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Rare NRXN1 promoter variants in patients with schizophrenia
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a b s t r a c t

Copy number variants (CNVs) affecting the neurexin 1 (NRXN1) gene have been found in a subgroup of
patients with schizophrenia (SZ). NRXN1 expression is complex, with multiple alternative splice forms
generated from two major transcripts; NRXN1˛ and NRXN1ˇ. The majority of CNVs in SZ are deletions
affecting the proximal NRXN1˛ exons and promoter region. Rare chromosomal events are useful in under-
standing the genetic basis of complex psychiatric disorders since affected genes become feasible targets to
analyze for more subtle genetic alterations. As a first step towards this goal, we resequenced the NRXN1˛
promoter region in 170 patients with SZ and a similar number of controls. Two rare mutations were
identified in the patient population. One previously unknown single nucleotide polymorphism (SNP)
was found in controls. Bioinformatics analysis suggests that binding to several transcription factors may
be affected by the minor alleles. The findings suggest that in addition to chromosomal alterations disrupt-
ing the NRXN1˛ promoter, rare point mutations in the region may also be involved in SZ pathogenesis.

© 2010 Elsevier Ireland Ltd. All rights reserved.

The three members of the neurexin gene family, NRXN1, NRXN2 and
NRXN3, code for proteins that together with its binding partners,
the neuroligins, are involved in presynaptic and postsynaptic dif-
ferentiation at GABAergic and glutamatergic synapses [6,10,16,22].
There is mounting evidence implicating both neurexin and neu-
roligin encoding genes as primary factors in neuropsychiatric
disorders. In addiction, for example, NRXN1 and NRXN3 have been
implicated in alcoholism, and addiction to nicotine and illicit drugs
[17,14,2,24]. Recently, several groups have identified patients with
SZ who have deletions disrupting the NRXN1˛ promoter region
and proximal (N-terminal encoding) exons [7,8,12,23,25,27,28]. In
addition, several groups have reported deletions and translocations
affecting NRXN1 in autism spectrum disorders (ASD) [4,11,20]. The
identification of structural variants affecting the NRXN1˛ promoter
region suggests that altered expression of the long alpha isoform
contributes to SZ susceptibility. These observations also suggest
that more subtle disruptions of gene expression, such as promoter
mutations, might be involved in disease susceptibility in a subgroup
of SZ patients. To test this hypothesis, we resequenced the NRXN1˛
promoter region in patients and controls.

∗ Corresponding author. Tel.: +1 718 430 2428.
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Patients with SZ (n = 170) were recruited from the Nathan Kline
Institute/Rockland Psychiatric Center (NKI/RPC). Clinical diagno-
sis was established according to DSM-IV criteria using the SCID
(research version, N = 122) or chart review of chronic inpatients
with an admitting diagnosis of SZ (N = 48). U.S. controls were Cau-
casian blood-bank donors. In the SZ sample, 31% were female with
a mean age of 42 ± 10, while 45% of controls were female with a
mean age of 48 ± 13. Patients with bipolar disorder (BD) from the
Czech Republic were recruited from the Prague Psychiatric Center.
Patients were diagnosed on the basis of either a Schedule for Affec-
tive Disorders and Schizophrenia-Lifetime (SADS-L) interview or by
clinical interview modified from SADS-L using Research Diagnostic
Criteria (RDC). Controls were blood-bank donors and patients hos-
pitalized for medical reasons. Fifty-four percent of bipolar patients
were female, with a mean age of 49 ± 17 years, compared to 40%
females in the control sample with a mean age of 47 ± 16. The
cohort consisted of 78% bipolar I and 22% bipolar II.

All patients signed an informed consent approved by the Eth-
ical Committee on Clinical Investigation (Czech samples) and the
AECOM and NKI/RPC IRBs (U.S. samples), which comply with guide-
lines established for human experimentation by the Declaration of
Helsinki.

An 814 base pair (bp) PCR fragment was generated using primers
P1 (cagctttccatgggtctagcaggggcct) and P2 (aggcttcatgcaaaacaacc).
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DNA samples were amplified using “hot-start” polymerase (man-
ufacturer’s instructions; Qiagen, HotStarTaq). Cycling parameters
were 95 ◦C for 15 min, then 30 cycles of 94 ◦C (30 s), 49 ◦C (30 s)
and 72 ◦C (2 min). Samples were purified using QIAquick® (Qiagen
Sciences). Sequencing was carried out using primer P2.

Genotyping for rs2287235 was carried out using TaqMan®

Allelic Discrimination. Samples were amplified by PCR using a
7900HT cycler and analyzed using SDS 2.1 software (Applied
Biosystems).

StatXACT-5 (Cytel Software Corporation, Cambridge, MA) was
used to compute �2 statistics. The level of significance was set at
p < 0.05. Hardy–Weinberg equilibrium (HWE) was computed using
goodness-of-fit �2.

Promoter variants were analyzed computationally
using TRANSFAC suite from Biobase Biological databases
(https://portal.biobase-international.com) to identify potential
cis-regulatory factors that might be altered by allelic differences.

NRXN1˛ gene expression initiates from non-coding exon 1. This
exon is in very close juxtaposition (<100 bp) to the transcription
start site of a long non-coding RNA, AK127244 (Fig. 1). Previous
work in our lab showed that exon 1 contains a dual, bidirec-
tional promoter with activity in the direction of both NRXN1 and
AK127244 [26]. Most of the NRXN1˛ CNVs that have been found in
patients with SZ disrupt exon 1, which was the focus of this rese-
quencing effort. An 814 bp fragment was generated and sequenced
using primer P2. The amplified fragment contains a polymorphic
CT tract (AG on plus strand), which is at the most distal NRXN1
transcription start site. Using the P2 primer, we obtained excellent
sequence data for a portion of intron 1, the intron 1/exon 1 junction,
and the entire length of exon 1, up until the polymorphic CT/AG
repeat. The amplified region contains two other known polymor-
phisms, the SNPs rs2287235 and rs72828367, the latter of which
is a T/C transition within the repeat element. The DNA sequencing
data we obtained allowed us to accurately genotype rs2287235,
which is 3737 bases away from the translation start site in exon
2 (−3737T/C; note that all polymorphic bases and rare mutations
will be described from the perspective of the minus strand, since
NRXN1 is transcribed from that strand). An accurate assessment
of rs72828367 and the polymorphic CT/AG repeat was not possi-
ble, however, since these are at the very end of the sequencing
run, resulting in low amplitude fluorescent peaks and difficulty
genotyping heterozygotes.

We identified three new variants after sequencing 170 SZ
patients and 160 controls (Figs. 1 and 2). One was −3797G/A, which
was found in three controls and no patients, suggesting that it
is a previously unidentified SNP. The other two were −3781T/C,
which was found in one patient, and −3681G/T, which was found
in another. The variants −3797G/A and −3781T/C map to exon 1
and −3681G/T maps to intron 1, 27 bases away from NRXN1 exon
1/intron1 junction.

The SNP rs2287235 (−3737 T/C) was genotyped in cases and
controls using the sequence data. As seen in Fig. 2B, there was no
significant difference in the genotype or allele distribution. Con-
sidering the genetic overlap between SZ and BD featured at many
genetic loci and candidate genes, we also genotyped a cohort of
patients with BD and controls from the Czech Republic. For this
analysis, a Taqman allele discrimination system was employed
since the bipolar samples were not sequenced. There was no dif-
ference in the allele or genotype distribution in bipolar patients
and controls. In addition, there was no deviation in the geno-
type distribution from that expected from a Hardy–Weinberg
equilibrium in any of the patient and control cohorts. The allele
frequencies were similar to that found in the HapMap CEU families
(CEPH – Utah residents with ancestry from northern and western
Europe) (“A” allele frequency = 0.853; “G” allele frequency = 0.147)
(http://hapmap.ncbi.nlm.nih.gov/).

These findings suggest that rs2287235 does not play a role in
either SZ or BD pathogenesis, although the samples we analyzed
are underpowered to detect a genetic contribution for this SNP if
the effect size is small. The finding is also consistent with the data
reported by Rujescu et al. who did not detect any significant associ-
ation to 2p16.3 polymorphic markers in their large SZ and control
cohort – the same data set in which a significant increase in CNVs
disrupting NRXN1 in patients was found [27].

These three variants, as well as rs2287235, were subjected to
TRANSFAC analysis to assess the potential for allele-specific dif-
ferences in transcription factor binding sites, the results of which
are summarized in Fig. 3. Analysis used the MATCH program with
the set of high quality matrices for vertebrate transcription fac-
tors. Sequences were first scanned using settings that minimized
false negative matches. They were then rescanned with settings
that minimized false negative matches. Separate analysis of each
variant pair was compared, to find significant matches that discrim-
inated the two alleles. The most significant finding was for −3781,
in which a high motif score was given for binding to the transcrip-
tion factor Runx2 when the mutant allele was present, but no score
for the major allele. Other allele-specific differences were found for
YY1 and Cux1, ubiquitously expressed transcription factors.

Interesting differences were also found for the other patient-
specific variant, −3681C/A. Four transcription factors – SREBP1,
WT1, MAZ, and ZBTB7 – showed perfect matrix scores of 1.00 for the
core and/or total binding sites. All showed significant allele-specific
differences with the minor allele showing lower scores, except for
SREBP1, which showed a lower score for the major allele.

The −3681 variant could potentially have an effect at the RNA
level too. The mutation is within a polypurine tract of 32/37 A’s
and G’s; intronic G-rich sequences have been shown to have a role
in promoting splicing and runs of triple “G” nucleotides can act as
intron splicing enhancers and suppressors [13,15,21].

In addition to the allele-specific findings for the SZ-specific vari-
ants, analysis using TRANSFAC identified potential differences in
the −3797 SNP found in three controls, and rs2287235. The most
substantial allele-specific difference was for Myb, the prototypical
member of the Myb family of transcription factors, in which mod-
erately high scores were obtained for the minor allele, and no score
was detected for the major allele. Rfx1 and Dbp show marginal
allele-specific differences. Allele-specific differences in binding to
WT1, ETS1, and CP2 were predicted for rs2287235.

Evidence for involvement of NRXN1 in SZ and ASD is mount-
ing, stemming from the finding that copy loss in the form of partial
deletions clustered in the proximal exons, as well as some gene
duplications, have been found in a statistically significant propor-
tion of patients (0.47% vs 0.15% controls) [27]. The finding of CNVs
in control populations shows that disruptions in the NRXN1˛ locus
are not completely penetrant. One important objective in identi-
fying patient-specific CNVs as disease-causing variants is that the
affected genes become plausible targets to analyze by resequenc-
ing to determine whether disease risk can be attributed to more
subtle types of genetic variation, such as single base substitutions
or small in/dels. This type of analysis has recently been carried out
in 57 patients with ASD; two missense mutations in NRXN1˛ were
found in the coding exons [11]. In a more extensive study by Yan et
al., also focusing on coding exons, nearly 5% of patients were found
to harbor ultra-rare point mutations [30].

We focused our resequencing effort on exon 1, which is non-
coding and shares a dual, bidirectional promoter with a long
non-coding RNA gene, AK127244 [26]. Although many different
CNVs of varying length have been found in patients with SZ and
autism, most cluster around exons 1 and 2 and the immediate
upstream region, which includes the 5′ region of AK127244 [27].
CNVs in this region are expected to reduce expression of NRXN1˛.
Analysis of more than 300 subjects showed that genetic variation
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