinical hetero-
geneity in AutD was due, in part, to genetic heteroge-
neity, Buxbaum et al. restricted their analyses to a subset
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Figure 1 Chromosome 2q

Figure 2 Multipoint NPL ARP analysis

of 49 ARPs with AutD with delayed onset (at age 136
mo) of phrase speech or “phrase speech delay” (PSD).
Analysis of this restricted subset increased their evidence
for linkage ( under the dominant model;HLOD p 2.99

).NPL p 3.32
In the genomic-screen analysis of 99 multiplex families

(both sib-pair and ARP) with AutD (Shao et al. 2001),
performed by the Collaborative Autism Team (CAT),
suggestive evidence for linkage to the same region of
chromosome 2q (peak MLS [nonparametric sib-pair
maximum LOD score] 1.12 at D2S116 [198 cM]) was
found. This peak was ∼12 cM from the peak identified
by Buxbaum et al. (2001). In addition, evidence for link-
age disequilibrium at D2S116 (allele-specific P value
!.01) was found (Bass et al. 2000). Additional markers
in the region were genotyped, including D2S364 and
D2S335 (at 175.9 cM), D2S2309 and D2S309 (at 198
cM), and D2S1384 (at 200.4 cM). Both D2S364 and
D2S335 demonstrated an HLOD 11.0 in the study by
Buxbaum et al. (2001). D2S2309 and D2S309 were near
the CAT peak LOD score, and D2S1384 flanked the
region (fig. 1). To assess linkage in the presence of genetic
heterogeneity, HLODs were generated by use of the
HOMOG program (Ott 1999). Nonparametric affected-
sib-pair (ASP) analysis of the data was performed using

ASPEX software. Map distances, maximum affecteds-
only two-point HLODs—under both dominant and re-
cessive models—and two-point MLS results are pre-
sented in table 1. D2S364 and D2S335 were not infor-
mative in these data.

Detailed diagnostic evaluations of the family data are
as described elsewhere (Ashley-Koch et al. 1999). In
brief, the Autism Diagnostic Interview-Revised (ADI-R;
see Lord et al. 1994) was used to confirm the clinical
diagnosis of AutD. The classification of an individual as
having AutD required that an individual exceed cutoff
scores in each of three areas: social behavior, commu-
nication (nonverbal or verbal), and restricted, repetitive
behaviors. On the basis of the evidence for familiality
of age at onset of phrase speech (MacLean et al. 1999;
Buxbaum et al. 2001), the degree of resemblance among
family members with respect to age at onset of phrase
speech was also measured in the 82 sib-pair families in
the CAT data set. The intraclass correlation coefficient
(ICC) among affected siblings, calculated for the log-
transformed age at onset of phase speech, was statisti-
cally significant ( ; ). A patient withICC p 0.29 P p .04
AutD was classified as having PSD if he did not acquire
phrase speech before age 36 mo. The concordance rate
of PSD was 0.55 among siblings. Forty-five multiplex
families with AutD and PSD (i.e., comprising two or
more patients with AutD and PSD) and 37 families af-
fected with AutD without PSD (i.e., comprising one or
no patients with AutD and PSD) were identified. Table
2 presents the ADI-R diagnostic algorithm scores (social
behavior, communication, and repetitive behavior) for
these two groups. There is no significant difference with
respect to the mean values of the three diagnostic al-
gorithm scores on the ADI-R between these two subsets,
except for age at onset of phrase speech.

On the basis of the results of Buxbaum et al. (2001),
the chromosome 2 markers were re-evaluated by use of
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Table 1

Two-Point Linkage Results in the Entire Data Set and in the Subset with PSD

MARKER

POSITION

(cM)

RESULTS FOR ALL SIB-PAIR

FAMILIES ( )n p 82
RESULTS FOR FAMILIES WITH

PSD ( )n p 45

HLOD (a) HLOD (a)

Dominant Recessive MLS Dominant Recessive MLS

D2S116 198.6 .53 (.20) .52 (.25) 1.12 2.12 (1.0) 2.45 (.95) 2.86
D2S2309 198.6 .74 (.85) .72 (.55) .57 2.17 (.8) 1.98 (.95) 1.58
D2S309 198.6 .74 (1.00) .86 (.20) .75 1.48 (1.0) 1.40 (.50) 1.16
D2S1384 200.4 .51 (.50) .27 (.25) .21 1.56 (.6) 1.06 (.45) .80

Table 2

Mean ADI-R Diagnostic Algorithm Scores in the
PSD and Non-PSD Subsets

MEASURE

VALUE (SD) FOR

SUBJECTS IN SUBSET

PSD
( )n p 99

Non-PSD
( )n p 79

ADI-R score:
Social behavior 17.80 (9.1) 15.7 (8.4)
Communication 13.5 (4.6) 12.5 (5.0)
Repetitive behavior 5.3 (2.9) 5.3 (3.0)

Age [years] at ADI-R 8.5 (4.6) 9.5 (4.7)

the same PSD stratification. The HLOD score (recessive
model) increased from 0.52 to 2.45, and the HLOD
score (dominant model) increased from 0.53 to 2.12 at
D2S116, when the analysis was restricted to the subset
of families with PSD (table 1). An additional marker,
D2S2309, located at 198 cM, also gave higher scores
on stratification; the HLOD score (dominant model) in-
creased from 0.74 to 2.17. The evidence for heteroge-
neity was decreased in the PSD subset, since the pro-
portion of linked families, a, increased from 0.25 to 0.95
under the recessive model and from 0.20 to 1.00 under
the dominant model. The MLS at D2S116 increased
from 1.12 to 2.86 in the PSD subset. For D2S2309, MLS
increased from 0.57 to 1.58.

In addition, to measure the correlation, in siblings
with AutD, between IBD allele sharing and PSD inci-
dence, the GENEHUNTER-PLUS program (Kong and
Cox 1997) was used to assess family-specific IBD allele
sharing. A significant correlation coefficient between
family-specific NPL score and incidence of PSD was ob-
served, providing statistical evidence supporting the hy-
pothesis that the PSD subset has increased IBD allele
sharing, and, therefore, stratification enhanced the link-
age evidence (correlation coefficient [r] 0.25; ).P p .025
Multipoint nonparametric ARP analysis, with individual
weights specified for each family on the basis of the
presence or absence of PSD, demonstrated an NPL score
that increased, at D2S116, from 1.2 to 2.35 in the PSD-
weighted analysis (fig. 2).

Finally, a permutation procedure was conducted to
determine the significance of the increase in the NPL
score at the peak marker, D2S116. Ten thousand rep-
licates of a simulation in which 45 families (i.e., the
number of families in these data classified as affected
with PSD) were randomly chosen from the total number
of families (82) and were analyzed, resulting in a P value
of .029 for the peak NPL score, exceeding the observed
NPL score of 2.35. In the permutation test conducted
to determine the significance of the increase in the two-
point HLOD score under the recessive model, the P value
was .007. These results indicate that it is highly unlikely
that the PSD findings were due to chance alone.

The convergence of linkage findings—by stratification
in two independent data sets—to the same region of
chromosome 2 is significant. This finding is especially
interesting in light of recent evidence (Szatmari et al.
2000) that onset of phrase speech may be a crucial dif-
ferential diagnostic feature within the pervasive devel-
opmental disorders. In summary, these data provide ad-
ditional evidence for a gene on chromosome 2 that
contributes to AutD risk, and the data also provide sup-
porting evidence that stratification by clinical phenotype,
when phenotypic heterogeneity underlies potential ge-
netic heterogeneity, can increase the power to find sus-
ceptibility genes for AutD.
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