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Introduction

Much interest focuses on single nucleotide polymorphisms (SNPs) that are located in coding regions since
they may alter the protein sequence. However, SNPs can also influence constitutive and alternative splic-
ing by affecting donor and acceptor splice sites, branch points, exonic and intronic splicing enhancers and
silencers. Recently, splicing mutations have been suspected to be the most frequent cause of hereditary dis-
eases and an increasing number of SNPs has been described that cause diseases by a change or disruption
of the normal splicing pattern.

Previously, we reported the widespread occurrence of subtle alternative splice events that insert or delete
the sequence NAG (N = A,C,G, or T) in mRNAs [1]. This happens ifboth AGs of aNAGNAG or tandem
acceptorcan be chosen by the spliceosome. In these structures, we denote the upstream AG as the ”E
acceptor” giving rise to the ”E transcript”, since part of the tandem will be exonic while the whole tandem
is intronic for the ”I acceptor” (Figure 1).
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Figure 1: Nomenclature. E: 3’ half of the NAGNAG motif becomes part of the exon; I: the NAGNAG motif is completely

retained in the intron.

Based on the NAGNAG motif,31% of the HAGHAG acceptors (H = A,C, or T) but only only1.7% of the
remaining NAGNAGs are alternatively spliced (as derived from searching EST and mRNA databases).
Thus, we propose to subdivide all NAGNAG acceptors intoplausible (HAGHAG) and implausible
(GAGHAG, HAGGAG, or GAGGAG)acceptors.

Identification of SNPs affecting NAGNAG acceptors

• We selected all SNPs from dbSNP that affect a NAGNAG acceptor[2]
• With respect to the human reference genome sequence we classified those SNPs into (Figure 2)

(A) destroy a NAGNAG acceptor
(B) create a NAGNAG acceptor
(A) change an ’N’ in the NAGNAG motif

⇒ total of 121 SNPs
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Figure 2: (A) SNP alleles at position -2, -1, +2, or +3 of a NAGNAG acceptor destroy this motif by affecting the E (left) or I

(right) acceptor, thus preventing alternative splicing. (B), SNP alleles at intron positions -5 and -4 can create a novel E acceptor

(left) and, at exon positions +2 and +3, a novel I acceptor (right), thus yielding a NAGNAG motif that may allow alternative

splicing. (C) SNP alleles at position -3 or +1 of a NAGNAG acceptor can convert a plausible NAGNAG that allows alternative

splicing (left) to an implausible one that allows only the expression of one transcript (right), or vice versa.

Identification of splice-relevant NAGNAG SNPs

Not all of the 121 SNPs are likely to influence alternative splicing at NAGNAG acceptors:

• 57 of the 121 are presumablynot relevant for NAGNAG splicing since they
- create an implausible NAGNAG

rs1132591 TAG|GAT and TAG|GAG =⇒ TAGGAG is unlikely to be alternatively spliced

- destroy an implausible NAGNAG
rs2292402 GAGCAG| and GTGCAG| =⇒ only the CAG should function as an acceptor

- change an implausible NAGNAG to another implausible one
rs9866111TAG|GAG andCAG|GAG =⇒ both alleles are unlikely to be alternatively spliced

- change an plausible NAGNAG to another plausible one
rs4149853CAGCAG| andTAGCAG| =⇒ both alleles are very likely to be alternatively spliced

• 64 of the 121 arerelevant for NAGNAG splicing since they
- create a plausible NAGNAG

rs1127307 TAG|CGG and TAG|CAG =⇒ TAGCAG is confirmed by 109:7 E:I transcripts

- destroy a plausible NAGNAG
rs2298847 TAGCAG| and TTGCAG| =⇒ TAGCAG is confirmed by 55:21 E:I transcripts

- change a plausible NAGNAG to an implausible one or vice versa
rs8176139TAG|CAG andGAG|CAG =⇒ TAGCAG is confirmed by 27:7 E:I transcripts

• 18 of the 64 (28%) affected NAGNAG acceptors have EST/mRNA evidence for alternative splicing

⇒ consider 64 SNPs as relevant for alternative splicing at NAGNAG acceptors

NAGNAG motif is necessary and sufficient for alternative splicing

SNPs that create/destroy a NAGNAG acceptor represent”knockout experiments made by nature”. We used
these SNPs to investigate the assumed correlation between NAGNAG acceptor genotypes and the appear-
ance of E and I transcripts. We selected four SNPs that affectEST-confirmed HAGHAG acceptors and
observed E and I transcripts in cells with at least one HAGHAGallele, whereas cells that do not have a
HAGHAG acceptor allele produced only one transcript (Figure 3). This strict correlation between NAG-
NAG alleles and alternative splicing confirm thatNAGNAG motifs are necessary for this type of alternative
splicing.

Figure 3: (A) SNP rs2245425 affecting the E acceptor ofTOR1AIP1 exon 3 leads to the exclusive expression of the I transcript

from the A allele. (B) SNP rs2275992 affecting the I acceptorof ZFP91 exon 5 leads to the exclusive expression of the E

transcript from the G allele. E:I transcript ratio was determined by counting subcloned and sequenced RT-PCR fragments.

Next, we asked whether asingle mutation that changes a non-NAGNAG to a NAGNAG acceptor is suf-
ficient to enable alternative NAGNAG splicing.We used the chimpanzee genome sequence to determine
the non-ancestral allele variant of these 64 SNPs. In 43 cases, the plausible NAGNAG is non-ancestral
and therefore gained in the recent human evolution. Consistent with our assumption, we foundEST evi-
dence of alternative NAGNAG splicing for 7 of these 43 (16%) NAGNAGs. Furthermore, we selected
a non-ancestral plausible NAGNAG without EST evidence for experimental investigation. As expected, in
leukocytes of individuals heterozygous or homozygous for the NAGNAG allele of rs5248 (CAACAG→
CAGCAG), we observed E and I transcripts in the ratios 4:14 and 11:7, respectively. These findings suggest
that NAGNAG motifs are sufficient for alternative splicing in thecontext of a previously non-NAGNAG
acceptor.

⇒ SNPs in NAGNAGs are highly predictive for variations of alternative splicing

Three protein isoforms by non-silent SNPs

• 15 of the 64 (23%) SNPs are translationally non-silent
• They change the I acceptor and the amino acid sequence of the Eprotein (Figure 4)
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Figure 4: The non-silent SNP rs2275992 inZFP91. Homozygotes express either one or two isoforms. Heterozygosity results in

three different proteins.

⇒ non-silent SNPs result in three different protein variants

Disease relevance of NAGNAG SNPs

The disease relevance of a NAGNAG SNP was demonstrated by Maugeri et al. [3] for theABCA4 gene
where a mutation (2588G→C) changes the acceptor TAGGAG→TAGCAG and leads to the expression of
E and I transcripts. Our study exactly predicts this mutation outcome. This mutation has a much higher
frequency in patients withStargardt disease 1(STGD1) and is assumed to be a mild mutation that causes
STGD1 in combination with a severeABCA4 mutation.

Further examples from dataset of 64 NAGNAG SNPs:
• rs9644946 changes the exon 8 acceptor ofGOLGA1 from AAATAG to AAGTAG and would lead to

the insertion of an inframe TAG for the E transcript and potentially nonsense-mediated mRNA decay.
GOLGA1 codes for an autoantigen associated withSjogren syndrome.

• rs363209 changes the exon 7 acceptor ofAPPBP1 from AAACAG to AAGCAG. The APP-BP1 pro-
tein binds APP and interacts with UBE1C in the process of neddylation. APP plays a central role
in Alzheimer diseaseandDown syndrome.

• other examples includeBreast cancer(BRCA1), Down syndrome(GART), andAsthma (IL19)

⇒ 18 of the 64 (28%) SNPs occur in known disease genes
⇒ candidates for functional analysis and association studies
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