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Neurexins are evolutionarily conserved presynaptic cell-adhesion
molecules that are essential for normal synapse formation and
synaptic transmission. Indirect evidence has indicated that exten-
sive alternative splicing of neurexin mRNAs may produce hundreds
if not thousands of neurexin isoforms, but no direct evidence for
such diversity has been available. Here we use unbiased long-read
sequencing of full-length neurexin (Nrxn)1a, Nrxn1p, Nrxn2p,
Nrxn3a, and Nrxn3f mRNAs to systematically assess how many
sites of alternative splicing are used in neurexins with a significant
frequency, and whether alternative splicing events at these sites
are independent of each other. In sequencing more than 25,000
full-length mRNAs, we identified a novel, abundantly used alterna-
tively spliced exon of Nrxn1a and Nrxn3a (referred to as alterna-
tively spliced sequence 6) that encodes a 9-residue insertion in the
flexible hinge region between the fifth LNS (laminin-a, neurexin,
sex hormone-binding globulin) domain and the third EGF-like se-
quence. In addition, we observed several larger-scale events of
alternative splicing that deleted multiple domains and were much
less frequent than the canonical six sites of alternative splicing in
neurexins. All of the six canonical events of alternative splicing
appear to be independent of each other, suggesting that neurex-
ins may exhibit an even larger isoform diversity than previously
envisioned and comprise thousands of variants. Our data are con-
sistent with the notion that a-neurexins represent extracellular
protein-interaction scaffolds in which different LNS and EGF
domains mediate distinct interactions that affect diverse func-
tions and are independently regulated by independent events
of alternative splicing.
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N eurons form highly specific and complex patterns of synaptic
connections that underlie all brain function (1-5). Such
specific connections require trillions of chemically differentiated
synapses whose identity may be shaped by interactions of specific
pre- and postsynaptic signaling molecules, especially cell-adhe-
sion molecules. The genome size is insufficient to encode such
diversity, but a mixture of combinatorial expression patterns that
pair different synaptic cell-adhesion molecules with each other
and of distinct alternative splicing patterns that amplify the
number of cell-adhesion molecules into a large number of isoforms
may generate the number of transsynaptic interactions needed
to account for the enormous diversity of synaptic connections.
In Drosophila melanogaster, alternative splicing of the mRNAs
encoding the Down syndrome cell-adhesion molecule can gen-
erate nearly 20,000 protein isoforms whose structures specify
axon bundling but not synapse formation (6). In mammals, alter-
native splicing of neurexin and some protocadherin mRNAs can
also produce thousands of isoforms, which may at least in the case
of neurexins be involved in synapse formation (7-10).

Neurexins are type I membrane proteins that were discovered
as presynaptic receptors for o-latrotoxin (8, 9). Six principal
neurexins (Nrxnla—3a and Nrxnlf-3f) are synthesized from
three genes (Nmnl-Nrxn3), each of which expresses larger a- and
shorter p-isoforms from independent promoters (11-13). All
neurexin mRNAs are extensively alternatively spliced (8, 9, 14).
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o- and B-neurexins contain different extracellular sequences
but identical transmembrane regions and short cytoplasmic tails.
Specifically, the extracellular sequences of a-neurexins are
composed of six LNS (/faminin-a, neurexin, sex hormone-binding
globulin) domains with three interspersed EGF-like repeats
followed by an O-linked sugar attachment sequence and a con-
served cysteine loop sequence (8, 15). In contrast, the extracel-
lular sequences of p-neurexins comprise a short B-neurexin—
specific sequence, and then splice into the sixth LNS domain of
a-neurexins, from which point on p-neurexins are identical to
a-neurexins (11). All o-neurexins are subject to alternative
splicing at five canonical sites [SS#1-SS#5 (14)], of which SS#4
and SS#5 are also found in B-neurexins. The alternatively spliced
sequences for SS#1-SS#4 are highly homologous among the
three neurexins, whereas those of SS#5 differ among neurexins.
Here the variable sequence in Nrxnl encompasses only 3 resi-
dues, whereas in Nrxn2 it is composed of 194 residues, and in
Nrxn3 a variety of alternatively spliced sequences are observed
that include inserts of 247 residues and sequences with in-frame
stop codons, effectively producing secreted Nrxn3 isoforms (9,
14). Alternative splicing of neurexins is differentially regulated in
different brain regions (10, 14, 16), exhibits a diurnal cycle (17),
and is modulated by development, neurotrophins, and neuronal
activity (18-21).

Neurexins are known to bind to a large number of ligands, of
which neuroligins, leucine-rich repeat transmembrane proteins,
and cerebellins are best-characterized (22-28). All of these ligands

Significance

Neurexins are presynaptic cell-adhesion molecules that are
essential for synapse formation and synaptic transmission.
Extensive alternative splicing of neurexin transcripts may
generate thousands of isoforms, but it is unclear how many
distinct neurexins are physiologically produced. We used un-
biased long-read sequencing of full-length neurexin mRNAs to
systematically assess the alternative splicing of neurexins in
prefrontal cortex. We identified a novel, abundantly used al-
ternatively spliced exon of neurexins, and found that the dif-
ferent events of alternative splicing of neurexins appear to be
independent of each other. Our data suggest that thousands of
neurexin isoforms are physiologically generated, consistent
with the notion that neurexins represent transsynaptic protein-
interaction scaffolds that mediate diverse functions and are
regulated by alternative splicing at multiple independent sites.

Author contributions: B.T., O.G., S.R.Q., and T.C.S. designed research; B.T. and O.G. per-
formed research; B.T., 0.G., S.R.Q., and T.C.S. analyzed data; and B.T., O.G., S.R.Q., and
T.C.S. wrote the paper.

The authors declare no conflict of interest.

Data deposition: The sequences reported in this paper have been deposited in the NCBI Se-
quence Read Archive (accession no. SRP039451).

'B.T. and O.G. contributed equally to this work.

2To whom correspondence may be addressed. E-mail: quake@stanford.edu or tcs1@
stanford.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1403244111/-/DCSupplemental.

PNAS | Published online March 17, 2014 | E1291-E1299

wv
=
o
a
w
<
=
[



http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1403244111&domain=pdf&date_stamp=2014-03-20
http://www.ncbi.nlm.nih.gov/sra/SRP039451
mailto:quake@stanford.edu
mailto:tcs1@stanford.edu
mailto:tcs1@stanford.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403244111/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1403244111/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1403244111

L T

/

1\

BN AS  DNAS P

bind to both a- and p-neurexins because they interact with the = and Nrxn3p. Our data provide definitive evidence that neurexins
sixth LNS domain; strikingly, these interactions are differentially  are present in mammalian brain in an unprecedented diversity of
regulated by alternative splicing of neurexins at SS#4 in the sixth  alternatively spliced isoforms numbering in the thousands, and
LNS domain (24, 26-31). In addition to these ligands, neurexins  reveal the existence of a previously unknown sixth canonical site
were shown to bind to neurexophilin, dystroglycan, and CIRL/ of alternative splicing of a-neurexins. Thus, our results support
latrophilin (32-35). the notion that neurexins function as recognition molecules that
Despite extensive studies, the full extent of neurexin alterna-  contribute to the specification of synapses in the brain.
tive splicing remains unclear. Full-length cDNA sequencing and
PCR analysis of a small fraction of neurexin isoforms have sug-  Results
gested that thousands of neurexin isoforms may be created by  Sequencing Full-Length Neurexin mRNAs from Prefrontal Cortex RNA.
combinatorial additions of various alternatively spliced sequen-  Three neurexin genes are dispersed in the mammalian genome
ces, but only a small fraction of these isoforms were actually  but exhibit similar exon/intron structures (12, 13). The Nrxnl and
identified in sequenced full-length cDNAs (14). The relatively = Nmn3 genes are extraordinarily large with sizes over 1.1 Mbp,
large size of a-neurexin transcripts (~4-5 kb) has made it diffi- whereas the Nmn2 gene measures only 0.1 Mbp (Fig. 1B). Com-
cult to obtain information about their full-length sequence, and  parison of protein sequence-based phylogenetic trees of neurexins
hence about the use of alternative splice sites within single indicates Nrxnl and Nrxn3 proteins are evolutionarily more closely
transcripts. Recent technological developments have enabled related to each other than to the Nrxn2 protein, suggesting that
full-length sequencing of long DNA molecules (36, 37). In the  two separate duplication events generated the three neurexin
present study, we applied long-read sequencing technology to  genes (Fig. 1B).
map the cartography of neurexins (Fig. 14). Read lengths of up In this study, we focused on the collective repertoire of full-
to 30 kb enabled us to identify all of the splice combinations length neurexin isoforms because only a small fraction of neu-
within a single transcript. We analyzed the alternative splicing  rexins’ splice diversity has previously been experimentally iden-
landscape of Nrxnla and Nrxn3a as well as of Nrxnlp, Nrxn2p, tified. Earlier calculations of neurexin splice diversity were based
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Fig. 1. Single-molecule long-read sequencing of full-length neurexin mRNA transcripts. (A) Schema of the workflow of Pacific Biosciences sequencing of full-
length neurexin transcripts for mapping neurexin diversity. Full-length transcripts of Nrxn1a, 1B, 2B, 3o, and 3p were separately reverse-transcribed and PCR-
amplified (RT-PCR) from total RNA isolated from adult murine prefrontal cortex. PCR was performed with primer pairs specific to the first and last coding
exons of each gene, with a- and B-specific the forward primers and identical reverse primers for the a- and p-versions of a given neurexin. The cDNA size
distribution for each neurexin was examined by gel electrophoresis before preparation of Pacific Biosciences sequencing libraries by blunt-end ligation of
hairpin adapters, annealing of the sequencing primer, and binding of biotinylated DNA polymerase. Subsequently, full-length transcripts were sequenced by
single-molecule long-read sequencing (36), yielding an average read length of 3.6-5.8 kb. Reads containing at least two adapters (>1 passes through circular
DNA by the polymerase) were processed (quality filter, adapter removal) and then aligned to the mouse genome (mm10) using the STAR aligner (38) and used
for further analysis. (B) Phylogenetic tree and structures of mouse neurexin genes. The diagrams depict the positions of exons and introns. Exons are
numbered; asterisks mark exons subject to canonical alternative splicing. The positions of a- and B-neurexin promoters are indicated, and the position and size
of the genes are shown above each gene diagram (see also Fig. S1). (C) Neurexin mRNAs from diverse species contain the newly identified SS#6. Sequences of
murine Nrxn1a and Nrxn3a SS#6 that were identified in this study are colored in red.
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(14), but no direct evidence supports this supposition. To un-
derstand the true diversity of neurexin mRNAs, we determined the
full-length sequences of thousands of neurexin mRNAs (Fig. 14).

on the assumption that all splice events are independent and
splicing can occur only at five canonical positions in the gene and
suggested the generation of more than 3,000 distinct neurexins
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Fig. 2. Splice landscape of Nrxnla. The transcript map visualizes the 247 unique alternatively spliced isoforms (rows) observed for the 2,574 full-length

Nrxn1a mRNAs sequenced. Exons (columns) are colored in green if present and in white if absent, and are numbered at the bottom (asterisks, exons with
canonical alternative splicing; for an explanation of the numbering, see Fig. S1). The domain structure of Nrxn1a is shown at the top (light blue hexagons, LNS

domains; black ovals, EGF-like domains; CHO, O-linked sugar modifications; TMR, transmembrane region) and is connected to the exons that encode the

respective domains by dotted gray lines. The abundance of each splice isoform is shown in the bar graph (Right).
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All principal neurexin mRNAs (encoding Nrxnla, Nrxnlp,
Nrxn2p, Nrxn3a, and Nrxn3f) except for that of Nrxn2o were
amplified by primers specific to the first and last exons, and
separate sequencing libraries were prepared by ligating hairpin
adapters to both ends of each DNA molecule such that the DNA
polymerase can traverse each DNA molecule multiple times
during rolling circle replication (Fig. 14). Nrxn2«a amplification
was unsuccessful, possibly because of its lower abundance, se-
quence content, and/or larger size. After filtering out all reads that
missed the exons targeted by the amplification primers (damaged
or misprimed PCR products), we obtained a total of 23,943 full-
length mRNA reads (2,574 Nrxnla, 1,653 Nrxnl1p, 10,283 Nrxn2p,
934 Nrxn3a, and 8,499 Nrxn3p cDNAs).

Identification of a New Conserved Alternatively Spliced a-Neurexin
Exon. We aligned filtered reads to the mouse genome (mm10) using
the STAR sequence aligner (38). By comparing the full-length
transcript sequences with the characterized neurexin gene structures
(12), we observed a previously unidentified, alternatively spliced
exon in the Nrwnla and Nixn3a genes [alternatively spliced sequence
6 (SS#6)]. The 9-residue amino acid sequence encoded by this al-
ternatively spliced exon maps to the hinge region between EGF-C
and the fifth LNS domains of Nrxnla and Nrxn3a (Fig. 1B) (39, 40).
Although this new alternatively spliced exon was not characterized
previously, it is present in neurexin mRNAs in the public databases
and is evolutionarily conserved in zebrafish and macaque neurexin
mRNAs (Fig. 1C). However, this exon is missing in the Nrxn2 gene.
Phylogenetic analysis (Fig. 1B) suggests that neurexins are the result
of relatively recent gene duplication events, which first separated
Nrxn2 from the two other neurexins and then diverged Nrxnl and
Nrxn3 from each other, accounting for the absence of the exon
encoding SS#6 from Nrxn2a.

Splice Landscape of Nrxn1la. We used the sequencing reads to gen-
erate a transcript map of Nrxnla. This map reveals that 247 unique
splice isoforms (rows) are observed in 2,574 full-length transcripts,
with 96 unique splice isoforms accounting for 90% of all detected
transcripts (Fig. 2). In addition to events at the six canonical Nrxnla
sites of alternative splicing, we observed alternative splicing at
noncanonical sites that include all Nixnla exons. As an example,
exons 13, 14, and 15 were spliced out in 5% of the Nrxnla mRNAs
(Fig. 2; see also Fig. 6). The majority of novel alternative splicing
events consisted of modular excisions of multiple exons: Whereas in
some cases two canonical sites were spliced out together with
interjacent exons, in other cases novel splice donors were used.

Confirmation of a Novel Event of Modular Alternative Splicing. To
confirm novel splicing events, we focused on a modular event that
excises Nrxnla exons 12-18 (12-17 in ref. 12). Using specific pri-
mers, we amplified Nmxnla exons 11-20 (11-19 in ref. 12) from
prefrontal cortex total RNA and observed two distinct bands: a
higher band of ~1,500 bp matching the size of the mRNA including
all exons, and a lower band of ~300 bp matching the size of the
mRNA lacking exons 12-18 (Fig. 34). Sanger sequencing of the
lower band confirmed that exons 12-18 are absent (Fig. 3B).

Splice Landscapes of Nrxn3a, 16, 2B, and 3f. Using full-length reads
of Nrxn3a, Nrxnlf, Nrxn2f, and Nrxn3p, we generated transcript
maps of these neurexins to visualize their isoform diversity (Figs. 4
and 5). For Nrxn3a, we detected 934 full-length mRNA sequences
that encode 138 different unique splice variants, with 67 unique
splice isoforms accounting for 90% of all detected transcripts. In-
terestingly, we did not observe alternative splicing of the previously
reported alternatively spliced exons 3 and 24b/c (23b/c in ref. 12),
but we did detect alternative splicing of exons 5, 7, 8, 9, and 16,
which have previously been reported to be invariant (Fig. 4). In
contrast to Nrxnla, Nrxn3a novel splicing events are limited to the
second and third LNS and EGF-B domains.
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Fig. 3. Validation of newly identified alternatively spliced isoform of Nrxnla
lacking exons 12-18 by RT-PCR. (A) Agarose gel electrophoresis analysis of the PCR
product obtained with primers specific to the end of exon 11 and beginning of
exon 20 of Nrxn1a. Two major splice variants are identified: a long DNA fragment
(~1,500 bp) corresponding to transcripts containing exons 12-18 as well as a short
DNA fragment (~300 bp) corresponding to transcripts lacking exons 12-18. Note
that exon 19 encodes the N terminus of Nrxn1p and is always missing from Nrxn1o
mRNAs (12). (B) Sanger sequencing of the short PCR product as obtained in A.

Regarding the shorter p-neurexins, we detected 1,653 full-
length mRNA sequences for Nrxnl1p, 10,283 full-length sequen-
ces for Nrxn2p, and 8,499 full-length sequences for Nrxn3p,
encoding 11, 9, and 41 splice variants in total, respectively. For
B-neurexins, we were able to detect all previously identified al-
ternative splicing events except for exons 24b and 24c (23b and
23c in ref. 12) of Nrxn3. We detected 146 splicing events of the
previously unreported alternatively spliced exon 22 in Nrxn3p
but not in the Nrxn3a isoforms.

Alternative Splicing Events of Nonadjacent Exon Clusters Are
Independent of Each Other. To examine whether alternative
splicing at different splice sites is coordinated, we analyzed the
pairwise correlation between events of alternative splicing at
different sites in Nrxnla and Nrxn3a. We detected no correlation
and hence independent splicing of different splice sites (Fig. 6 4
and B). However, correlations were observed within canonical
splice sites, such as Nrxnla exons 3a and 4 (SS#1), or in the case
of modular excision events of exon blocks such as Nrxn3a exons
5-9 (Fig. 6 A and B). In these cases, correlations are the result of
neighboring exons being part of the same splicing reaction.

Effect of the Novel Alternatively Spliced Exon on the Structure of
Nrxnla and Nrxn3a. By using single-molecule long-read se-
quencing, we have identified not only a new alternatively spliced
exon (SS#6 Fig. 7) but also observed splicing of exons that were
previously not considered to be subject to alternative splicing. In
most of these newly identified events of alternative splicing,
multiple exons were excised, resulting in the deletion of repeated
modules in the neurexin protein domain structure. The question
arises whether these events of alternative splicing represent
accidents of nature or whether they are physiologically relevant.
If they were accidents, they should be random and disturb the
protein domain structure of a neurexin.

To visualize the effect of novel alternative splicing events on
protein domain structure, we determined the location of novel
splice sites within the domain structure (Fig. 8). As neurexin protein
domains mostly consist of multiple exons, alternative splicing events
mostly lead to the partial deletion of domains and produce non-
functional proteins. However, some of the novel alternative splicing
events completely remove large structural modules, thereby creat-
ing new neurexins that are likely to have new functional properties.
Strikingly, we observed very few large-scale domain structure-
changing events of alternative splicing in Nrxn3a, but several in-
dependent events in Nrxnla with dramatic effects. For example,
some rare but repeatedly observed events of large-scale alternative
splicing of Nrxnla completely remove all domains between the
first and last LNS and EGF-like domains (Fig. 8), which are likely
to form functional neurexin isoforms with novel protein structures.
We estimated that 97.4% of Nrxnla transcripts and 99.6% of
Nrxn3a transcripts generate functional proteins, based on the
assumption that a transcript can be translated into a functional

Treutlein et al.
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Fig. 4. Splice landscape of Nrxn3a. The transcript map visualizes the 138 unique alternatively spliced isoforms (rows) observed for the 934 full-length Nrxn3a mRNAs
sequenced. Exons (columns) are colored in green for coding and red for exons with in-frame stop codons if present and in white if absent, and are numbered at
the bottom (asterisks, exons with canonical alternative splicing; for an explanation of the numbering, see Fig. S1). The domain structure of Nrxn1a is shown at the
top and is connected to the exons that encode the respective domains by dotted gray lines. In the domain structure, the asterisk denotes a stop codon that
is present in some of the alternatively spliced exons and could produce secreted versions of neurexin-3. The abundance of each splice isoform is shown in

the bar graph (Right).

protein if the correct reading frame is maintained and pre-
dicted protein modules are likely either present or absent.

Discussion

We used a single-molecule long-read sequencing approach for
profiling neurexin isoform diversity. Previous analyses of neurexins
were based on sequencing of a limited number of cDNAs and on

Treutlein et al.

PCR-based methods (14). These methods either did not have
enough depth to map the complete diversity of neurexin mRNAs
(cDNA sequencing) or analyzed individual splice sites separately
(PCR), and thus did not provide information about the combination
of different splice sites within full-length transcripts. In contrast, the
long-read sequencing approach overcomes these limitations by se-
quencing thousands of independent full-length mRNA transcripts.
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Fig. 5. Splice landscape of p-neurexins. (A-C) Transcript maps visualizing unique splice isoforms (rows) observed for Nrxn1p (A; 1,653 transcripts, 11 splice
variants), Nrxn2p (B; 10,283 transcripts, 9 splice variants), and Nrxn3p (C; 8,499 transcripts, 41 splice variants). Exons (columns) are colored in green if present
and in white if absent, and are numbered at the bottom (asterisks, exons with canonical alternative splicing; for an explanation of the numbering, see Fig. S1).
The domain structures of the respective f-neurexins are shown above the transcript maps and are connected to the exons that encode the respective domains
by dotted gray lines. SP denotes the signal peptide; the asterisk in the domain structure of Nrxn3p indicates a stop codon encoded by one of the alternatively
spliced exons. The abundance of each splice isoform is shown in the bar graph (Right). (D-F) Bar graphs visualizing the relative frequency of exon skipping for
the indicated exons in the Nrxn1p (D), Nrxn2p (E), and Nrxn3$ mRNAs (F). Canonical alternatively spliced exons are marked by asterisks.

Our study provides more than 25,000 full-length neurexin mRNA
reads, allowing us to analyze all splicing events within single mRNA
molecules and to detect low-expressed isoforms.

We found that neurexins are likely even more polymorphic
than previously thought. Full-length mRNA sequencing revealed
an enormous diversity of a-neurexin isoforms in which no single
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splice variant dominates (Figs. 2 and 4). The situation is much
simpler for p-neurexins in which diversity is limited, and nearly
all variants can be explained by alternative splicing at the pre-
viously described SS#4 and SS#5 (14). Based on our sequencing
data, how many different neurexins are there? For this calcula-
tion, we need to know whether all alternative splicing events are
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Fig. 6. Independent and coordinated splicing of canonical and novel splice
sites for Nrxn1a and Nrxn3a. (A and B) Correlograms showing the pairwise
correlation in splice behavior between alternatively spliced exons of (A)
Nrxnla and (B) Nrxn3a. The color bar denotes the Pearson correlation co-
efficient from —1 (blue, anticorrelated splicing) through 0 (no correlation in
splicing) to 1 (green, positively correlated splicing). Newly observed alter-
natively spliced exons tend to be spliced out in a coordinated way, whereas
canonical events of alternative splicing appear to occur independent of each
other. (C and D) Bar graphs visualizing the frequency of each exon to be
spliced out for (C) NrxnT1a and (D) Nrxn3a. Canonical alternatively spliced
exons (12) are marked by asterisks. Exons that are observed to be alterna-
tively spliced in a coordinated way (A and B) show similar frequencies.

independent of each other. To test this, we calculated the
Pearson correlation coefficient between all alternatively spliced
sequences. We did not observe any correlation between canonical
splice sites, including the newly identified alternatively spliced
exon, suggesting that these sites of alternative splicing are used
independent of each other. Cumulatively, our results suggest that
the various events of alternative splicing can be used independent
of each other in all possible combinations. Based on this conclu-
sion, we calculated a total number of possible neurexin variants,
taking into account only splice events that were observed more
than twice. We observed in this manner a minimal diversity of
1,159 isoforms for Nrxnla, 1,120 isoforms for Nrxn3«, and a total
of 152 isoforms for all three p-neurexins. Thus, earlier estimates of
2,000-3,000 neurexin variants created by alternative splicing (8, 9,
12, 14) may have been an underestimate, because our present
study arrived at the same numbers by analyzing only one brain
region and one developmental stage (prefrontal cortex of adult
mice) and because Nrxn2a mRNAs were not examined, suggesting
that the true number of neurexin variants may be even higher.

Treutlein et al.

An important observation of our present study is that we
found a new evolutionarily conserved exon that is alternatively
spliced in Nrxnla and Nrxn3a, which we propose referring to as
alternatively spliced sequence 6. Although we did not analyze
Nrxn2a mRNAs in the current study, the exon encoding SS#6 is
absent from the Nrxn2a gene, suggesting that Nrxn2a lacks
SS#6. According to the phylogenetic tree of neurexins, the Nmxn2
gene separated from the common precursor gene to Nmxnl and
Nmxn3 early in evolution, whereas Nixnl and Nixn3 diverged later
(Fig. 1). In mammals, the Nrxn2 gene is strikingly smaller (10-fold)
than the Nrxnl and Nmxn3 genes, and the intronic region of Nrxnl
and Nrxn3 containing the exon encoding SS#6 is 14 and 60 times
larger, respectively, than the corresponding intron in the Nmn2
gene (327 bp for the mouse genome).

SS#6 encodes 9 residues that localize to the flexible hinge re-
gion between the fifth LNS domain (LNS5) and the third (C)
EGF-like sequence of neurexins (Fig. 74) (39, 40). This is the only
region of the Nrxnla structure in which there are no interdomain
contacts between the LNS and EGF-like domains. The flexible
hinge region has been proposed to explain existing biochemical
data suggesting that the sixth LNS domain (LNS6) behaves dif-
ferently depending on whether it is examined on its own (as it is
present in B-neurexins) or together with other LNS domains
[as it is present in a-neurexins (39, 40)]. The hinge region may

Nrxn1a
16 exon 17

GAAGTTGCATTGATGAAAGCTGACT TGCAAGGGCCC
E VI A T v TKT A BT L fQl 6 T

Nrxn3a _
15 exon 16 17 !k] ‘
GAAGTTGCGT TGACCAAAGCTGACCTGCAAGGACCC /

FEY v AT L [0 « AN o B« el

B mm10 Nrxn3 chr12 (AC_000034.7):

9084‘7275

90847301
--taacaaagTTGCGTTGACCAAAGCTGACCTGCAAGgtagag: -

mm10 Nrxn1 chr17 (AC_000039.1):
94947883

| |
+-CtaCCTTGCAAGTCAGCTTTCATCAATGCAACtttgtca: -

94947909

Fig. 7. Sequence and structure of newly identified alternatively spliced
exons for Nrxn1a and Nrxn3a. (A) mRNA sequence and translated 9-residue
amino acid sequence of the newly identified alternatively spliced Nrxnla
exon 17 and Nrxn3a exon 16 (SS#6). A possible extended conformation of
Nrxnla exon 17 was modeled into the crystal structure of Nrxnia [PDB ID
3QCW (39)] using Coot (42). SS#6 is located between the LNS5 and EGF-C
domains, thereby extending the flexible hinge region between these struc-
tural features. The image of the Nrxnla protein structure was created in
Chimera (43). (B) Location of the newly identified exon of Nrxnla and
Nrxn3a in the mouse genome (mm10). Exonic nucleotides are shown in
capital letters, whereas intronic nucleotides are shown in lowercase letters.
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contribute to the regulation of the interactions of the LNS5 and
LNS6 domains with their binding partners, and the location of
SS#6 suggests that this novel splice site plays a role in this reg-
ulation (Fig. 8).

In addition to SS#6, our results revealed other novel events of
alternative splicing that could significantly increase the number
of possible neurexin isoforms. These events consist of the exci-
sion of multiple exons, resulting in mRNAs that encode for Nrxnla
or Nrxn3a isoforms, in which multiple domains are deleted. Five
such large excision events were repeatedly observed for Nrxnla
(Fig. 2), deleting exons 7 and 8, exons 2-9, exons 2-15, exons 13-19
(13-18 in ref. 12), and exons 13-25 (13-24 in ref. 12). A single
such larger skipping event was repeatedly observed for Nrxn3a,
deleting exons 7-9 (Fig. 4). All of these large-scale skipping
events create in-frame junctions in the mRNAs, such that the
resulting mRNAs encode proteins in which the sequences (and
domains) encoded by the skipped exons are simply deleted (Fig. 8).
These large-scale exon excision events are relatively rare but not
negligible, accounting for more than 5% of the Nrxnla mRNAs.
Their physiological significance is unclear, but at least for the
event-deleting exons 12-18 (12-17 in ref. 12) in the Nrxnla
mRNAs, we have confirmed by PCR and Sanger sequencing that
this event is real and not an artifact of unknown provenance.

Another approach for assessing the potential biological signifi-
cance of large-scale events of alternative splicing is to examine
whether the resulting proteins are likely to have correctly folded
domains. Indeed, some of these rare mRNAs encode potentially
very interesting Nrxnla protein variants that lack entire regions
containing multiple domains. However, others encode protein
variants with only partial deletions of domains, and their biological
significance remains unclear (Fig. 8). It is possible that the proteins
resulting from large-scale events of alternative splicing may be
expressed at certain developmental stages or in specific cell sub-
populations, and may regulate specific functions.

Neurexins are likely involved in multiple functions at the
synapse that are mediated by different domains and are regu-
lated by distinct events of alternative splicing. At present, only
the functional importance of SS#4 in LNS6 has been charac-
terized, and was found to have a massive effect on the trans-
synaptic regulation of synaptic strength in Nrxn3 (10). However,
it seems likely that at least some of the other events of alternative
splicing are also functionally significant and that at least a-neurexins
form an extracellular protein-interaction scaffold, in which different
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protein interactions mediate distinct functions and are regulated by
independent events of alternative splicing.

Materials and Methods

Library Preparation and Pacific Biosciences Sequencing. Reverse transcription
(RT) was performed for each neurexin isoform separately, and cDNAs were
amplified by PCR as described in detail in S/ Materials and Methods. SMRT
bell sequencing libraries were prepared using Pacific Biosciences DNA Tem-
plate Prep Kit 2.0 (001-540-835) according to the 2- or 5-kb template prep-
aration and sequencing protocol (Pacific Biosciences) with a minimum of
1 pg and 500 ng of cDNA input into each library preparation for a-neurexins
and p-neurexins, respectively. SMRT bell templates were bound to poly-
merases using DNA/Polymerase Binding Kit XL 1.0 (100-150-800) and v2
primers. Sequencing was carried out on the Pacific Biosciences real-time
sequencer using C2 sequencing reagents with 90-min movies. Each a-neurexin
was sequenced on six SMRT cells, yielding a total of 151,776 raw reads for
Nrxnla and 198,505 raw reads for Nrxn3a. p-Neurexins were sequenced on
two or three SMRT cells, each yielding a total of 56,449 raw reads for Nrxn1p,
73,637 raw reads for Nrxn2p, and 92,537 raw reads for Nrxn3p.

Confirmation of a Newly Identified Splicing Event. RT was performed using
a primer specific to Nrxn1 exon 20 (19 in ref. 12) (5-TCCAGGTAGTCACC-
CAGTCC-3’). PCR was followed using 2 pL RT product as template in 25 pL
PrimeSTAR polymerase (Clontech) and a PCR primer pair specific to exons
11 and 20 (19 in ref. 12) (forward, 5'-TGAGAGAGAGGCAACGGTTT-3’;
reverse, 5'-AATCTGTCCACCACCTTTGC-3).

Processing, Alignment, and Analysis of Pacific Biosciences Sequencing Data.
Subread filtering was performed using Pacific Biosciences SMRT analysis
software (v1.3.3). For all B-neurexins, circular consensus (CCS) reads were
constructed from molecules that the DNA polymerase passed at least twice
(reads containing four times the hairpin adapter sequence), whereas CCS
reads for a-neurexins were constructed from molecules that the polymerase
fully passed at least once. CCS reads were mapped to the mouse genome
(mm10) and analyzed using STAR 2.2.0 (38) and R (41) as described in detail
in SI Materials and Methods.

Transcript Maps, Bar Graphs, and Correlograms. Transcript maps were gen-
erated in R (41) by first aggregating the binary splice matrix to obtain
a matrix of all unique splice variants and then drawing a heatmap of all
unique splice variants using the heatmap.2 function. Bar graphs were gen-
erated using ggplot2. Correlograms were created by calculating pairwise
Pearson correlations between all alternatively spliced exons across all unique
splice variants (between columns in the aggregated splice matrix) and
plotting the resulting correlation matrix using the R function levelplot.

Modeling of the New Exon 17 into the Nrxn1a Structure. The newly identified
Nrxn1a exon 17 with the amino acid sequence VALMKADLQ was modeled in
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an arbitrary, extended conformation into the Nrxn1a crystal structure [Pro-
tein Data Bank (PDB) ID code 3QCW (39)] between E1088 and G1089 using
Coot (42). To accommodate the additional 9 amino acids of the new exon,
Nrxn1a C-terminal domains EGF-C and LNS6 (G1089-V1355) were dislocated
from the N-terminal part of the protein by about 27 A.

Effects of Modular Splicing Events on Protein Structure. Aggregated binary
splice matrices were created for the examined regions of Nrxn1a and Nrxn3a in R
to identify all unique splice variants and their abundances. Splice variants were
grouped based on similarity of the corresponding protein domain structure. All
splice variants containing only previously detected canonical splice events were
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