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hitinase-3-Like 1 (CHI3L1) Gene and Schizophrenia:
enetic Association and a Potential Functional
echanism

ao Sheng Yang, Derek W. Morris, Gary Donohoe, Elaine Kenny, Colm T. O’Dushalaine,
iobhan Schwaiger, Jeanne Marie Nangle, Sarah Clarke, Paul Scully, John Quinn, David Meagher,
atrizia Baldwin, Niall Crumlish, Eadbhard O’Callaghan, John L. Waddington, Michael Gill, and
iden Corvin

ackground: Gene expression data and association analyses in two Chinese samples implicate chitinase 3-like 1 (CHI3L1), a cellular survival
ene, in schizophrenia susceptibility.

ethods: We tested whether the association data are robust to replication in a Caucasian schizophrenia sample and performed a
omprehensive investigation of common genetic variation at the locus.

esults: In a sample of 375 case and 812 control subjects we identified significant association with the same risk allele at the promoter
ingle nucleotide polymorphism (SNP) associated in the original study (rs10399805; p � .018) and with another SNP at intron 7 of CHI3L1
rs2275351; p � .008). The rs10399805 SNP is located at position -247 and disrupts the C/EBP-AML-1 binding site in the gene promoter; the
isk allele is predicted to increase CHI3L1 expression, as has been reported in several postmortem schizophrenia studies. Carriers of the risk
ariant presented with fewer positive symptoms and relatively spared cognitive performance compared with other schizophrenia patients.

onclusions: These findings support a functional mechanism for involvement of CHI3L1 in schizophrenia susceptibility, possibly contrib-
ting to a less severe illness. The associated variants in this study are not well tagged by all Whole-Genome Association (WGA) platforms,
uggesting additional genotyping may be necessary despite the imminent availability of WGA data from large SZ samples. Because CHI3L1

ay be involved in transmission of stress-induced cellular responses, studies of interaction with known environmental risk factors may also

e warranted.
ey Words: Binding site, C/EBP-AML-1, CHI3L1 gene, function,
enetic association, schizophrenia

chizophrenia (SZ; Online Mendelian Inheritance in Man
[OMIM] 181500) is a neuropsychiatric disorder character-
ized by abnormalities of perception, affect, cognition, and

ocial functioning (1). The disorder is substantially heritable, but
xpression of the clinical phenotype is likely to involve the
nterplay of multiple susceptibility variants, epigenetic factors,
nd environmental influences (2). Many of the most promising
andidate genes are involved in the development and mainte-
ance of synaptic function, compatible with the view that SZ is a
eurodevelopmental disorder (3,4). Despite recent progress,
ost of the variance attributable to genetic factors remains to be

dentified or confirmed, and the underlying pathophysiology is
oorly understood (5). Multiple environmental factors in early
ife, including prenatal exposures, perinatal complications, and

rom the Neuropsychiatric Genetics Research Group (MSY, DWM, GD, EK,
CTO, SS, JMN, SC, MG, AC), Department of Psychiatry and Institute of
Molecular Medicine, Trinity College Dublin, Ireland; Laboratory of Disor-
der Genes (MSY), School of Public Health, Chongqing University of Med-
ical Sciences, Chongqing, People’s Republic of China; Stanley Research
Unit (PS, JQ, DM, PB, JLW), St. Davnet’s Hospital, Monaghan; Stanley
Research Unit (NC, EO), Cluain Mhuire Family Centre, Blackrock, Dublin,
Ireland; Department of Clinical Pharmacology (JLW), Royal College of
Surgeons in Ireland, Dublin, Ireland.

ddress reprint requests to Aiden Corvin, M.D., Ph.D., Department of Psychi-
atry, Trinity Centre for Health Sciences, St James’ Hospital, Dublin 8,
Ireland; E-mail: acorvin@tcd.ie.

eceived September 20, 2007; revised November 20, 2007; accepted De-

cember 13, 2007.

006-3223/08/$34.00
oi:10.1016/j.biopsych.2007.12.012
psychosocial stressors, contribute to susceptibility (6). There is
substantial interindividual variation in sensitivity to environmen-
tal stressors and risk may be mediated by gene–environment
interaction involving genes contributing to cell survival.

The chitinase 3-like 1 gene (CHI3L1; OMIM 601525), located
on chromosome 1q32.1 (a locus with modest evidence of linkage
to SZ), has been identified as a putative SZ susceptibility gene
based on association analyses in two independent Chinese
samples (7–10). Increased expression of CHI3L1 has also been
reported in hippocampus and dorsolateral prefrontal cortex in
independent postmortem studies of SZ (11,12). CHI3L1 acts as a
cellular survival factor in which expression of the gene is
increased in response to various physiologic insults including
hypoxia and nutrient deprivation. This may be mediated by
an inhibitory effect on apoptosis signal-regulating kinase 1
(ASK1; OMIM 602448), which is pivotal for the transmission of
stress-induced cellular responses and protects the cell against
apoptosis.

Zhao and colleagues (10) identified the same alleles at two
putative promoter single nucleotide polymorphisms (SNPs;
rs10399805 and rs4950928) as being associated with SZ in
independent case-control and family-based trios samples. A
three-marker haplotype constructed from rs10399805, rs4950928,
and rs6691378 was also associated in both samples but was
exclusively tagged by the associated alleles from rs10399805 and
rs4950928. Haplotypes carrying the associated alleles at
rs4950928 exhibited reduced expression of the gene in vitro
(luciferase reporter assay) and in vivo (gene expression assay in
human peripheral blood cells). On the basis of additional
functional work and a bioinformatic analysis of the locus, the

authors speculated that the rs4950928 G ¡ C transversion may
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isrupt MYC/MAX-regulated transcriptional activity of the gene,
hich may in turn reduce cellular survival in response to
nvironmental stressors and contribute to illness risk.

The primary aim of this study was to investigate whether the
eported association is robust to replication in a European
aucasian case-control SZ population. Because the initial study
id not report a comprehensive screen of common variation at
he locus, the secondary objective was to investigate all common
NPs in this region for putative contributions to SZ suscepti-
ility. Susceptibility genes may contribute to different aspects
f the clinical phenotype, where we identify replicated allelic
ssociation at CHI3L1, we report exploratory analyses inves-
igating clinical and neuropsychologic effects of risk variation
t the gene (13).

ethods and Materials

tudy Participants and Assessment
The SZ association sample consisted of 375 case and 812

ontrol subjects from the Republic of Ireland. Ethics Committee
pproval was obtained from all participating hospitals and
entres. Case individuals provided written informed consent and
ere interviewed by a psychiatrist or psychiatric nurse trained to
se the Structured Clinical Interview for DSM (SCID-P) and
ositive and Negative Symptom Scale (PANSS) rated on the basis
f worst documented episode of illness. Diagnosis was made by
he consensus lifetime best estimate method with DSM-IV criteria
sing all available information (interview, family or staff report,
nd chart review). Cases met criteria for DSM-IV SZ (n � 299) or
chizoaffective disorder (n � 76). All cases were over 18 years of
ge, of Irish origin (self-reported Irish grandparents) and had
een screened to exclude substance-induced psychotic disorder
r psychosis due to a general medical condition. In the case
opulation, the average age at illness onset was 23.8 (SD 8.7),
ge at interview was 45.1 (SD 9.6) and 64.34% were men. The
ontrol sample, drawn from anonymized Irish blood donors,
ere 64.27% men and not specifically screened for psychiatric

llness; donors were not taking regular prescribed medication
ecause such individuals are excluded from blood donation in
reland.

Detailed neuropsychological assessment was obtained on a
ubset of cases (n � 91) who satisfied the following additional
riteria (based on interview and chart review): 1) aged between
8 and 60 years, 2) no history of substance abuse in the
receding 6 months, 3) no other psychiatric diagnosis, 4) no
istory of head injury with loss of consciousness, and 5) no
istory of epilepsy or seizures. Patients were only approached
or neuropsychologic assessment if they were outpatients and, in
he view of their treatment team, clinically stable.

tudy Design and SNP Selection
Our previous investigation of the Irish population indicates

hat population substructure is unlikely to be a confounding
actor for association studies, so we performed a standard
ase-control study (14). Three SNPs (rs6691378, rs10399805, and
s4950928) showed evidence of association in the Zhao et al. (10)
tudy and were investigated. Extended analysis to perform a
omprehensive assay of variation at the CHI3L1 locus involved 1)
nvestigation of five coding variants from the National Center for
iotechnology Information (NCBI) dbSNP database (http://www.
cbi.nlm.nih.gov/SNP/) for heterozygosity in the Irish popula-
ion and 2) selection of tag SNPs across the gene based on

inkage disequilibrium (LD) data from HapMap (http://www.
hapmap.org/). The five coding variants, which included one
nonsynonymous SNP (rs1049407, exon 9) and four synonymous
SNPs (rs1049406, exon 5; rs1130572, rs1049410, and rs4950927,
all exon 10), were genotyped in a panel of 15 SZ cases yielding
power of .95 to detect alleles with a minor allele frequency (MAF)
of .10. None of these five variants were found to be informative
in our sample, suggesting that if they are true variants in
Caucasian populations, they are likely to be rare (MAF � .10; see
Supplement 1 for details).

The LD data from the HapMap Han Chinese, Beijing, China
(CHB) samples indicates that the three SNPs associated in the
Chinese study are located in a region of high LD that extends 12.5
kb upstream of the transcription start site of the gene. To
accommodate the possibility that the association finding in the
Chinese samples was a proxy signal from a true causal variant in
this upstream region, we chose tagging SNPs to span the locus
extending 12.5 kb upstream and 1.8 kb downstream of the gene
(chr1:201,412,789-201,435,097; hg18). These three SNPs and an
additional six tagging SNPs effectively tagged all 35 common
variants with a MAF � .05 at r2 � .8 at the locus (using the
HapMap Centre d’Etude du Polymorphisme Humain collection
of samples from Utah (CEU) data as a reference panel [NCBI
build 36]; detailed in Table A in Supplement 1). Included in these
additional six SNPs was rs880633 (exon 5), the only known
polymorphic nonsynonymous coding SNP in the gene, which
was genotyped in the Chinese samples but found not to be
associated with SZ. Figure 1 displays a graphic of all nine SNPs
analyzed in this study, further details on the nine SNPs are
provided in Table 1.

SNP Genotyping
The five SNPs tested for heterozygosity were genotyped using

SNaPshot on an ABI PRISM 3130xl Genetic Analyzer (Applied
Biosystems, Warrington, United Kingdom). The nine SNPs ana-
lyzed in our case-control sample were genotyped using Taqman
assays on an ABI PRISM 7900HT Sequence Detection System
(Applied Biosystems). Following association analysis, two can-
didate regions were screened for novel informative SNPs by
sequencing in our panel of 15 SZ cases using a BigDye Termi-
nator v3.1 Cycle Sequencing Kit (Applied Biosystems) on an ABI
PRISM 3130xl Genetic Analyzer. Details of all primer and probe
sequences and assay conditions are available on request. DNA
samples from the HapMap CEU sample were randomly distrib-
uted in our case-control DNA plates. This permitted the cross-
referencing of online data with genotype data generated in our
own laboratory for the purposes of quality control.

Statistical Analysis
Tag SNPs were chosen from HapMap CEU data using Tagger

as implemented in Haploview v3.32 (15,16). Selection of tags is

Figure 1. The schematic diagram of the exonic structure of the chitinase
3-like 1 gene and the locations of 14 single nucleotide polymorphisms
(SNPs) analyzed in this study. *Stage 1 SNPs; **stage 2 SNPs; �snps tested

for heterozygosity and found to be noninformative.

www.sobp.org/journal
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ased on r2 values between alleles of variable sites. We used an
2 threshold of .8 and the pairwise tagging-only option for tag
NP selection. Individual SNPs were tested for association with
he phenotype using a 2 � 2 contingency table to calculate a �2

tatistic. Individual SNPs may not be independent because of LD,
pplying a traditional Bonferroni correction for multiple testing
ould increase type II error; thus we corrected for multiple

esting using a permutation-based method (n � 10,000) imple-
ented in Haploview (15). Pairwise measures of LD (D= and r2)

nd Hardy-Weinberg Equilibrium (HWE) were also calculated
sing Haploview. Haplotype analysis was performed using UN-
HASED v3.0.6 (http://www.mrc-bsu.cam.ac.uk/personal/frank/
oftware/unphased/) (17). This program calculates significance
evels based on analysis of all haplotypes, described as an
mnibus test, and individual haplotypes were subsequently
ested for association.

esults

enotyping Quality Control
All SNPs genotyped in this study were in HWE in both case

nd control samples. The call rate of successful genotypes across
he nine CHI3L1 SNPs was .936. Ninety DNA samples from the
apMap CEU samples were randomly distributed across our
ase-control DNA plates. Because the nine SNPs assayed in this
tudy were previously genotyped in the HapMap CEU sample,
e were able to compare genotypes between this online data
nd data generated in our lab. Of 754 genotype comparisons,
here were only three nonconcordant genotypes, indicating a
enotyping accuracy of 99.6%.

ssociation Analyses
Of the three SNPs tested for replication, rs10399805 is asso-

iated with SZ in our sample (p � .018; odds ratio [OR] � 1.38,
5% confidence interval [CI] 1.05–1.83). Importantly, the associ-
tion is with the same allele (C) as previously reported for this
arker in two independent Chinese samples (10). The result

emains significant after correction for the three tests performed,
he other SNPs not being significantly associated in our data set
corrected p � .04). Results from the six tag SNPs across the locus

able 1. CHI3L1 Association Study Results

s Number Positiona Location Allelesb Freq. in Ca

tage 1
rs6691378 201,423,745 Upstream C/T .881
rs10399805 201,422,621 Upstream C/T .885
rs4950928 201,422,505 Upstream C/G .243

tage 2
rs12123883 201,431,465 Upstream A/G .921
rs946261 201,424,496 Upstream A/G .595
rs1538372 201,421,155 Intron 2 T/C .381
rs880633 201,419,424 Exon 5 A/G .513
rs2275351 201,416,696 Intron 7 G/A .851
rs883125 201,412,789 Downstream G/C .832

Significant SNPs (corrected for tests performed) shown in bold.
CHI3L1, chitinase 3-like 1; CI, confidence interval; Cons, control subjects;
adbSNP build 126.
bAs CHI3L1 is encoded on the minus strand of chromosome 1; all alleles
cFrequency of first allele shown.
dBased on 10,000 permutations.
ep value based on permutations of the three single nucleotide polymor
fp value based on permutations of all nine single nucleotide polymorph
re detailed in Table 1. One SNP, rs2275351, located in intron 7,

ww.sobp.org/journal
is associated with SZ in our sample (p � .008; OR � 1.39; CI
1.08–1.79), a finding that also remains significant when correc-
tions are made for all nine SNPs tested (corrected p � .05). For
SNPs with significant allelic effects, full genotypic data and 3 � 2
tests are provided in Table C in Supplement 1. The LD measure-
ments between all SNPs are given in Table B in Supplement 1.
Zhao et al. (10) reported haplotype association with a test of
rs6691378–rs10399805–rs4950928. We did not detect haplotypic
association with these markers (global and individual haplotype
tests) in our sample (see Table D in Supplement 1).

Sequencing Analyses
To identify novel variants in the regions of the two associated

SNPs, we performed sequencing analysis of two candidate
regions. The first candidate region, which contained rs10399805,
spanned 500 base pairs of the putative promoter region and the
first 100 base pairs of exon 1 (chr1:201,422,428-201,423,026;
hg18). No novel variants were identified in this region. The
second candidate region, which contained rs2275351, was 3.6 kb
in length and represented a region of high LD in HapMap CEU,
spanning intron 6 to exon 10 of the gene (chr1:201,414,541-
201,418,167; hg18). One novel SNP termed CHI3L1-SNP1 (G/T;
201,417,454; hg18) and two known SNPs (rs35405821 and
rs7539590; both non-HapMap), all located in intron 6, were
found to be informative. All three SNPs were genotyped in the
HapMap CEU sample and were found to be in high LD (r2 � .9)
with tag SNPs already tested for association (see Table A in
Supplement 1) and therefore were not taken forward for further
study.

Relationship Between Risk Variation and Clinical Indices
We performed secondary analyses of the effect of CHI3L1 risk

genotype at marker rs10399805 and clinical/neuropsychological
indices in SZ cases, because this was the marker replicated from
the original study. For clinical symptoms carriers of two copies of
the C “risk” allele at rs10399805 were compared with carriers of
one copy or no copies. Given the differences in sample size
between genotype groups, comparisons were made using chi-
square or Kruskal-Wallis tests. Clinical variables included in our
analysis were age at onset, course of illness, and symptom

Freq. in Consc p Value Corrected p Valued OR (95% CI)

.860 .213 .43 1.20 (.89–1.61)

.847 .018 .04e 1.38 (1.05–1.83)

.234 .643 .92 1.05 (.85–1.30)

.918 .774 1.00 1.05 (.75–1.48)

.588 .767 1.00 1.03 (.85–1.24)

.346 .109 .49 1.16 (.97–1.40)

.510 .899 1.00 1.01 (.84–1.23)

.804 .008 .05f 1.39 (1.08–1.79)

.826 .731 1.00 1.04 (.82–1.33)

, frequency; OR, odds ratio.

alled on the minus strand.

s in stage 1.
in stage 1 and 2.
sesc

Freq.

are c
dimensions, for which data were available for 237 patients (mean

http://www.mrc-bsu.cam.ac.uk/personal/frank/software/unphased/
http://www.mrc-bsu.cam.ac.uk/personal/frank/software/unphased/
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ge � 45.1 SD � 9.6). We measured symptom severity using the
ositive and negative total scores from the PANSS based on the
orst documented illness episode using self-report, chart review,
nd collateral history information (PANSS).

Using Kruskal-Wallis analyses to compare carriers of two
opies of the risk allele (C/C; n � 182), one copy (C/T; n � 52),
nd no copies (T/T; n � 6), we found significant differences
etween genotype groups for positive symptom severity (H �
.25; df � 2; p � .027). As illustrated in Figure 2, this difference
s accounted for by carriers of the C risk allele having fewer
ositive symptoms compared with carriers of the non-risk
allele. There was no difference between groups for age at onset

p � .05) or in chi-square tests for gender, course of illness, or
llness subtype (schizophrenia or schizoaffective disorder; all
values � .05).

elationship Between Risk Variant and
europsychological Indices

Analyses of the effect of CHI3L1 risk genotype at marker
s10399805 on neuropsychologic performance were based on
cores from a test battery designed to index the principal
ognitive deficits associated with SZ—general cognitive func-
ion, episodic and working memory, and attentional control.
urrent general cognitive function was assessed using the vo-
abulary and block design subtests from the Wechsler Adult
ntelligence Test, 3rd edition (18), and premorbid IQ was
ssessed using the Wechsler Test of Adult Reading (19). Verbal
pisodic and working memory was assessed using the Logical
emory and Letter Number Sequencing subtests from the We-

chler Memory Scales, 3rd edition (20). Spatial memory recall and
orking memory was assessed using the Paired Associate Learn-

ng task (PAL) and the Spatial Working Memory task (SWM) from
he Cambridge Automated Test Battery (CANTAB) (21). Atten-
ional control was assessed using the distractibility version of the
ontinuous Performance Test (CPT) (21) and the CANTAB
ntra-Extra Dimensional Set Shifting task (IED) (21).

Given the infrequency of the nonassociated (T) allele in our
ample, analysis of neuropsychologic variables was carried as a two
roups comparison (i.e., carriers of two copies of the C allele (n �
4) versus carriers of zero or one copies of the C allele (n � 19). This
as performed using a series of analyses of covariance in which age

igure 2. Genotype differences in premorbid and current general cognitive
bility. Case samples were grouped for analysis on the basis of whether they
arried two copies of the risk allele (C/C genotype) or fewer than two copies
f the risk allele (T/C or TT genotype) at rs10399805. WAIS � Wechsler Adult

ntelligence Scale.
nd gender (associated with variance in neuropsychologic perfor-
mance, and previously reported on for this sample) were entered as
covariates (22). Homogeneity of variance between groups was
confirmed using Levene’s test of equality (23).

Significant differences were observed between homozygous
carriers of C allele and carrier of 0 or 1 copy of the allele on
measures of premorbid and current general verbal ability but not
visuospatial ability (premorbid IQ: F � 7.74, p � .007; verbal
ability: F � 7.31; p � .008; visuospatial ability: F � 1.47; p � .23;
see Figure 2). A significant difference between groups was also
observed for verbal working memory (F � 4.33; p � .041), and
a trend level association was observed for verbal episodic
memory (F � 3.38; p � .07). In each analysis, the homozygous
risk carriers (C/C) performed better than noncarriers. No associ-
ation was found between genotype and measures of either
visuospatial memory or working memory or attentional control
(CPT or CANTAB IDED; (all p values � .05). Full results of the
analyses are detailed in Table E in Supplement 1.

Discussion

This study provides further support for CHI3L1 as a SZ
candidate gene; unusual for the SZ literature, the key association
is with the same allele (C) at the marker reported in the original
study (rs10399805) and meets the criteria for replication sug-
gested by Sullivan (24). The gene is known to contain six coding
variants of which only one (rs880633) is common; the remaining
five were tested for heterozygosity and were found not to be
informative in our sample (MAF � .05). Six tag SNPs were chosen
across the gene, and, when grouped with the three associated
SNPs in the original report, they effectively tag all common SNPs
(n � 35; MAF � .05, r2 � .8) from the HapMap CEU reference
panel in the region spanning 12.5 kb upstream and 1.8 kb
downstream of the gene. One tag SNP (rs2275351) showed
evidence of association (p � .008, OR � 1.39), and this result
remained significant when corrected for the number of tests
performed (p � .05).

Comparing findings across populations with different linkage
disequilibrium relationships may provide a method of refining a
signal to a restricted region (25). In this Caucasian sample, the
associated SNPs (rs10399805 and rs2275351), located in the
promoter region and intron 7 of the gene, respectively, are in
high LD (r2 � .75 in CEU, r2 � .63 in our sample) and unlikely
to represent independent signals. Marker rs2275351 was not
genotyped in the original report, but the lack of LD between
these two markers in the Chinese HapMap sample (CHB, r2 �
.19) suggests that if there is a single risk variant, the true signal is
from rs10399805. Sequencing of the promoter region in our
sample did not identify any other novel common variants. Zhao
and colleagues (10) reported association with rs10399805, but
their strongest result was with another SNP in the core promoter
(rs4950928), which was not associated with SZ in this study.
Comparing the HapMap CEU and CHB samples, there is a similar
LD structure at this locus in both samples with the exception of
marker combinations that include rs10399805, rs22755351, and
rs4950928. Our interpretation is that the data narrow the region
of interest to marker rs10399805 but that additional signals at the
gene cannot be excluded. However, the absence of association at
rs4950928 in this Caucasian SZ sample may represent genetic
heterogeneity at the locus or a lack of study power (study power
was 61% to detect association at p � .05, for an OR of 1.49 with
MAF of .124).

Gene expression studies indicate that CHI3L1 mRNA levels

are increased in the hippocampus and dorsolateral prefrontal

www.sobp.org/journal
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ortex of postmortem SZ samples compared with control sam-
les (11,12). Zhao et al. (10) reported that the associated allele
C) of rs4950928 tagged reduced peripheral gene expression of
HI3L1, perhaps mediated by disruption of MYC/MAX transcrip-

ion factor binding. Superficially, these data do not appear
omplementary, but this may reflect the complexity of the
echanism involved. Rehli and colleagues (26) identified a
umber of transcription factor-binding sites in the promoter of
he gene, including C/EBP and AML-1 binding sites between
ositions -234 to -252 from the ATG start site of translation.
arker rs10399805 is located at position -247; it disrupts the
ML-1 binding motif (TGCGGT¡ TGTGGT) and sits adjacent to

he C/EBPbeta binding motif. Internal deletion of the C/EBP-
ML-1 site from the CHI3L1 promoter results in a 20% loss in
romoter activity as measured by luciferase assay in THP-1 cells,
human monocytic cell line (26). This suggests a potential
echanism for the involvement of marker rs10399805 in SZ
athogenesis in which the presence of the C allele at the
/EBP-AML-1 binding site is predicted to cause overexpression
f the gene, compatible with the increase of CHI3L1 mRNA in
ostmortem brain tissue of SZ cases compared with control
amples. Although not typical of a genetic risk mechanism, this
epresents a plausible hypothesis that can be tested in further
unctional studies.

The protein product of CHI3L1, human cartilage glycoprotein
9 (HC-gp39 or YKL-40), is thought to protect tissues from the
ffects of inflammation with excessive levels of HC-gp39 causing
ibrosis. HC-gp39 is secreted by various mammalian cells and has
een identified as a potential biomarker across inflammatory
iseases, including after neural damage (27). There are few
eports on the role of CHI3L1 in the central nervous system, but

substantial literature suggests involvement of the immune
ystem and inflammatory cytokines in SZ (28–32). One function
f the CHI3L1 protein is in activation of AKT1 (V-Akt murine
hymoma viral oncogene homolog 1; OMIM 164730) in response
o a network of stress-activated eIF2-alpha kinases (33). There is
onvergent evidence for impaired AKT1-GSK3beta signaling in SZ,
lthough genetic support for this hypothesis is more equivocal
33,34). Other genes with immune function have also been impli-
ated in SZ etiology, albeit not with the same degree of independent
tatistical evidence that now supports CHI3L (35–39). The applica-
ion of more powerful hypothesis-free whole genome association
tudies (WGAS) in SZ may provide more support for susceptibility
enes involved in immune response. Indeed, the only SNP to
urvive a genomewide test of significance in one of the first reported
GAS of SZ was located in the region of two cytokine-related

enes, CSF2RA and IL3RA (40).
Characterizing the clinical and neuropsychologic effects of

isk genes will be important to improve our understanding of the
olecular basis of mental disorders. We investigated four clinical

age at onset, illness course, positive and negative symptoms)
nd four neuropsychological (general cognitive ability, episodic
emory, working memory, and attentional control) correlates of
HI3L1 risk genotype. Carriers of the C risk allele presented with

ewer positive symptoms (delusions and hallucinations) but no
ifference in age at onset or course of illness from patients with
he nonrisk allele. Given that symptoms fluctuate over time, we
elected a rating based on worst-ever episode but suggest that, if
onfirmed, future studies based on serial symptom measures or
ore detailed rating of lifetime severity are likely to be more

linically informative. Interestingly, the neuropsychologic studies

ndicate that individuals with two copies of the risk allele had less
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impairment of premorbid and current general verbal (but not
visuospatial) ability than noncarriers.

These observations appear counterintuitive, because “risk”
variants are typically hypothesized to have a deleterious effect on
brain function as manifest by clinical symptoms or poorer
cognitive function. The consistency of these results across mul-
tiple clinical and cognitive domains argues against these repre-
senting false-positive findings and are not unique: a similar
observation has been made about another SZ candidate gene,
PPP1R1B (encoding DARPP-32), a central molecular switch
integrating dopaminergic neurotransmission (41). We suggest
that the identified “benefit” of the CHI3L1 risk allele is in
comparison to other SZ patients and may delineate a form of the
disorder with relatively spared cognitive performance. We em-
phasize that these were exploratory rather than hypothesis-
driven analyses and hence not corrected for multiple testing, but
the findings for premorbid and current IQ withstand conservative
correction. Confirmation of the association between CHI3L1 and
variance on these indices through additional studies are required
to determine the true significance of our results.

In summary, this study provides support for CHI3L1 as a
putative SZ susceptibility gene across two populations. Further
investigation is required to confirm association with this poten-
tially functional variant (rs10399805) in other SZ samples, to
investigate other variants, and to provide a better estimate of risk.
Despite the imminent availability of substantial SZ WGAS data
sets, this may require additional genotyping because the identi-
fied risk variants at CHI3L1 are not well tagged by current WGA
platforms. Marker rs10399805 may disrupt a C/EBP-AML-1 bind-
ing site, causing increased expression of the gene and thus
explain the relative increase of CHI3L1 mRNA in postmortem SZ
samples. Our data suggest that carriers of the risk allele have
clinical and neuropsychologic evidence of a less severe illness,
but this requires further exploration. In addition to CH13L1, four
other genes of known immune function (SERPINA3, IFITM3,
IFITM1, and CD14) and three genes encoding chaperone mole-
cules (HSPA1B, HSPB1, and HSPA1A) were overexpressed in a
recent SZ postmortem study (12). These immune and chaperone
transcripts were highly correlated, suggesting that the observed
changes had a common origin, were causally interrelated, and
possibly reflected a long-lasting signature of an immune system
challenge during neurodevelopment that combined with genetic
factors to increase schizophrenia risk (12). This highlights the
necessity of including detailed environmental data on known
risk factors in future genetic studies to allow formal investigation
of gene-environment interaction.
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