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Although recent studies have revealed that the majority of human genes are subject to regulation of alternative
promoters, the biological relevance of this phenomenon remains unclear. We have also demonstrated that roughly
half of the human RefSeq genes examined contain putative alternative promoters (PAPs). Here we report large-scale
comparative studies of PAPs between human and mouse counterpart genes. Detailed sequence comparison of the
17,245 putative promoter regions (PPRs) in 5463 PAP-containing human genes revealed that PPRs in only a minor
fraction of genes (807 genes) showed clear evolutionary conservation as one or more pairs. Also, we found that
there were substantial qualitative differences between conserved and non-conserved PPRs, with the latter class being
AT-rich PPRs of relative minor usage, enriched in repetitive elements and sometimes producing transcripts that
encode small or no proteins. Systematic luciferase assays of these PPRs revealed that both classes of PPRs did have
promoter activity, but that their strength ranges were significantly different. Furthermore, we demonstrate that these
characteristic features of the non-conserved PPRs are shared with the PPRs of previously discovered putative
non-protein coding transcripts. Taken together, our data suggest that there are two distinct classes of promoters in
humans, with the latter class of promoters emerging frequently during evolution.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been

submitted to GenBank under accession nos. BP870448-BP873619 and BP244227-BP249739.]

With the completion of the human and mouse genome sequenc-
ing projects (Waterston et al. 2002; International Human Ge-
nome Sequencing Consortium 2004) as well as the large-scale
compilation of full-length cDNA information (Zhang et al. 2000;
Okazaki et al. 2002; Strausberg et al. 2002; Imanishi et al. 2004;
Ota et al. 2004), it has gradually become clear that the genome
systems in higher mammals are far more complex than previ-
ously thought. Now, the once-dominant static view that a single
locus corresponds to only one transcript and one protein has
been shown to be of very limited validity. Rather, it is more
common for a single locus to produce several transcript variants.
In about half of human genes, on average, four different tran-
scripts are produced by alternative splicing and as a consequence
translated into proteins of divergent biological functions
(Modrek and Lee 2002; Imanishi et al. 2004). Similarly, recent
studies also demonstrated that diversification via transcriptional
regulation is no less common in human genes (Landry et al.
2003). By use of alternative promoters (APs), which consist of
different modules of transcriptional regulatory elements, diver-
sified transcriptional regulation is enabled within a single locus
(Landry et al. 2003; Carninci et al. 2005; Cheng et al. 2005; Kim
et al. 2005; Kimura et al. 2006).

“Corresponding author.

E-mail ysuzuki@hgc.jp; fax +81-4-7136-3607.

Article published online before print. Article and publication date are at http://
www.genome.org/cgi/doi/10.1101/gr.6030107.

The functional diversification of a single gene enabled by
the use of alternative splices (ASs) and APs is thought to be the
molecular basis whereby the human genome is able to establish
highly complex systems, such as the brain and immune systems
(King and Wilson 1975), in spite of the fact that the total number
of human genes, which is estimated at 20,000-25,000 (Interna-
tional Human Genome Sequencing Consortium 2004), is not so
different from those of yeast, fly, and worm (Goffeau et al. 1996;
C. elegans Sequencing Consortium 1998). Even compared to
other fellow mammals, such as mice, dogs, and cows, humans
have some strikingly different physiological and anatomical and
metabolic characteristics, although the basic gene sets are highly
comparable. Indeed, several papers have appeared, suggesting
that species-specific AS and APs are responsible for certain types
of species-specific organismal characteristics, regarding signal
transduction, growth factor responses, neuronal connections,
drug metabolism, and so on (Grandien et al. 1997; Luzi et al.
2000; Tautz 2000; Dermitzakis and Clark 2002; Su and Gladyshev
2004; Pan et al. 2005; Wu 2005).

To address questions currently of interest in genome, evo-
lutionary and pharmaceutical sciences, large-scale attempts to
discover and characterize ASs/APs in human genes have been
started. We have also been identifying and characterizing the
transcriptional start sites (TSSs) and the adjacent putative pro-
moter regions (PPRs) using the data of our 1.8 million human
full-length cDNAs. These cDNAs were collected from cDNA li-
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braries constructed by a cap-targeting method, oligo-capping (Su-
zuki and Sugano 2003; Yamashita et al. 2006). We have recently
reported that the use of APs is very common in human genes.
Among 15,262 human protein-coding genes examined, putative
alternative promoters (PAPs; PAP is defined as a promoter [PPR]
group that consists of multiple individual promoters [PPRs]) were
observed in 7674 (52%) (Kimura et al. 2006). In this data set,
1803 PAPs showing clear tissue-biased usages were included. All
of the retrieved results and related raw data have been made
publicly and freely available without any restrictions from our
database, DBTSS (Yamashita et al. 2006; http://dbtss.hgc.jp).

In spite of potential importance of widespread PAPs in hu-
mans, it is not still clear why there are so many PAPs. In the
present study, in order to understand what biological relevance
those PAPs have and how they have been shaped during evolu-
tion, we carried out a large-scale comparative study of PAPs be-
tween human and mouse putative counterpart genes. For this
purpose, we first prepared the TSS and PPR data for mice based on
mouse full-length ¢cDNA sequences collected from the mouse
full-length cDNA project (Okazaki et al. 2002). Similar to our
findings in humans, widespread presence of PPRs was also ob-
served in mice. However, intriguingly, sequence comparisons of
the individual PPR members revealed that only a minor popula-
tion of the human PAP relationships was evolutionarily con-
served. Further detailed computational inspection followed by
experimental characterization led us to conclude that there are
two evolutionary tracks of promoters with distinct characteristics
from each other. Here we report our large-scale comparative stud-
ies of PAPs of human and mouse genes.

Results

Identification of widespread presence of PAPs in mice
and sequence comparison between human and mouse PPRs

For the comparative study of PAPs (groups of PPRs), we collected
the TSS information and retrieved the adjacent PPRs for mice
using the same procedure as previously described for humans
(Kimura et al. 2006). The 5'-end information of 580,204 mouse
full-length cDNAs was clustered so that the individual PPRs were
separated from each other by >500 bp in a given PAP. As a result,
a data set of 19,023 PPRs in 13,704 mouse protein-coding genes

(so-called RefSeq Genes; http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=gene) was prepared (for further details, see Meth-
ods and Supplemental Fig. 1). As shown in Table 1, in this data
set, PAPs (genes containing multiple PPRs) were identified in
3816 genes (28% of the total 13,704 genes examined), showing
that the presence of PAPs is widespread in mice as well as in
humans. Although the number and frequency of PAPs in mice
(3816 genes; 28%) is smaller than that in humans (7674 genes;
52%), this should reflect the difference in the redundancy of the
cDNA data between humans and mice.

The retrieved mouse PPRs were subjected to comparative
studies of PAPs in humans and mice. For our 7674 human PAP-
containing genes, TSS information for mouse counterpart genes
(according to Homologene; http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db=homologene) was found for 5463 genes. In total,
the 5463 gene pairs included 17,245 and 8622 PPRs in humans
and mice, respectively. As for each of these PPRs, sequence
alignments between humans and mice were generated (— 500 bp
to +0 bp of the TSSs were used; the position of the most fre-
quently used TSS was defined as 0O; this range was set to avoid
sequence overlap between different PPRs within a particular
PAP). All human and mouse PPR pairs belonging to the same
mutually best-hit homologous gene were considered. For the se-
quence alignment, we used LALIGN (http://www.ch.embnet.org/
software/LALIGN_form.html). We used this local alignment pro-
gram because it is relatively robust for gaps and thus was ex-
pected to generate precise sequence alignments of promoters,
although its application for genome-wide comparison is impos-
sible due to its computational cost (also see the references Suzuki
et al. 2004; Yamashita et al. 2006). All of the raw data and se-
quence comparison of the PPRs at each gene and other related
information are publicly available from our database, DBTSS
(http://dbtss.hgc.jp).

Lack of evolutionary conservation of a major part of the PPR
members of a PAP

As a result of the sequence comparison, clear conservation was
found for 5735 PPRs (33% of the total 17,245 human PPRs ex-
amined; Fig. 1A). In 807 human genes (15% of the total 5463
human PAP-containing genes examined), we found two or more
“conserved” PPRs, consisting of a “conserved” PAP relationship

Table 1. PAPs identified in human and mice
Human Mouse
No. of included No. of cDNA No. of included No. of cDNA
No. of PPRs No. of loci TSS positions clones (avg.) No. of loci TSS positions clones (avg.)
1 (non-PAP) 6,954 (48%) 70,175 43 9,888 (72%) 83,916 22
PAP-containing
2 3,724 (26%) 67,846 83 2,764 (20%) 30,319 29
3 1,821 (12%) 44,455 115 742 (5%) 9,979 34
4 1,003 (7%) 32,582 160 215 (2%) 3,149 33
5 490 (3%) 19,962 166 62 (0.4%) 1,038 36
6 294 (2%) 13,937 159 25 (0.2%) 527 41
7 147 (1%) 7,948 184 6 (0.04%) 142 41
8 85 (0.6%) 4,912 194 1 (0.01%) 35 44
9 42 (0.3%) 2,167 163 0 (0%) 0 0
10 25 (0.2%) 1,650 164 0 (0%) 0 0
>10 43 (0.3%) 4,140 341 1 (0.01%) 30 33
Total 14,628 269,774 80 13,704 129,135 24

The table shows the number of loci containing indicated number of PPRs. The average numbers of included TSS positions and total cDNA clones are

also shown.
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Evolutionary conservation of PAPs. (A) Patterns of evolutionary conservation and the number of PPRs belonging to each of the categories.

Lines and arrows show the genomic sequence and mapped positions of the TSSs, respectively. Alignable regions are indicated as regions connected by
vertical lines. For details, also see the text. (B) Number of loci in which the indicated number of PPR members are “conserved.” (C) Composition of the
PAP in terms of average numbers of “conserved,” “marginal,” and “non-conserved” PPRs. When a PAP is consisted of the indicated number of PPR
members (X-axis), how many of the PPRs are “conserved” (solid bar), “marginal” (gray bar), or “non-conserved” (white bar) on average are shown.

(Fig. 1B; for typical examples and detailed information, see
Supplemental Fig. 1B and Supplemental Table 3). As the analyses
of the functional-diversification transcriptional regulation
should be rather straightforward in this population, first priority
for future analyses should be put on further detailed experimen-
tal characterization of the multifaceted use of the promoters. As
for clues for those purposes, information regarding GO terms
attached to the loci is presented in Supplemental Table 5.

However, to our surprise, it was rather rare that the multiple
PPR members within a single PAP were conserved altogether. It
was far more common that the PPR sequence could be aligned
only for one PPR in a PAP, while the remainder of the PPRs could
not be aligned at all (Fig. 1A). As shown in Figure 1C, the number
of “conserved” PPRs did not increase in proportion to the in-
crease of the number of PPR members in the PAP. Even within a
PAP consisting of more than five individual PPRs, the average
number of “conserved” PPRs remained nearly one (see the solid
bars in Fig. 1C). The increased parts were mostly accounted for
PPRs for which no clear conservations were observed (“marginal”
or “non-conserved”; see below).

For those PPRs for which no significant alignments could be
generated, we analyzed genome-genome BLASTZ alignments
in UCSC Genome Browser (http://genome.ucsc.edu/). Among
11,510 human PPRs (67% of the 17,245 PPRs) for which no
mouse counterpart PPRs could be found, 4601 PPRs (27% of the
17,245 PPRs) were located within alignable regions, although no
mouse TSSs were observed in their proximal regions. There were
two possibilities to explain this: (1) cDNA coverage was insuffi-
cient; (2) promoter activities were lost in mice in spite of the fact

that certain levels of sequence similarity remained. To decide
between these two possibilities, we compared the number of TSSs
allocated to each of the PPRs. In 1014 cases, insufficient coverage
of the cDNAs was unlikely to be accounted for the absence of
TSSs. In these cases, the statistical estimation (with the cutoff of
P <0.05) based on the comparison of the number of TSSs be-
tween humans and mice indicated that there must be at least one
TSS at the corresponding position in mice, too (intuitively, it is
understood as a case in which no TSS was observed from a par-
ticular mouse genomic region [non-PPR| although there are
many human TSSs identified from the corresponding human ge-
nomic region [PPR]; for examples and further details, see Supple-
mental Fig. 1B). It was instead likely that the corresponding ge-
nomic regions had come to have the promoter activities only on
the human side. Special cases of these observations in which the
distances of the TSS clusters (PPRs) are small are also reported as
“TSS turnover” by a recent study using CAGE tag analysis (Frith
et al. 2006). Although further validation of this notion remains
necessary, it is an intriguing possibility that these cases represent
snapshots of the birth of promoters, a moment when a particular
DNA has just acquired promoter activity.

On the other hand, although we scrutinized the genome-
genome alignments as well as the PPR-PPR alignments, we could
not find any significant alignments for the remaining 6909 PPRs
(40% of the 17,245 PPRs). In these cases, the corresponding ge-
nomic sequences together with the corresponding TSSs were
completely missing from the mouse side.

According to these observations, we classified the individual
PPRs into three groups: “conserved (genome aligned with TSS

Genome Research 1007

www.genome.org



Tsuritani et al.

support),” “marginal (genome aligned without TSS support),”
and “non-conserved (genome not aligned),” respectively, as il-
lustrated in Figure 1A. In the following study, we will focus the
discussion on the comparison between “conserved” and “non-
conserved” PPRs, but the “marginal” PPRs showed features gen-
erally similar to “non-conserved” PPRs in each analysis.

Characteristic features of “conserved” and “non-conserved” PPRs

We first examined whether there are qualitative differences be-
tween “conserved” and “non-conserved” PPRs. As shown in Fig-
ure 2, we found a number of substantial characteristic features
differing between them:

(1) The “conserved” and “non-conserved” PPRs have sequence
features distinct from each other (Fig. 2A). We found that,
compared to the “conserved” PPRs, the “non-conserved”
PPRs were poor in CpG islands (P < 1 x 10~ 1% x? test; all of
the P-values appearing in this section are on the comparison
between the “conserved” PPRs and the “non-conserved”
PPRs) and were enriched in TATA-like elements (TATA boxes
predicted using relaxed parameters; P <1 X 10~ %% ¥2 test).
Also, the G+C content of the “non-conserved” PPRs was sig-
nificantly deviated toward A+T compared to the “conserved”
PPRs (P <1 x 10719 t-test). Indeed, the distribution of the
G+C content of the “non-conserved” PPRs resembled that of
the average genomic DNA, unlike that for the “conserved”
PPRs (Fig. 2B). Also see Supplemental Table 7 for predicted
transcription factor binding sites enriched in “conserved” or
in “non-conserved” PPRs.

(2) In the “non-conserved” PPRs, the distribution patterns of
TSSs showed significantly more fluctuation than those in the
“conserved” PPRs (P < 8 X 10~ %% Wilcoxon test; Fig. 2C).

(3) The “non-conserved” PPRs were of minor usage (Fig. 2D;

P <1 x 10719 Wilcoxon test). While 4662 (68%) of the

“non-conserved” PPRs were in the population of the PPRs

with relative usage of <10%, only 654 (11%) of the “con-

served” PPRs belonged to this population. Also, the number
of cDNAs corresponding to each of the PPRs indicated that
the usage of “non-conserved” PPRs was significantly lower
than that of “conserved” PPRs (on average, 104 and seven
cDNAs for “conserved” and “non-conserved” PPRs, respec-
tively; P< 1 X 10~ '°°: Wilcoxon test; see Supplemental Fig.

2). Thus, the transcriptional level of the “non-conserved”

PPRs seemed to be minor in terms of absolute levels as well as

relative levels.

The “non-conserved” PPRs changed the amino acid se-

quences very drastically (sometimes invoking >300 amino

acid changes), while the major part of the “conserved” PPRs
caused alterations in small parts of the N-terminal amino acid
sequences (Fig. 2E). This tendency became clearer when al-
tered portions (ratios) of amino acid lengths relative to the
entire amino acid lengths were evaluated (Fig. 2F; “non-
conserved” PPRs sometimes invoking >50% amino acid
changes). This is a consequence of the fact that conserved

PPRs were located around the 5'-end, mostly associated with

the differential use of the non-coding first exons or in small

coding alterations, while the non-conserved PPRs were lo-
cated throughout the regions from the first exons to the last
exons in the genes, influencing a major part of the coding

regions (Fig. 2G). Interestingly, as a consequence, 2124 (31%)

of the “non-conserved” PPRs encoded amino acid (aa) se-

(4

=

quences of <100 aa, while only 466 (8%) of the “conserved”
PPRs were in this category (Fig. 2H). It appeared likely that
the transcripts produced from the “non-conserved” PPRs
should frequently function as non-protein-coding transcripts.

Experimental characterization of the “non-conserved” PPRs
and their resemblance to the PPRs of “ncRNAs”

In order to experimentally validate if there are actually so many
“non-conserved” PPRs in the human genome and to evaluate the
range of the strength of their promoter activities, we performed
luciferase reporter gene assays using physically cloned PPR DNA
fragments. For this purpose, we constructed an oligo-cap (5’-end)
cDNA library of human embryonic kidney (HEK) 293 cells and
produced 12,504 5'-end sequences (GenBank accession nos.:
BP870448-BP873619; BP244227-BP249739; details of the over-
view of the promoter activities within HEK293 cells will be pub-
lished elsewhere). These cDNAs collectively represented 2170
PPRs in the above human PPR data set. By this, we were able to
confirm the expression of the genes encoding them as well as the
positions of their PPRs in HEK293 cells directly. We set PCR prim-
ers (corresponding to —1 kb to +200 bp) for 1100 PPRs. The PPR
clones obtained were transiently transfected into HEK293 cells
and their promoter activities were measured. We successfully
cloned and obtained reproducible promoter activity data for 321
“conserved” PPRs, 56 “marginal,” and 59 “non-conserved” PPRs.
As shown in Figure 3, the promoter activities of “conserved” PPRs
were significantly higher than those of “non-conserved” PPRs
(P <1 x 10~ '°°: Wilcoxon test). In spite of the clear difference,
in both cases, each of the observed promoter activities was sig-
nificantly higher than the averaged promoter activities of 250
randomly isolated genomic DNA fragments (for details, see
Supplemental Table 4).

Having determined the range of transcriptional activities of
“non-conserved” PPRs, which frequently drive transcripts encod-
ing no or very small proteins, we wished to analyze the PPRs of a
class of so-called long non-protein coding transcripts, which
were discovered in recent full-length cDNA studies. (Note: We
will simply call them “ncRNAs” hereafter; they are sometimes
called transcripts of unknown functions [TUFs]; see Mattick and
Makunin 2006; Willingham and Gingeras 2006) Among the 768
“putative ncRNAs” which were identified from our previous hu-
man large-scale full-length ¢cDNA analyses and annotation
project, FLJ (Ota et al. 2004), 49 were clearly confirmed to be
transcribed in HEK293 cells by RT-PCR analyses (Supplemental
Fig. 3 and Supplemental Table 6). The PPRs of 35 of these 49
“ncRNAs” were successfully cloned and were subjected to lucif-
erase assays (Supplemental Table 4). As shown in Figure 3, we
found that these promoter activities were rather in a similar
range with those of “non-conserved” PPRs than those of “con-
served” PPRs (“conserved”—“ncRNA”: P <1 x 107190 “non-
conserved”-“ncRNA”: P = 0.3: Wilcoxon test). Sequence analysis
also showed these PPRs share the features of “non-conserved”
PPRs; ncRNAs are GC-poor (45%; “conserved”-“ncRNA”:
P<4 x 10~ 'Y; “non-conserved”-“ncRNA”: P = 0.1: t-test), CpG
island-less (26%; “conserved”—“ncRNA”: P<7 x 10~ '3; “non-
conserved”—“ncRNA": P = 0.9: x? test), enriched in TATA-like el-
ements (63%; “conserved”’-“ncRNA”: P <2 x 10~%; “non-
conserved”—“ncRNA”: P = 0.2: x* test), and the major part is lack-
ing corresponding regions in the mouse genome according to
UCSC BLASTZ alignment (70% were located outside of BLASTZ-
alignable regions in mice).
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Figure 2.

Possible origin of the “non-conserved” PAPs

We also examined the possible origin of the “non-conserved”
PPRs. It has been proposed that the PPRs could be generated by

(Continued on next page)

any of the following mechanisms (Landry et al. 2003): (1) Ab
initio generation (accumulated mutations); (2) local duplication;
(3) repeat insertion; (4) other genomic rearrangements (Fig. 4A;
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Figure 2. Characteristic features of conserved and “non-conserved” PPRs. (A) Frequencies of CpG islands and TATA boxes and overall G+C content
in each category of PPRs. The statistical significances of the differences in the frequencies between “conserved” and “non-conserved” at the indicated
positions are all P < 1.0 X ~1%° (*: t-test; ** and ***: x? test). (B) Distribution of the G+C contents. What the lines represent is shown in the inset. (C)
Distance covering 75% of the TSSs (X-axis) was examined for each category of the PPRs. Frequency of the PPRs (Y-axis) belonging to each population
is shown. (D) Number of PPRs which were used at the indicated relative frequencies (judged from the included cDNA numbers) is shown. (E) Number
of PPRs which alter indicated length of the amino acids is shown. (F) Number of PPRs which alter indicated portion (ratio) of the amino acids is shown.
(G) Number of PPRs that are located at the indicated position relative to RefSeq is shown. The relative position was designated as RefSequation
5'-end = 0 and RefSequation 3’-end = 1. Note that a minus value indicates a position upstream of the 5’-end of the RefSeq. (H) The number of PPRs
which produce transcripts encoding amino acids of the indicated length. Schematic representations of the definitions of the X-axes are shown in the

bottom margins for C, D, F, and G.

for definitions, see Methods). We classified the “conserved”
and “non-conserved” PPRs identified by the present study into
the above categories. The most frequently observed category was
“ab initio generation” for both classes. In these cases, there
were no corresponding genomic sequences at all in the mouse
genome, thus the PPRs seemed to have emerged from average
genomic sequences only in humans or have been lost only in
mice.

We also found that repetitive sequence elements were en-

Promoter activity of PPRs
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Figure 3. Promoter activities of the “conserved” and “non-conserved”

PPRs in HE293 cells. Distributions of the observed promoter activities are
shown for each category of the PPRs. The activities are shown on a log
scale with a base of 10. The average promoter activity found for 250
random genomic fragments was designated as 1 (log 0).

riched in the “non-conserved” PPRs (2004; 29%; Fig. 4B) com-
pared to the “conserved” PPRs (728; 13%; P<1 x 10~ 1% x?
test). Especially, the so-called retroelement-type repetitive ele-
ments, such as L1 and Alu, mostly accounted for this differential
distribution. There are a number of reported examples in which
such classes of retroelements were integrated in the vicinity of
future TSSs and acquired transcriptional regulatory activities via
slight changes in their sequences (Norris et al. 1995; Vansant and
Reynolds 1995; Hamdi et al. 2000). Considering that L1 and Alu
spread throughout the human genome after the human and
mouse lineages separated, integration of those elements could
explain the generation of species-specific promoters.

As for the “non-conserved” PPRs, as reference genomic se-
quences have become available for several other mammals due to
recent genome sequencing projects (see the Web site of NHGRI,
http://www.genome.gov/), the genomic regions in chimpanzees,
macaque monkeys, dogs, and cows were analyzed in a similar
way as for the human and mouse comparison; first, the PPRs
were tentatively defined as the 5’-end adjacent regions of anno-
tated genes and available ESTs of full-length cDNAs aligned with
human PPRs using LALIGN; for those for which no clear align-
ments were generated, respective genomic sequences in chim-
panzees, macaque monkeys, dogs, and cows were further
searched according to the BLASTZ alignment in UCSC Genome
Browser. We found that the “non-conserved” PPRs were swiftly
lost in proportion to the evolutional distances, and no more than
30% of them were identified in dogs, cows, and rats (Fig. 4C). On
the other hand, at least 60% of the (human-mouse) “conserved”
PPRs were found in other organisms’ genomes. Even consider-
ing the incompleteness of the genome sequencing in some of
these species, we concluded that a major part of the “non-
conserved” PPRs appear to have emerged evolutionarily in a lin-
eage- or species-specific manner and are likely to have evolved
very rapidly.
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Possible origin of the conserved and non-conserved PAPs. (A) The numbers of the PPRs which showed the indicated patterns of possible

evolutional origin are shown. (B) Repetitive elements identified in each category of the PPRs. (C) The frequency of the human PPRs for which
corresponding PPRs or syntenic genomic regions could be identified in the genomes of the indicated species is shown.

Discussion

Here we have described a large-scale comparative study of PAPs of
human and mouse genes. Taking advantage of the collection of
the 5'-end information of human and mouse full-length cDNAs,
we used the well-defined 5’-end cDNA information for the iden-
tification and analyses of the PPR members. This allows a thor-
ough comparison both of the transcriptional activity (PPRs) and
sequence similarities and differences in both mouse and human.
Both species have widespread PAPs, but the patterns of sequence
conservation vary dramatically among the PAPs.

Interestingly, while we found that two or more PPRs were
conserved in 807 genes, we unexpectedly observed that such
conserved PAP relationships were only a minor fraction. In most
cases, only one PPR was conserved within a given PAP, while the
rest was non-conserved. It is unlikely that this general lack of
conservation resulted from misidentification of the PPRs. It is
true that, if PPRs were identified by dubious “full-length” cDNAs,
the regions adjacent to their 5'-ends would merely be intronic
sequences, and thus would be expected to be non-conserved.
However, in the present study, we carefully removed potential
erroneous oligo-cap cDNAs from our data set (see Methods; also
see Kimura et al. 2006). Actually, in almost all cases, the PAPs
were separated by mutually exclusive use of the first exons. More-
over, luciferase assays of representative PPRs showed significant
promoter activities in HEK293 cells. For these reasons, we con-
cluded that most of the PAPs identified in the present study are
upstream sequences of the true TSSs, from which transcription is
actually initiated in vivo, and indeed there are thousands of non-
conserved active promoters.

Our finding that a large population of the “non-conserved”
PAPs was located well inside of the gene seems in line with the
findings obtained from recent ChIP-on-chip analyses. Binding
analyses of common transcription factors, including SP1, MYC,
TP53, and CREB, revealed that there are comparable numbers of
docking sites for them at the internal part of the genes as well as
at the 5'-ends (Cawley et al. 2004; Impey et al. 2004). The wide-
spread transcription of these intragenic PPRs is also supported by
expression analyses using genome tiling arrays (Kapranov et al.
2002, 2005). Moreover, it has been further demonstrated that at
least some of these intragenic transcription events occur in re-
sponse to extra-cellular signals or in a tissue-/developmental
stage-specific manner (Cawley et al. 2004; Impey et al. 2004).
Interestingly, it was recently reported that a significant number
of genes are involved in repressing uncontrolled transcription
from the internal part of the genes by promoting the formation
of proper chromosome structures in these regions and that dis-
ruption of these genes resulted in abnormal embryonic develop-
ment, possibly allowing unfavorable transcriptions (Tominaga et
al. 2005). These reported evidences together with our data should
strongly suggest that there are actually widespread intragenic al-
ternative promoters which play specific biological roles at least in
a number of genes.

The presumed biological roles of “non-conserved” PPRs im-
mediately raise the question of how these roles would be realized.
One mechanism may be encoding alternative proteins with
modified functions or proteins with identical functions ex-
pressed in different conditions. In the case of the human SHC1
gene, transcripts derived from the proximal alternative promoter
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encode a protein lacking the interaction domain for binding with
some of the interacting partners, and thereby serve as modulators
of signaling pathways (Luzi et al. 2000). Besides, transcriptional
regulations which produce significantly different proteins be-
tween humans and rodents or other mammals have already been
reported, although the number of examples is still limited (Wang
and Negishi 2003; Owens et al. 2005). For example, the ACACB
gene in humans has two alternative promoters, one of which is
well-conserved between humans and rats, whereas the other is
not, producing a biologically functional regulatory protein in
skeletal muscle only in humans (Oh et al. 2005). Considering our
finding that thousands of PAPs are “non-conserved,” while one
of the PPR members is almost always “conserved” (Fig. 1C), it
might be a general feature in the functional diversification of
mammalian genes that the proteins which serve as functional
modulators, for example, by being involved in fine-tuning of the
control mechanisms of cellular biological processes, have been
built-in in an ex post facto manner by dynamic evolutional al-
terations.

Another mechanism for the “non-conserved” PPRs to realize
their functions may be producing ncRNAs (Figs. 2H). A recent
stream of reports have shown that ncRNAs serve important regu-
latory roles (Hornstein and Shomron 2006; Willingham and Gin-
geras 2006) via various mechanisms, such as by sense-antisense
interactions with target transcripts and by directly interacting
with proteins, thereby modulating the strength of protein-
protein interactions (Mattick and Makunin 2006). A recent esti-
mate indicated that thousands of ncRNAs are transcribed from
the human genome, and at least 30% of human genes are subject
to regulation by these RNAs (Lewis et al. 2005). Therefore, it may
not be surprising that a significant fraction of the widespread
“non-conserved” PPRs give rise to ncRNAs. Actually the sequence
features and transcriptional activities of “non-conserved” PPRs
were shown here to resemble those of the promoter regions of
previously identified “ncRNAs.”

However, it was surprising that, regardless of whether they
encoded proteins or not, “non-conserved” PPRs which seemed
ultimately to be associated with regulatory roles were commonly
found to be in a different evolutionary track from canonical
PPRs. Although further detailed studies on the nucleotide
changes accompanied by consequent functional changes in the
promoter activities would be necessary to reveal at which point
of the evolutionary stage the “non-conserved” PPRs emerged and
which of them are on the way to positive, purifying, or neutral
selections, it was significant to observe that the most frequent
and dynamic aspects of functional diversification of genes in
higher mammals should generally be orchestrated via a core
“conserved” promoter playing the main tune in an ensemble of
accessory “non-conserved” promoters.

The finding of the widespread presence of “non-conserved”
PAPs is somewhat reminiscent of the case of ASs: The major
population of ASs identified in both humans and mice was also
shown to be evolutionarily non-conserved and is of minor usage.
The recently born ASs are regarded as primitive forms, presum-
ably serving as an evolutional reservoir for new transcript vari-
ants. Likewise, ab initio emergence of the promoters may take
place relatively frequently among the wide variety of genomic
sequences. Generally, the so-called consensus sequences for
many of the transcription factor binding sites as well as those for
splice junctions and other splicing enhancers are short and fre-
quently found throughout any genomes. Basic sequence materi-
als which can potentially consist of a promoter or a splicing

junction have been constantly forming during evolution and are
abundantly found throughout long mammalian genomes (Rock-
man and Wray 2002). It is likely that, because of their evolution-
ally new lineage, “non-conserved” PPRs still preserve traces of
universal genomic sequences. It is possible that at least some,
even many, of these PRPs are evolutionarily neutral, having no
detectable biological role. However, it is as well possible that
promoters specialized in transcribing regulatory transcripts may
flexibly utilize this evolutionary reservoir of novel promoters to
deal with dynamic change of regulatory networks, the nature of
which enables organismal adaptation to rapidly change environ-
mental requirements.

Very recently, a paper appeared from another group, also
analyzing the properties of PAPs using our data set (Baek et al.
2007). As described by the study of Baek and colleagues, it is also
important to analyze characteristics of genes having no alterna-
tive promoters (single promoters), although we have focused the
present study on the analysis of genes having alternative promot-
ers, which occupy roughly half of the human genes. Indeed, we
were amazed at the complex nature of the mammalian transcrip-
tomes, which is being revealed by our and other studies, as well
as their flexibility, enabling numerous features unique to each
organism. In the present study, we used the 5’-end sequences of
putative full-length cDNAs and avoided using recently produced
and massively compiled data from tag-based approaches, such as
CAGE and 5'-end SAGE data (Hashimoto et al. 2004; Carninci et
al. 2006). We took this approach because analyses of the latter
would require different data processing and analyses, hindering a
uniform interpretation of the data. If those tag data are also taken
into consideration, further non-conserved PPRs should be iden-
tified from both humans and mice. We speculate so, because we
consider it likely that more transcripts of even minor expression
levels would be identified from non-conserved genomic regions
when transcriptome analyses in humans and mice are further
deepened. Also, some of the cases which were categorized as
“marginal” in this study would turn out to be actually “non-
conserved,” if no TSS appears even with such deep transcriptome
data. Rapid progress in both genomic and full-length cDNA se-
quencing projects in more than a dozen higher mammals, such
as primates, cattle, dogs, cats, and organisms at various evolu-
tional stages, should shortly enhance our understanding of the
highly diversified transcriptional regulatory mechanisms in fur-
ther detail. Now, attempts to achieve a comprehensive under-
standing of the unique aspects of transcriptional networks of
genes encoded within the respective genomes should be within
the range of practical investigations. With that knowledge, we
will at last be able to understand how regulatory blueprints of
genomes have been fabricated, eventually resulting in the evo-
lution of the great diversity of life, including humans.

Methods

Mapping and clustering of the 5’-end data

The mouse PPRs data set was generated similarly as the case in
the human PPRs. The 5’-end information for 580,204 mouse full-
length cDNAs which were obtained from the 119 kinds of cap-
trapper full-length cDNA libraries (see Supplemental Table 1) was
collected and mapped onto the mouse genomic sequence (mmb5;
as of UCSC Genome Browser). TSSs were clustered so that the
distances of the TSSs from each other were >500 bp. Details of the
procedure were described previously (Kimura et al. 2006). For
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statistics of the data processing, see Supplemental Table 2. For the
raw data of individual PPRs, see Supplemental Tables 3-5. For
graphical views, visit our database, DBTSS (Yamashita et al. 2006;
http://dbtss.hgc.jp). Also, see references Suzuki and Sugano (2003)
and Kimura et al. (2006) for a discussion of the possible contami-
nation of erroneously cloned truncated cDNAs.

Sequence alighment

For comparing the sequences of PPRs between human and mouse
genes, the putative counterpart gene sets were defined according
to the information described in Homologene. For each of the
PPRs, the sequence alignments were generated for the retrieved
500-bp sequences using a sequence alignment program, LALIGN.
For details for setting the parameters, see the reference Suzuki et
al. (2004). For the genome-genome alignment data, the informa-
tion generated by UCSC Genome Browser using BLASTZ was used.

Procedures used in computational characterizations

The presence of CpG islands was determined according to the
standard procedure described previously (Gardiner-Garden and
Frommer 1987). The CpG islands covering the TSSs were counted
as “CpG island-containing” PPRs. For the search of TATA boxes,
MATCH was run for TRANSFAC database version 8.2 (Matys et al.
2006), and the hits from the matrices V$TATA_01 and
V$TATA_C with the search conditions of —90 to +23 (plus
strand), cutoff value of 0.77, were counted as “TATA-containing”
promoters. This range was selected because previous studies dem-
onstrated that these conditions should give the overall optimized
accuracies of specificity and selectivity (Tsunoda and Takagi
1999).

In order to evaluate the relative usage of the “non-
conserved” against “conserved” PPRs, the numbers of cDNAs be-
longing to every PPR were counted separately (as representing
the individual expression level of the PPR), and the proportion of
them relative to the total number of cDNAs belonging to the
corresponding locus was calculated (as representing the total ex-
pression level). Those thereby-calculated relative usages of the
PPRs were compared between the “conserved” and “non-
conserved” PPRs.

In order to identify putative protein-coding regions in the
transcripts whose TSSs were defined by each of the PPRs, the
5'-end sequences were connected to RefSeq sequences from the
position where they overlapped. The possible protein coding re-
gions were determined from the resultant virtual hybrid tran-
scripts, and putative amino acid lengths were calculated. Accord-
ing to the obtained information, the ratios of transcripts from
commonly used regions relative to transcripts covering the entire
amino acid sequences of RefSeq were also calculated.

The indicated categories of possible evolutional origins of
the PPRs were defined as follows: (1) Ab initio generation: the
case which could not be defined by 2-4; (2) local duplication: the
case in which BLASTN search detected a homologous sequence
within the local region; from the terminal exon of the upstream
adjacent gene to the 3'-end of the last exon of the gene; (3) repeat
insertion: the case in which the repetitive element (as defined by
UCSC Genome Browser) was found in the PPR; (4) other genomic
rearrangement: the case in which BLASTN search detected a ho-
mologous sequence outside of the local region defined in 2.

For analyzing the conservation of the “non-conserved” PPRs
in other organisms, the surrounding sequences of the 5’-ends of
the cDNAs were retrieved from the chimpanzee, macaque, cow,
dog, and rat genomic sequences as of UCSC Genome Browser.
The surrounding sequences were defined as those of annotated
genes and ESTs, which should be the closest equivalents of the

human and mouse data, although the accumulation of data for
them was relatively poor. The obtained sequences were analyzed
similarly in the cases of humans and mice using LALIGN and by
considering the genome alignments registered in UCSC.

For evaluating statistical significance, x* test, Wilcoxon test,
or t-test were performed, using a statistical analysis software
suite, R (http://www.r-project.org/). Which method was used is
indicated at the corresponding position.

Luciferase assays

Genomic DNAs corresponding to the PPRs or other categories
were amplified by PCR, using the genomic DNA (Strategene) and
KOD PCR kit (Toyobo). The PCR conditions were as described in
the manufacturers’ instructions and the primer sequences used
for each amplification are shown in Supplemental Material. Be-
cause the representation of “marginal” and “non-conserved”
PPRs had been small in the obtained PPR clone set, possibly re-
flecting the fact that the promoter activities of the “non-
conserved” PPRs are weak and thus are less frequently repre-
sented by a limited number of the cDNA sequences, we reset the
PCR primers, attempting to clone them intensively, so that the
data set contained >50 PPRs in each category.

For amplifications of the random genomic DNAs, the prim-
ers having the cloning sites only were used with low annealing
temperature. The products were size-fractionated by agarose gel
electrophoresis. The recovered fragments were sequenced and
the redundancy was removed. In total, 250 genomic DNA were
selected from non-promoter regions. Each of the mapped posi-
tions of the fragments is shown in Supplemental Material. The
amplified genomic DNAs were cloned into the luciferase vector
using the Gateway System (Invitrogen). The plasmid DNAs were
purified using Qiaprep Ultra (Qiagen) and transfected into
HEK293 cells using Fugene6 (Roche) according to the manufac-
turers’ instructions. The luciferase assays were performed 48 h
after the transfections using a dual luciferase kit (Promega). Every
assay was performed in triplicate.
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