
INTRODUCTION

Schizophrenia is a chronic debilitating mental disorder af-
fecting up to 1% of the general population. Evidence from ge-
netic epidemiological studies has suggested that genetic fac-
tors play a major role in determining the susceptibility to 
schizophrenia.1,2 Modest evidence of linkage with schizophre-
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nia has been reported for several chromosomal loci from ge-
nome-wide linkage scans. Chromosome 22q is one candidate 
genomic region. However, the positive linkage signals yielded 
from this region are weak and encompass a broad region of 
chromosome 22q11–13.3-7 In addition, linkage was not found 
in studies that specifically tested this region.8-10 

Another notable finding related to this region and schizo-
phrenia is that 25–31% of patients with velo-cardio-facial syn-
drome (VCFS) caused by the microdeletions of 22q11 have 
early-onset psychotic symptoms.11,12 This locus, especially the 
1.4–1.5 Mb region of chromosome 22q11, has also been im-
plicated in association studies. The catechol-O-methyltrans-
ferase (COMT) gene is a long-known functional candidate 
gene of schizophrenia that still shows very controversial re-
sults from association studies with various populations.13 More 
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recent studies have identified genes for proline dehydroge-
nase (PRODH)14,15 and zinc finger domain DHHC domain 
containing 8 (ZDHHC8)16,17 as candidate schizophrenia sus-
ceptibility genes from this locus. Especially, the ZDHHC8 
rs175174 polymorphism may function in cortical volume in 
schizophrenia.18 

Given that epidemiologic data on schizophrenia favor the 
contribution of multiple genes, each exerting a small-to-mod-
erate effect on overall disease risk, controversial results from 
independent association or linkage studies are only to be ex-
pected. Concerning chromosome 22q and schizophrenia, in-
consistent results were generated by different populations, 
even in a single study, which tested combined population sam-
ples.9,19,20 To resolve this issue, cumulative data generated by 
independent investigations of homogenous populations using 
their own background genetic data and homogenous clinical 
evaluation system are required.

The purpose of this study was to determine whether genetic 
variations in chromosome 22q11 are associated with schizo-
phrenia in Koreans. We tested the linkage with schizophrenia 
using three microsatellite markers in multiplex schizophrenia 
families. A two-stage case-control association study was also 
conducted involving an initial screening for 39 SNPs with a 
33 kb interval using pooled DNA samples and confirmation 
analysis using individual genotyping.

METHODS

Subjects 
Recruitment of multiplex families containing two or more 

affected individuals among second degree relatives was per-
formed through proband screening at Samsung Medical Cen-
ter, Yong-In Mental Hospital, National Chuncheon Hospital 
and other mental hospitals and psychiatric clinics in Korea. 
The clinical assessment procedures used were described pre-
viously.21,22 We limited the diagnosis of the probands to 
schizophrenia according to the DSM-IV criteria. Affectation 
status was assigned as broad and narrow liability classes. For 
the broad class, the affected individuals other than the pro-
bands were diagnosed as having schizophrenia, schizoaffec-
tive disorder or schizotypal personality disorder according to 
DSM-IV. In the case of schizoaffective disorder and schizo-
typal personality disorder, only those cases in which long-
term maintenance with antipsychotics was needed were in-
cluded. The narrow class included those families in which all 
of the affected individuals met the DSM-IV criteria of schizo-
phrenia. Following the exclusion of one family showing bi-
lineal transmission of psychoses, the clinical data and DNA 
samples were analyzed from 47 families with 161 members 
including 105 affected individuals. Among these families, 40 

(containing 138 members including 89 affected individuals) 
also belonged to the narrow class. 

For the case-control association study, unrelated schizophre-
nia patients were recruited from Samsung Seoul Hospital, 
Yong-In Mental Hospital and National Chuncheon Hospital. 
Diagnostic Interview for Genetic Studies clinical interviews 
and best estimate diagnosis were performed by the same rat-
ers and psychiatrists who assessed the multiplex families. 
DSM-IV schizophrenia patients (n=227) were analyzed. Also, 
292 normal control persons were recruited and screened for 
any psychiatric illnesses by means of a brief unstructured in-
terview. The male-to-female ratio of the case and control 
group was 1.20 and 1.10, respectively (χ2=0.21, df=1, p=0.65). 
There was no significant difference between the mean age of 
the case and control groups (33.2±9.6 and 33.5±8.9 years, re-
spectively; t=0.046, p=0.96). The average age at onset of pa-
tients with schizophrenia was 25.7±7.0 years (range, 13–49). 
This study was approved by the institutional review boards of 
Samsung Medical Center and Yong-In Mental Hospital. In-
formed consent was obtained from all of the subjects who 
participated in the interviews and blood sampling.

Genotyping for linkage analysis 
Three microsatellite markers spanning a region of 4.35 Mb 

between 22q11.1 and 22q11.22 were selected (Figure 1) based 
on their heterozygosities and distances from each other (Ta-
ble 1). The markers have a 5.86 cM average interval accord-
ing to the deCODE map. Their heterozygosities were calcu-
lated from the genotype data of one-hundred normal Koreans 
(generated by one of the authors; JWK) and from the unaf-
fected founders of the families of the current study (Table 1). 
Genotypes were obtained for a broad class of 47 multiplex 
families with 161 members including 105 affected individu-
als. DNA was extracted from the white cells of peripheral 
blood by a WizardTM Genomic DNA Purification kit (Prome-
ga, Madison, WI, USA). In the polymerase chain reaction 
(PCR), primer sets used were provided by the ABIPRISM link-
age mapping set v2.5 (Applied Biosystems, Foster City, CA, 
USA) for D22S420 and D22S539. For D22S427, the primer 
set was designed using Primer 3 primer-designing software 
(http://frodo.wi.mit.edu/cgi-bin/primer3/primer3-www.cgi). 
All of the fluorescently labeled PCR products, by each for-
ward primer, were separated by capillary electrophoresis on an 
ABI3100 Genetic Analyzer (Applied Biosystems). The results 
of the automatic scoring of the genotype peaks provided by 
“Genotyper” program (Applied Biosystems) were manually 
checked by referring to the distribution patterns of the peaks. 
Quality control of genotyping utilized DNA sample of CEPH 
1347-02 in the assays, with manual checking of the Mendelian 
transmission for all of the markers and families.
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Genotying for association studies
Initially, an association study using pooled genotyping was 

done for 39 SNPs (35 intergenic and four intragenic SNPs) 
with a mean inter-marker distance of 33 kb spanning a 1.4 Mb 
region of 22q11, which contains four candidate schizophre-
nia genes (DGCR6, PRODH, COMT, and ZDHHC8) (Figure 
1). DNA pools were constructed separately for 227 patients 
and 292 control subjects as previously outlined.23,24 Concen-
trations of all DNA samples used for pool construction were 
determined using the PicoGreen dsDNA Quantitation method 
(Molecular Probes, Eugene, OR, USA) in a Labsystems Ascent 
Fluoroskan (Life Sciences international, Basingstoke, UK). 
Three microliters of a DNA suspension (20 ng/uL) from each 
individual was used to construct DNA pools. Genotyping of 
DNA pools were performed using SNapShot primer extension 
method (Applied Biosystems) as previously described23 for 
each SNP. PCR and extension primers were designed using 
MassARRAY assay design software (Sequenom, San Diego, 
CA, USA). Each pooled DNA sample was genotyped four 
times and average allele frequencies were calculated. 

Individual genotyping with all samples included in the pools 
was performed for SNPs with a trend of association at p<0.1 
and four more intra-genic SNPs (Table 2). Genotyping of all 

the SNPs, except for two on PRODH, were performed with 
the SNapShot assay (Applied Biosystems). PRODH*1945 
T→C and 1766 A→G SNPs were genotyped using the PCR-
restriction fragment length polymorphism method. A 499 bp 
DNA fragment containing the PRODH*1945 T→C polymor-
phism was amplified using the forward primer 5’-CTCCCT 
GGTGCGATGGGGTAC-3’ and reverse primer 5’-GGGCC 
CACACATTCG-AGGAG-3’, followed by digestion with Pvu 
II (Roche, Basel, Switzerland). The digestion products were 
scored as cut and uncut type (1945*C allele and 1945*T al-
lele, respectively). A 263 bp DNA fragment containing the 
PRODH*1766 A→G was amplified using the forward primer 
5’-GGGACAG- TGTCCTGGAACTG-3’ and reverse primer 
5’-CATCACGGGGCCATAGGGCAC-3’, followed by diges-
tion with Nci I (New England Biolabs, Ipswich, MA, USA). 
The scored cut and uncut type was 1766*G allele and 1766*A 
allele, respectively.

Statistical analysis: linkage analysis 
The model-free linkage analysis was performed using Gene-

hunter 2.1_r4 β.25 Both the single point and multi-point 
NPLall scores were calculated by an affected-only allele-shar-
ing method. This analysis does not have the context of a ge-

Figure 1. The location of microsatellite 
markers (spanning 4.35 Mb) and SNPs 
(spanning 1.40 Mb) used for linkage 
and association analyses of the pres-
ent study with known candidate genes 
of schizophrenia in chromosome 22q11. 
Intra-genic SNPs on candidate genes 
are indicated in bold. Arrows represent 
the SNPs analyzed only by individual 
genotyping. SNP: single nucleotide 
polymorphisms.

Table 1. Results of the single point linkage analysis: non-parametric lod (NPL) scores and pointwise p-values

Markers
Genetic distance 

(cM)*
Heterozygosities

Phenotype classes
Broad Narrow 

Population† Families‡ NPL p NPL p
D22S420 - 0.73 0.74 0.35 0.36 0.17 0.43
D22S427 2.84 - 0.58 -0.59 0.73 -0.72 0.76
D22S539 8.88 0.56 0.52 0.23 0.41 0.31 0.38

*represents the genetic distance (based on the deCODE map) from the previous marker, †calculated from the genotype data of a normal Ko-
rean population, ‡calculated from the genotype data of the unaffected founders of the Korean schizophrenia families
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nome-wide linkage mapping, and we adopted the pointwise 
p-value to evaluate the statistical significance. The marker dis-
tances obtained from the deCODE map were adopted. The 
marker allele frequencies were calculated from the Korean 
population data described above, except for D22S427. For this 
marker, allele frequencies were calculated from the genotypes 
of the unaffected founders of the families recruited for the 
current analysis. 

Statistical analysis: association studies
The genotypic distribution of each marker tested for the 

association studies was not significantly different from that ex-

pected based on the Hardy-Weinberg equilibrium in either the 
case or control group (SAS Genetics v 8.02). In the initial screen-
ing with pooled DNA samples, peak heights of the SNaPshot 
products in a pool of case DNA and in a pool of control DNA 
samples were measured. The frequency f of allele A was cal-
culated as f(A)=HA/(HA+kHB), where HA and HB are the peak 
heights of the SNaPshot products representing alleles A and B. 
A correction factor (k), the ratio of the peak heights in the 
heterozygous sample (HA/HB), was used to correct for system-
atic unequal representation of alleles that occurred with most 
genotyping methods. This was estimated from 8–16 indepen-
dent heterozygotes samples that were individually genotyped. 

Table 2. Results of association analysis for markers genotyped with individual DNA samples 

Group Allele: number (%) χ2 (df=1) Genotype: number (%) χ2 (df=2)
PRODH*1945 C T CC CT TT

Case (N=215) 94 (21.86) 336 (78.14) 0.07336 9 (4.19) 76 (35.35) 130 (60.47) 0.9372 
Control (N=279) 118 (21.15) 440 (78.85) 10 (3.58) 98 (35.13) 171 (61.29)

PRODH*1766 A G AA AG GG
Case (N=215) 410 (95.35) 20 (4.65) 0.0000 195 (90.70) 20 (9.30) 0 (0.00) 0.9950 
Control (N=279) 532 (95.34) 26 (4.66) 253 (90.68) 26 (9.32) 0 (0.00)

rs1008241 C G CC CG GG
Case (N=215) 232 (53.95) 198 (46.05) 0.61837 59 (27.44) 114 (53.02) 42 (19.53) 0.6745 
Control (N=279) 287 (51.43) 271 (48.57) 67 (24.01) 153 (54.84) 59 (21.15)

rs2073762 C T CC CT TT
Case (N=215) 253 (58.84) 177 (41.16) 0.34000 69 (32.09) 115 (53.49) 31 (14.42) 0.2006 
Control (N=279) 318 (56.99) 240 (43.01) 94 (33.69) 130 (46.59) 55 (19.71)

rs2073767 A G AA AG GG
Case (N=215) 260 (60.47) 170 (39.53) 1.33548 76 (35.35) 108 (50.23) 31 (14.42) 0.3968 
Control (N=279) 317 (56.81) 241 (43.19) 91 (32.62) 135 (48.39) 53 (19.00)

rs2073752 A G AA AG GG  
Case (N=215) 163 (37.91) 267 (62.09) 0.06805 31 (14.42) 101 (46.98) 83 (38.60) 0.9374 
Control (N=279) 207 (37.10) 351 (62.90) 40 (14.34) 127 (45.52) 112 (40.14)

rs4680(COMT) A G AA AG GG
Case (N=215) 110 (25.58) 320 (74.42) 0.21177 10 (4.65) 90 (41.86) 115 (53.49) 0.2971 
Control (N=279) 150 (26.88) 408 (73.12) 22 (7.89) 106 (37.99) 151 (54.12)

rs175164 (ZDHHC8) A G AA AG GG
Case (N=215) 58 (13.49) 372 (86.51) 0.7277 4 (1.86) 50 (23.26) 161 (74.88) 0.8817 
Control (N=279) 72 (12.90) 486 (87.10) 6 (2.15) 60 (21.51) 213 (76.34)

rs175174 (ZDHHC8) A G AA AG GG
Case (N=215) 160 (37.21) 270 (62.79) 0.18000 31 (14.42) 98 (45.58) 86 (40.00) 0.9011 
Control (N=279) 215 (38.53) 343 (61.47) 42 (15.05) 131 (46.95) 106 (37.99)

rs1153415 A G AA AG GG
Case (N=215) 263 (61.16) 167 (38.84) 0.85883 76 (35.35) 111 (51.63) 28 (13.02) 0.6248 
Control (N=279) 325 (58.24) 233 (41.76) 89 (31.90) 147 (52.69) 43 (15.41)

rs701430 C T CC CT TT
Case (N=215) 270 (62.79) 160 (37.21) 0.00046 79 (36.74) 112 (52.09) 24 (11.16) 0.7199 
Control (N=279) 350 (62.72) 208 (37.28) 107 (38.35) 136 (48.75) 36 (12.90)
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The frequency f of allele B was calculated as 1-f(A). Estimated 
allele frequencies were converted to numbers and were tested 
for approximate statistical significance by χ2 analysis. For indi-
vidual genotyping methods, genetic associations were also 
tested using Pearson χ2-test with the SAS statistical software 
package version 8.2 (SAS, Cary, NC, USA).

Statistical power analysis
The sample size of 80% power is used to avoid false nega-

tive associations in genetic association studies. The effective 
sample size and statistical power were computed assuming 1% 
prevalence rate of schizophrenia, 1 of D-prime (Linkage dis-
equilibrium), odds ratio of 1.05–1.5 for a risk allele, 1:1 case-
control ratio. User defined type I error rate was calculated for 
the 11 tested SNPs. Genetic Power Calculator software26 was 
used for the statistical power determination.

RESULTS

Linkage analysis
Mendelian inconsistency was detected in only one family. 

The family was excluded from the statistical analysis. Forty-
six families with 157 members including 103 affected individ-
uals were finally included in the statistical analysis. No signifi-
cant linkage was found at any of the three markers in single 
and multi-point analyses (Table 1). 

Association study
In the initial analysis with pooled DNA, five SNPs showed 

positive associations with schizophrenia: rs2073762 (p=0.01), 
rs2073767 (p=0.0041), rs4680 (p=0.0133), rs1153415 (p= 

0.0287) and rs701430 (p=0.0068) (Figure 2). Among these 
SNPs, rs4680 was located in the COMT gene and the others 
were inter-genic SNPs. Two more inter-genic SNPs showed a 
trend for association (p<0.1), i.e., rs1008241 (p=0.0656) and 
rs2073752 (p=0.0883). For those seven SNPs and four addi-
tional SNPs on PRODH and ZDHHC8, genotyping with in-
dividual DNA samples were performed. In the association 
analysis, none of the SNPs showed significant association 
with schizophrenia (Table 2). The statistical power analysis 
showed the sample size was too small to achieve adequate 
statistical power. For instance, the statistical power to identify 
the evidence for association between rs207362 and schizo-
phrenia after the Bonferroni correction under the assumptions 
of odds ratio for TT genotypes assuming a recessive model 
(1.44), risk allele frequency (41% LD between the marker al-
lele and the risk allele=1), disease prevalence (1%) was esti-
mated as 11.69%. At least 1070 cases and 1391 controls were 
required to achieve 80% statistical power under the same as-
sumption.

DISCUSSION

Presently, to assess chromosome 22q11 region as a candi-
date region for schizophrenia, we describe a linkage strategy 
and association analysis with a two-stage design. The latter 
analysis, in which positive marker loci from pooling study are 
followed by confirmatory individual genotyping, might rep-
resent the best trade-off between the cost savings of pooling 
and the full information that is provided by individual geno-
typing. 

The 22q11 microdeletions have been postulated to be the 
most prominent genetic risk factor for the development of 
schizophrenia27 based on their increased prevalence in the dis-
order. Chromosome 22q11 is therefore believed to be a region 
that harbors susceptibility genes to schizophrenia, which is 
also supported by the results of independent linkage studies. 
Significant linkage score for several populations was reported 
beginning in 1994.3,5,9,28 However, other studies reported neg-
ative linkage to schizophrenia for this locus.8,10 

Association studies have also been inconclusive. COMT, 
PRODH, ZDHHC8 and DGCR6 have been suggested as can-
didate genes in the development or heightened risk of schizo-
phrenia. Thus, in the current two-stage association study we 
tried to include polymorphisms on those genes. However, our 
findings are consistent with prior studies that also failed to 
detect disease association at the COMT rs4680,23,30 PRODH* 
1945 polymorphism,31-33 and ZDHHC8 rs175174.34-36

Within all the intragenic SNPs examined in the pooling 
analysis, only rs4680 on COMT showed a positive trend for as-
sociation. However, we failed to show same result for in the in-
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Figure 2. Results of association analysis with pooled DNA sam-
ples. Among 39 SNPs, five showed positive association with 
schizophrenia (black squares) and two showed only a trend of 
association (gray squares). SNP: single nucleotide polymorphisms.
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dividual genotyping. Several polymorphisms of COMT have 
been reported on the significant region; one is rs4680 SNP, a 
functional Valine to Methionine substitution on codon 158 
(Val158Met).13,36,38 In addition, several functional analyses be-
tween the polymorphism and schizophrenia have reported 
significant results. Chen et al.39 showed that the polymor-
phism affects the activity of COMT with the Met allele having 
lower activity. More recently, Ohnishi et al.40 suggested that 
this polymorphism might contribute to morphological ab-
normalities in schizophrenia. 

PRODH has been suggested to increase susceptibility to 
schizophrenia because of abnormal findings in a PRODH-mu-
tant mouse,41,42 350-kb deletion that includes PRODH,43 an al-
lelic association with schizophrenia15,44 and identification of 
PRODH*1766/1945 haplotype that is significantly associated 
with transmission disequilibrium.44 

ZDHHC8 has been also proposed to increase liability to 
schizophrenia based on both an animal model and human as-
sociation studies investigating rs175174(A/G) and schizophre-
nia.17 In addition, no association between schizophrenia and 
this SNP with overall /divided samples by gender have been 
reported.34,45 In an integrated analysis of multiple datasets, the 
ZDHHC8 rs175174 polymorphism was negatively associated 
with schizophrenia.46 These inconsistent findings with regard 
to the risk allele at rs175174 highlight the need for further 
studies of the functional effect of this SNP. 

The interaction of contiguous genes on 22q11 might influ-
ence the etiology of schizophrenia, with 22q11-associated 
schizophrenia having the characteristics of a contiguous gene 
syndrome. Synergistic interaction among physically linked 
genes, which disrupts neuronal homeostatic plasticity, could in 
principle lead to the high disease risk associated with this locus 
and/or modulate the expression of the phenotype.41 Whether 
this hypothesis is true or not, it suggests that the interaction of 
multiple genes, each with a small-to-moderate effect, can pose 
an appreciable overall disease risk. 

Unfortunately, our study found no evidence of linkage and 
association between schizophrenia and 22q11-candidate genes 
from both family-based and case-control samples in Koreans. 

Limitations of this study should be kept in mind. First, the 
chromosomal region investigated was not narrow. It was 4.35 
Mb and only three microsatellite markers were used for link-
age study. In addition, the SNPs were not close enough to 
linkage disequilibrium with those microsatellite markers. Sec-
ond, it seems that the linkage study and association study in-
vestigated different chromosomal area, even though they are 
in 22q11. The regions for the linkage study and associations 
study did not overlap in terms of genetic analysis. Third, the 
sample size was too small to achieve adequate statistical power. 

In conclusion, the findings suggest that genetic variations on 

chromosome 22q11 may not play a major role in schizophre-
nia in Koreans. Inadequate sample size, densities of genetic 
markers and differences between location of genetic markers 
of linkage and association can contribute to an explanation of 
the negative results of this study.
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