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Genetic variants in a gene on 6p22.3, dysbindin, have been shown recently to be associated with schizophrenia
(Straub et al. 2002a). There is no doubt that replication in other independent samples would enhance the significance
of this finding considerably. Since the gene is located in the center of the linkage peak on chromosome 6p that we
reported earlier, we decided to test six of the most positive DNA polymorphisms in a sib-pair sample and in an
independently ascertained sample of triads comprising 203 families, including the families for which we detected
linkage on chromosome 6p. Evidence for association was observed in the two samples separately as well as in the
combined sample (P = .00068 for SNP rs760761). Multilocus haplotype analysis increased the significance further
to .00002 for a two-locus haplotype and to .00001 for a three-locus haplotype. Estimation of frequencies for six-
locus haplotypes revealed one common haplotype with a frequency of 73.4% in transmitted, and only 57.6% in
nontransmitted, parental haplotypes. All other six-locus haplotypes occurring at a frequency of >1% were less
often transmitted than nontransmitted. Our results represent a first successful replication of linkage disequilibrium
in psychiatric genetics detected in a region with previous evidence of linkage and will encourage the search for
causes of schizophrenia by the genetic approach.

Schizophrenia is a complex genetic disorder affecting
~1% of the population worldwide. A number of linkage
studies have been performed to map the underlying sus-
ceptibility genes, but most of these studies were not sup-
ported by subsequent attempts to replicate them in in-
dependent samples. Following initial reports (Moises et
al. 1995; Schwab et al. 1995; Straub et al. 1995; Wang
et al. 1995), chromosome 6p (locus SCZD3 [MIM
600511]) has been studied by several groups, yielding
some positive results (Schizophrenia Linkage Collabo-
rative Group for Chromosomes 3 1996; Brzustowicz et
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al. 1997; Turecki et al. 1997; Hwu et al. 2000) but some
negative results as well. Most of these studies were re-
viewed in the Chromosome 6 Workshop Report (Nurn-
berger and Foroud 1999).

There is some consensus that the classical linkage ap-
proach to complex disorders may not be as straightfor-
ward as for monogenic disorders with Mendelian in-
heritance. In particular, linkage analysis in complex
disorders may not be capable of mapping a potential
susceptibility gene to a defined position, which would
allow successful application of the classical positional
cloning approach. However, a positive linkage finding
in complex disorders could serve as a starting point for
identification of candidate genes in an even larger region,
by using the now-available information on sequence var-
iants and genes that allows association/linkage disequi-
librium studies.

Straub et al. (2002a) recently reported association of
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schizophrenia with genetic variants in a candidate gene
on 6p22.3, the gene for the dystrobrevin-binding protein
1, dysbindin, which is located within the linkage peak
on chromosome 6p, as reported elsewhere (Straub et al.
1995). Dysbindin binds to a- and 8-dystrobrevin in mus-
cle and brain. In addition to its presence in muscles, it
has been detected in axon terminals in the cerebellum
and hippocampus of the adult mouse brain (Benson et
al. 2001), and a possible function in glutaminergic syn-
apses has been discussed (Benson et al. 2001). Straub et
al. (2002a) obtained a high degree of statistical signifi-
cance for association of schizophrenia with several DNA
polymorphisms between exon 5 and exon 1 in the dys-
bindin gene (P = .008-.0001 for three marker haplo-
types) in the 270 Irish high-density pedigrees in which
linkage had been reported earlier (Straub et al. 1995).
No mutation affecting function has been detected yet
(Straub et al. 2002a).

We reported elsewhere support for potential suscep-
tibility genes on 6p by multipoint affected sib-pair link-
age analysis in a sample of 54 sib-pair families from
Germany and Israel (Schwab et al. 1995). Two broad
peaks were observed in the region of linkage obtained
in this study, one distal between markers D65260 and
D6S2835, spanning a distance of ~3.1 Mb, and a second
one between marker D65S461 (distal to the HLA region)
and the HLA region. Therefore, we decided to test six
of the most positive SNPs reported by Straub et al.
(2002a) for association in a sib-pair sample that included
the original families demonstrating linkage, as well as
in a sample of independently ascertained triads. The used
SNP markers (names, distances, and polymorphic site
are given in table 1) span a chromosomal interval of
36.2 kb between exon 5 and exon 1 in the dysbindin
gene.

The sample containing the affected sib-pair families
was an extended sample of the 54 families used in our
earlier linkage report (Schwab et al. 1995). For the pre-
sent study, nine families had to be removed because we
had no permanent lymphoblast cell lines available, and
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the supply of DNA was finished. The sample was in-
creased to 78 families by adding 33 newly ascertained
sib-pair families. Linkage was still present in this ex-
tended sample, since multipoint-linkage analysis with
the GENEHUNTER program (Kruglyak et al. 1996),
using the six SNP markers, produced a nonparametric
LOD score of 2.55 (P = .0055). The second indepen-
dently ascertained sample consisted of 125 “triad” fam-
ilies (affected offspring with parents). For each of these
triads, a history of psychiatric disorder (at least one ad-
ditional first- or second-degree member with a psychi-
atric disorder) was available. Diagnosis was based on
the DSM-IV criteria and comprised the core phenotypes
schizophrenia and schizoaffective disorder, mainly schiz-
ophrenic (on the basis of the RDC criteria). The sib-pair
sample included six families from Israel (four of non-
Ashkenazi, one of Ashkenazi, and one of Arab origin),
which contributed to the reported linkage results
(Schwab et al. 1995), and one family from Hungary.
The triad families included nine families from Hungary.
The families from Hungary were ascertained in the area
of Pecs, an area where Germans founded large settle-
ments in the last centuries. The families from Germany
were collected in the southern (Bavaria) and south-
western (Mainz, Bonn) parts of Germany and should
present a typical German population formed by mixing
Celts, Romans, and Germanic tribes ~1,500-2,000 years
ago.
The six SNPs were analyzed by template-directed dye-
terminator incorporation followed by detection of fluo-
rescence polarization in a Tecan Ulta 384 reader, as de-
scribed by Chen et al. (1999). An AcycloPrime-FP SNP
Detection Kit (Perkin Elmer) was used for allele-specific
incorporation of fluorescence-labeled Acyclo Termina-
tors. Sequences of oligonucleotides for PCR and primer
extension were the same as described by Straub et al.
(20024). Genotypes that could not be unambiguously
assigned were cross-validated by alternative methods,
such as SSCP analysis (for P1578 and P1765), denatur-
ing high-performance liquid chromatography (for P1325

Table 1
Allele Frequencies and P Values for Six SNP Markers Located within the Dysbindin Gene
TRIADS SIB PAIRS COMBINED
Frequency Frequency Frequency
DISTANCE
SNP (NCBI No.) (kb) POLYMORPHISM®  Pseudocontrols®  Parents  T/U¢ P Pseudocontrols®  Parents® T/U¢ P Pseudocontrols®  Parents¢  T/U¢ P
P1635¢ (rs3213207) A/G 160 132 1.65 .0741 206 162 1.72 .0540 176 143 1.69 .0052
P1325 (rs1011313) 5.3 C/IT 128 .097 2.25 .0163 121 107 1.63 1725 126 101 1.87 .0092
P1765 (rs2619528) 16.4 C/IT 256 223 1.46 .0845 287 232 1.53 .0945 267 226 1.50 .0140
P1320 (rs760761) 1.3 C/IT 273 229 1.62 .0260 312 246 1.71 .0210 287 235 1.67 .0007
P1763 (rs2619522) 2.5 A/IC 250 211 1.60 .0415 242 207 1.32 2850 247 209 1.44 .0300
P1578 (rs1018381) 34 C/T .099 .089 1.29 4233 .069 .065 1.00 1.000 .089 .081 1.14  .6900

* Second allele is the rare allele.
b Frequency of the rare alleles in all nontransmitted parental alleles.
¢ Frequency of the rare allele in all parental alleles.

¢ Transmission disequilibrium (T = number of transmissions of allele “1”; U = number of transmissions of allele “2” from heterozygous parents to their affected children).

¢ SNP, as described by Straub et al. (20024).
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and P1320), and PCR-RFLP (for P1635, the polymor-
phic site represented a recognition site for BsrI). Avail-
ability of parental genotype in all cases facilitated error
checking by examination of Mendelian inheritance. To
detect markers likely to contain a larger number of un-
detected genotyping errors, the distribution of genotypes
in pseudocontrols (created by combining the parental
alleles not transmitted to the first child) was tested for
deviation from Hardy-Weinberg equilibrium by an exact
test (Weir 1996). For both samples and all markers, the
resulting P values were >.05.

The frequency of the rare allele in pseudocontrols is
given for each polymorphism in table 1. This approach
is the preferred method of estimating population allele
frequencies from a sample of families ascertained
through an affected child. Similar data do not exist from
the study of Straub et al. (20024). It should be noted
that apparent differences in identities of the common
and rare nucleotides that appear to exist between the
report of Straub et al. (2002a) and the present report
are due to labeling errors. These errors have been cor-
rected in an erratum (Straub et al. 2002b6). According
to the authors, these labeling errors had no effect on the
statistical results or their interpretation. For the purpose
of comparison with the frequencies calculated by Straub
et al. (2002a), table 1 also contains the frequency of the
rare allele estimated in the parents of our samples (in-
dependent of transmission). The rare allele occurs for all
six SNP markers in both samples at a higher frequency
than in the sample of Irish families reported by Straub
et al. (20024a). For markers P1325 and P1578, the values
reported by Straub et al. (20024) were within the CI (.08
—.124 and .062 - .103, respectively) and, therefore, were
not significantly different. For the other marker, the level
of statistical significance of the difference could not be
estimated, since no information about the precision of
estimates was available for the Straub study (Straub et
al. 2002a).

The more frequent variant of each marker was always
preferentially transmitted, as shown in table 1, by the
ratio of number of transmissions of allele 1 to the num-
ber of transmissions of allele 2 (T/U), with one excep-
tion: marker P1578 in the sib-pair sample. Under a mul-
tiplicative model, the transmission ratio T/U (table 1) is
an estimator of genotype relative risk (Altshuler et al.
2000). Highest estimated relative risk ratio was detected
for marker P1325 in the triads (T/U = 2.25). To assess
the significance of the observed transmission disequilib-
rium in the sample of triads, the transmission/disequi-
librium test (TDT) was used as originally proposed by
Spielman et al. (1993). Since the TDT is not a valid test
for the null hypothesis of no association in the presence
of linkage when applied to a sample of families with more
than one affected offspring, P values for the sib-pair sam-
ple were calculated by an extension of the method of Zhao
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et al. (2000). In brief, P values were calculated on the
basis of simulated samples. Each simulated sample is ob-
tained either by randomly assigning to all offspring, with
equal chance, the observed genotypes or by randomly
assigning to all offspring the nontransmitted genotypes
at all sites. The test statistic is recomputed for each sim-
ulated sample, and the fraction of simulations resulting
in a test statistic greater than or equal to the observed
statistic gives the empirical P value. One polymorphism
(P1320) was significantly associated with schizophrenia
in both samples (sib pairs: P = .021; triads: P = .026).
Since the more frequent allele showed excess transmis-
sion in the triads as well as in the sib pairs, evidence of
association increased when both samples were com-
bined. In the combined sample, the P value reached
.00068 (estimated on the basis of R = 200,000 simu-
lated samples) for P1320. For four additional markers,
a P value of <.05 was observed. Since the six families
from Israel contributed to the linkage finding, the entire
sample was used for the present association study. How-
ever, since these families may represent a different ethnic
background, we estimated transmission of alleles with-
out them in the sib-pair and in the combined sample.
Lower P values were obtained for all markers, in par-
ticular for marker P1765 (sib pairs: P = .007; combined
sample: P = .0014) and marker P1320 (sib pairs: P =
.005; combined sample: P = .0002). This suggests that
these families do not contribute to the association find-
ing. The low number of families precluded testing this
sample separately for association.

For haplotype analysis, we calculated first the stan-
dardized linkage disequilibrium coefficient D' (Lewontin
1988) for each pair of markers on the basis of estimates
for the frequencies of nontransmitted parental two-locus
haplotypes. In accordance with the data reported by
Straub et al. (20024), we observed the smallest D’ for
marker pair P1325-P1320. For the remaining pairs of
markers, D' values ranged between .55 and 1.00 (data
not shown) and indicated very strong linkage disequi-
librium between the markers.

All combinations of up to five markers were tested in
the sib-pair sample, the sample of triads, and the com-
bined sample for association with schizophrenia by the
extension of Zhao et al. (2000), as described above. The
smallest P values for haplotypes with two markers were
observed for P1325-P1320 (triads: P = .00083 [R =
200,000]; sib pairs: P = .00925 [R = 20,000]; sib pairs
without Israeli families: P = .0012; combined: P =
.00002 [R = 200,000]; combined sample without Is-
raeli families: none of the 200,000 replicated samples
resulted in a test statistic greater than or equal to the
observed statistic). The SD of an empirical P value based
on 200,000 replications is ~2 x 107° when the true P
value is <10~ *. Therefore, the true P value corresponding
to an empirical P value of .00002 is almost certainly
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<.0001. Even if we take into account that a total of 186
tests was performed, an empirical P value of .00002
remains significant after a very crude and conservative
correction for the variation of empirical P values and
for multiple testing. For the combined sample, all P val-
ues corresponding to haplotypes consisting of adjacent
markers are depicted graphically in figure 1. Lowest P
values are obtained for haplotypes containing the
marker P1325.

Six-locus haplotype frequencies were calculated by ex-
pressing the likelihood of the whole family as a function
of parameters (haplotype frequencies) but allowing for
different frequencies of haplotypes being transmitted or
being nontransmitted to the first (or second) affected
offspring in the family. The maximum-likelihood esti-
mates of haplotypes with a frequency =1% are shown
in table 2. Several points are evident from this table.
First, >97% of the distribution is concentrated in only
seven different haplotypes. Second, the frequency esti-
mates obtained for the sample of triads and the sib-pair
sample are very similar. Interchanging the first child with
the second affected child in the sib-pair sample showed
nearly no effect on the resulting frequency estimates.
Third, there is one very common haplotype, which is
composed of the common allele at each locus. This hap-
lotype is the only haplotype that occurs at a larger fre-
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Table 2
Haplotype Frequencies for the Six-Marker Haplotype

FREQUENCY IN

Sib Pairs

First Second
Triads Affected Affected

HAPLOTYPE® T NT* T NT* T NT*

111111 738 594 731 .566 .736 .560
111211 .016 .021 .019 .039 .013 .045
112222 .071 .086 .051 .065 .045 .071
121111 .061 .103 .083 .098 .077 .104

121211 .012 .013
212121  .012 013  .032 .038
212221 .0%0 143 .09 475 115 149

Sum 988 959 987 974 986 .980

* Order of markers: P1635,P1325,P1765,P1320,P1763,
P1578; allele coding: 1 = common allele, 2 = rare (poly-
morphisms as in table 1).

" Frequency in transmitted haplotypes.

¢ Frequency in nontransmitted haplotypes.

quency in transmitted than in nontransmitted haploty-
pes. Although this observation is completely consistent
with the pattern of single-marker results obtained for
our samples (table 1), it is in contrast to the results re-
ported by Straub et al. (20024) for the Irish families in
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Figure 1 Association of single markers (filled circles), 2-, 3-, 4-, and 5-locus haplotypes (represented by lines between the markers) in the

combined sample of 203 families with schizophrenia.
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which the rare allele was preferentially transmitted for
each of the six markers. These differences appeared to
persist after correction of errors in allele-frequency iden-
tity by Straub et al. (20025). It suggests that genetic
variants conferring risk of schizophrenia are inherited in
the Irish families on a different haplotype. Thus, as-
sumption of different mutation events is required to ex-
plain the differences between the association results re-
ported by Straub et al. (20024) and those in this report.
Identification of the variants conferring risk for the dis-
order may clarify this point. Association of different mu-
tations with different haplotypes is well known for
monogenic disorders like cystic fibrosis (Sereth et al.
1993), Wilson disease (Thomas et al. 1994, 1995), and
breast cancer (Meindl 2002). Association reflecting link-
age disequilibrium with common alleles also has been
reported recently for association of variants in the
ADAM33 gene with asthma and bronchial hyperre-
sponsiveness (Van Eerdewegh et al. 2002).

In conclusion, the intention of our study was to eval-
uate the association reported by Straub et al. (20024) in
a family sample that showed evidence for linkage in the
same region and can be considered, with the exception
of six Israeli families, as having an ethnic background
similar to the Irish families. We detected strong evidence
for association of the same polymorphisms in the dys-
bindin gene with schizophrenia, but for different alleles,
suggesting a population-specific susceptibility allele in
the Irish families. In contrast to case-control studies, the
family-based design used in our study protects against
an increased rate of false-positive associations due to
population stratification, it further facilitates haplotype
analysis by providing more information on phase, and
it aids in detecting typing errors by the possibility to test
for Mendelian inheritance. Despite the strong evidence
we provide for the existence of susceptibility alleles in
this region, this statistical evidence has to be confirmed
by identification of the alleles conferring susceptibility
for the disease.
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