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The effect of nonsense codons on splicing:
A genomic analysis
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ABSTRACT

The phenomenon of nonsense-associated altered splicing raises the possibility that the recognition of in-frame nonsense codons
is used generally for exon identification during pre-mRNA splicing. However, nonsense codon frequencies in pseudo exons and
in regions flanking 5� splice sites are no greater than that expected by chance, arguing against the widespread use of this strategy
as a means of rejecting potential splice sites.
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Two recent papers have bolstered the idea that the trans-

latability of an exon can influence its splicing. Wang et al.

(2002) have shown that an exon in the T-cell receptor tran-

script is not only excluded when it contains a nonsense

codon, but that this event is accompanied by the inclusion

of an overlapping cryptic alternative exon. The new exon

restores an open reading frame. Independently, Li et al.

(2002) have shown that a latent 5� splice site downstream of

an exon can be activated if all in-frame nonsense codons are

removed from the region between it and the upstream exon.

In these mutated pre-mRNA molecules, a new enlarged

exon is chosen for splicing, based on its newfound extended

translatability. Explanations offered for these two results

include nuclear recognition of the translatability of an exon

before it is spliced.

The recognition of exons or introns during the splicing

process cannot rest on the splice site sequences alone, be-

cause similar sequences abound in large pre-mRNA mol-

ecules (Senapathy et al. 1990). There is considerable evi-

dence that it is the exon that is the initial element of rec-

ognition, providing a size constraint for choosing real splice

sites. However, if we define “pseudo exons” as intronic

regions of typical exon size (50–250 nt) bounded by se-

quences that closely match the consensuses for 3� and 5�
splice sites, their abundance still outweighs that of real ex-

ons by an order of magnitude (Sun and Chasin 2000). Splic-

ing enhancers, assayed mostly in the context of alternatively

spliced exons, are also quite varied and degenerate, and

candidate sequences are easily found in pseudo exons (data

not shown). How then does the cell distinguish real exons

from pseudo exons? Exon translatability could be providing

the missing information.

To test this idea, we examined the predicted translatabil-

ity of pseudo exons. If pseudo exons are being generally

discriminated against because they contain nonsense

codons, then each should contain at least one in-frame

nonsense codon. If, on the other hand, nonsense codons

play no such role, then nonsense codons should occur at a

frequency dictated simply by chance. We culled pseudo ex-

ons from a human intron–exon database (Saxonov et al.

2000) after eliminating redundant and predicted genes. We

defined these pseudo exons as intronic sequences that have

at the upstream end a pseudo splice site with a consensus 3�
matrix score of 78 and at the downstream end a pseudo

splice site with a consensus 5� matrix score of 75; using

these criteria, 75% of real exons are captured. In addition,

pseudo exons had to be far from real exons (>400 nt), not

overlap, be free of highly repeated sequences, and not re-

semble any sequence found in the human EST database.

Only exons of a length of less than 110 nt were considered;

this size limitation was imposed because the chance occur-

rence of a nonsense codon approaches 100% for longer

sequences. In-frame nonsense codons were counted in these

pseudo exons, the reading frame being defined by that of

the upstream real exon. Out-of-frame nonsense codons

were also tallied for comparison. We calculated the propor-

tion of pseudo exons expected to have at least one in-frame

stop codon by chance based on the overall frequency of stop
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triplets in repeat-free intron sequences (0.049 per triplet, or

slightly more than 3/64 = 0.047). The results for these 2850

pseudo exons are shown as a function of pseudo exon size

in Figure 1A. The frequency of in-frame nonsense codons

was not different from that expected by chance alone (in-

dicated by the line in Fig. 1A). For instance, for pseudo

exons up to length 70, the proportion with at least one

in-frame nonsense codon was 0.46, that expected by chance

is 0.44 (p = 0.11), and that expected from the translatability

hypothesis is 1.0 (p < 10−10 even taking the expectation to

be 0.75 rather than 1.0). We conclude that nonsense codons

do not play a role in the cellular exclusion of these pseudo

exons.

Similarly, we tested the idea that nonsense codons are

interposed between real 5� splice sites and downstream la-

tent (pseudo) 5� splice sites so as to subvert the use of the

downstream site. If this were a general mechanism for 5�
splice site definition, then the proportion of such intron

regions containing at least one in-frame nonsense codon

should be 1.0. If not, nonsense codons should occur simply

by chance. To calculate the proportion based on chance, we

considered the intron flank to be made up of two compo-

nents: the real splice site itself, which has a high probability

of harboring a nonsense codon due to the consensus (C or

A)AG/GURAGU, which carries a nonsense URA triplet at

positions +2 to +4; and the remaining sequence. For the

former, we used the weight matrix of real sites to calculate

the probability of finding a stop codon. For the latter, we

used the overall frequency of stop codons in the down-

stream 100-nt flanks of the real exons in our database. This

frequency was 0.038 per triplet, which is less than the 3/64

(0.047) expected on a random basis, reflecting the nonran-

dom nature of sequences flanking exons (Nussinov 1989;

Engelbrecht et al. 1992). We analyzed 1164 real 5� splice

sites situated �100 nt upstream of a latent 5� splice site that

had a consensus matrix score greater than the median of

real sites. The occurrence of nonsense codons as a function

of the distance between the splice site and the downstream

latent 5� splice site is shown in Figure 1B. The proportion of

intervening intron sequences having at least one in-frame

nonsense codon was not greater than that expected by

chance (the line in Fig. 1B), and considerably less than the

1.0 predicted by a translatability hypothesis. For a statistical

treatment of this data we considered the 598 sequences with

false sites within 50 nt in the downstream flanks. Of this set,

0.42 have at least one stop codon between the false sites and

the 5� splice sites (0.18 within the splice site and 0.24 in the

region beyond). The corresponding expectation for the total

based on chance is 0.43. The values for the totals are not

statistically different (p = 0.71). In contrast, the observed

value of 0.42 is different from the expectation based on a

nonsense requirement to inactivate the latent splice site of

1.0 (p < 10−10 even taking the expectation to be 0.75 rather

than 1.0). We conclude that nonsense codons do not act in

a general way to stifle potential competition by a neighbor-

ing latent 5� splice site.

Miriami et al. (2002) also performed a statistical test of

the idea that stop codons are associated with latent 5� splice

sites. They found support for this proposition in observing

that the density of in-frame stop codons was significantly

higher in introns bearing latent splices sites than in those

devoid of such sequences. Using the same criteria as these

authors for latent 5� splice sites and using our database, we

obtained the same difference in densities of in-frame stop

FIGURE 1. The occurrence of in-frame (solid circles) nonsense codons in intron regions. The average for the two types of out-of-frame nonsense
codons are included for comparison (open circles). The line represents the result expected by chance alone for an in-frame nonsense codon, using
a Poisson distribution. (A) Pseudo exons; windows of 10 were grouped. (B) Flanks downstream from exons; windows of 5 were grouped; the
starting point of each window is plotted. Lists of the sequences underlying this data can be found at www.columbia.edu/data/cu/biology/faculty/
chasin/rnajournal.
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codons. However, selection for introns lacking a latent

splice site (or any particular sequence) necessarily selects for

small introns, and small introns are known to be GC-rich

(Lander et al. 2001). We found the average size and GC

content of all introns in our database to be 1843 and 49%,

respectively, whereas the corresponding values for introns

without latent sites were 370 and 55%. Since stop codons are

AT-rich, their density would be expected to be lower in GC-

rich introns. Moreover, there was no difference in the densities

of in-frame and out-of-frame stop codons in either set. We

believe our approach, leading to the opposite conclusion, rep-

resents a more direct test of the hypothesis in question.

These conclusions are in agreement with several genetic

studies in which nonsense mutations that did not affect splic-

ing were described, for example, in the genes for dhfr (Urlaub

et al. 1989), aprt (Kessler and Chasin 1996), or hprt (Val-

entine 1998). Similarly, no nonsense mutations were found

among 70 mutants of a three-exon dhfr minigene selected

for skipping of the central exon (Chen and Chasin 1993).

The work that instigated this analysis (Li et al. 2002;

Wang et al. 2002) has provided impressive evidence that

translatability can affect splicing decisions. Nuclear recog-

nition of translatability presumably involves a complex

mechanism. Our analysis now adds the question of why such

complexity would emerge if it were not to be used generally.
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