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High frequency of neurexin 1� signal peptide structural
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bstract

Neuroligins are postsynaptic membrane cell-adhesion molecules which bind to �-neurexins, a family of proteins that act as neuronal cell surface
eceptors. To explore the possibility that structural variants in the �-neurexin genes predispose to autism, the coding regions and associated splice
unctions of three �-neurexin genes were scanned with detection of virtually all mutations-SSCP (DOVAM-S) in 72 Caucasian patients with autism.
n addition, segments of the neurexin 1� gene were sequenced in 131 additional Caucasian and 61 Afro-American patients with autism from South
arolina and the Midwest. Two putative missense structural variants were identified in the neurexin 1� gene in four Caucasian patients with autism

nd not in 535 healthy Caucasian controls (4/203 vs. 0/535, P = 0.0056). Initial family data suggest that incomplete penetrance may occur. In
ddition, no structural variant was found in the neurexin 2� gene and the neurexin 3� gene. In the context of all available data, we conclude that
utations of the neurexin 1� gene may contribute to autism susceptibility.
2006 Elsevier Ireland Ltd. All rights reserved.
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utism is a complex developmental disorder that is character-
zed by deficits in social interaction and communication along
ith restricted and stereotyped patterns of behavior.
An excess of affected males is observed, consistent with a

ole for X-chromosomal genes in the etiology of autism. MECP2
issense and 3′ UTR variants have been associated with autism

20]. In addition, mutations in the neuroligin 3 (NLGN3, MIM
300336) and neuroligin four genes (NLGN4, MIM #300427)
ere identified in patients with autism or mental retardation

9,11,27] (Schwartz, unpublished data).
Neuroligins are postsynaptic membrane cell-adhesion

olecules which bind to �-neurexins, a family of proteins that
ct as neuronal cell surface presynaptic receptors [16]. The

hree neurexin genes are designated NRXN1 (MIM #600565),
RXN2 (MIM #600566), and NRXN3 (MIM #600567). The
eurexin genes have two independent promoters which gen-
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rate two classes of mRNAs: The longer mRNAs encode �-
eurexins and the shorter mRNAs encode �-neurexins [8].
he domain organization of �-neurexin is as follows: An
-terminal signal peptide, three “neurexin repeats,” a carbo-
ydrate attachment region, a transmembrane domain, and a
hort cytoplasmic domain. The neurexin repeats are composed
f two lamanin/neurexin/sex (LNS) hormone-binding globu-
in domains (A and B) flanking an EGF like domain. The
eta neurexins contain a different signal peptide, a short region
nique to beta neurexins, the LNS [B] domain from the last
eurexin repeat followed by the carbohydrate attachment region,
he transmembrane and the cytoplasmic domains.

Neurexins display an evolutionarily conserved pattern of
xtensive alternative splicing. Multiple neurexin proteins can
e generated from each of the genes. There are five sites of
lternative splicing in the �-neurexin transcripts, two of which
re shared with the �-neurexin transcripts. As a result, the total

umber of neurexins in brain probably exceeds 2000 [24].

The human neurexin genes (NRXN1, 2, 3) span 1.1 Mb,
06 kb, and 1.6 Mb, respectively [10,23]. The NRXN1 and
RXN3 genes have very large introns. The CpG rich promoter
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Table 1
Gender and ethnicity of autism patients and controls

Caucasian Afro-American Total

Male Female Male Female

Patients
Scanneda

South Carolina 48 48
Midwest 21 3 24
Total 69 3 72

Exon 1 sequencedb

South Carolina 45 22 45 7 119
Midwest 52 12 8 1 73
Total 97 34 53 8 192

Controls
Exon 1 sequencedb

South Carolina 335 194
Midwest 200
Total 535 194 729
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a Patients were scanned for mutations in the neurexin 1�, 2�, and 3� genes.
b Exon 1 of the neurexin 1� gene was sequenced.

or �-neurexins is located downstream of exon 17 of the neurexin
genes [17]. The NRXN1�, NRXN2� and NRXN3� transcripts

ontain 6, 6, and 7 exons, respectively, including 442, 666, and
32 amino acids, respectively.

The interaction of neuroligin and �-neurexin in cultured neu-
ons induces morphological events resembling synapse forma-
ion [6], suggesting that neurexins function in the specification
nd/or initiation of synapse formation. Dean et al. [3] found that
-neurexin clustering was sufficient to trigger the recruitment
f synaptic vesicles through interactions that require the cyto-
lasmic domain of neurexin.

To explore the possibility that structural variants in the �-
eurexin genes could predispose to autism, the three �-neurexin
enes were scanned in patients with autism.

The study was approved by the Institutional Review Board.
he South Carolina autism project (SCAP) enrolled ethnically
iverse families from South Carolina. The SCAP population has
een described in detail [19] (Table 1). All patients have had a
linical genetic examination, and all meet the DSM IV-R criteria
or autism. All patients were initially classified as having autism
ased on the childhood autism rating scale [18]. In addition, the
utism diagnostic interview-revised (ADI-R) [14], was adminis-
ered for 175 patients, 167 of whom (139 males, 28 females) met
he criteria for autism by this instrument. The Vineland adaptive
ehavior scale (VABS) [22] was administered to every patient as
art of the SCAP. Cognitive testing was performed through the
ndividual child’s school system or the South Carolina Depart-

ent of Disabilities and special needs, using standardized tests
hosen according to the individual child’s level of verbal ability
19,13].

The autism patients from Midwest were previously described
2] (Table 1). The inclusion criteria were [2]: (1) diagnosis of

utistic disorder, by use of the ADI-R [14] and age-appropriate
ersions of the autism diagnostic observation schedule [15] or
he pre-linguistic autism diagnostic observation schedule [4];
2) mental age >18 mo, as assessed by the VABS, Sparrow et al.
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22]; (3) nonverbal IQ >35; (4) confirmation of the diagnosis of
utistic disorder, by a child psychologist; and (5) exclusion of
nown etiologies of autistic disorder, by physical examination,
ncluding neurological examination and Wood’s lamp examina-
ion to exclude tuberous sclerosis [21].

The three �-neurexin genes were scanned with detection
f virtually all mutations-SSCP (DOVAM-S), a robotically
nhanced, high throughput, and multiplex form of SSCP: Half a
egabase of genomic sequence is analyzed on one gel under five

eneric conditions [12]. Three hundred and ninety-one unique
utations (525 total mutations) in six genes were detected in

linded analyses [5]. To detect NRXN mutations, genomic DNA
nd standard PCR conditions [1] were used to generate separate
CR segments labeled with [�33P] dATP (Amersham, Boston,
assachusetts) which included all coding exons and splice junc-

ions of the NRXN genes. Sequences of the primers are available
pon request. The segments were amplified and pooled by the
BI PRISM 877 integrated thermal cycler (Applied Biosystem,

nc., Foster City, CA), denatured, and electrophoresed under five
on-denaturing conditions in which gel matrix, buffer, temper-
ture, and additive were varied as previously described [1].

A total of 1.9 Megabases of genomic sequence of three �-
eurexin genes were initially scanned in 72 patients with autism
48 South Carolina Caucasians and 24 Midwest US Caucasians,
9 males and three females) and 48 Caucasions without autism,
ollowed by sequencing of exon 1 of neurexin 1� in 131 addi-
ional Caucasian and 61 Afro-American patients with autism
rom South Carolina and the Midwest. Two missense variants
p.S14L and p.T40S) were identified in the neurexin 1� gene in
our South Carolina Caucasian patients (Table 2). An in-frame
eletion of five GGC triplets and two different in-frame inser-
ions (a single GGC triplet and a two GGC triplet repeats) were
dentified in the neurexin 1� gene in a total of nine patients
Table 2). No structural variants were found in the neurexin 2�
ene and the neurexin 3� gene.

Sequencing of exon 1 of neurexin 1� in 535 healthy Cau-
asian controls from the Midwest, South Carolina and 194
ealthy Afro-American controls from South Carolina did not
eveal these two missense variants or any other missense
hanges (4/264 vs. 0/729, P = 0.0049; Caucasian 4/203 vs.
/535, P = 0.0056 Fisher exact test).

The in-frame insertion of a single GGC triplet repeat in
eurexin 1� was identified in three controls (2/264 vs. 3/729,
= 0.40). The in-frame deletion of a five GGC triplet repeats
as found in Afro-American patients and controls only (6/61
s. 11/194, P = 0.19, Fisher exact test), indicating this variant
s a common polymorphism in Afro-Americans. No in-frame
nsertion of the two GGC triplet repeats in neurexin 1� was
dentified in 535 healthy Caucasian controls and 194 healthy
fro-American controls (1/264 vs. 0/729, P = 0.27).
Patient #8139 met ADI-R criteria for autism. He is heterozy-

ous for the p.S14L missense mutation as is his sister. He has an
Q of 50, suffers from seizures, and has some mild facial dysmor-

hism and hypopigmented areas on his body. The sister has an
Q of 123, a central auditory processing problem, and decreased
ocial interaction, but she does meet criteria for Asperger syn-
rome. The father of patient 8139 is heterozygous for the p.S14L
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Table 2
Structural variants identified in the neurexin 1� gene in patients with autism

No. Patient ID Gender Ethnicity Exon NT change AA change Family members

1 8139 Male Caucasian 1 c.41 C > T p.S14L Mother wt, father ±, sister ±
15107 Male Caucasian 1 c.41 C > T p.S14L Mother wt, father ±, brother 1 ±, brother 2 ±
17160 Female Caucasian 1 c.41 C > T p.S14L n/a

2 13296 Male Caucasian 1 c.118 A > T p.T40S Father wt, mother ±, sister ±
3 1653 Male Caucasian 1 c.78 ins GGC p.26 ins G

13302 Female Afro-American 1 c.78 ins GGC p.26 ins G

4 2154 Female Caucasian 1 c.78 ins GGCGGC p.26 ins GG

5 Commona 1 c.50 G > T p.G17V

6 Commonb 1 c.64–78 del 5 GGC p.22–26 del 5G
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a More than 24 patients.
b Six African-American patients.

issense mutation, is good at math. The mother who does not
ave the p.S14L change, has above average cognitive function
nd good social skills. However, she reported she stammered as
child. There is a paternal history of learning disabilities.

Patient #15107 has autism by ADI-R criteria. He has a seizure
isorder, mild dysmorphic facial features and hypopigmented
esions of the skin at various locations. His IQ was 68. The
.S14L missense mutation is also present in one brother who
as learning disorder and hyperactivity. Another brother, who
oes not carry this variant, is in law school. He displays some
yperactivity. The father, who carries p.S14L, is hyperactive.
he mother of patient 15107 does not carry the p.S14L variant,

s normal but there is a history of mental retardation on her side.
Patient #13296 who is heterozygous for the p.T40S missense

ariant, has autism as determined by AD1-R criteria. His IQ is
8 and he has a flat midface. He has a sister who also carries the
.T40S missense mutation. The sister is not reported to have any
ehavior or learning problems. The mother, who is heterozygous
or the p.T40S variation, had learning problems and experienced
eriods of depression. Additionally, she has a family history of
earning problems as does the father of patient 13296, who does
ot carry the p.T40S variant.

Two missense variants were identified in exon 1, in which the
-terminus of all three �-neurexins contains an unusual cleaved

ignal sequence [25]. The signal sequences of the �-neurexins
re not homologous to each other, but they share several charac-
eristics. They are unusually long (46 amino acids for neurexins
� and 2�, 35 for neurexin 3�), quite hydrophobic, contain high
oncentrations of short chain amino acids and do not have the
haracteristics of a cleaved signal sequence [7,26]. The unusual
tructures of the signal sequences of the �-neurexins raise the
ossibility that there may be more mechanistic heterogeneity
n signal sequence function than currently appreciated. Thus,

utations in this region may affect the signaling function.
The following caveats should be mentioned: (i) Family data

as limited to mostly written records from telephone conversa-

ions or brief interviews; (ii) Incomplete penetrance in neuropsy-
hiatric disease is generally expected from lack of concordance
n monozygotic twins, but it is also possible that the lack of pene-
rance may arise from partial equilibrium with a linked causative
utation; (iii) In 6 out of 1000 case control analyses, a P-value
f equal or greater than this magnitude would be expected by
hance; (iv) The patients with autism were non-Hispanic Cau-
asians of European origin, but detailed ethnicity data are not
vailable, so population stratification cannot be excluded. How-
ver, 335 of the controls were ascertained in the same South
arolina population; sequencing of exon 1 of the neurexin-1�
ene did not reveal either p.S14L, or the p.T40S, or any novel
issense structural variant. As the three neurexin beta genes are

imilar in function and interact with neuroligins, the absence of
ariants in the related neurexin 2� and 3� may reflect the limi-
ations of sample size (80% power to detect an attributable risk
f 2.2%).

In conclusion, neurexin-1� missense variants are associated
ith autism in a case-control study (P < 0.0056). This finding

nd the binding of neurexin to NLGN give biological plausi-
ility for a causative link. However, additional studies in other
utism populations, as well as analyses of appropriate in vitro
nd animal model systems, are clearly necessary.
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