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ABSTRACT

The termination of mature eukaryotic mRNAs occurs at specific polyadenylation sites located downstream from stop codons in
the 39-untranslated region (UTR). An accurate delineation of these sites is essential for the study of 39-UTR-based gene
regulation and for the design of pertinent probes for transcriptome analysis. Although typical poly(A) sites are located between
0 and 2 kb from the stop codon, EST sequence analyses have identified sites located at unexpectedly long ranges (5–10 kb) in
a number of genes. Here we perform a complete mapping of EST and full-length cDNA sequences on the mouse and human
genome to observe putative poly(A) sites extending beyond annotated 39-ends and into the intergenic regions. We introduce
several quality parameters for poly(A) site prediction and train a classification tree to associate P-values to predicted sites. We
observe a higher than background level of high-scoring sites up to 12–15 kb past the stop codon, both in human and mouse. This
leads to an estimate of about 5000 human genes having unreported 39-end extensions and about 3500 novel polyadenylated
transcripts lying in present ‘‘intergenic’’ regions. These high-scoring, long-range poly(A) sites corresponding to novel transcripts
and gene extensions should be incorporated into current human and mouse gene repositories.
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INTRODUCTION

Most eukaryotic mRNAs are terminated by cleavage and
addition of a poly(A) tail at specific sites in the 39-
untranslated region (39-UTR). At least 50% of genes have
several polyadenylation sites (Beaudoing and Gautheret
2001; Tian et al. 2005), sometimes combined with alterna-
tive splicing of 39-exons. This phenomenon produces 39-
UTRs of varying sequences and lengths. As 39-UTRs may
contain essential regulatory elements, including large num-
bers of microRNA targets (John et al. 2004; Lewis et al.
2005), delineating 39-ends accurately is an important aspect
of gene annotation. The average size of human 39-UTRs
ranges in the literature from 600 nt to 1000 nt (Stratchan
and Read 1999; Mignone et al. 2002). Human transcripts in
the current Ensembl genome database (Birney et al. 2004)
display a mean 39-UTR size of 997 nt. How far are these
estimates from reality, and should we look further in the 39
direction for alternative 39-ends? Several recent studies
based on EST sequence analysis have emphasized the
existence of unexpectedly long transcripts for a number

of genes (Iseli et al. 2002; Tian et al. 2005; Yan and Marr
2005). None has attempted, however, to evaluate long-
range poly(A) sites systematically at the genomic scale.

The most abundant data source on polyadenylated
transcripts is the public database of complete or partial
cDNAs. Although full-length cDNA sequences are know-
ingly more reliable than ESTs, their coverage with respect
to the number of transcript isoforms is poor in compar-
ison. On the other hand, EST data are both error prone and
fragmented, each EST covering only a fraction of a tran-
script. In order to curb mispredictions, previous EST-based
analyses have imposed heavy constraints when mapping
ESTs to gene or genome sequences. This often involved
requiring that ESTs display a complete match to a trusted
mRNA sequence, for instance, from the RefSeq database
(Pruitt et al. 2005). This method has been efficient for the
identification of many novel poly(A) sites (Gautheret et al.
1998; Tian et al. 2005), but it was obviously unable
to detect 39-UTRs extending beyond reference transcripts.
Another approach authorized UTR extension when sup-
ported by overlapping EST clusters. This revealed many
novel long-range poly(A) sites (Iseli et al. 2002), yet this
could not identify poly(A) sites that were not bridged to
existing transcripts by overlapping ESTs.

In this study, we set out to develop new quality criteria to
identify and evaluate long-range poly(A) sites. Based on
a mapping of 39-EST and cDNA sequences onto the whole
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human and mouse genomes, we collected all the putative
poly(A) sites, independently of their position relative to
known genes. About half of the poly(A) sites were found in
the vicinity of or within known genes, but the other half was
observed in so-called intergenic regions from several kilobases
up to several hundreds of kilobases from any known gene. A
detailed characterization of these ‘‘intergenic’’ poly(A) sites
led us to propose an unexpected number of long-distance 39-
extensions to known genes, as well as frequent polyadenylated
transcripts corresponding to yet-unidentified genes. We show
here how these sites can be evaluated and classified.

RESULTS

Poly(A) site mapping

We performed a complete mapping of all 39-ESTs and full-
length cDNAs onto the human and mouse genomes.
Potential poly(A) sites were identified based on several
quality criteria including the presence of at least two ESTs/
cDNAs ending at the same site, correct alignment of cDNA/
EST extremities, absence of adenosine tracts in downstream
genomic regions that may cause internal priming of cDNA,
and presence of a valid poly(A) signal near the predicted
39-end (see Materials and Methods). This protocol identi-
fied a total of 89,778 and 71,561 candidate poly(A) sites in
the human and mouse genomes, respectively. Less than half
of these (41%) were within known Ensembl genes or in
close proximity (<2 kb), leaving a large proportion of
potential poly(A) sites in apparent intergenic regions.

Distribution of poly(A) sites

We focused our analysis on predicted poly(A) sites located
between two annotated genes, gi and gi + 1, located on the
same DNA strand between the stop
codon of gi and the transcription start
of gi + 1. Such sites may be classified into
three categories:

1. True poly(A) sites pertaining to the
59-flanking annotated gene, here-
after called ‘‘gene-assigned PAS’’ or
GPAS.

2. True poly(A) sites pertaining to a yet-
unannotated gene in the intergenic
region, hereafter called ‘‘intergenic
PAS’’ or IPAS.

3. Mispredicted sites, hereafter called
‘‘false-positive PAS’’ or FPAS.

The solid blue curve in Figure 1 shows
the overall distribution of candidate
sites at increasing distance from the
nearest annotated stop codon. Expect-
edly, site distribution is denser in the
vicinity of the stop codon where true

poly(A) sites occur. Total site density then slowly decreases
over the whole region, suggesting that the background
density is not constant. This background slope is most
likely explained by the finite distance between genes in the
genome. As a random false-positive site cannot be located
at an arbitrary long distance from the nearest gene, the
distribution of randomly occurring false positives is slightly
skewed toward shorter distances. To estimate this back-
ground noise, we picked random positions in intergenic
regions so that the density at 50 kb was the same as that
observed in our data set. The resulting distribution (Fig. 1,
dashed blue line) closely follows the observed distribution
between 50 kb and 15–20 kb past the stop codon, clearly
departing from the reference curve atz15 kb. This suggests
GPAS may extend to 15 kb past the stop codon, which is
considerably longer than the commonly accepted 39-UTR
size range.

Reach of 39 extensions (GPAS)

In order to distinguish poly(A) sites of the GPAS type, i.e.,
pertaining to the 59-flanking annotated gene, we sought, for
each 39-EST, a corresponding 59-EST sequenced from the
same cDNA clone. When any of the 39-ESTs supporting
a poly(A) site had a corresponding 59-EST mapping within
the nearest annotated transcript, the poly(A) site was said
to be ‘‘59-supported,’’ meaning that it most likely pertains
to the 59-flanking transcription unit or gene. The solid red
curve in Figure 1 shows the distribution of 59-supported
sites. The overall shape is similar to that of the general
curve, with a steep initial decline followed by a slow
decrease over the whole 50-kb region. The position at
which 59-supported sites disappear and yield way to
background noise is not clearly apparent. To identify this

FIGURE 1. Distribution of predicted poly(A) sites downstream of stop codons in the human
genome. (Solid blue curve) Total predicted sites; (dashed blue curve) simulated background
noise (see text); (solid red curve) sites supported by 59-ESTs mapping to flanking gene; (solid
gray curve) ratio of (total sites)/(59-EST-supported sites). Curves are smoothed using a moving
average over a 2000-nt window.
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position, we computed the ratio (59-supported sites)/(total
sites) (Fig. 1, solid gray curve). This curve is easier to
exploit as it becomes flatter at z9 kb past the stop codon.
We infer that true 59-supported sites extend up to 9 kb past
the stop codon and that subsequent 59-supported sites are
false positives.

The observed 9-kb limit for 59-supported sites does not
mean that actual GPAS are limited to this position. Indeed,
inherent limitations of the cDNA cloning procedure limit, in
turn, the maximal distance separating 39- and 59-ESTs, so that
if an actual poly(A) site was located 10 kb or more from its
annotated part, it is very unlikely that the corresponding 59-
EST would fall within the annotation. Consequently, the sites
we observed above from 9 kb to 15 kb past the stop codon
can be real in spite of their lack of 59-EST support. Based on
the blue curve in Figure 1, and after subtracting background,
their number would be z900. Although Figure 1 suggests
that distal sites could extend even further, up to 20 kb or
more, it should be noted that the curves are shown on a log
scale and the actual number of sites in this area is very small
relative to sites in the 0–15-kb range. On the other hand, it is
reasonable to assume that all poly(A) sites located at 20 kb or
more past the nearest stop codon are either IPAS or FPAS.

False and true positives

What fraction of long-range or intergenic poly(A) site
candidates can we expect to be real? Variations in the ratio
of canonical to total poly(A) signals (CS/TS) can help
answer this question. All predicted poly(A) sites contain
either a canonical AAUAAA signal, or one of 12 possible
single-base variants (Beaudoing et al. 2000). We expect
false positives to display a CS/TS ratio close to random (i.e.,
0.089; see Materials and Methods), while true sites should
use canonical signals more often. Figure
2 plots the CS/TS ratio for predicted
poly(A) sites, as a function of their
distance to the nearest stop codon. In
the vicinity of stop codons, canonical
signal usage is z52%, while long-range
sites are only 25%–35% canonical. Both
human and mouse curves meet back-
ground level at z14 kb, consistent with
previous results. At 0.29–0.34, the ob-
served background is consistently
higher than the random CS/TS ratio,
which indicates a significant level of true
positives at this range. On the other
hand, the CS/TS ratio at short range
(0.52) appears lower than the expected
CS/TS of 0.65 for true sites (see Materials
and Methods), indicating a significant
level of false positives at this range.

Assuming that GPAS are completely
absent at 40–50 kb past the stop codon

and IPAS are completely absent at 1 kb past the stop codon,
and knowing the observed and expected CS/TS ratios at
each range, we obtained a four-equation system presented
in Materials and Methods. It results from these equations
that, in intergenic regions, the density of IPAS is 35 sites/
500 nt and the density of FPAS is 71 sites/500 nt, i.e.,
a proportion of 33% true positives. Considering that 42,123
sites are located at 20 kb or more from the stop codon, we
conclude that 13,713 intergenic sites (33%) are true
poly(A) sites pertaining to yet-unannotated genes, or IPAS.
Using the same calculation, we conclude that z23% of
short-range sites (<1 kb) are false positives. The same
calculation carried out from mouse data yields 13% FPAS
at 1 kb and 50% FPAS at 40 kb. This lower false-positive
rate in mouse may be attributed to the larger proportion of
high-quality EST and full-length cDNA libraries available
for this organism.

Classifying and scoring poly(A) sites

Our next objective was to obtain a measure of the accuracy
of each predicted poly(A) site. Such a measure would be
a useful guide in the selection of the most promising
candidates for experimental validation of novel 39 isoforms
or intergenic transcripts. We identified the following eight
parameters as relevant for this purpose: presence of
a canonical AAUAAA signal; support by full-length cDNAs;
support by 59-ESTs from the same clone mapping in the
upstream genomic region; support by ESTs/cDNAs over-
lapping an upstream poly(A) site; support by poly(T)/(A)-
terminated ESTs; support by ESTs/cDNAs from different
libraries; the number of supporting ESTs/cDNAs; and the
ERPIN score for the downstream region—ERPIN is a motif
search program that we used previously to characterize

FIGURE 2. Ratio of canonical to total poly(A) signals (CS/TS) in EST-based poly(A) site
candidates, as a function of distance from the nearest stop codon, for mouse (top) and human
(bottom). The stop codon is taken as the end of translation of the Ensembl transcript.
(Horizontal lines) Estimated background, as measured by averaging CS/TS ratios between 30 kb
and 50 kb after the stop codon. Curves are smoothed using a moving average over a 2000-nt
window.
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sequence elements around poly(A) sites (Legendre and
Gautheret 2003). The first six parameters are binary, while
the last two are integer or real numbers. In this context of
mixed discrete and continuous variables, classification trees
are a suitable supervised learning method (Breiman et al.
1984). For this purpose, a training set was defined using
18,740 sites located in the 0–1-kb region past the stop
codon (Class 1) and 42,243 sites located at 20 kb or more
(Class 2). Based on the above analysis, we expect Class 1 to
be strongly enriched in true sites and Class 2 to be enriched
in false positives. Classes 1 and 2 thus serve as our positive
and negative models, respectively. In the typical classifica-
tion tree procedure, the complete training set is partitioned
recursively, using at each step the combination of variable
and value that best discriminates Class 1 and Class 2
objects. This results in a final unique tree where each
terminal leaf maximizes enrichment in Class 1 or Class 2
elements. Although powerful, such trees suffer from in-
stability. Breiman (2001) suggests using instead of a single
tree a set of K trees each trained over a random sample of
the original data. Each tree uses at each node a subset of
variables taken randomly among all variables. Figure 3
shows the contribution of each variable to this ‘‘random
forest.’’ The number of ESTs/cDNAs is the most discrim-
inating factor by a large margin, and support by a full-
length cDNA is second.

The score of a poly(A) site corresponds to the pro-
portion of trees within the ‘‘random forest’’ that classified it
in Class 1. This score thus estimates the probability of a site
belonging to Class 1. In the following, the term ‘‘P-value’’
refers to this probability. The top two rows of Table 1
show the number of initial Class 1 and Class 2 sites that
would be classified as Class 1 or Class 2 using a P-value
cutoff of 0.5. Obviously, a larger than expected number of
Class 1 sites end up in Class 2 (8818 sites, or 47.1%). We
changed the P-value cutoff in such a way that the overall
number of reclassified sites (former Class 1 sites reclassified
as Class 2 and vice versa) reflected as much as possible our
above estimate of false positives in the corresponding regions.
At a score cutoff of 0.02, 18.8% of Class 1 sites are reclassified

as Class 2, while 36.2% of Class 2 sites are reclassified as Class
1 (Table 1, bottom rows). This compares better to our
estimate of 19% FPAS (false positives) in Class 1 and 37%
IPAS (true positives) in Class 2.

The discrepancy between the size of predicted classes at
a P-value cutoff of 0.5 and estimated numbers of true and
false positives could be related to the quality of our initial
training set. As a control, we used 4674 poly(A) sites from
the VEGA database of known transcripts (Ashurst et al.
2005), as a training set for Class 1. We obtained similar
ratios of reclassified sites as with our initial training set
(data not shown). Therefore, the most likely explanation
for the observed discrepancy is that the probability of
belonging to Class 1 is not exactly equivalent to the
probability of being a bona fide site, since a fraction of
bona fide sites may have Class 2 characteristics using our
limited parameter set. As a result, we expect to observe
a predominance of bona fide sites in the P-value range over
0.02 rather than over 0.5. However, high-confidence
poly(A) sites should be sought in the range 0.5–1.

After classification trees were trained on the test sets, all
predicted poly(A) sites in the human and mouse genomes
were scored using the same set of trees. Figure 4 shows the
variation in average P-value for sites located at increasing
distance from stop codons. P-values are necessarily higher
near stop codons, from where the positive training set
comes. The background P-value corresponding to IPAS +
FPAS is reached at z12 kb and stays flat over the whole
intergenic region represented. This provides further sup-
port, independently from direct counts used in Figure 1,
that distal poly(A) sites extend to at least 12 kb past the
nearest annotated stop codon.

Probable 39-extensions and novel transcripts

We can now use classification P-values to distinguish false
positives from real sites, at any location in the genome.
Independent measures indicate an over-representation of
poly(A) sites up to 12–13 kb from the nearest annotated
stop codon. At this distance, it is unlikely that a complete

FIGURE 3. Relative importance of the eight different variables used in the classification tree. (can) Presence of a canonical AAUAAA signal;
(erpin) ERPIN score for downstream region; (pApT) support by poly(T)/(A) terminated ESTs; (over) support by ESTs/cDNAs overlapping an
upstream poly(A) site; (cDNA) support by full-length cDNAs; (monolib) support by ESTs/cDNAs from different libraries; (fivep EST 50k)
support by 59-ESTs from same clone mapping in upstream 50-kb region; (nbEST) number of supporting ESTs/cDNAs.
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gene is inserted between the poly(A) site and the upstream
annotated gene, as human genes are on average 30 kb long
and separated by 100 kb. Even if exceptions are possible, we
consider these predicted poly(A) sites to be overwhelmingly
of the GPAS type, i.e., pertaining to the nearest annotated
gene, or FPAS, i.e., false positives. There are 44,216
predicted sites in this distance range. If we consider as
GPAS only those sites with P-values >0.5, there are 18,523
GPAS in the 0–13-kb range. Out of these, 12,492 sites lie
within the boundaries of Ensembl transcripts, but 6031
would extend Ensembl transcripts beyond their 39-ends,
with a median extension of 1971 nt. At a more conservative
cutoff (P > 0.9), there would still be 3566 human genes
with an unreported 39-extension. All gene extensions with
P > 0.5 are presented in Supplemental Table 1 (see http://
tagc.univ-mrs.fr/pub/).

To assess whether long-range GPAS could be attributed
to a transcriptional ‘‘leakage’’ or to more significant,
conserved events, we compared occurrences of long-range
sites in pairs of human–mouse orthologs. Table 2 shows
positions of most distal poly(A) sites in pairs of human/
mouse orthologs. A very low x2-test P-value (<10e � 40)
indicates a strong dependency between the occurrence of
long-range sites in human and mouse, suggesting that long-
range sites do not result from a random phenomenon.
Finally, most of the long-range sites are caused by alterna-
tive polyadenylation. Table 3 shows that, while 65.1% of
short-range sites (0–1 kb) are first sites, the fraction of first
sites drops to 14.4% in the 9–10-kb region. In other words,
as many as 85% of the long-range sites correspond to
alternative transcripts.

We could not detect any excess of poly(A) sites after
15 kb past the stop codon. We assume that all sites lying
past this limit are of the IPAS (intergenic) or FPAS (false
positives) type. Using a P-value of 0.5 to distinguish FPAS
from IPAS, there would be 3406 IPAS, and 1278 IPAS with
P > 0.9. These predicted poly(A) sites that correspond to
yet unnanotated genes are presented in Supplemental Table
2 (see http://tagc.univ-mrs.fr/pub/).

Signal-free polyadenylated transcripts

The above analysis only considered poly(A) sites flanked by
a AAUAAA signal or a known variant. If we considered

transcripts that do not contain a known
signal at their 39-ends, our procedure
would predict 252,000 sites in the hu-
man genome instead of 90,000. These
signal-free sites are not irrelevant bi-
ologically, as recent studies in yeast have
shown that ‘‘cryptic unstable tran-
scripts’’ lacking a poly(A) signal could
be polyadenylated by a distinct polya-
denylation complex and subsequently
targeted for degradation (LaCava et al.

2005; Wyers et al. 2005). We extracted all these signal-free
poly(A) sites and submitted them to our classification tree
procedure using the same training set as above to define
true and false positives. Interestingly, only 16,450 of the
252,000 signal-free sites were classified as high quality (P >
0.5). In other words, z94% of sites lacking an apparent
poly(A) signal are classified as false positives. As low P-
values are mostly related to low EST or full-length cDNA
support (on average, 30 ESTs or cDNAs per site at P > 0.5
versus 4 ESTs or cDNA per site at P < 0.5), this observation
is consistent with most of these sites resulting from
unstable transcripts. On the other hand, the 16,000 signal-
less sites with high P-values generally have strong EST/
cDNA support and may thus represent abundant func-
tional transcripts. High-quality, signal-free sites are listed in
Supplemental Table 3 (see http://tagc.univ-mrs.fr/pub/).

DISCUSSION

We introduced here a method to evaluate the quality of
poly(A) sites predicted by cDNA/EST mapping and applied
it to poly(A) sites that are unusually distant from known
genes. While high-confidence sites represent 53% of sites in
the vicinity of the stop codon, they only represent 7.5% of
sites located past 20 kb from the stop codon. Although
a fraction of low-quality sites may result from limitations of

FIGURE 4. Average P-values of poly(A) sites as a function of distance
from the stop codon, in human and mouse. P-values are averaged in
a 500-nt window.

TABLE 1. Classification table for Class 1 (<1 kb from stop) and Class 2 (>20 kb from stop)
poly(A) sites

Final

Initial Class 1 Class 2 % reclassified

At score cutoff 0.5 Class 1 9931 8782 46.9%
Class 2 3171 38,996 7.5%

At score cutoff 0.02 Class 1 15,118 3500 18.8%
Class 2 15,281 26,924 36.2%
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the prediction procedure such as undetected internal
priming or ambiguous EST-to-genome alignments, we
hypothesize that most low-quality sites result either from
background transcription or background polyadenylation
at cryptic poly(A) sites. Given the massive amount of
transcript variation that is observed in mammals (Kampa
et al. 2004; Carninci et al. 2005; Johnson et al. 2005), rare
transcripts containing a functional poly(A) signal can be
expected to form at multiple locations in the genome.
Beside these background signal-containing transcripts, we
expect other transcripts that do not contain poly(A) signals
and yet are polyadenylated, as shown in yeast (LaCava et al.
2005; Wyers et al. 2005). Indeed, 252,000 such signal-free
sites are observed in the human genome, and their ratio
of high-quality sites is also very low (6%). This suggests
that the largest part of overall poly(A) site diversity in
the genome may represent nonfunctional sites that may be
polyadenylated by chance or through some surveillance
system.

Our protocol identifies over 3400 high-quality poly(A)
sites corresponding to novel intergenic transcripts, or
z19% of the total signal-containing sites. These results
are consistent with the extensive transcription observed in
intergenic regions and on reverse strands of known genes
(Kampa et al. 2004; Johnson et al. 2005). As we defined
here ‘‘intergenic’’ regions as located between two genes on
the same DNA strand, some of the novel intergenic poly(A)
sites we identified may correspond to antisense transcripts
for genes on the reverse strand.

Beside intergenic transcripts, we identify likely 39-exten-
sions for 5045 different genes (a quarter of mapped genes),
mostly in the form of novel alternative poly(A) sites. These
additional sites may have escaped prior analyses because
they represent minor transcript isoforms: sites located at
3 kb past the stop codon are supported by z35% fewer
ESTs on average than sites at 1 kb from the stop codon (11
ESTs/site versus 31 ESTs/site, respectively). Alternatively,
owing to technical limitations in cDNA library construc-
tions, cDNAs deriving from very long mRNAs are not
cloned as efficiently as others. Few full-length cDNA clone
inserts are longer than 6 kb in practice, and this should
include both UTRs and the coding sequence (Carninci et al.
2001). We may therefore expect very long transcripts to
escape sequencing more frequently than others.

Long-range poly(A) sites that extend
the 39-boundaries of known genes can be
the result of three distinct mechanisms.
First, they may result from alternative
cleavage site selection by the polyadeny-
lation machinery. This occurs when the
long-range site is located in the same 39-
exon as one or more other sites. Second,
they may result from alternative splicing,
in which alternative 39-exons each carries
its own poly(A) site (Edwalds-Gilbert

et al. 1997). We excluded alternative 39-exons as much as
possible in our analysis. However, since there may be many
unreported splice variants, some long-range poly(A) sites
may be associated with alternative splicing, especially in the
case of very distant sites. A third mechanism that may
explain long-range poly(A) sites is the presence of tran-
scription starts in the 39-exon of genes (Carninci et al.
2005). The distal sites identified here would then corre-
spond to partial, forward-strand transcripts, for which no
function has been proposed yet.

Further functional analysis of poly(A) sites may be pos-
sible only through experiment or comparative genomics. In
a recent comparative analysis of distal sites, we showed that
<20% of poly(A) sites in or near terminal exons bear con-
served features that suggest a selective pressure for specific
sites (Ara et al. 2006). There are known examples of func-
tional elements located at long distance in the UTR that
may confer functional importance to a distal poly(A) site.
For instance, the Fibroblast Growth Factor 2 mRNA has
a translational enhancer located between 5.4 kb and 6.8 kb
past the stop codon, between the fourth and eighth poly(A)
site (Touriol et al. 2000). Use of alternative poly(A) sites for
this mRNA was shown to be regulated in a tissue-specific
manner, thus producing transcripts that may or may not
contain the enhancer.

The detection of novel alternative or extended 39-UTRs
in more than 5000 human genes may have consequences
for functional studies of UTR-mediated gene regulation.
Searches for microRNA targets or other regulatory elements
should include these neglected UTR regions, and, as novel
poly(A) sites increase transcript diversity, they should
be incorporated as well into microarray probe design
procedures.

TABLE 3. Percentage of poly(A) sites that are first sites (59-most)
or unique sites, in function of their distance from stop codon

Distance from stop
% of sites that are first
sites for a given gene

0–1 kb 65.1
1–2 kb 34.8
2–3 kb 23.3
9–10 kb 14.4

TABLE 2. Contingency table showing number of poly(A) sites at specified distance from
stop codon in human/mouse orthologous gene pairs

Mouse

Human <100 nt 100–1000 nt 1000–10,000 nt

<100 nt 175 102 83
100–1000 nt 106 2293 943
1000–10,000 nt 104 1165 4657

Intergenic polyadenylation sites
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MATERIALS AND METHODS

Poly(A) site prediction

EST sequences were obtained from dbEST v. Dec/1/2006 (7,536,519
human and 4,688,994 mouse ESTs). Full-length cDNA sequences
were obtained from H-Inv 2.4 (56,419 sequences) (Imanishi et al.
2004) andFANTOM3.00 (102,801 sequences) (Carninci et al. 2003).
ESTs annotated as 39were extracted (1,922,199humanand1,895,840
mouse ESTs), and trailing poly(A) or poly(T) sequences of 5 nt or
more were removed, with one mismatch (non-A or non-T) allowed
for poly(A)/T tails of 10 ormore. Both 39-EST and cDNA sequences
were aligned to the Ensembl Repeat-Masked genome sequences
(human NCBI35.dec andmouseNCBIM34.dec) using theMegablast
program (McGinnis and Madden 2004). We did not need here an
accurate exon junction mapping software, since we were only
interested in the end of the 39-exon. All hits presenting at least
95% identity with the genomic sequence were retained (hit size is
>28 nt at default E-value). Partial hits flanking a Repeat-Masked
region of the genome were then realigned to the locally unmasked
region. Hits with 95% identity after this step were retained. Clusters
were formedwith ESTs having either their 59 or 39 extremities falling
within a 10-nt distance (ESTs were not oriented at this stage). Each
cluster was analyzed using a sliding window to locate themost likely
cleavage site, defined as the position where the window contains the
most EST/cDNA ends. The following filters were then applied:

1. Dangling ends: Discard hits with more than five unmatched
nucleotides at the extremity of the cDNA or EST sequence.

2. Internal priming: Discard cleavage sites flanked by A-rich
region (at least nine As out of 10 nt) in the 50-nt downstream
genomic sequence.

3. Poly(A) signal: Retain only cleavage sites of which 30-nt
upstream genomic sequence contains one of the 11 poly(A)
signals identified in our previous study (Beaudoing et al.
2000): AAUAAA, AUUAAA, AGUAAA, UAUAAA, CAUAAA,
GAUAAA, AAUAUA, AAUACA, AAUAGA, AAUGAA,
ACUAAA, or two variants identified more recently, AACAAA,
UUUAAA (F. Lopez and D. Gautheret, unpubl.).

Only those cleavage sites passing the filters and supported by at
least two ESTs/cDNAs were retained as predicted poly(A) sites.
From the starting EST/cDNA data sets, we finally retained 870,770
ESTs and 32,497 full-length cDNAs to identify 89,778 different
poly(A) sites in human, and 863,133 ESTs and 49,173 full-length
cDNAs to identify 71,561 different poly(A) sites in mouse.

Assignment of poly(A) sites to nearest upstream
stop codon

Poly(A) sites are assigned to transcript sequences taken from
Ensembl (human: 37.35j, mouse: 37.34e) (Birney et al. 2004) or
(when applicable) to alternative transcripts taken from the
AltSplice database Release 2 (Le Texier et al. 2006). If the poly(A)
site lies within one or more annotated transcripts, downstream
from the end of translation, the site is affected by each of these
transcripts, and the ‘‘distance to stop’’ is measured from the end
of translation to the poly(A) site. If the poly(A) site lies upstream
of the end of translation, then it is considered as ‘‘in CDS’’ and is
not used for calculating the distance to stop. If the poly(A) site

does not map any annotated transcript, it is affected to the nearest
59-transcript.

Measure of FPAS, IPAS, and GPAS based on
CS/TS ratio

Assuming that GPAS are completely absent at 40–50 kb past the
stop codon, all sites observed at this distance are either FPAS or
IPAS. The density of aggregated sites at 40–50 kb is 106 per 500-nt
window (Fig. 1); therefore:

TSfpas þ TSipas ¼ 106

where TSipas and TSfpas are the total numbers of sites of the IPAS
and FPAS type, respectively, in a 500-nt window. At 40–50 kb
from the stop codon, the CS/TS ratio is 0.275 (Fig. 2). This ratio is
the combination of the CS/TS ratio of GPAS and that of IPAS,
so that:

CSfpas þ CSipas

TSfpas þ TSipas
¼ 0:275

where CSipas and CSfpas are the numbers of canonical sites of the
IPAS and FPAS type, respectively. We can assume that the CS/TS
ratio of FPAS is that of random sequences. The expected random
ratio of canonical (AAUAAA) to total sites (AAUAAA + 12
variants above) was computed using human genome single-
nucleotide frequencies G: 0.205; C: 0.205; A: 0.295; and T: 0.295
(Venter et al. 2001) and is:

CSfpas

TSfpas
¼ 0:089

Finally, we estimate that the CS/TS ratio of true sites (IPAS)
should be close to that observed in a reliable set of transcript
39-ends, such as H-inv full-length cDNAs (Imanishi et al. 2004) or
the VEGA database (Ashurst et al. 2005). CS/TS is 0.67 in H-inv2
and 0.63 in VEGA. Hence, using a mean value of 0.65:

CSipas

TSipas
¼ 0:65

It ensues from the four equations that TSipas = 35 and TSfpas = 71.
The same equations were solved for mouse poly(A) sites using the
Fantom transcript database (Carninci et al. 2003) to obtain the
reference CS/TS ratio. Based on a CS/TS ratio of 0.61 in the
Fantom database, observed CS/TS ratios of 0.54 at 1 kb and 0.345
at 40 kb (Fig. 2), and a density of 100 sites per 500 nt, we obtain
TSipas = 50 and TSfpas = 50 for mouse.

Classification tree

The partition was performed as follows: when a variable x is
binary, rules are of the type x = 0 and when x is integer or real, the
rule has the form x < s, where s is a threshold taken among all the
possible values of x. At each node of the tree, an optimal binary
rule is selected among all the possible rules over the eight
variables. Optimality is measured using entropy, such that data
at a node are split in two subsamples using the rule that minimizes
the heterogeneity of the new subsets with respect to the class of its
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observations. Random forests (Breiman 2001) were generated
based on a 500 bootstrap sample.

SUPPLEMENTAL MATERIAL

The main data files generated during this study can be found at
http://tagc.univ-mrs.fr/pub/. These include complete lists of pre-
dicted, scored poly(A) sites in the human and mouse genomes,
and Supplemental Tables 1, 2 and 3, containing subsets of reliable
poly(A) sites corresponding to unreported extensions of known
transcripts, unreported intergenic transcripts, and signal-less
transcripts, respectively.
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