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ABSTRACT

We have recently shown that a third of reliably-inferred
alternative mRNA isoforms are candidates for nonsense-
mediated mRNA decay (NMD), an mRNA surveillance
system (Lewis et al., 2003, Proc. Natl Acad. Sci. USA,
100, 189-192). Rather than being translated to yield
protein, these transcripts are expected to be degraded
and may be subject to regulated unproductive splicing
and translation (RUST). Our initial experimental studies
are consistent with these predictions and suggest an
unappreciated role for NMD in several human diseases.
Contact: brenner@compbio.berkeley.edu

INTRODUCTION

Alternative splicing is a process that enables a single
genetic locus to generate multiple mRNA isoforms, and
it affects over a third (Brett et al., 2000; Kan et al., 2002)
of all human genes. Notably, functional explanations
exist for only a handful of alternative isoforms. Using
the human genome sequence, databases of expressed
sequence tags (ESTs), and reliable mRNAs, we have
discovered an apparent widespread coupling of alternative
splicing with NMD.

Nonsense-mediated mRNA decay

To date, all eukaryotes studied have the capacity to
detect and degrade prematurely terminating transcripts.
This NMD surveillance system is thought to rid the cell
of potentially harmful truncated versions of proteins
generated by mutations or by errors in mRNA processing.
Biochemical, genetic and cell biological experiments
have led to the following model for NMD (Fig. 1). During
pre-mRNA processing, the spliceosome deposits exon
junction complexes (EJCs) at sites of intron removal
(Le Hir et al., 2001). The EJCs serve the dual role of
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Fig. 1. Nonsense-mediated mRNA decay. Normal translation in-
volves displacement of all exon junction complexes (EJCs). Any
remaining EJCs will trigger NMD.

facilitating mRNA export and remembering gene struc-
ture. With the pioneering first round of translation, the
ribosome displaces the EJCs in its path and subsequently
disassociates from the mRNA at the site of termination
(Ishigaki et al., 2001). If the ribosome reaches a stop
codon more than 50 nucleotides upstream of the final
exon-exon junction, one or more EJCs will remain bound
to the mRNA. Interactions between EJC proteins and
release factors recruit a decapping enzyme that triggers
rapid mRNA decay (Lykke-Andersen et al., 2000). Thus,
a general rule for specifying whether a transcript will be
targeted by the NMD pathway has been stated as follows
(Nagy and Maquat, 1998): if an intron is located more
than 50 nucleotides downstream of the stop codon, then
the termination codon is recognized as premature and the
transcript will be down-regulated by NMD.

RESULTS

Alternative mRNAs of human genes are apparent
targets of NMD

Just as the binding of transcription factors may turn on (or
off) gene expression, the binding of splicing factors can
turn on (or off) gene expression by splicing productive (or
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Fig. 2. Regulated unproductive splicing and translation (RUST).
Protein expression is controlled by regulated variations in the splice
environment, the presence and abundance of splicing factors (SF).
This determines whether productive or prematurely terminating
(unproductive) mRNAs are spliced.

unproductive) isoforms. We term this regulated unproduc-
tive splicing and translation (RUST) (Fig. 2) (Lewis et al.,
2003). This mode of regulation has been demonstrated for
the splicing factor SC35, which auto-regulates its own ex-
pression through coupling alternative splicing and NMD
(Sureau ef al., 2001). Additional cases of RUST have been
observed for ribosomal proteins in C.elegans (Mitrovich
and Anderson, 2000).

We previously applied the 50-nucleotide rule to
alternatively-spliced transcripts evidenced within dbEST
(Boguski et al., 1993) to identify cases in which alterna-
tive splicing generates NMD-candidate isoforms (Fig. 3).
By mapping human mRNA sequences from RefSeq
(Pruitt and Maglott, 2001) to human genomic sequence
(Lander et al., 2001), we constructed sequences for whole
loci, which we called RefSeq-coding genes (Fig. 3a).
In this way, we determined the intron/exon structure
of each RefSeq gene. We used the TAP (Kan et al.,
2001) and WU-BLASTN (Gish, 1996-2002) programs
to perform high-stringency alignments between EST
sequences and each RefSeq-coding gene. We identified
alternative splice pairs and alternative isoforms, keeping
track of the number of ESTs providing evidence for each
alternative splice (Fig. 3b). We have higher confidence
in the predicted alternative splices that are supported
by alignments with multiple ESTs. Application of the
50-nucleotide NMD rule revealed that 35% of alternative
isoforms are candidates for NMD (Fig. 3c). Additionally,
35% of alternatively-spliced RefSeq genes were found to
generate at least one NMD-candidate isoform.

Though alternative splicing and NMD combine to

make RUST a general means of gene regulation—any
gene may be engineered or evolve to be susceptible to
RUST by modifying splicing signals in the 3’UTR-the
prevalence of RUST is still hypothetical. Preliminary
phylogenetic sequence analyses hint that NMD might
have evolved before alternative splicing. This allows
the speculation that the predominant ancestral role of
alternative splicing could possibly have been RUST,
rather than the generation of protein diversity. Initial
studies suggest that among the genes with NMD-candidate
mRNA isoforms, certain functional classes are over-
represented, including chaperone proteins.

Nonsense-mediated decay and disease

The current understanding of NMD has impacted our
understanding of numerous diseases. For example, the
genotype-phenotype disconnect in many patients with
muscular dystrophy (MD), a disease caused by mutations
in the dystrophin locus, is only understandable in light
of NMD (Gillard et al., 1989; Roberts er al., 1994).
Mutations that change the reading frame and consequently
introduce premature termination codons cause the severe
form of MD (Duchenne), as the whole transcript is
eliminated by NMD. On the other hand, mutations, even
some large deletions, that do not introduce premature
termination codons, result in the milder form of MD
(Becker).

We have searched the SWwISS-PROT database
(O’Donovan et al., 2002) for alternatively spliced
human genes that generate NMD-candidate isoforms that
might have been interpreted as truncated proteins. We
further focused our search on disease related proteins in
which a role for NMD may have been unappreciated. This
screen has revealed several genes whose expression may
be impacted by NMD (Hillman et al., in preparation).
For example, Calpain-10 was found to have four NMD-
candidate isoforms described in SWISS-PROT. Mutations
in Calpain-10 (Fig. 4), a ubiquitously expressed protease,
have been strongly linked to susceptibility to Type-II
diabetes in several populations (Horikawa et al., 2000).
Interestingly, one of these mutations lies in intronic
sequence and may affect splicing. To determine if the
isoforms of Calpain-10 are subjected to NMD in agree-
ment with our hypothesis, we generated PCR primers that
specifically amplify the alternative regions of Calpain-10
isoforms (Fig. 4).

We treated cells with the translational inhibitor cyclo-
heximide, which has been shown to inhibit NMD, and per-
formed RT-PCR on total cellular mRNA to determine the
abundance of each isoform. This experiment revealed an
increase in abundance of isoforms predicted to be NMD
targets beyond that seen for other isoforms or the con-
trol gene, beta-actin. Other genes we are currently experi-
mentally investigating include Presenilin1, which has been
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Fig. 3. Widespread coupling of alternative splicing with NMD (a) Alternative splicing was detected by aligning EST sequence to RefSeq-
coding sequences. (b) The number of splice pairs demonstrating alternative splicing and the subset generating NMD-candidate alternative
isoforms classified by degree of EST coverage. (c) 35% of alternative isoforms were NMD-candidates.
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Fig. 4. Experimental validation of NMD-candidate mRNA isoforms of Calpain-10. (a) Isoform expression of selected alternatively spliced
genes was assayed in control cells and NMD-inhibited cells using primers flanking the alternative regions. (b) In NMD-inhibited cells, the
resolvable NMD-candidate isoforms of Calpain-10 increased in abundance relative to others isoforms.
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