BIOINFORMATICS

Detection and evaluation of intron retention events
in the human transcriptome

PEDRO ALEXANDRE FAVORETTO GALANTE,"? NOBORU JO SAKABE,"> NATANJA KIRSCHBAUM-SLAGER,'
and SANDRO JOSE DE SOUZA'

"Ludwig Institute for Cancer Research, Sao Paulo Branch, Sao Paulo, Brazil
2Ph.D. Program, Departamento de Bioquimica, Instituto de Quimica, Universidade de Sdo Paulo, Sao Paulo, Brazil

ABSTRACT

Alternative splicing is a very frequent phenomenon in the human transcriptome. There are four major types of alternative
splicing: exon skipping, alternative 3’ splice site, alternative 5’ splice site, and intron retention. Here we present a large-scale
analysis of intron retention in a set of 21,106 known human genes. We observed that 14.8% of these genes showed evidence
of at least one intron retention event. Most of the events are located within the untranslated regions (UTRs) of human
transcripts. For those retained introns interrupting the coding region, the GC content, codon usage, and the frequency of stop
codons suggest that these sequences are under selection for coding potential. Furthermore, 26 % of the introns within the coding
region participate in the coding of a protein domain. A comparison with mouse shows that at least 22% of all informative
examples of retained introns in human are also present in the mouse transcriptome. We discuss that the data we present suggest
that a significant fraction of the observed events is not spurious and might reflect biological significance. The analyses also
allowed us to generate a reliable set of intron retention events that can be used for the identification of splicing regulatory

elements.
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INTRODUCTION

The past few years have witnessed the emergence of a pic-
ture showing a high frequency of alternative splicing in the
human transcriptome (Hanke et al. 1999; Mironov et al.
1999; Croft et al. 2000; Modrek et al. 2001; Modrek and Lee
2002; Sakabe et al. 2003). It seems that at least half of all
human genes undergo alternative splicing, but the right
number probably will exceed that because the detection of
splicing variants of lowly expressed genes is difficult (Kan et
al. 2002; Zavolan et al. 2002). The biological significance of
alternative splicing is well documented for several models. A
classical example is sex determination in Drosophila, in
which alternative splicing acts like a genetic trigger (Baker
1989). Another classical example is the gene slo that corre-
sponds to a calcium-activated potassium channel (Xie and
Black 2001). Splice variants of this protein form a gradient
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in the hair cells of the inner ear of the chicken that is
involved in sound detection.

Although extremely important due to their biological sig-
nificance, these examples are isolated cases reflecting par-
ticular interests of individual laboratories. Due to the ge-
nomics and bioinformatics revolution, the cDNA databases
remain growing at an exponential rate. This, coupled to the
availability of the human genome sequence, has allowed the
use of an integrated approach for the detection of splicing
variants (Modrek et al. 2001; Sakabe et al. 2003). It remains
doubtful however, whether a significant fraction of the
events have biological significance or whether they are spu-
rious products from the splicing machinery (Kan et al.
2002).

There are four major types of alternative splicing: exon
skipping, alternative 3 splice site, alternative 5 splice site,
and intron retention. Exon skipping seems to be the most
frequent type as shown by Modrek et al. (2001). Intron
retention is certainly the least studied of all types of alter-
native splicing, especially because these variants are believed
to be largely derived from unspliced or partially spliced
pre-mRNAs. There are at least a couple of cases of intron
retention events with known biological consequences. The
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P-element transcript in Drosophila is a transposon active in
the Drosophila germ line only (Rio 1991). The blocking of
the transposition in somatic cells is due to a truncation of
the encoded transposase caused by the retention of the third
intron in the P-element transcript. The Ret tyrosine kinase
also presents a couple of intron retention events, one of
them generates a truncated protein that is enriched in fa-
milial and sporadic pheochromocytomas (Le Hir et al.
2002).

Here we present a large-scale analysis of intron retention
for a set of 21,106 known human genes. We evaluated the
distribution of intron retention events in relation to several
features such as GC content, codon usage, coding potential,
and conservation in mouse among others. The observed
data suggest that a significant fraction of the intron reten-
tion events is not spurious and probably reflects biological
significance.

RESULTS

Identification of intron retention events

Because of the large-scale nature of their generation, EST
data are enriched with artifactual sequences like genomic
contamination and unprocessed or partially processed
mRNAs. These issues are critical for the detection of true
splicing variants. The availability of an almost complete
draft of the genome sequence has allowed the integration of
both genomic and ¢cDNA data to identify splicing variants
(Modrek et al. 2001). We have used a similar strategy by
mapping all human ¢cDNAs onto the draft sequence of the
human genome (Sakabe et al. 2003). We have also devel-
oped a clustering strategy that groups all cDNAs mapping
to the same genomic region into a single cluster (see Ma-
terials and Methods for more details). A nonredundant set
of 21,106 different cDNA clusters containing at least one
known human full-insert cDNA (by that we mean a fully
sequenced cDNA clone) was used in the analyses described
below. To validate our database, we performed an analysis
of exon skipping and compared our results to data previ-
ously published by different groups. We found, for instance,
that 52% of all known human genes undergo exon skipping

genome sequence

and that 77% of the events are located within the coding
region. Similar numbers were found by different groups
(Hanke et al. 1999; Croft et al. 2000; Modrek et al. 2001;
Kan et al. 2002).

To be identified as a cDNA containing an intron reten-
tion event, a sequence was required to span the entire length
of the respective retained intron. Furthermore, the same
sequence had to contain at least one exon/exon boundary in
order to minimize the chance of the retention being an
artifact. This critical step eliminates unprocessed messages
(although there is still the possibility of finding partially
processed messages). The identification of an intron reten-
tion event was based on a pairwise comparison of a tran-
script to other sequences belonging to the same cDNA clus-
ter. A retention event could be identified in different pos-
sible situations (Fig. 1). The prototype used to characterize
the retention, spanning the respective exon/exon boundary,
could be either an EST or a full-insert cDNA. The sequence
containing the retained intron could also be either an EST
or a full-insert cDNA. We found 3127 known genes with at
least one intron retention event, which corresponds to
14.8% of the total number of known genes analyzed here.
Table 1 shows the numbers of genes found for every pos-
sible case except the cases where both the prototype and the
sequence containing the retention are ESTs. We decided to
exclude those cases from our analysis because they involve
only ESTs, which are known to be low-quality sequences.
The majority of cases correspond to those pairs where the
prototype is an EST and the sequence showing the retention
is a full-insert cDNA. This is probably due to at least two
factors: the average length of EST sequences and a bias for
longer clones in the generation of full-insert cDNA se-
quences. A complete list of all GenBank accessions report-
ing an event of intron retention is available at http://www.
compbio.ludwig.org.br/~pgalante/IR.

Four genes reporting an intron retention event were se-
lected for experimental validation. RT-PCR reactions were
performed using primers flanking the intron being retained
and primers specific to the retained sequence. Figure 2
shows the products of amplification for one of the four
genes in all tissues sampled. We observed the variant con-
taining the retained intron for all genes as well as the cor-
responding prototypes.

full-insert cDNA prototype =\ oo X £ 3 3

full-insert cDNA variant o\ o\ A\ 2\ A/

EST variant = s

EST prototype e

full-insert cDNA variant N /=

EST variant not analyzed

FIGURE 1. Possible cases of intron retention. The prototype sequence and the sequence containing the retained intron can be either a full-insert
c¢DNA or an EST. Cases in which both sequences correspond to ESTs were excluded from our data set. Exons are represented as open bars, introns

as lines, and retained introns are shown as black bars (not in scale).
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TABLE 1. Number of genes containing at least one intron retention
event

Variant
Full-insert
Prototype cDNA EST Total
Full-insert cDNA 640 691 (385) 1120
EST 2594 not analyzed 2594
Total 2793 691 3127

Those cases confirmed by at least two cDNA sequences are shown
in parentheses. “Total” corresponds to the nonredundant sum of
the values in the corresponding row or column. The redundance is
due to the fact that the same gene may have intron retention events
reported by both ESTs and full-insert cDNAs (in those cases, the
gene was counted only once).

Distribution of events along transcripts

Because the presence of an intronic sequence is expected to
cause a dramatic effect on the corresponding protein when
it occurs within the coding sequence (CDS), we evaluated
the CDS/untranslated region (UTR) distribution of all
events within the data set of 640 genes where both the pro-
totype and the sequence defining the retention event were full-
insert cDNAs. For the sake of simplicity, from now on we
will call these pairs of sequences the “clite group.” Because
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brain breast lung prostate

Similar to SRp25 nuclear protein
(BC015569)

Jumping translocation breakpoint 4 + + +
(BCO04239)

Similar to transcription elongation
factor B (Slll) (BC025673)

Similar to calpain 4 (BC011903) + + - +

FIGURE 2. (A) RT-PCR validation of a representative cDNA
(BC004239) showing intron retention. When primers flanking the
retained intron are used, two bands are visible corresponding to both
variants (even numbers). If a primer specific to the intronic sequence
is used, a single band corresponding to the variant with the retention
is observed (odd numbers). cDNAs from colon, brain, prostate, and
lung were used in the reactions. Template was excluded in the control
reactions. (B) Experimental validation for all remaining genes in all
tissues. (+) The retained intron was observed in the corresponding
tissue. A gel containing all validation data is presented as Supplemen-
tal Figure 2, which can be found at http://www.compbio.ludwig.
org.br/~pgalante/IR/.

the distribution of events is primarily dependent on the
frequency of introns in each part of the sequence, we first
obtained the number of introns in the 5" UTR, CDS, and 3’
UTR. This analysis was done using a set of 16,951 full-insert
cDNA sequences that contained annotated 5 and 3" UTRs.
Based on that, we calculated the number of expected intron
retention events in each of the three sections of the tran-
script

IRXILi/]I,

where IR is the total number of retention events, Ii is the
number of introns in the respective transcript section, and
I is the total number of introns in the data set, and com-
pared that with the observed numbers of events (Table 2).
We noticed a significant excess of intron retention events
within both UTRs, with a corresponding decrease of ob-
served events within the CDS (x* = 229, 1 degree of free-
dom, p < 107%).

It is well known that the presence of premature stop
codons in mRNA triggers its degradation through a process
of nonsense-mediated decay (NMDj; Gonzalez et al. 2000).
It is, therefore, possible that the observed biased distribu-
tion for retention events in the UTRs is simply a product of
NMD. This would actually suggest that the rate of intron
retention is higher than observed and a fraction of the
events is filtered off by NMD.

Another possibility is underreporting of sequences con-
taining a premature stop codon. To test whether this was a
factor affecting the above described distribution, we selected
all cases of intron retention reported by the Mammalian
Gene Collection (MGC) initiative, which reports sequences
to GenBank even when they contain premature stop codons
(Strausberg et al. 2002). Intron retention events reported in
MGC sequences are still biased for UTRs, showing that
underreporting does not seem to affect the above distribu-
tion (Table 2).

TABLE 2. Number of intron retention events in the CDS and 5" and
3" UTRs

Elite group MGC
Events in Observed Expected Observed Expected
CDS 287 (53%) 502 (93%) 87 (52%) 155 (93%)
5" UTR 84 (15%) 27 (5%) 15 (9%) 8 (5%)
3" UTR 170 (32%) 12 (2%) 65 (39%) 4 (2%)

We considered only those cases in which both sequences corre-
spond to full-insert cDNAs. For the statistical analysis we grouped
the 5" and 3" UTRs. The excess of retention in both UTRs is statis-
tically significant: elite group p = 107*?, MGC (Mammalian Gene
Collection) p = 107"7. Expectation was calculated based on the
density of introns in the respective transcript section (IR + li/l,
where IR is the total number of retention events, /i is the number of
introns in the respective transcript section and / is the total number
of introns in the dataset).
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Retained introns code for
protein domains

One way to assess the biological signifi-

encoding a whole domain retained intron: 724-1206 nt

7/ | AF267861

cance of an intron retention event is to ! 214 . 916 973 1180 nes 1474 1894

X R . . Elongation factor Elongation factor Elongation factor
evaluate its contribution to the protein Tu GTP binding Tu domain Tu C-terminal
domains encoded by the respective full- domain domain
insert c¢DNA. One hundred fo.rty-seven partially encoding a domain retained infron: 996 - 1175 nt
full-insert cDNAs from the elite group —
containing at least one retention event i AJ005891
totally located in the coding region were P
searched against Pfam (Bateman et al. ) 441 516 861 1290 1325
2002). See Materials and Methods for Zinc finger, Fork head
further details. Figure 3 illustrates the C2H2 type domain
different types of contribution by a
given retained intron to the coding of a  partially encoding a domain retained intron: 1294 - 1570 nt
protein domain. Only two domains Semssassgtssy AF230393
were encoded entirely by two different \
retained introns, out of 147. Retained
. L . 1 282 402 507 630 1338 1713 1782
introns are less efficient in coding for Zinc finger,  B-box SPRY domain
protein domains than exons (30 exons, C8HC4 type  zinc

(RING finger) finger

out of 830, encode an entire domain in
the same set of full-insert sequences).
There is no statistical difference between
the numbers obtained for retained in-

FIGURE 3. Contribution of retained introns to the coding of protein domains. A protein
domain can be either entirely encoded by a retained intron (AF267861) or partially encoded by
a retained intron (AJ005891 and AF230393). In the sequence AF267861, the retained intron

encodes the entire “Elongation factor Tu” domain. In the sequence AJ005891, the entire

trons and exons (Fisher’s exact test,
p =0.21). However, retained introns are
more efficient than nonretained introns
present in the same set of full-insert cDNAs (no nonre-
tained intron, out of 785, encodes an entire domain). This
difference is statistically significant (Fisher’s exact test,
p <0.026).

Furthermore, if the retained intron was joined to the two
flanking exons (exon/retained intron/exon), the number of
domains entirely encoded by such segments increased to 15
(a hit was considered significant when at least 30% of the
domain was encoded by the retained intron). For the 13
cases in which the intron partially encodes a domain, we
tested if the exclusion of the sequence corresponding to the
retained intron affected the ability to detect the correct
domain. We performed a manual inspection of the protein
domains encoded by a modified version of the intron re-
tention variant (without the amino acids encoded by the
retained intron). In six of these sequences, the domain en-
coded with the contribution of the retained intron was not
found and in six others the domain was found with scores
considerably lower and with e-values increased by orders of
magnitude. In only one case could we not detect a substan-
tial change in the scores after deleting the intronic sequence.
This observation suggests that the amino acids encoded by
the retained introns are a relevant part of a structural unit.

In addition, we found 24 other cases where the domain
was longer than the “exon/retained intron/exon” unit (i.e.,
the domain was only partially coded by this unit) with a
significant contribution of the intronic sequence (at least

retained intron codes
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for part of the “Fork head” domain. In the sequence AF230393, part of

the retained intron codes for part of the SPRY domain.

30% of the domain). Thus, 39 out of 147 retained introns
(26%) participated in the coding of a protein domain.

As an additional control, we tested if the retained introns
located in the UTRs would participate in the coding of
protein domains. None of the 762 amino acid sequences
(254 UTR-retained introns translated in three phases)
showed a complete or partial match against a domain in
Pfam (Fisher’s exact test, p < 10~'” when compared to 39
cases in 147 retained introns in the CDS).

Selection on intron sequences
involved in retention events

To evaluate whether selection for coding potential was act-
ing on intron sequences involved in retention events, we
analyzed those introns from our elite group located within
the CDS (287 introns as shown in Table 2). We first com-
pared the frequencies of all four bases in the set of introns
involved in retention events to the set containing all non-
retained introns. Because it has been shown that shorter
introns have a higher GC content in humans (Lander et al.
2001), we divided both data sets into length categories. A
significant difference ()(2 =2276, 6 degrees of freedom,
p <107 is observed between retained (higher GC con-
tent) and nonretained introns (Fig. 4). Figure 4 also shows
that the GC distribution for retained introns is similar to
the GC distribution for their flanking exons (p =0.23,
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Retained introns (R. 1.)
Exons bordering R. 1.

GCcontent

<01  06.1-50 0510 1015 1520 2.0-25 2530

Sequences length (in kb)

FIGURE 4. Nucleotide composition of retained and nonretained in-
trons and exons bordering nonretained introns, all of them located
within CDS. Because nucleotide composition varies in introns of dif-
ferent length in humans, all comparisons were performed within spe-
cific length classes. Retained introns have a higher GC content in all
length categories when compared to nonretained introns (p < 107°°).
There is no difference in the distribution of retained introns and their
bordering exons (p = 0.23).

x> = 7.9, 6 degrees of freedom). The distribution observed
for both exons and nonretained introns is in accordance
with Lander et al. (2001).

The frequency of stop codons in retained introns is lower
than expected. Based on the nucleotide frequencies ob-
served for retained introns located within the CDS, the
expected number of stop codons is 1064 in 26,941 codons
(see Materials and Methods). The observed number of stop
codons (651) was significantly smaller than expected
(x* =103, 1 degree of freedom, p < 1072°). We found 88
full-insert cDNAs, out of 287, in which the retention event
generated a putative truncated protein due to the presence
of a premature stop codon within the retained intron (avail-
able at http://www.compbio.ludwig.org.br/~pgalante/IR).
The identification of 88 cases in which the retention gen-
erates a putative truncated protein allowed us to examine
the GC content within the retained intron for sequences
upstream of and downstream from the premature stop
codon. It is expected that selection would be relaxed on
intronic sequences downstream from the premature stop
codon. The GC content for sequences upstream of and
downstream from the premature stop codon is 58% and
49%, respectively.

Codon usage in retained introns, exons,
and nonretained introns

Codon usage in retained introns, exons, and nonretained
introns was evaluated as described in Materials and Meth-
ods. Two strategies were used to compare the different data
sets. The first strategy compares the whole codon usage
table (61 codons) of the three data sets (results are labeled
A in Fig. 5). The second strategy is based on the calculation
of the average number of amino acids using the same

codons in the three different data sets (results are labeled B
in Fig. 5). Both approaches show that retained introns are
more similar to exons than to nonretained introns.

Conservation of intron retention in mouse
cDNA sequences

To assess if events of intron retention found in the human
transcriptome are conserved in the mouse transcriptome we
aligned human full-insert cDNAs presenting intron reten-
tion (elite group with at least one mouse cDNA hit) to
mouse full-insert ¢DNAs and ESTs using BLAST 2.0
(Altschul et al. 1997) with an e-value threshold of e '°. We
found that 38%-57% of all retained introns (depending on
the UTR/CDS localization) present a mouse hit (Table 3,
first line). The sequence identity of orthologous retained
introns is 84%, significantly higher than the average identity
found for orthologous nonretained introns (60%) and simi-
lar to the average degree of identity found for orthologous
exons (87%). These numbers are similar to those observed
by Waterston et al. (2002). Interestingly, we found only
three cases of retained intron in mouse with a premature
stop codon, suggesting that the putative retention in mouse
preserved the open reading frame.

To verify if the mouse cDNA also corresponds to an
intron retention variant, we searched for at least one other
c¢DNA that could define the corresponding intron at the
genome level. For many examples, the region containing the
retained intron was not covered by any other cDNA se-
quence, thus not allowing the identification of an intron in
that region (second line of Table 3). An intron retention in
human is deemed “conserved” in mouse if a mouse hit
covers the retained intron in human and if there is also
evidence that the retained sequence is also an intron in the
mouse genome. We found 10 cases, out of 46, of conserved
intron retention. This number is certainly an underestimate

5 152 445 codons
(resampled B 216

codons 1 000 X) (A) =1 061 £ 43 8 216 codons
(B)1.3£0.8 aa RI
</ (A) =283 £ 23
}‘;ﬁ;f"i’gg (B)12.6+1.4aa
i Saa
{2} %1;11 ZLD; ::4 247 781 codons

(resampled 8 216

C/,. codons 1 000 X)

(A) £'=60 £ 11
(B)17.1+09 aa

FIGURE 5. Similarity of codon usage in introns (I), exons (E), and
retained introns (RI). Codon usage of retained introns is considerably
more similar to exons than to that of nonretained introns as evaluated
by two different measurements: (A) the mean x> value for the com-
parison of all 61 codons at once in 1000 simulations; (B) the average
number of amino acids with similar codon usage frequency. Curved
arrows represent internal variations within each subset.
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TABLE 3. Intron retention events in human (detected in the elite group with annotated CDS) that also occur in mouse

5" UTR CDS 3" UTR
Intron retention in human with mouse cDNA hits 9/21 (43%) 74/130 (57%) 15/39 (38%)
Mouse clusters with more than one cDNA in the region 1/9 40/74 5/15
Conserved intron retention event 0/1 9/40 1/5

We performed the analysis separately for CDS and UTR. The first row corresponds to the results of searching the retained introns in human
against mouse cDNAs (ESTs and full-insert cDNA). The second row defines the cases that have more than one mouse cDNA in the region of
the retained intron (these cases are informative for seeking an intron at the genome level). The third row corresponds to those cases defined

in the second row where an intron is observed at the genome level. See text for more details.

because the prototype may not have been sequenced and all
cDNA sequences covering that region may correspond to
the variant showing the retention, as also pointed out by
Thanaraj et al. (2003).

DISCUSSION

One could expect that the splicing process has an intrinsic
error rate that is difficult to estimate. It is reasonable to
suppose that at least a fraction of all splicing variants found
in the cDNA databases correspond to artifacts caused by
such errors. This is even more pronounced nowadays as
databases are reaching a critical in-depth sampling. Thus,
an important question refers to the amount of artifactual
variants identified by the use of cDNA databases. Although
valid for all types of alternative splicing, this seems to be
more critical for intron retention, because unprocessed or
partially processed messages would be easily detected as
variants.

Kan et al. (2002) found an intron retention rate of
around 35%. They then used some statistics to infer the
reliability of a given splicing variant. They found, for in-
stance, that less than 5% of all genes exhibited intron re-
tention at a 95% confidence interval (p < 0.05). We have
found that 14.8% of all genes sampled here exhibited pu-
tative events of intron retention. This discrepancy may be
due to the fact that we have not applied any statistics in our
data set and/or to differences in the data sets used. On the
other hand, we considered only sequences showing evidence
of splicing to exclude totally unprocessed transcripts, and
most of our analyses were performed on an elite group.
Interestingly, if we consider the elite group only, we find
evidence of intron retention in 4.6% of the whole data set
used (640 genes with intron retention divided by 13,841
genes with at least two full-insert cDNAs).

An important aspect of our analysis is the apparent non-
random distribution of intron retention events regarding
some specific features. The rate of intron retention is more
pronounced in the UTRs as clearly shown in Table 2. There
is a threefold and 14-fold excess (above the expectation) of
events in the 5" and 3" UTRs, respectively. Much of the bias
is probably due to NMD that would trigger the degradation
of transcripts bearing premature stop codons. Although this
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would explain the lower number of events within the CDS,
it does not explain the different rates of intron retention
between the 5" and 3" UTRs. This bias toward the 3" UTR
could be explained by the direction of RNA synthesis, be-
cause splicing seems to be coupled to transcription (for
review, see Black 2003) and therefore the last intron would
have less time available to be spliced out. However, for 90%
of the retained introns, we were able to find at least one
exon/exon boundary downstream from the retained intron,
suggesting that the last intron was spliced as efficiently as
the first introns in the transcript. One possible explanation
implying biological significance is an effect of the retained
intron on mRNA stability. Cis-acting elements present in
the 3" UTR are known to alter the stability of mRNAs
(Bashirulla et al. 2001), making them either more or less
stable. The presence of such elements in the retained in-
trons would affect the stability of that variant transcript.

Stamm et al. (2000) observed that retained introns are
significantly shorter than nonretained introns. We observed
the same trend in our data set (see Supplemental Fig. 1 at
http://www.compbio.ludwig.org.br/~pgalante/IR/). How-
ever, the interpretation that this feature is related to bio-
logical significance is not straightforward because the reten-
tion of very long introns is unlikely to occur. Furthermore,
other factors like cloning efficiency could contribute to the
biased length distribution observed for retained introns.

Some analyzed features show that the retained introns are
considerably more similar to exons than to other introns.
The GC content of such sequences is higher than that of
nonretained introns in the same size range and is similar to
exons. Introns with a higher GC content might have a lower
excision rate as demonstrated by Goodall and Filipowics
(1991) in dicots. This phenomenon, however, does not
seem to exist for other organisms, including vertebrates
(Goodall and Filipowics 1989). The codon usage follows the
same trend and is overall much more similar to that of
exons than to introns. Likewise, retained introns encode
more domains than introns but less than exons, showing
that the intronic sequence is a relevant part of a larger
functional unit, even when it is not coding the entire do-
main.

These aspects show that the pattern emerging from the
data set of variants is not random and therefore can be
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interpreted as having some biological significance. We can-
not rule out, however, that unknown properties of the splic-
ing process would generate such a bias in the pattern of
intron retention events.

We have also found evidence that retained introns within
the CDS are under selective pressure for coding potential.
Not only is the GC content different from that of introns, as
discussed above, but also the frequency of stop codons is
considerably lower than random expectation. It should be
noted, however, that the reduced frequency of stop codons
can also be explained by NMD. Other evidence of selective
pressure is that a fraction of introns being retained in hu-
man is also retained in mouse, presenting an average se-
quence identity comparable to orthologous exons (83%). As
observed by Thanaraj et al. (2003) the presence of a same
variant in two species is strongly affected by the cDNA
representation of that gene in both transcriptomes. There-
fore, it is reasonable to assume that the observed rate of
cooccurrence is an underestimate.

As noted originally by Gilbert (1978), and recently
stressed by Black (2003), new variants are expected to cor-
respond to a small fraction of all transcripts from a given
gene. Mutations that affect splicing can allow the produc-
tion of new proteins without the loss of the original one. If
these new splicing variants are spurious products of the
splicing reaction, filtering selection would be relaxed on the
machinery that generates them, because they correspond to
a small fraction of all transcripts and the original version is
maintained. On the other hand, if the new variants have
some biological significance, it is expected that selection will
act on them to maintain the new biological function. Thus,
the observed signals of selection support a biological role for
the retained introns.

We have, however, identified 88 cases in which the intron
retention event generates a putative truncated protein. For
40% of these cases the premature stop codon was still lo-
cated in the 3’-most exon, which can explain why they were
not filtered out by NMD. Among these 88 cases there are
genes that seem to be involved in several types of syndromes
such as Williams Beuren syndrome, chromosome 22 region,
and the Betten, Spielmeyer-Vogt disease gene. Furthermore,
there are several genes with retained introns clearly related
to the tumorigenic process like p19A, kallikrein 3 and 4,
TNF receptor, BCL2-like 11, and CDC2-like 10, among oth-
ers. Further analyses are needed to explore the possibility of
an association between the splicing variants and any feature
of these diseases.

For those cases showing a putative premature stop
codon, the GC content is higher in the intronic sequence
upstream of the stop codon (58%) than in the downstream
sequences (49%). This reinforces the notion that selection is
acting on the retained introns.

It is important to stress that our results do not exclude
the possibility that a fraction of intron retention events is
indeed artifactual. The data indicate, however, that this

fraction is not sufficiently large to eliminate signals that can
be interpreted as products of events with biological signifi-
cance. We make available subsets of retained introns that
are more likely to be free of artifacts (www.compbio.ludwig.
org.br/~pgalante/IR). These include, for instance, a set of
385 cases of intron retention that are confirmed by at least
two ¢cDNA sequences. These sets might be useful for the
identification of putative regulatory elements.

The definition of introns and exons may become fuzzy
when we take into account intron retention. One could
establish two requirements for a genomic sequence to be
considered an exon: (1) It should be present in the mature
mRNA, and (2) it should be flanked by sequences excised at
the RNA level. Because the retained introns identified in
this study (which seem to be under selection) violate the
second requirement, they should be considered introns sub-
jected to regulated alternative splicing. This raises the ques-
tion of whether retained introns are portions of exons be-
coming introns or introns being incorporated into exons.
The analysis performed here cannot answer this question.
Expression data coupled to more complex interorganism
comparisons could help to elucidate this issue.

Finally, regarding the mechanistic nature of the observed
retention events, it is possible that the flanking exons or the
retained introns themselves bear weak splice sites and/or do
not contain proper splicing regulatory elements. An analysis
of splice sites and regulatory elements currently underway
will hopefully shed some light on this subject.

MATERIALS AND METHODS

cDNA mapping and clustering

All human ¢DNAs available in dbEST (July 2002, Boguski et al.
1993) and mRNA sequences from known human genes from Uni-
Gene release 153 (Schuler et al. 1996) were aligned to the masked
human genome sequence (build 29, obtained from NCBI) by us-
ing pp-Blast (Osorio et al. 2003), an implementation of MEGA-
BLAST (Zhang et al. 2000) for a parallel cluster. The parameters
used in MEGABLAST were: -f T -] F -F F -W 24. The MEGA-
BLAST output was parsed and a MySQL database was loaded with
the mapping information. Spurious hits were excluded from the
mapping database by using an additional set of alignment criteria.
These include a minimum degree of identity for a cDNA/genome
alignment set to 93% over at least 45% of the total EST length or
55% of the total length of the full-insert sequence. Furthermore,
sequences mapping to more than one location on the genome
were given a score for alignment quality. Higher score was asso-
ciated with a higher identity over a longer alignment. Only the
sequences with the highest scores were used in the analyses re-
ported here. Clustering of cDNA sequences was based on their
genomic coordinates as described by Sakabe et al. (2003). Briefly,
if two sequences shared at least partially the same gene structure
they were joined into the same cluster. If no exon/intron boundary
was defined, a sequence had to have at least a 100-bp overlap with
another sequence at the genome level to be added to the respective
cluster.
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Identification of intron retention events

A set of 21,106 distinct cDNA clusters containing at least one
known full-insert cDNA sequence was used in the present analysis.
Intron retention events were characterized by the presence of at
least one cDNA sequence in which the corresponding intron was
not spliced out. We considered valid only those cases in which the
sequence characterizing the retention also defined at least one
more intron that was not retained. This excludes from our analysis
artifacts derived from unprocessed messages.

Distribution of events along transcripts

We selected from the 21,106 full-insert cDNAs those sequences
(16,951) containing an annotated CDS. We then mapped all re-
tention events to these sequences. For this analysis, we have only
used those cases in which both the prototype and the sequence
containing the retained intron were full-insert cDNAs to avoid any
positional bias that could be introduced by using 3’ and 5" ESTs.
A retention was considered to be located within a given transcript
section if the 5" end of the intron was mapped to that section. In
a few cases in which the presence of the intron generated a stop
codon, the 3’ end of the intron would be located in the 3" UTR
whereas the 5" end would be located in the CDS.

Frequency of stop codons

The number of observed stop codons in the set of retained introns
(287 sequences with 26,941 codons from the elite group) was
counted considering codons in frame with the upstream exon. The
number of expected stop codons is (({T) X AG) X f(A) + AT) x
flA) X flA) + f(T) x flA) x f(G)) x number of codons in the data
set) where f(T) is the frequency of T in the data set and so on.

Codon usage in nonretained introns, exons, and
retained introns

Codon usage was determined for those cases belonging to the elite
group. The exons and nonretained introns used as a control came
also from the elite group to avoid any possible bias in the selection
of genes. In the case of both retained and nonretained introns, the
frame was defined by the frame of the upstream exon. To evaluate
the similarity in codon usage in the three sets we made two distinct
measurements. The first was a comparison of the entire codon
usage table (61 codons, 60 degrees of freedom) among the three
sets. We performed 1000 pairwise comparisons of the random
distributions of 8216 codons (the number of codons in the set of
retained introns) along the 61 possible codons to calculate the
average x> values (labeled A in Fig. 5) and standard deviation.
Internal variations within each set (curved arrows in Fig. 5) were
also calculated as an internal control. The second measurement
refers to the number of amino acids that presented similar codon
usage (x tests at p < 0.05; labeled B in Fig. 5). As methionine and
tryptophan have only one codon, they were excluded from this last
analysis. Again 1000 random sets were built from each set and
pairwise compared, grouped by amino acid. The numbers of
amino acids with p values <0.05 in x> tests were counted and
presented in Figure 5.
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Analysis of protein domains encoded by
retained introns

Amino acid sequences of full-insert cDNAs, belonging to the elite
group, with a retained intron located entirely in the CDS were
submitted to domain search in Pfam 9.0 (Bateman et al. 2002)
using the program hmm in a GeneMatcher hardware (Paracel
Inc). Retained introns smaller than 99 bp and longer than 990 bp
were excluded from this analysis. The final number of sequences
submitted to Pfam was 147. To be considered a significant hit, the
retained intron had to encode at least 30% of the protein domain
and have an e-value <10". The coordinates of the domains were
then converted to their cDNA positions. The cDNA coordinates of
retained introns or exons (control set) entirely in the CDS were
then compared to domain coordinates and grouped in those
matching a whole domain or part of it. Domains were considered
different in a given protein sequence when they presented distinct
annotation and coordinates. For the comparison of exons, introns,
and retained introns, domain search was performed with each
exon or intron (of the full-insert cDNAs with intron retention)
being a separate query. Only sequences with similar lengths were
analyzed (<330 and >33 amino acids).

Experimental validation

The four genes tested by RT-PCR are: (1) BC015569—similar to
SRp25 nuclear protein, (2) BC004239—jumping translocation
breakpoint, (3) BC025673—similar to transcription elongation
factor B (SIII), and (4) BC011903—similar to the small subunit of
calpain 4. Reverse transcription was carried out using the Super-
script First Strand Synthesis Kit, according to the manufacturer’s
instructions (Life Technologies). The cDNA was synthesized by
incubating 2 ug of either brain, lung, prostate, or breast total RNA
in 20 pL of 1x reverse transcriptase buffer containing 0.5 pg oligo
dT primer, 0.5 mM dNTP, 5.0 mM MgCl,, 10 pM DTT, 80 U
ribonuclease inhibitor, and 200 U Superscript II reverse transcrip-
tase at 42°C for 1 h. The quality of total RNA was tested by PCR
using MLH1 primers located at intronic sequences flanking exon
12 (forward: 5'-TGGTGTCTCTAGTTCTGG-3', and reverse: 5'-
CATTGTTGTAGTAGCTCTGC-3'), as an indicator of possible
genomic DNA contamination. Three specific primers were de-
signed for each intron retention event: two primers annealing to
the flanking exons of the retained intron and one additional
primer annealing to the retained intron itself. RT-PCR reactions
were carried out in a 25-pL reaction mixture containing 1 uL of
c¢DNA, 1x Taq DNA polymerase buffer, 1 pL of ANTP 2.5 mM, 6
pmoles of primers, 0.5 pL of MgCl, 50 mM, and 1 unit Taqg DNA
polymerase (GIBCO/BRL). Standard PCR conditions were: 4 min
at 94°C (initial denaturation), 45 sec at 94°C, 45 sec at 58°C, and
1 min at 72°C for 40 cycles and a final extension step of 10 min at
72°C. PCR products were analyzed both on 8% silver-stained poly-
acrylamide gels and on ethidium bromide agarose gel.
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