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Context: Convergent data make 2',3'-cyclic nucleotide
3'-phosphodiesterase (CNP) a candidate gene for schizo-
phrenia. Reduced expression has been reported in the
schizophrenic brain. The CNP gene maps to a region to
which we have reported linkage to schizophrenia. Mice
in which the CNP gene has been knocked out display cen-
tral nervous system pathological characteristics reminis-
cent of some features observed in schizophrenia. 2',3'-
Cyclic nucleotide 3'-phosphodiesterase is used as a marker
of myelin-forming cells and is detectable in cells of oligo-
dendrocyte lineage throughout life. Because CNP is thought
to be important for oligodendrocyte function, altered ex-
pression has been interpreted as supportive of the hypoth-
esis that altered oligodendrocyte function may be an etio-
logical factor in schizophrenia. However, it is unclear
whether the observed changes in the schizophrenic brain

are primary or secondary.

Objectives: To determine if CNP expression is influ-
enced by DNA polymorphisms and to verify if these poly-
morphisms are associated with schizophrenia.

Design: Allele-specific messenger RNA expression as-

say and genetic association studies.

Setting: Unrelated subjects were ascertained from sec-
ondary psychiatric inpatient and outpatient services.

Participants: We used brain tissue from 60 anony-
mous individuals with no known psychiatric disorder; a
case-control sample of 708 white individuals from the
United Kingdom meeting DSM-IV criteria for schizophre-
nia matched for age, sex, and ethnicity to 711 blood do-
nor controls; and a pedigree with DNA from 6 affected sib-
lings and 1 parent, showing evidence for linkage to CNP.

Main Ovutcome Measures: Association between al-
lele and gene expression. Association between allele and
schizophrenia.

Results: The exonic single nucleotide polymorphism
152070106 was associated with CNP expression (P<<.001).
Compatible with underexpression of CNP messenger RNA
in schizophrenia, the lower-expressing A allele was sig-
nificantly associated with schizophrenia (P=.04) in the case-
control sample. All affected individuals in the linked pedi-
gree were homozygous for the lower-expression allele,
providing independent support for the association (P=.03).

Conclusions: Our data support the hypothesis that re-
duced CNP expression in the schizophrenic brain is rel-
evant to disease etiology and therefore provide support
for the general hypothesis that altered oligodendrocyte
function is an etiological factor in schizophrenia.
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ETHODS FOR TESTING
genes using associa-
tion designs in gen-
eral offer more power
to detect small effects
than methods based on linkage, but until
genomewide association scans become
economically realistic, such analyses are
dependent on prior functional and/or po-
sitional support for a disease locus. Un-
fortunately, our current knowledge of the
functional pathological characteristics of
schizophrenia so far only provides broad
clues about the pathological mechanisms
that might be involved, and therefore, it
is difficult to define a group of candidate

genes small enough to be comprehen-
sively studied.

Global surveys of messenger RNA
(mRNA) expression levels offer an alter-
native approach to linkage for selecting
candidate genes and/or pathophysiologi-
cal pathways for a disease in the absence
of a prior hypothesis linking the function
of that gene or pathway to the disease eti-
ology.! Although the large number of tran-
scripts to be examined, as well as the nu-
merous potential sources of experimental
and sampling variance that accompany the
use of complex tissues obtained post mor-
tem, poses significant analytic and de-
sign problems, recent studies suggest that
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robust and etiologically relevant changes in gene expres-
sion can be detected even in tissues as complex as the
human postmortem brain. Examples include the iden-
tification of altered expression of the neuregulin recep-
tor erbB3 in the schizophrenic brain,** a finding whose
relevance is supported by the evidence implicating varia-
tion in the gene encoding its ligand, neuregulin 1, in sus-
ceptibility to schizophrenia.* Others include the identi-
fication of the G protein receptor kinase 3 gene as a
candidate gene for bipolar disorder® and the regulator of
G-protein signaling 4 as a candidate gene for schizophre-
nia,’ findings that have received supportive evidence from
follow-up genetic studies.”® In the cases of regulator of
G-protein signaling 4 and the G protein receptor kinase
3 gene, each was selected for genetic analysis because,
as well as displaying altered expression, each mapped to
aputative region of linkage for the relevant disorder. Thus,
each candidate gene was supported by data from 2
non-hypothesis based methods, an approach that has been
termed convergent functional genomics.’

Recently, microarray studies have reported the down-
regulation of genes related to oligodendrocyte function
and myelination in the schizophrenic brain compared with
control subjects.**® Among the mRNAs down-regu-
lated was that encoded by the 2’,3"-cyclic nucleotide
3’-phosphodiesterase gene (CNP), a finding confirmed
at the protein level by Flynn and colleagues.'® These ob-
servations are of interest because CNP maps to 17q21.2,
aregion of the genome in which we have recently observed
genomewide significant evidence for linkage (logarithm
odds score, 8.32; genomewide empirical P value=.02)
to schizophrenia in a single pedigree.'' Moreover, given
evidence for altered myelination and oligodendrocyte
function in schizophrenia,' CNP is also a plausible func-
tional candidate gene.

2’ 3'-Cyclic nucleotide 3'-phosphodiesterase is widely
used as a marker protein of myelin-forming glial cells. In
brain development, CNP is detectable in cells of oligo-
dendrocyte lineage and is maintained in mature oligoden-
drocytes throughout life.”® 2’,3"-Cyclic nucleotide 3'-
phosphodiesterase is associated with noncompacted
myelin regions, absent from compacted myelin, and also
found in oligodendrocyte cytoplasm.'® Although the pre-
cise function of CNP in oligodendrocytes is unclear, re-
cent evidence suggests that it interacts with mitochon-
dria and cytoskeletal proteins and may act to promote
microtubule assembly or act as a membrane anchor for
tubulin.'* Intriguingly, a recent animal study showed that
CNP-deficient mice display a reduction in overall brain
size, enlarged ventricles, and corpus callosum atrophy,
all of which are consistent with pathological features ob-
served in schizophrenia.’?

That altered CNP expression can be observed and rep-
licated in small samples of cases and controls suggests a
schizophrenia-related influence on CNP expression that
is probably too large and homogeneous to attribute en-
tirely to genetic variation at the CNP locus itself. If al-
tered CNP expression is relevant to pathogenesis, it is
probably as a final common pathway resulting from mul-
tiple trans-acting genetic and environmental risk fac-
tors. Alternatively, the replicated evidence for the asso-
ciation between altered CNP expression and schizophrenia

in small samples might suggest that the former is a com-
mon consequence of the latter, for example, a result of
its treatment.

In this study, we applied molecular genetic ap-
proaches in a bid to distinguish between the hypotheses
mentioned earlier. The rationale underpinning our study
was that if it is true that altered CNP expression influ-
ences schizophrenia susceptibility, any direct influ-
ences on CNP expression resulting from a cis-acting poly-
morphism at the CNP locus will have a similar effect, albeit
probably with a small genetic effect size. Thus, we sought
evidence that the expression of CNP is influenced by at
least 1 cis-acting polymorphism using a highly quanti-
tative allele-specific expression assay." Second, we sought
direct and indirect evidence for association between CNP
and schizophrenia in a large sample of schizophrenic cases
and controls. Third, we examined the sequence of CNP
in a family showing evidence for 17q linkage to schizo-
phrenia for the presence of alleles that might represent
rare alleles of large effect size. Fourth, we undertook de
novo polymorphism discovery across the complete ge-
nomic sequence (including introns) of CNP and exam-
ined all variants for evidence of association with schizo-
phrenia. The analyses presented show that CNP is indeed
subject to cis-acting influences on gene expression, that
an allele associated with lower CNP expression is also as-
sociated with schizophrenia, and that while all affected
members of the pedigree showing evidence for linkage
to schizophrenia were less identical by descent on 17q
than suggested by our original linkage analysis, all were
homozygous for the less common putative risk allele, a
finding that is unlikely to occur simply by chance.

B METHODS R

SAMPLE

Our case-control sample consisted of 708 white subjects with
schizophrenia from the United Kingdom and Ireland (487 men
and 221 women), matched for age, sex and ethnicity to 711
blood donor controls (478 men and 233 women). All patients
had a consensus diagnosis of schizophrenia according to DSM-IV
criteria made by 2 independent raters following a semistruc-
tured interview by trained psychiatrists or psychologists using
the Schedules for Clinical Assessment in Neuropsychiatry in-
terview'® and review of case records. High levels of reliability
(k >0.8) were achieved between raters for diagnoses. All cases
were screened to exclude substance-induced psychotic disor-
der or psychosis due to a general medical condition. The mean
(SD) age at first psychiatric contact was 23.6 (7.7) years and
the mean (SD) age at ascertainment was 41.8 (13.5) years. The
blood donor controls were not specifically screened for psy-
chiatric illness but individuals were not taking regular pre-
scribed medications. In neither country are blood donors re-
munerated even for expenses, and as a result, blood donors are
not enriched for substance abusers or indigents who may have
relatively high rates of psychosis. Ethics committee approval
was obtained in all regions where patients were recruited, and
informed written consent was obtained from all participants.
The pedigree showing evidence for linkage to 17q'" consisted
of a single sibship of 6 individuals with DSM-IV schizophrenia
(diagnosed as described earlier) from whom DNA was avail-
able. DNA was also available from 1 parent of unknown diag-
nostic status but who was believed to be unaffected.
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LABORATORY METHODS

Primers to amplify exons, promoters, flanking sequences, and
introns were designed based on alignment of mRNA sequence
(NM_033133) and the corresponding genomic sequence
(NT_010755.14). Polymerase chain reaction amplification and
mutation screening were performed using denaturing high-
performance liquid chromatography and, where indicated, se-
quencing, using protocols we have described extensively.'"!

The sample for mutation screening consisted of 14 unre-
lated white subjects from the United Kingdom meeting DSM-IV
criteria for schizophrenia, each of whom had at least 1 af-
fected sibling. At a later stage, we also screened all available
individuals from the linked pedigree.

ALLELE-SPECIFIC EXPRESSION ASSAY

The principle of the assay is that in heterozygous carriers of a
cis-acting polymorphism that affects the transcription or sta-
bility of a species of mRNA, the quantity of mRNA originating
from each gene copy will be unequal. The simplest method for
distinguishing between mRNA molecules originating from each
copy of a pair of autosomal genes is to use a polymorphism
within the mRNA sequence as a copy-specific tag."” It is then
possible to apply quantitative methods of allele discrimina-
tion to mRNA samples originating from individuals who are
known to be heterozygous for the marker polymorphism in or-
der to measure relative copy expression."” Factors that can in-
fluence the measured amount of total expression of a specific
gene (eg, tissue preparation, mRNA quality, drug exposure, pre-
agonal state, hormones, effects secondary to regulatory poly-
morphisms in other genes) will, in the absence of a cis-acting
allele-specific interaction, influence the amount of mRNA origi-
nating from each chromosome equally and are therefore con-
trolled for by this assay. While not allowing the measurement
of total RNA abundance, the allelic expression assay does have
the major advantage of allowing the detection of small poly-
morphic cis-acting influences even in the face of large trans-
acting influences.

Postmortem brain tissue was derived from the frontal, pa-
rietal, or temporal cortex of 60 white, European, unrelated, ano-
nymized human adults of whom 50 were from the United King-
dom (the Medical Research Council London Neurodegenerative
Diseases Brain Bank, London, England) and 10 were from Swe-
den (Department of Clinical Neuroscience, Karolinska Insti-
tute, Stockholm). All were free from psychiatric or neurologi-
cal disorder at the time of death. Genomic DNA and RNA were
extracted from each individual tissue sample, with subse-
quent deoxyribonuclease treatment of RNA as described."” Het-
erozygotes for the transcribed marker single-nucleotide poly-
morphism (SNP) were identified by genotyping genomic DNA
from all subjects. Allelic expression was estimated as de-
scribed by Bray et al.'>" Briefly, deoxyribonuclease-treated RNA
samples were subject to reverse-transcription polymerase chain
reaction and primer extension with allele-specific dye-
terminator incorporation using the SNaPshot kit (Applied Bio-
systems, Foster City, Calif), and the relative levels of the prod-
ucts representing each transcribed allele were measured on a
capillary sequencer. Samples were assayed using primers based
on single exonic sequence, capable of amplifying either ge-
nomic DNA or complementary DNA (cDNA). The cDNA
samples were assayed alongside the corresponding heterozy-
gote genomic DNA, which represents a perfect 1:1 ratio of the
2 alleles. The ratio obtained from genomic DNA thus pro-
vided a correction factor for any inequalities in the efficiency
of allelic representation specific to each cDNA assay.® Ab-
sence of genomic DNA in the RNA extracts was confirmed by

including the RNA samples that had not been reverse tran-
scribed. Analysis of heterozygous samples was performed as 2
separate experiments. In each experiment, 2 cDNA samples were
assayed for each heterozygous individual (as 2 separate reverse-
transcription reactions), alongside the corresponding ge-
nomic DNA sample.

Individual genotyping was performed using AcycloPrime re-
agents (PerkinElmer Life Science Products, Boston, Mass). Geno-
types were scored blind to affection status, and each plate of samples
contained a mixture of equal numbers of cases and controls.

The DNA pools from 691 of the cases and 710 of the con-
trols were also genotyped using the SNaPshot primer exten-
sion (Applied Biosystems) protocol described by us in detail
by Norton et al.?!

INDIRECT ASSOCIATION ANALYSIS

A grid of SNPs (minimum density of 1 SNP every 5 kilobases [kb])
across CNP, spanning the genomic sequence from 4 kb 5’ to the
transcription start site through to 1 kb 3’ to the end of transcrip-
tion was identified from the CHIP bioinformatics database.”> A
linkage disequilibrium (LD) approach was used to supplement
our direct gene analyses because genetic variation altering ex-
pression may occur in genomic sequences whose locations are
unpredictable with reference to the exonic sequence.

STATISTICAL ANALYSIS

Contingency tables were used to test genotypes and alleles for
association with schizophrenia and to calculate odds ratios. All
analyses were 2-tailed. Power estimations were calculated us-
ing the Web-based program provided by the Department of Sta-
tistics, University of California, Los Angeles.” The D’ and r*
estimates of LD were calculated using the Web program Hap-
loview.** Haplotype frequency analysis was performed using EH
plus® with a permutation test.*® A low-redundancy set of SNPs
for haplotype analysis was selected using an entropy method
developed in house (V.M., unpublished data, 2003). Entropy
as a measure of haplotypic diversity is calculated as:

E=

k
_Z;fi log, fi,

where f; is the frequency of the i-th haplotype, and k is the num-
ber of distinct haplotypes in the sample. The haplotype fre-
quencies f; were obtained using the Expectation maximization-
algorithm realized in the EH plus software.”?® The basic principle
of defining tag markers is that the larger the value of entropy,
the more informative is the set of markers forming the haplo-
type. For m biallelic markers (eg, SNPs), the number of pos-
sible haplotypes is 2™. The full amount of information for these
m markers is:

o
Epy = _Eﬁ log, fi,
i=1

where f; are the m markers’ haplotype frequencies. Calculat-
ing entropies for each subset of these m markers and dividing
them by Ej,;, we obtain the relative amount of information (val-
ues between 0 and 1) provided by a particular subset of mark-
ers compared with the full set of markers. By this method, op-
timal haplotype-tagging SNPs can be selected even in the absence
of a clear haplotypic block structure. A similar approach is de-
scribed in Ackerman et al.”” Entropy calculations were based
on genotypes of all the markers in 96 unrelated control sub-
jects. These individuals were not part of the matched control
sample and are not included in the analysis.
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Initial analysis of the CNP exonic sequence of 14 unre-
lated individuals with schizophrenia revealed 4 novel
variants (=351 G>A, 4926 G>A, 7230 G>A, and 7284
G>A) and 2 variants already lodged in the CHIP bioin-
formatics database (rs4432296 and rs20701006). Single
nucleotide polymorphism labeling is based on genomic
sequence (NT_010755.14) and follows the labeling pro-
tocol suggested.”® Of these, 3 were exonic (rs20701006,
7230 G>A, and 7284 G>A), although none encode an
amino-acid change. Pooled analysis revealed that
152070106 had the highest minor allele frequency, and
this SNP was subsequently selected as a marker for alle-

lic expression analysis.

Of the 60 subjects for whom brain was available, 25
individuals were heterozygous for SNP rs2070106 and
therefore informative for analysis. Allelic expression analy-
sis of these individuals revealed that in each case, the A
allele was expressed at a lower level than the G allele
(Figure). The data points from each individual cDNA
sample showed good reproducibility, with a mean coef-
ficient of variation of 0.07. When data from all the indi-
viduals were combined, the A allele was significantly un-
derexpressed (P<<.001), a finding that was replicated in
arepeat analysis (P<<.001). Across the 2 experiments, the

mean reduction was 24%.

Pooled genotyping revealed a trend for association be-
tween the lower-expression A allele of rs2070106 and
schizophrenia (P=.06). Individual genotyping con-
firmed this finding at a level that meets conventional lev-
els of significance (P=.04; odds ratio, 1.2 [95% confi-
dence interval, 1.0-1.40]). Genotypic analysis revealed
no stronger evidence (Table 1), nor did post hoc tests
stipulating AA homozygotes as the risk genotype (P=.14;
odds ratio, 1.3 [95% confidence interval 0.9-1.9]).

To look for evidence of a functional locus in LD with
1520701006, we performed a more detailed analysis of the
CNP locus based on all the SNPs we previously detected
supplemented by a grid of markers from databases at a mini-
mum density of 1 SNP per 5 kb (Table 2). The optimal
approach to LD mapping remains a subject of contro-
versy, and therefore we applied 2 approaches. The first was
to genotype all the earlier mentioned markers in pools on
the premise that reduced df means that single-locus LD
analysis based on a fairly dense set of markers may be more
powerful than multilocus analysis if genotypes at 1 of the
tested markers correlate strongly with those at the unde-
tected locus. The second approach was based on haplo-
type analysis where our aim was to type a subset of the
SNPs that could retrieve more than 95% of the haplotype
diversity across the gene that would have been captured
by genotyping all the earlier mentioned SNPs based on the
entropy method (see the “Methods” section). This analy-
sis revealed that by typing 3 markers (CNP -351, 1511296,
and rs4796751) in addition to rs2070106, we could ex-
tract 98% of the haplotypic diversity that would be pro-
vided by genotyping all the markers. No additional evi-
dence for association was obtained with any 2-, 3-, or
4-marker haplotype (data not shown). All genotypes were
in Hardy-Weinberg equilibrium. The LD relationships be-

tween markers are given in Table 3.
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Figure. Corrected genomic and complementary DNA (cDNA) ratios for
rs2070106. Comparison between the observed corrected genomic ratios and
the corrected cDNA ratios assayed for 2’,3’-cyclic nucleotide
3’-phosphodiesterase (n=25). Data are expressed as the mean of the ratio of
A:G for 2 measurements of each genomic DNA sample and 4 measurements
of each cDNA sample.

Table 1. Individual Genotyping Results for rs2070106
Genotypic Allelic
T 1 T 1
GG GA AA G A
No. of cases 289 320 74 898 468
No. of controls 328 306 59 962 424
X Test 4.4 (2 df) 4.3 (1 df)
Pvalue ik .04

To determine if variation at CNP was at least in part
responsible for our previous report of linkage to 17q,"
we sequenced the exons of CNP in all 7 available family
members. Additional sequence variants present in the fam-
ily are presented in Table 2. None changed the pre-
dicted amino-acid sequence of the encoded CNP. Based
on the microsatellite data,'' we had expected that all af-
fected siblings would show identity by descent for both
maternal and paternal chromosomes. Therefore, with re-
spect to any 1 CNP marker, affected siblings would be
either all homozygous or all heterozygous. However, for
some markers (eg, rs4432296, CNP 4926, CNP 7230, and
CNP 7284) homozygous and heterozygous affected sub-
jects were observed, indicating that among the siblings,
3 parental chromosomes were represented with respect
to the CNP locus. The availability of DNA allows us to
determine that each affected subject received the same
paternal copy of CNP, and therefore, we can conclude
that for the CNP locus, both maternal chromosomes were
represented in the affected siblings. Despite this, all the
affected siblings in the family were homozygous for the
minor lower-expression A allele at rs2070106. The prior
probability that the single paternal chromosome trans-
mitted would carry this allele is equal to the minor al-
lele frequency (0.31) while that of the mother being ho-
mozygous for this allele is the square of the allele frequency
(approximately 0.1). Conditional on the known pattern
of chromosomal transmissions in this family, the prior
probability that by chance both parents would have geno-
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Table 2. Pooled and Individual Genotyping Results for CNP SNPs
Pooled Genotyping Data Individual Genotyping Data
! Goldenpath Allelic
Allele Frequency  Allele Frequency Position (HG 16,  —
SNP No. in Cases in Controls Difference x? Test P Value July 2003) x’Test P Value
rs4796750 G/A* 0.7 (G) 0.69 (G) 0.01 0.3 .58 40487709
rs8080978 C/T§ 0.8 (C) 0.78 (C) 0.02 1.7 .20 40489982
rs8080979 C/G§ 0.95 (C) 0.95 (C) 0 0.2 .63 40489984
CNP -1148 AG Ins/Del§ 0.8 (Ins) 0.78 (Ins) 0.02 0.6 45 40490919
CNP -351 G/A* 0.78 (G) 0.78 (G) 0 0.005 .94 40491717 0.717 40
rs4432296 T/C* 0.67 (T) 0.68 (T) 0.01 0.02 .89 40491972
rs8078650 T/Gf 0.8 (T) 0.79 (T) 0.01 0.53 A7 40493 936
CNP 1944 A/TE 0.97 (A) 0.97 (A) 0 0.006 .94 40494011
rs4258677 A/G* 0.88 (A) 0.89 (A) 0.01 0.04 .84 40494 439
CNP 3235 A/GE 0.72 (A) 0.7 (A) 0.02 0.9 .34 40495303
CNP 3582 C/Tt 0.81 (C) 0.8 (C) 0.01 0.18 .67 40495650
CNP 3625 T/Ct 0.85 (T) 0.83 () 0.02 2.1 15 40495693
CNP 4926 A/G§ 0.71 (A) 0.69 (A) 0.02 1.1 .30 40496 994
rs2070106 G/A* 0.72 (G) 0.78 (G) 0.06 819 .06 40499029 4227 .04
CNP 7230 G/A§ 0.78 (G) 0.8 (G) 0.02 1.2 27 40499298
CNP 7284 G/A§ 0.87 (G) 0.87 (G) 0 0.2 .67 40499 352
rs11296 T/C* 0.9 (T) 0.89 (T) 0.01 0.3 .58 40500225 0.91 .34
rs4796751 C/T* 0.82 (C) 0.81 (C) 0.01 0.3 .58 40500702 0.001 .97
CNP 8962 C/Tt 0.95 (C) 0.96 (C) 0.01 15 .22 40501030

Abbreviations: CNP, 2’,3’-cyclic nucleotide 3'-phosphodiesterase; kb, kilobase; SNP, single-nucleotide polymorphism.
*Detected during the initial gene screening or studied in the original 5-kb marker grid.
tRefers to the particular version of the Goldenpath database used and the position of the polymorphisms within this version.

1 Detected by sequencing of the remaining genomic sequence of CNP.
§Detected during sequencing of the exons in the family 702 pedigree.

Table 3. Results of Linkage Disequilibrium Analysis*

154796 rs8080 rs8080 CNP CNP rs4432 rs8078 CNP rsd4258 CNP CNP CNP CNP rs2070 CNP CNP rs11 rs4796 CNP
SNP ID 750 978 979 -1148 -351 296 650 1944 677

3235 3582 3625 4926 106 7230 7284 296 751 8962

184796750 1.0 1.0 10 1.0 1.0 1.0 1.0
rs8080978  0.57 1.0 10 1.0 1.0 1.0 022
rs8080979 0.1 0.16 10 1.0 1.0 1.0 1.0
CNP-1148 013  0.08 0.1 10 1.0 1.0 1.0
CNP-351 058 097 017 0.08 1.0 1.0 025
rs4432296 1.0 057 009 013 0.58 1.0 1.0
rs8078650 059 093 018 008 1.0 0.59 0.3

CNP1944 001 0 0 01 0 001 0
rs4258677 024 003 001 003 004 024 003 0
CNP3235 098 059 0.1 013 059 097 058 0.01
CNP3582 052 093 017 008 093 052 093 0
CNP3625 039 072 001 006 069 038 064 0
CNP4926 098 049 0.1 013 056 093 057 0.01
rs2070106 021 0.1 0 013 01 021 01 001
CNP7230 0 0 0 005 001 0 001 0
CNP7284 006 005 001 008 005 006 002 0.03
1511296 001 001 O 0 001 001 001 O
rs4796751 046 003 023 0.06 006 044 005 0.01
CNP8962 0.1 016 1.0 001 017 009 018 0

1.0
1.0

10 10 10 10 10 10 023 034 014 10 1.0
1.0 10 097 09 10 083 028 10 10 027 1.0
1.0 1.0 09 094 097 092 001 082 10 10 1.0
10 096 09 095 1.0 083 039 065 10 025 1.0
10 10 028 009 10 061 041 044 10 10 1.0

0.25 09 09 10 09 017 08 1.0 1.0 1.0
0.04 053 10 10 083 034 10 10 022 1.0
003 04 075 10 10 037 10 1.0 014 1.0
024 095 055 041 093 02 08 10 1.0 10
006 021 01 011 023 02 015 10 1.0 013
0 0 0.01 0.01 0.01 0.01 013 10 0.05 0.09
002 006 005 004 006 001 0 089 053 1.0
0 001 0.01 0.01 0.01 001 008 0 10 1.0
047 045 004 0 044 011 0 0.01 0.01 1.0

001 01 017 0.01 0:1 0 0 001 0 0.23

10 09 094 10 092 012 081 10 10 1.0
1.0 097 09 092 084 009 1.0 10 02 1.0
10 10 10 10 013 009 10 10 10 1.0

10 10 10 10 10 003 10 10 093 1.0

Abbreviations: CNP, 2,3'-cyclic nucleotide 3'-phosphodiesterase; SNP, single-nucleotide polymorphism.

*\/alues shown above the diagonal are D’ and values shown below are r2.

types that would allow all affected siblings to be homo-
zygous for the lower-expression allele is 0.03. If we do
not allow for linkage (in our view, incorrectly), given the
known parental genotypes (father heterozygous, mother
uninformative homozygous), the corresponding prob-
ability is 0.5°=0.015.

We also screened the whole 11 kb of CNP genomic se-
quence to look for further polymorphisms in our 14 un-
related patients with schizophrenia and the family 702 pedi-
gree. This resulted in an additional 9 polymorphisms being
detected in the CNP sequence. All were genotyped through
the pooled-association sample, but none showed any evi-
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dence of association with schizophrenia (Table 2). The
SNPs were also genotyped in 96 unrelated control sub-
jects to calculate D" and 1* values (Table 3).

BN COMMENT Sy

Given previous reports of altered CNP expression in the
schizophrenic brain, its location within a region to which
we have previously reported linkage, and the observa-
tion of central nervous system pathological features in
CNP-knockout mice reminiscent of findings reported in
schizophrenia, we examined the specific hypothesis that
sequence variants within CNP that influence its expres-
sion are associated with schizophrenia. Altered gene ex-
pression can be a consequence of cis- or trans-acting ef-
fects. For genetic analysis of a candidate gene, it is the
former that is of relevance, and therefore, we first sought
to confirm that CNP gene expression is in fact influ-
enced by 1 or more cis-acting polymorphisms. Our alle-
lic expression analysis clearly confirms the presence of
such variants. The observation that in every sample, the
A allele of marker rs2070106 is underexpressed com-
pared with the G allele suggests that either the marker
SNP itself is responsible for the altered expression or that
by virtue of strong LD, haplotypes in which allele G is
in phase with the lower-expression allele are uncom-
mon.

Within the context of previous expression studies of
the postmortem schizophrenic brain,** our observation
that allele A of rs2070106 is associated with lower CNP
expression leads to a highly specific hypothesis, namely,
that this locus is associated with schizophrenia. More-
over, unusual for candidate-gene studies, not only are we
able to specify a specific SNP, our allelic expression data
allow us to postulate a specific allele, namely that allele
A is more common in affected individuals. Although only
just meeting conventional criteria for significance, our
findings in the case-control sample are entirely consis-
tent with this hypothesis. Given the highly specific na-
ture of the prior hypothesis with respect to both the SNP
and the particular allele, we suggest that this very mod-
est degree of support is stronger than a similar finding
based on association with an anonymous SNP of no
known functional relevance whose association is the end
point of examination of multiple SNPs in and around a
candidate gene.

To determine if variation at CNP was at least in part
responsible for our previous report of linkage to 17q,"
we sequenced the exons of CNP in all family 702 pedi-
gree members. This did not reveal any conspicuous se-
quence variants that might account for the linkage. Fur-
thermore, the results showed that the CNP region on 17q
had a lower level of identity by descent sharing than was
previously predicted by our linkage study. Neverthe-
less, all of the affected siblings in the family were homo-
zygous for the lower-expression A allele at marker
rs2070106. Conditional on the genotypes and transmis-
sion patterns of the parental chromosomes, this obser-
vation can be expected to occur as an incidental finding
around 3 times in 100 and provides fully independent
support for CNP as a susceptibility gene for schizophre-

nia. However, we would also stress that, with a rate in
the general population of around 10%, homozygosity for
the putative susceptibility allele in CNP is not a highly
penetrant recessive genotype and cannot alone account
for our linkage finding in this family.

Further direct and indirect association analysis based
on a dense map of markers, and, ultimately, on rese-
quencing the full genomic sequence of CNP, revealed no
further evidence for association between schizophrenia,
either at the single marker or haplotype level. This sug-
gests that if our finding is correct, marker rs2070106 is
likely to be the susceptibility variant per se.

In conclusion, we have shown that CNP expression is
under the influence of at least 1 cis-acting polymor-
phism. We have also shown that, consistent with previ-
ous findings of low CNP expression in the schizophrenic
brain, an allele associated with lower CNP expression is
also associated with schizophrenia. Our findings, while sup-
ported by a strong directional prior hypothesis and by ob-
servations in a family showing linkage to the region, are
modest and certainly require independent replication. Nev-
ertheless, they provide support for the specific hypoth-
esis that reduced CNP expression in the schizophrenic brain
may be etiologically relevant to schizophrenia. More-
over, given the context in which CNP is a functional can-
didate gene for schizophrenia, our data also provide sup-
port for the more general hypothesis that altered
myelination and/or oligodendrocyte function may play a
role in schizophrenia etiology.
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