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The Complement Control-Related Genes CSMD1 and
CSMD2 Associate to Schizophrenia
Bjarte Håvik, Stephanie Le Hellard, Marcella Rietschel, Helle Lybæk, Srdjan Djurovic,
Manuel Mattheisen, Thomas W. Mühleisen, Franziska Degenhardt, Lutz Priebe, Wolfgang Maier,
Rene Breuer, Thomas G. Schulze, Ingrid Agartz, Ingrid Melle, Thomas Hansen, Clive R. Bramham,
Markus M. Nöthen, Beth Stevens, Thomas Werge, Ole A. Andreassen, Sven Cichon, and Vidar M. Steen

Background: Patients with schizophrenia often suffer from cognitive dysfunction, including impaired learning and memory. We recently
demonstrated that long-term potentiation in rat hippocampus, a mechanistic model of learning and memory, is linked to gene expression
changes in immunity-related processes involved in complement activity and antigen presentation. We therefore aimed to examine whether
key regulators of these processes are genetic susceptibility factors in schizophrenia.

Methods: Analysis of genetic association was based on data mining of genotypes from a German genome-wide association study and a
multiplex GoldenGate tag single nucleotide polymorphism (SNP)-based assay of Norwegian and Danish case– control samples (Scandina-
vian Collaboration on Psychiatric Etiology), including 1133 patients with schizophrenia and 2444 healthy control subjects.

Results: Allelic associations were found across all three samples for eight common SNPs in the complement control-related gene CSMD2
(CUB and Sushi Multiple Domains 2) on chromosome 1p35.1-34.3, of which rs911213 reached a statistical significance comparable to that of
a genome wide threshold (p value � 4.0 � 10�8; odd ratio � .73, 95% confidence interval � .65–.82). The second most significant gene was
CSMD1 on chromosome 8p23.2, a homologue to CSMD2. In addition, we observed replicated associations in the complement surface
receptor CD46 as well as the major histocompatibility complex genes HLA-DMB and HLA-DOA.

Conclusions: These data demonstrate a significant role of complement control-related genes in the etiology of schizophrenia and support

disease mechanisms that involve the activity of immunity-related pathways in the brain.
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S chizophrenia is a serious psychotic disorder with high herita-
bility (1), and a recent population-wide Swedish national
health register study covering 9 million individuals and

5,985 families with schizophrenia estimated that 64% of the dis-
ase risk could be attributed to inheritance (2– 4). Still, there has
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een a remarkable lack of replicated genetic susceptibility factors,
nd it has been debated whether schizophrenia is caused by com-
on alleles of small effect or multiple rare alleles of larger effect, or
combination of both (for review see McClellan et al. [5] and Owen

t al. [6]). The last alternative has now been verified, exemplified by
he association of rare genomic variations such as microdeletions
ith markedly higher risk of schizophrenia (7–9) as well as the
emonstration of polygenic models and replicated susceptibility
lleles with small effect (10 –12).

Some of these common risk alleles of small effect cover the
uman leukocyte antigen (HLA)-complex (the human major histo-
ompatibility complex) and its adjacent regions on chromosome
p21.3-22.1 (10 –12). These findings potentially correlate different
ene sets, including immunologic factors, olfactory receptors,
nd/or chromatin remodeling to the risk of schizophrenia. In sup-
ort of a correlation between immune responses and disease risk,
igher prevalence of psychiatric disorders including schizophrenia

s repeatedly reported in patients with certain autoimmune disor-
ers (reviewed in Ortega-Hernandez et al. [13]). Some studies have
lso pointed at a possible link between maternal exposure to infec-
ions during pregnancy and higher prevalence of schizophrenia in
he offspring (reviewed in Brown et al. [14]).

In recent years, cognitive dysfunction, including learning and
emory, has been recognized as a primary and enduring core

eficit in schizophrenia that occurs at an early stage, and possibly
efore the first psychotic episode (15). Memory is a quantitative

rait with high heritability, and revealing underlying mechanisms
ould disclose new candidate genes for memory performance and
ysfunction (16). To identify such relevant genetic factors, we re-
ently characterized the induction of gene expression networks
uring long-term potentiation (LTP) of synaptic strength in the
ippocampus of live rats (17), because LTP is considered one of the

ajor cellular mechanisms of learning and memory (18,19). We
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found that the complement cascade and antigen-presentation
were the two top-ranked gene sets of differential expression during
LTP, including increased expression of complement component C3
and members of the polymorphic group of major histocompatibil-
ity complex (MHC) class I and class II genes (17). This adds to the
growing evidence that implicates the activity of the classical com-
plement cascade and MHC class I in the development and plasticity
of the central nervous system (20 –22).

Based on our findings, strengthened by the confirmed link be-
tween genetic markers within the HLA complex and schizophrenia
(10 –12), we here investigate a subset of the complement and MHC
gene sets for genetic association to schizophrenia in three indepen-
dent case– control samples of German, Danish, and Norwegian ori-
gin.

Methods and Materials

Patient Samples
The German case– control discovery sample consisted of pa-

tients with schizophrenia recruited from consecutive admissions to
the inpatient units of the Central Institute of Mental Health in Mann-
heim, and the Department of Psychiatry at the University of Bonn. A
description of this sample is given elsewhere (M.R., M.M., et al.,
unpublished data) (23). In brief, the sample includes genotypes
from 466 patients and 1273 controls. Diagnoses were made accord-
ing to DSM-IV criteria based on an Structured Clinical Interview for
DSM (SCID)-I interview, medical records, and the family history
method, and the OPCRIT14 system. Average age of onset was 22.9
� 10.1 years.

The two replication samples of Norwegian and Danish patients
with schizophrenia and control subjects were obtained from the
Scandinavian Collaboration on Psychiatric Etiology. A detailed de-
scription of the samples has been given previously (24,25). Briefly,
we successfully genotyped 667 patients and 1171 controls (506
patients and 896 controls from the Danish sample and 161 patients
and 275 controls from the Norwegian sample). Danish patients
were diagnosed according to an ICD-10 interview and had a mean
age of onset of illness of 27.7 � 12.0 years. Norwegian patients were
diagnosed according to DSM-IV criteria based on an SCID-I inter-
view and had mean age of onset of illness of 27.5 � 8.6 years.
Control individuals were matched to patients on sex, age, and eth-
nicity. Danish control subjects were recruited among 15,000 blood
donors from the Danish Blood Donor Corps in the Copenhagen
area. Norwegian control subjects were randomly selected from sta-
tistical records from the same catchment area as the patient group.
Apparent abnormal behaviors were exclusion criteria, and subjects
were screened by interview and with the Primary Care Evaluation of
Mental Disorder. The Norwegian Scientific-Ethical Committees, the
Norwegian Data Protection Agency, the Danish Scientific Commit-
tees, and the Danish Data Protection Agency approved the study.

Candidate Genes, Tag Single Nucleotide Polymorphism
Selection, and Illumina GoldenGate Assay Design

Our recent microarray-based Gene Set Enrichment Analysis of
hippocampal High-Frequency Stimulated (HFS) Long-Term Poten-
tiation (LTP) in live rats disclosed significant responses from immu-
nity-linked biological processes, and in particular from gene sets
categorized for complement and MHC class I and MHC class II
(MHCI/II)-mediated immunity (17). Real-time polymerase chain re-
action assays confirmed activity-induced expression of 1) comple-
ment component C3, 2) the nonclassical MHCI genes (the rt1-a and
rt1-ce families), and 3) the MHCII invariant chain (CD74) and specific

MHCII genes (rt1-Ba and rt1-Da) that are encoded by the MHCII w

ww.sobp.org/journal
egion of the HLA complex (17). In Phase I of the study, a German
enome-wide association study (GWAS) of 466 patients with
chizophrenia cases and 1273 control subjects was examined using
ata mining for nominal association to corresponding human MHC
enes and regulators of complement activity (gene list in Table S1

n Supplement 1). The search covered 2726 and 1677 single nucle-
tide polymorphisms (SNPs) linked to complement and MHC activ-

ty, respectively. The German schizophrenia GWAS was also mined
or the MHC class I–related genes MICA, MICB, and MR1, but these
enes were not included for genotyping in Norwegian and Danish
amples (discussed subsequently).

Tagging markers (SNPs) were selected using HapMap data
http://www.hapmap.org; Phase II March 8, on NCBI B36 assembly,
bSNP b126) as previously described (23). SNP genotype data from

he CEU (Utah residence with ancestry from northern and western
urope) sample were downloaded for the genomic regions listed
Table S1 in Supplement 1). HapMap markers were analyzed with
aploview 3.2 (26) (http://www.broadinstitute.org/haploview/
aploview) with the following criteria: Hardy–Weinberg equilib-

ium p value threshold .001, minimum genotypes 85%, maximum
umber of Mendelian errors � 1, and minimum minor allele fre-
uency � .01–.10 (Table S1 in Supplement 1). Tagging markers
ere selected using the Tagger function implemented in Haplo-

iew with the following criteria: aggressive tagging, two- and three-
arker haplotypes, and r2 threshold of .8. In addition, explored
arkers with nominal statistical significance in the German GWAS

ample (Phase I) were forced-included during the tagging SNP se-
ection (allelic association test; p � .05). We also selected gene-
pecific tagging SNPs on the basis of optimal predicted perfor-

ance scores in the multiplex Illumina Custom GoldenGate Oligo
ool Assay. The predicted Oligo Pool Assay performance was ana-

yzed using the Illumina Assay Design Tool and supplier’s recom-
ended thresholds for Designability Rank and Error Codes. The

.06-Mb-long CSMD1 and 650-kb-long CSMD2 genes were partially
overed in the tagSNP assays based on significant associations in
he German GWAS (Methods in Supplement 1).

enotyping and Analysis
Genotyping was performed at the Bergen node of the Norwe-

ian Microarray Consortium, a national platform for microarray
echnology and high-throughput genomics (http://www.microarray.
o), using the GoldenGate Genotyping Assay implemented

n the Illumina Iscan system platform (Illumina; http://www.
llumina.com). The genotyping assay was performed following the
upplier’s instructions (Protocol “GoldenGate Genotyping Assay,
anual Experienced User Card (Universal BeadChip)”; Illumina)
ith the exception of using 375-ng input DNA in the reactions.
enotype cluster files were assigned using the GenomeStudio
enotyping Software v. 1.0.10 (Illumina). A signal threshold of .25
as used for exclusion of low intensity genotypes. Two CEU DNAs

11992 and 12144) with known genotypes were obtained from
oriell Cell Repositories (http://ccr.coriell.org) and used as positive
ontrols for the genotyping. The markers in this report were part of
ne multiplexed GoldenGate assay for 1536 SNPs. All genotypes
ere manually inspected for control of the genotype cluster calls.
ne hundred thirty-six of the 1536 SNPs (8.9%) were excluded from

urther analysis because of genotyping failure.

ata Analysis
Genotype data were analyzed using the Golden Helix SNP and

ariation Suite 7 (SVS7) software version 7.3.0 (Golden Helix, Boze-
an, Montana). Genotypes determined by GoldenGate Assays

ere quality controlled by using the following exclusion criteria:

http://www.hapmap.org
http://www.broadinstitute.org/haploview/haploview
http://www.broadinstitute.org/haploview/haploview
http://www.microarray.no
http://www.microarray.no
http://www.illumina.com
http://www.illumina.com
http://ccr.coriell.org
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genotype call rate (� .85) and Hardy–Weinberg Equilibrium (p va-
lue � .001). For each gene, the number of assays designed and
retained after quality control are listed in Table S1 in Supplement 1.
The SNPs that passed quality control were analyzed as single mark-
ers by logistic regression in which the case versus control status was
the outcome predicted by the genotype. Allelic associations were
calculated with chi-square, regression, and analysis of deviance
(ANODEV) raw p values as implemented in SVS7. ANODEV p values
are reported in Tables 1 and 2 (Tables S2–S4 in Supplement 1). The
genotypes were also compared with an F test in which bins of one
genotype versus the two others were compared with a split-analy-
sis (as implemented in SVS7) to test for dominant, codominant, and
recessive mode of transmission. Test for significant markers were
also performed using permutation with 1000 shuffles (Tables 1 and
2) and Bonferroni correction (Table 1; SVS7).

Results

Phase I: Mining of German Case–Control GWAS Data
Candidate genes were selected on the basis of our Gene Set

Enrichment analysis of rat hippocampal HFS-LTP (17), as described
in Methods and Materials. A knowledge-based selection was per-
formed for genes that encode 1) complement-regulatory proteins
acting from the step of initiation of the classical complement cas-

Table 1. List of p Values, OR, and Allele Frequencies for Markers in CSMD2 (

Sample GER DEN
Cases/Controls 466/1273 506/896 1

rs1925338 (G)
Allelic Association 1.54E-03 1.35E-01 4
OR (95% CI) .77 (.65–.91) .88 (.74–1.04) .89
MAF Cases/Controls .28/.34 .30/.33

rs12742027 (G)
Allelic Association 5.19E-04 1.92E-02 3
OR (95% CI) .73 (.61–.88) .81 (.67–.97) .86
MAF Cases/Controls .22/.28 .23/.27

rs10737374 (G)
Allelic Association 4.17E-05 6.13E-03 3
OR (95% CI) .71 (.60–.84) .79 (.66–.93) .86
MAF Cases/Controls .26/.33 .27/.32

rs911213 (G)
Allelic Association 7.29E-05 3.11E-03 6
OR (95% CI) .72 (.61–.85) .77 (.64–.91) .75
MAF Cases/Controls .27/.33 .25/.31

rs2358516 (A)
Allelic Association 6.13E-05 2.58E-03 2
OR (95% CI) .71 (.60–.84) .77 (.65–.91) .82
MAF Cases/Controls .26/.33 .26/.32

rs1321623 (G)
Allelic Association 3.60E-03 2.22E-02 8
OR (95% CI) 1.31 (1.09–1.57) 1.23 (1.03–1.46) 1.04
MAF Cases/Controls .23/.19 .28/.24

rs753893 (A)
Allelic Association 1.26E-03 1.64E-03 5
OR (95% CI) .74 (.62–.89) .74 (.61–.89) .90
MAF Cases/Controls .20/.25 .19/.24

Values are listed for samples from Germany (GER), Denmark (DEN), and N
markers with statistically significant association in the merged sample an
parenthesis. Regression p values for an additive genotypic model are liste
genotypic model using rs911213 as regressor. A study-wise Bonferroni cor
markers for CSMD2 remain significant.

MAF, minor allele frequency; OR, odds ratios with 95% confidence interva
in the merged sample set, on the whole set of markers examined in this stu
cade (the C1Q complex) to the activation of C3, and 2) key regula- C
ors of antigen loading and presentation by MHC class I and MHC
lass II genes (Table S1 in Supplement 1). We examined 23 regula-
ors of the complement pathway, nine genes linked to antigen
resentation, and the full HLA complex (Table S1 in Supplement 1).
he search covered 2726 and 1677 SNPs linked to complement and
HC activity, respectively. The focused data mining suggested ge-

etic associations within the classical complement cascade and
HC class II molecules (� 11 gene regions supported by a signifi-

ance level of p � .05) (Table S1 in Supplement 1). In addition,
arkers of the CSMD1, CSMD2, and CD82 genes were represented

mong the top-ranked markers in the German GWAS.

hase II: Replication in Norwegian and Danish Case–Control
amples

A tagSNP-based genotyping study was performed in Danish and
orwegian case– control samples on all the complement- and
HC-related gene sets examined in Phase I, apart from three genes

istantly related to the MHC family (see Methods and Materials). For
he custom-made genotyping approach, we also included the
enes not reaching statistical significance in the German GWAS to
llow a more complete pathway analysis in the larger sample sets.

In summary, genes that were investigated in both Phase I and
hase II included regulators of the classical complement cascade

eading to the activation of C3 (C1QA, C1QB, C1QC, C1S, CFH, CFI, C1,

p35.1-34.3) with Significant Association to Schizophrenia

All
Perm.

Country
Covariate

Conditional
Regression5 1133/2444

1 6.24E-04 .002 8.66E-04 7.22E-01
1.20) .83 (.74–.92) .82 (.74–.92)
0 .29/.33

1 1.60E-05 .001 4.17E-05 9.54E-01
1.21) .77 (.69–.87) .78 (.69–.88)
2 .22/.27

1 4.07E-07 .001 1.01E-06 5.01E-01
1.17) .75 (.67–.84) .75 (.67–.84)
9 .26/.32

2 4.04E-08 .001 1.72E-07 Regressor
1.02) .73 (.65–.82) .74 (.66–.83)
1 .26/.32

1 1.13E-07 .001 3.44E-07 5.62E-01
1.12) .74 (.66–.83) .74 (.66–.83)
8 .26/.32

1 5.42E-05 .001 2.67E-04 1.71E-02
1.43) 1.27 (1.13–1.43) 1.24 (1.1–1.4)
4 .26/.22

1 3.88E-06 .001 9.54E-06 7.87E-01
1.28) .75 (.66–.85) .75 (.66–.85)
1 .20/.25

(NOR), plus combined data of all samples (All). Genes with multiple hits and
are listed (p value � .001, country covariate). Minor alleles are given in

ing country as covariate. Conditional regression is listed for the additive
n with p value threshold of .05/number of markers, demonstrated that all

CI) for the minor allele; Perm., 1000 permutation-test on allelic association
chr. 1

NOR
61/27

.40E-0
(.65–

.28/.3

.88E-0
(.61–

.20/.2

.25E-0
(.63–

.26/.2

.66E-0
(.55–

.25/.3

.15E-0
(.60–

.24/.2

.32E-0
(.75–

.25/.2

.69E-0
(.64–

.19/.2

orway
alysis
d, us

rectio
1RL, CR2, C3, CR1, CR1L, CD46/MCP, C1QL1, and C1QBP) and a set of

www.sobp.org/journal
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brain-expressed regulators of complement activity (RCA; CSMD1,
CSMD2, SEZ6, SPARC, and SPARCL1). For antigen-presenting mole-

ules, we investigated genes encoding key regulators of loading,
ransport, and presentation of endogenous and exogenous anti-
ens, including the MHCII region of the HLA complex (encoding at

east 11 MHCI/II related genes), CD74, CD82, HLA-E, and the MHCI
eceptors KLRC1, KLRC2, LAIR2, and LILRB4.

A total of 1034 tagSNPs covering complement-related (n � 717
markers) and antigen presenting (n � 317 markers) genes were
designed and applied for genotyping in 667 cases with schizophre-
nia and 1171 control subjects from two samples of Norwegian and
Danish origin. One hundred fifty markers were removed during
quality control (85 for poor genotyping and 65 for Hardy–Weinberg
disequilibrium). The remaining SNPs were included in the allelic
association tests of the Norwegian and Danish samples, with sub-
sequent comparison and merged analysis with the German sample.
A summary of the regions, genes, assay numbers, and number of
markers investigated and nominally significantly associated are
listed in Table S1 in Supplement 1.

Genetic Associations in Genes Encoding RCAs
As shown in Figure 1 and Table 1, the strongest finding was

obtained for the CSMD2 (CUB and SUSHI Multiple Domains two)
gene, where eight markers showed statistically significant p values,
with odds ratios in the same direction in all three samples, leading
to strong allelic association in the merged data, for which rs911213
had the strongest associated p value (raw regression p � 4.0 �
10�8; odds ratio [OR] � .73, 95% confidence interval [CI] .65–.82;

AF case/controls � .26/.32). These CSMD2 markers remained as-
ociated with schizophrenia using country as covariate, although
ith a slight reduction in regression p values (Table 1) (rs911213 as
est marker: covariate additive model regression p � 1.72 � 10�7;
R � .74, 95% CI .66 –.83). In a genotypic test, rs911213 remained

he most significant marker in a recessive model, with a protective
ffect linked to the minor G allele (covariate recessive model p �

Table 2. List of p Values, Odds Ratios and Allele Frequencies for Markers in

Sample GER DEN
N Cases/Controls 466/1273 506/896 16

rs664600 (C)
Allelic Association 1.40E-02 5.10E-03 8.4
OR (95% CI) 1.33 (1.06–1.67) 1.41 (1.11–1.78) .95 (
MAF Cases/Controls .14/.11 .14/.10 .1

rs4876061 (A)
Allelic Association 4.29E-03 1.06E-01 3.0
OR (95% CI) 1.50 (1.14–1.97) 1.29 (.95–1.76) 1.41 (
MAF Cases/Controls .09/.06 .07/.06 .0

rs7017888 (C)
Allelic Association 2.57E-03 1.06E-01 1.0
OR (95% CI) 1.32 (1.10–1.58) 1.17 (.97–1.42) 1.37 (
MAF Cases/Controls .24/.19 .21/.19 .1

rs7011965 (A)
Allelic Association 3.98E-03 6.76E-02 6.1
OR (95% CI) 1.36 (1.11–1.68) 1.23 (.99–1.53) 1.13 (
MAF Cases/Controls .17/.13 .16/.13 .1

Values are listed for samples from Germany (GER), Denmark (DEN), and N
markers with statistically significant association in merged samples analysis a
Regression p values for an additive genotypic model are listed, using count

sing rs7017888 as regressor.
MAF, minor allele frequency; OR, odds ratios with 95% confidence interva

n the merged sample set, on the whole set of markers examined in this stu
.35 � 10�7; OR � .51, 95% CI .39 –.68).
m
l

ww.sobp.org/journal
The signal of genetic association in CSMD2 was linked to a block
f seven markers, as shown by conditional regression with rs911213

the most significant marker) as regressor (Figure 2 and Table 1).
hen searching for linkage equilibrium to published HapMap

NPs, none of the SNPs affected protein-coding sequences (http://
ww.broadinstitute.org/mpg/snap/ldsearch.php).

Intriguingly, the second most significant p values were observed
or the homologous CSMD1 gene with several SNPs being associ-
ted to schizophrenia, both in the separate samples as well as in the

oint analysis of the three populations (Figure 1). Four markers were
bserved with p values � .001(Table 2). The most significant allelic

1 (chr. 8p23.2) with Significant Association to Schizophrenia

All
Perm.

Country
Covariate

Conditional
Regression1133/2444

1 8.24E-04 .002 4.77E-04 1.06E-03
.52) 1.30 (1.12–1.52) 1.32 (1.13–1.54)

.13/.10

1 1.74E-03 .003 6.18E-04 1.85E-03
.72) 1.37 (1.13–1.66) 1.41 (1.16–1.72)

.08/.06

1 5.53E-04 .001 1.77E-04 regressor
.98) 1.24 (1.10–1.41) 1.27 (1.12–1.44)

.22/.19

1 1.39E-03 .001 4.38E-04 4.65E-01
.80) 1.27 (1.10–1.46) 1.3 (1.12–1.5)

.15/.13

(NOR), plus combined data of all samples (All). Genes with multiple hits and
ed (p value � .001, country covariate). Minor alleles are given in parenthesis.
ovariate. Conditional regression is listed for the additive genotypic model

CI) for the minor allele; Perm., 1000 permutation-test on allelic association

igure 1. p values and chromosomal positions of allelic associations of tag
ingle nucleotide polymorphisms in 30 immunity-related genes and in the

ajor histocompatibility complex class II region of the human leukocyte
ntigen (HLA) complex. Allelic association is illustrated for Norwegian (�),
anish (X), and German (�) samples, Norwegian and Danish samples
CSMD

NOR
1/275

5E-0
.60–1
0/.10

4E-0
.73–2
5/.04

0E-0
.94–1
9/.14

8E-0
.71–1
0/.09

orway
re list
ry as c
erged (blue circles), and all samples (red boxes). Gene coordinates are
isted in Table S1 in Supplement 1.

http://www.broadinstitute.org/mpg/snap/ldsearch.php
http://www.broadinstitute.org/mpg/snap/ldsearch.php
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associations were observed for markers rs7017888 (p � 1.77 �
0�4, OR � 1.27) and rs7011965 (p � 4.38 � 10�4, OR 1.30; Table 2),

both showing the strongest signals of association in the merged
sample when using country as covariate (Table 2). These two mark-
ers might also reflect the same signal of association, as shown by a
conditional regression analyses (additive genotypic; Table 2). Sev-
eral other tagSNPs in CSMD1 displayed marked association to
schizophrenia, in addition to markers with a flip-flop effect (27) or
missing data (due to failed genotyping assays) in the other sample
(Table S2 in Supplement 1). This includes rs10094093 from the
German sample (p � 2.62 � 10�5, OR � .65) and rs24886 (p �

.23 � 10�4, OR � 1.29) and rs13249525 (p � 5.03 � 10�4, OR �
78) from the Danish sample.

Analysis of other receptors of complement C3- and C4-derived
igands that are encoded by the CR1 locus (CR2, CR1, CR1L, and
D46) showed replicated genotypic association for two markers

hat represent one signal in the 3= untranslated region (UTR) of
D46 (rs7144 and rs10449303; r2 � .98; Table S3 in Supplement 1).

In addition, several SNPs in CR2 and CR1 showed apparently strong
allelic associations, either in the German and the Danish samples,
but with flip-flop effects (i.e., disease susceptibility to the opposite
alleles; Figure 1, Table S3 in Supplement 1). The strongest associa-
tion was obtained for rs10494884 in the Danish sample (recessive
split p value � 9.1 � 10�6; AA frequency case/controls � .41/.24;

R � 1.80, 95% CI 1.39 –2.33).

Associations in Genes Encoding MHC Class II Proteins
We also observed several nominally significant allelic associ-

ations between markers in the partial HLA complex on chromo-
some 6 and schizophrenia (Figure 1, Table S4 in Supplement 1).
In the merged sample, allelic association was observed for an
Ile197Thr Mis-sense polymorphism in HLA-DMB (rs1042337; Ta-
ble S4 in Supplement 1). The MHC class II region of the HLA
complex also scored statistically significant with a genotypic
association test (recessive model), and the two top-ranked SNPs,
rs2071556 (p value � 1.1 � 10�3) and rs1042337 (p value � 1.2 �
10�3) both locate to the transcript-coding region of HLA-DMB.
There is some limited LD between these two markers (r2 � .46).

Other nominally significant signals within the MHC class II re-
ion are from rs3128931, rs6911639, and rs6933546. All three mark-

rs are flanking the upstream and downstream regions of the HLA- p
OA gene for which the two first markers have proxy SNPs (CEU r2 �
8) in the 3= UTR of HLA-DOA. Similar to the markers in HLA-DMB,
hese also show best statistical association in a recessive genotypic

odel (Table S4 in Supplement 1). A link between elevated disease
isk and the associated markers in HLA-DMB and HLA-DOA was
urther supported by a haplotype association test because the hap-
otype that includes all the minor alleles (CGAGA; Table S4 in Sup-
lement 1) displayed the most significant statistical association to
chizophrenia (haplotype regression p value � 2.8 � 10�4; fre-
uency case/controls � .061/.043; OR � 1.44, 95% CI 1.16 –1.80).

iscussion

Among the human RCAs that we selected for genetic associa-
ion tests, the two homologous genes encoding the multiple do-

ain proteins CSMD1 (chr. 8p23.2) and CSMD2 (chr. 1p35.1-34.3) are
trongly associated with schizophrenia, suggesting that variants of
CAs have a significant effect on disease susceptibility. Notably, our
andidate gene approach on a small number of markers resulted in
enetic associations that in comparison with genome-wide analy-
is reaches the commonly accepted genome-wide significance
hreshold of (p value) 	5 � 10�8 (28). CSMD1 (MIM * 608397) and
SMD2 (MIM * 608398) encode large multidomain proteins (about
00 kDa) that contain 14 alternating CUB and Sushi domains, fol-

owed by 12 to 15 additional tandem Sushi domains, a single trans-
embrane domain, and a short cytoplasmic tail with putative phos-

horylation sites. Sushi domains are also known as short consensus
epeats or complement control protein modules. A repeated pat-
ern of multiple Sushi/SCR/CPP domains is a common feature
mong regulators of the complement cascade (29), a signaling
athway of the innate immune system that helps, or “comple-
ents,” the process to clear pathogens or tag them for destruction

y other cells. In the peripheral immune system, the cascade can be
ctivated through the classical, alternative, or lectin pathways, all
onverging on the activation of complement C3 leading to the
ormation of the membrane attack complex (30).

Functionally, the Sushi repeats of CSMD1 can inhibit the depo-
ition of complement component C3 in vitro similar to that of the
omplement component C3b/C4b receptor protein CR1L (Crry)
31). The effect of CSMD1 is probably specific to the classical com-

Figure 2. p values for allelic association and chromosomal
positions for single nucleotide polymorphisms in CSMD2.
Raw p values are plotted for Norwegian (�), Danish (X),
and German (�) samples, as well as for merged analysis of
all samples (red boxes) (single nucleotide polymorphisms
with association –log 10 p value � .05 is not shown). The
genotyped region is aligned to Ref.Seq and to University
of California Santa Cruz annotated genes (NCBI_36). Di-
rection of transcription is indicated with arrows.
lement pathway, because the protein was reported to have no

www.sobp.org/journal
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effect when the cascade is initiated through the alternative path-
way. Notably, genetic variants in complement component C3b/C4b
receptors may contribute considerably to the risk of neurodegen-
erative disorders, as recently exemplified by associations between
the CR1-locus (homologue of CR1L) and Alzheimer’s disease (32).

inks to neurologic defects are also established for the complement
ascade and C3 activity regulator CFH, for which alterations in the
rotein coding sequence strongly associate to the risk of age-re-

ated macular degeneration (33). Our observation of genetic asso-
iation of CSMD molecules to schizophrenia may reflect a heritable

mpairment in the regulation of the classical complement cascade.
owever, complement control–related proteins also have the in-
erent property of regulating synapse function and excitability,

hat is, the clustering of postsynaptic receptors and synaptic densi-
ies, independent of any known immune function (34,35).

The CSMD1 and CSMD2 genes have not previously been widely
escribed in psychiatric genetics, but a few studies have indicated
ssociations between CSMD1 and CSMD2 and variation in brain
tructures or risk of neuropsychiatric disorder. The etiology of com-
lex genetic disorders such as schizophrenia is likely to depend on

nteractions between risk factors selective to a specific disorder and
ets of underlying heritable endophenotypes to which the latter
nly partially penetrate in disease (36). This is supported by recent
ata demonstrating partial overlap in the genetic susceptibility for
chizophrenia and bipolar disorder (3,10). In the ADNI sample (Alz-
eimer’s Disease Neuroimaging Initiative), GWAS analysis of voxels
f the entire brain in healthy subjects, mildly cognitively impaired
atients, and Alzheimer’s patients identified the CSMD2 marker

s476463 among the most significantly associated SNPs to brain
olume (37). CSMD2 has also been linked to ADHD and addiction
38,39). For CSMD1, strong genetic associations to psychiatric disor-
ers have not previously been fronted, but we have noticed that
SMD1 SNPs are listed in supplementary data for GWAS reports on
ajor depression, bipolar disorder, and schizophrenia (11,40 – 43).
ost of these reports point at nominal significant associations for a

imited number of markers, but in a recent European GWAS-based
tudy on schizophrenia, seven SNPs had p values in the range of
.45 � 10�5 to 9.26 � 10�4 (11). These observations show that the
wo RCA-encoding genes that are associated with schizophrenia in
ur study may have clinical relevance to neuropsychiatric disorders
ith related endophenotypes or shared susceptibility.

Schizophrenia is established as a brain developmental disorder.
n addition, epidemiologic observations over the past decades have
epeatedly correlated the risk of schizophrenia to hyperactivation
f the peripheral immune systems (i.e., prenatal infections and
utoimmune disorders; (reviewed in Ortega-Hernandez et al. [13]
nd Brown et al. [14]). Recent gene network analyses of positional
andidate genes also suggest that immunity pathways in general
re major risk factors for schizophrenia (44). In support, several
tudies suggest that the CNS is continuously surveyed by circulat-
ng cells and molecules (e.g., leukocytes and cytokines) of the pe-
ipheral immune system affecting neuronal plasticity and behaviors
45– 49).

However, it is becoming increasingly clear that immune mole-
ules also contribute to brain development and function. Comple-
ent components (C1q, C3) and MHC class I molecules are localized

o developing synapses in normal healthy rodent brains where they
lay an essential role for synaptic refinement and precise neuronal
onnectivity (22, 50 –52). Mice deficient in MHC class I signaling
B2m KO, TAP KO, CD3 zeta KO), and classical complement cascade
C1q, C3 KOs) exhibit similar defects in synaptic pruning in the

eveloping visual system, suggesting functional interactions be- w

ww.sobp.org/journal
ween innate and adaptive immune molecules in the developing
rain (20,22,53).

Moreover, a significant upregulation of complement- and MHC-
elated genes are associated with central nervous system injury and

host of neurodegenerative diseases (reviewed in Alexander
t al. [54] and Amor et al. [55]). Functional mechanisms for how
omplement factors lead to onset and/or progression of brain dis-
ases are yet to be established but could involve the reactivation of
evelopmental synaptic pruning programs leading to neuronal de-
eneration (22,56). Thus, complement regulatory proteins may be

mportant in protecting synapses from aberrant elimination during
evelopment and disease. Schizophrenia is characterized by brain
isconnectivity and progressive loss of gray matter that are pro-
osed to be preceded by an increased rate of synaptic pruning or
limination (57–59). Reduced synaptic and dendritic spine markers
re also found in relevant brain regions of patients (60 – 63). It
emains to be explored whether CSMD1, CSMD2, and the CR1-locus
re involved in such processes.

In addition to identifying RCA-encoding genes as risk factors in
chizophrenia, we also found nominally significant associations to
unctional variants of the MHC class II molecules HLA-DMB and
LA-DOA. These genes are encoded by the MHC class II region of the
LA complex. The HLA complex covers more than 200 genes in-
luding MHC class I and class II molecules, which in the immune
ystem are specialized for presenting endogenous and exogenous
ntigens, respectively. This region is infamous for the complexity of

ts linkage disequilibrium structure. The genomic architecture of
his region has been explored in autoimmune disorders in which
inkage disequilibrium at the marker level can reach up to several

egabases out of the region (64,65). This complex LD architecture
enders interpretation of association in this region challenging
oth at the single marker level as well as at the haplotype level. The

ecent three meta-analyses on schizophrenia all pointed to signifi-
ant signals of association in the 6p21.3-22.1 region (10 –12), and
urther work is warranted to pinpoint the original signals. However,
t is important to emphasize that from the corresponding rat MHC
lass II region, we recently detected the expression of rt1-Ba and
t1-Da (MHC class II genes) in response to HFS-LTP (17). In addition,
e show that the expression of the MHC class II invariant chain
D74 was upregulated following LTP (17). These data suggest that
HC class II molecules expressed from this region may modulate

euronal plasticity in the central nervous system.
In conclusion, we have observed highly significant genetic asso-

iations to schizophrenia in several immunity-related factors of the
nnate and adaptive immune systems. The strongest findings were
btained for common SNP variants in the homologous genes
SMD2 and CSMD1. These novel observations implicate a role of
omplement control-related proteins as risk factors in schizophre-
ia. Further work is needed to better understand how these mole-
ules may regulate the activation steps of the classical complement
ascade, which is a well-known signaling pathway of the innate

mmune system, with recent evidence that its activity also colocal-
zes with the patterning of developing neuronal circuits in the brain.
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