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Methods

Consensus Promoter Identification in the Human
Genome Utilizing Expressed Gene Markers

and Gene Modeling

Rongxiang Liu and David ]. States’

Bioinformatics Program and the Department of Human Genetics, University of Michigan, Ann Arbor, Michigan 48109, USA

Deciphering the human genome includes locating the promoters that initiate transcription and identifying the
exons of genes. Many promoter prediction programs have been proposed, but when they are applied to
extended regions of the genome, most of their predictions are false-positives. The extensive collection of gene
transcript sequences is an important new source of information, which has not been used previously in
promoter predictions. Our approach is to enhance the specificity of predictions by restricting the genomic
regions that are searched using gene transcript alignments as anchors in the genome for gene modeling. We
developed a consensus promoter prediction method combining previously developed algorithms with the
GENSCANsene modeling program. Our method, CONPRQCONsensus PROmoter), identifies promoters with
very high confidence, and the predicted promoters are guaranteed to be associated with genes. On our test data
set, the method correctly detects promoters for approximately half of all human genes (37%-71%), and most
predictions are true promoters (85%-90%). Applying our method to the human genome and human genes
from the Unigene data set, we find the promoters for 13,744 genes. Of these, 6440 are genes with a
functionally cloned mRNA, and 7304 are novel genes for which only expressed sequence tags (ESTs) are
available. Candidate promoters for many novel genes will be a useful resource in elucidating complex biological
response mechanisms. CONPRQs available for searching promoters in the human genome (http://stl.bicinformatics.

med.umich.edu/ conpro).

With the publication of the human genome sequence (Inter-
national Human Genome Sequencing Consortium 2001; Ven-
ter et al. 2001), we now face the daunting task of understand-
ing how the genome functions. Considerable progress has
been made in detecting genes by using de novo prediction
with programs such as GENSCANBurge and Karlin 1997) and
genomic sequence alignment of expressed sequences using
programs such as BLASTX(Gish and States 1993). The reliabil-
ity of gene coding sequence identification has been improv-
ing, but prediction and characterization of regulatory se-
quences remain challenging problems. Here, we focus on de-
tecting promoters, which are in the class of regulatory
sequences.

A promoter is the region of genomic sequence proximal
to the transcription start site (TSS) that is responsible for the
initiation of transcription. Promoters are integral compo-
nents of genes and mediate important transcriptional regula-
tion of genes. A small collection of experimentally defined
and carefully curated human promoters is available in the
Eukaryotic Promoter Database (EPD; Périer et al. 1998). EPD
promoters are sequence fragments of length 500 bp located
upstream of TSSs. Recently, 5’ cap cloning techniques have
been used to generate libraries enriched in full-length tran-
scripts (Suzuki et al. 2000), but the coverage of these libraries
is incomplete and experimental definition of the 5’ untrans-
lated region (UTR) remains challenging. For most human
genes, promoters have not been defined or studied, but un-
derstanding the regulation of gene expression is an important
aspect of understanding the gene function. Reliable recogni-
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tion and characterization of promoters therefore is a high
priority in studying the human genome. The knowledge of
promoters will be useful in elucidating regulation and expres-
sion mechanisms of genes and may even shed light on the
function of novel and uncharacterized genes.

A well-established measure for promoter prediction ac-
curacy scores a prediction of TSS as positive if it is within the
range of 200 bp upstream to 100 bp downstream of the true
TSS (Fickett et al. 1997). Several groups have developed meth-
ods for in silico promoter prediction (Fickett and Hatzigeor-
giou 1997; Scherf et al. 2000), such as algorithms considering
statistical models for promoters, Markov model audic (Audic
and Claverie 1997); neural network learning NNPP(Reese and
Eeckman 1995), promoter2.0  (Knudsen 1999); individual
residue or oligomer composition, PromFD (Chen et al. 1997);
PromFind (Hutchinson 1996); Promoterinspector (Scherf
et al. 2000); and the density of transcription factor binding
sites in promoters, TSSGand TSSW(Solovyev and Salamov
1997), PromFD, and PROSCANPrestridge 1995). There are two
major limitations to the practical application of these meth-
ods in the whole genome annotation; they produce many
false predictions and the predicted promoters are not associ-
ated with genes. For most methods, the false-positive rate is
estimated at approximately one per kilobase (Fickett and
Hatzigeorgiou 1997). In another study, the ratio of true pre-
dictions to false predictions is a few percent, with the excep-
tion of one method, PromoterInspector, which show pre-
dicted accuracy of 43% (Scherf et al. 2000). Still, most predic-
tions using existing methods are false predictions. Because the
human genome is >3 billion base pairs in length, it is not
practical to apply any one of the promoter prediction meth-
ods to the human genome.

Several aspects of genome structure remain to be fully
exploited in promoter identification. One possible new fea-
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ture might be the shape and flexibility of the DNA conforma-
tion in promoter regions. Although the contribution of DNA
structure to transcription factor binding site recognition has
been studied (Liu et al. 1998, 2001), there is still not enough
information for characterizing the DNA structure for the
whole promoter regions. The ease of helix opening has also
been proposed as a possible indicator of a promoter or TSS
(Benham 1993). Nevertheless, with the effort that has already
been applied to de novo promoter prediction, we believe that
creation of yet another novel method is unlikely to lead to
dramatic improvements in algorithmic performance. This
naturally raises the possibility that combining previously de-
veloped methods might provide a superior strategy for pro-
moter identification.

Computational identification of genes and computa-
tional identification of promoters have been viewed as dis-
tinct problems, but they, in fact, are tightly interwoven. For
biological studies, predicted promoters need to be associated
with genes. Here, we make use of experimental evidence (gene
transcripts) for the location of actively transcribed genes to
improve the ability to recognize promoters. The approach is
to first align gene transcripts (expressed sequence tags [ESTs]
or mRNAs) with genomic sequences to anchor the position of
the genes. Because many transcript sequences, especially
ESTs, are less than full length (Suzuki et al. 2000), we use
GENSCANo identify the missing 5’ exons of the genes and
build a gene model extending upstream of this aligned tran-
script anchor. The region upstream of the 5’ most predicted
exon or mRNA is searched for candidate promoters using
TSSG, TSSWPROSCANPromFD, and NNPP. Finally, the predic-
tions of these five different methods are compared, and we
generate consensus predictions. TSSG, TSSW, andPROSCAN
detect promoters by the presence of transcription factor bind-
ing sites. PromFD uses both presence of transcription factor
binding sites and base composition bias as indicators of pro-
moters. NNPPuses neural learning to build an overall model
for promoters. These five methods predict promoters from
different aspects and they complement each other. If several
of these complementary methods predict the same promoter,
it is unlikely the prediction is false.

The consensus promoter predictor, CONPR@CONSsensus
PROmoter), correctly detects promoters for nearly half of hu-
man genes in our test data set (71% of genes with known
mRNA; 37% of genes with only ESTs known). Among the
promoters we identified, most of them are true promoters
(90% for genes with mRNA; 85% for genes with only ESTs
known). Applying our method to the human genome, con-
sidering only the transcripts aligning with large genomic con-
tigs, we find promoters for 13,744 human genes, 7304 of
which are novel genes with only ESTs known, and 6440 of
them have mRNA known.

RESULTS

In the Unigene build 125, 17,624 of 86,213 clusters contain a
known gene, which means a functionally cloned mRNA or
complete coding region. The remaining 68,589 clusters con-
tain only ESTs. Most Unigene clusters have ETSs, but many do
not have 5’ ESTs. For our analysis, we treat genes as Unigene
clusters and divide them into three major categories: clusters
with a functionally cloned mRNA, clusters including 5" ESTs,
and clusters with only 3’ ESTs. Our goal is to identify the
promoters in the recently published human genome (Inter-
national Human Genome Sequencing Consortium 2001; Ven-

ter et al. 2001) for human genes in these three major catego-
ries.

Analysis of Genes for Which a Functionally Cloned
mRNA Is Available

We use 133 promoters from EPD (Périer et al. 1998) as a train-
ing set for CONPROBecause the promoters from EPD are ex-
perimentally defined, the corresponding mRNAs in the Uni-
gene clusters tend to be well studied, and full-length tran-
scripts are often available. Unfortunately, most mRNA
sequences in GenBank cannot be assumed to represent full-
length transcripts (Kan et al. 2000). The full-length transcripts
are, on average, 45 bp longer than mRNAs in the current
databases (Suzuki et al. 2000). To simulate CONPRO perfor-
mance based on a typical GenBank mRNA entry, we remove
the first 50 bp from the 5’ end of the corresponding 133
mRNAs (full-length transcripts). These truncated mRNAs then
are used for promoter prediction. By aligning the truncated
mRNAs to genomic sequences, we find the genomic position
of the genes. If we simply take the 5’ end of the alignment as
the promoter prediction, 68% of the promoters are correctly
predicted, but 32% of all predictions are false. False predic-
tions occur when the 50-bp segment that was removed covers
an exon-intron junction resulting in an alignment that
misses an upstream exon. To reduce false predictions, we use
the six promoter prediction tools to look for promoters in the
upstream 1.5-kb regions of the truncated mRNA alignments.

On the training set of 133 promoters, the two programs
with the best performance are TSSGand PromFD (Table 1).
They yield the largest number of true predictions, whereas
their rate of false predictions is relatively low. Although the
two methods correctly predict 56% (TSSG) or 66% PromFD)
of the 133 promoters, the ratio of true predictions to false
predictions, 8 : 1 or 2 : 1, respectively, is still too high. As a
result, the predictive power for either method is not suffi-
cient. To reduce the number of false predictions, we seek a
consensus among five existing promoter prediction methods:
PROSCAN1.7 NNPP2.0, PromFD1.0, TSSG, and TSSW. Our
method, called CONPRQcorrectly predicts 73% of all the 133
promoters on this training set. The consensus prediction has
very high confidence. The ratio of true predictions to false
predictions, 12 : 1, is much higher than the previous meth-
ods. The improved predictive power of the consensus method
will reduce the number of false-positives that need to be ex-
perimentally evaluated and will greatly assist the study of
gene functions.

For an independent test of CONPROwe use 120 promot-
ers derived from full-length human cDNAs (Suzuki et al.
2000). The corresponding full-length cDNAs are truncated by
50 bp at the 5’ end as described above. The truncated full-
length cDNAs are aligned to genomic sequence, and upstream
1.5 kb regions are searched for promoters. The results on the
test set are very similar to the results on the training set (Table
1). CONPR@Qorrectly predicts 71% of 120 promoters with 91%
of all predictions being true predictions, an accuracy that is
better than any previous methods. We concluded that, if the
functionally cloned mRNA of the gene is known, CONPR@an
identify promoters for >70% of such genes, and 91% of all
predictions are true promoters.

Building Gene Models for Genes When No
Functionally Cloned mRNA Is Available

An EST sequence or a complete CDS entry in GenBank almost
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Table 1. Searching Promoters for Genes with Known mRNAs
Training set of 133 promoters Test set of 120 promoters
true prediction false prediction true prediction false prediction

Programs (sensitivity) (FP/AIIP) undetected (sensitivity) (FP/AIIP) undetected
PROSCANL1.7 32 (24%) 18 (36%) 83 30 (25%) 22 (42%) 68
NNPP2.0 56 (42%) 41 (42%) 37 26 (22%) 50 (66%) 44
PromFD1.0 88 (66%) 43 (33%) 36 69 (58%) 57 (45%) 23
promoter2.0 8 (6%) 100 (93%) 25 14 (12%) 92 (88%) 14
TSSG 75 (56%) 10 (12%) 48 62 (52%) 18 (23%) 40
TSSW 57 (43%) 29 (34%) 47 58 (48%) 20 (26%) 42
CONPRO 97 (73%) 8 (8%) 28 85 (71%) 8 (9%) 27

Sensitivity is defined as the percentage of the promoters that are detected by the methods. FP is false predictions and AlIP is all predictions.
The numbers in the parentheses of FP/AIIP are the percentage of false predictions in all the predictions. The number of promoters that are not
detected is also listed. The CONPR@an detect promoters for about 71% of the human genes with mRNA known. For the promoters predicted,

about 91% of them are true promoters.

certainly does not represent the full-length transcript of a
gene. The alignment of an EST or a complete CDS to the
genomic sequence provides only an anchor for the location of
the gene in the genome, but much of the gene is likely to be
missing from the alignment. The promoter of the gene could
be 20 kb, or even further, upstream of the alignment anchor.
As has been shown previously, existing algorithms perform
badly in searching for promoters in extended genomic re-
gions (20 kb) because of their high rate of false-positive pre-
diction (approximately one false prediction per kilobase; Fick-
ett and Hatzigeorgiou 1997). Our strategy for improving
specificity is to restrict the extent of sequence that needs to be
examined. To accomplish this, we use gene modeling to iden-
tify as much as possible of the missing upstream components
of the gene (Fig. 1).

GENSCANises a hidden semi-Markov model to identify
sets of exons that are likely to form a complete gene (Burge
and Karlin 1997). We use GENSCANo extend the EST/
complete CDS alignment-defined gene anchor by scanning a
70-kb genomic region containing the alignment. The 70-kb
cutoff is heuristically determined and it limits problems of
gene fusion that sometimes occur in GENSCANpredictions.
The output of GENSCANhen is filtered to select a gene model
that overlaps the EST/complete CDS alignment anchor. In the
predicted gene, only high-quality exons that are continuous
from the EST/complete CDS are considered as the extension
of the anchored gene (Fig. 1). Using the gene model generated

by GENSCANwe can limit the search for a promoter to a much
narrower region. In the case of 3’ EST anchored genes, the TSS
for nearly two-thirds (63%) of the 120 genes in our test set fall
within 2.5 kb of the 5" most predicted exon (Fig. 2). Without
gene modeling, only 20 (17.5%) genes have TSS within 2.5 kb
from the loci that are 3" EST aligned; most TSSs are more than
10 kb away from the alignment.

The use of GENSCANnodels allows us to search a consid-
erably smaller region (2.5 kb) for promoters with only a mod-
est decrease in search sensitivity. Furthermore, the predicted
promoters almost certainly initiate the transcription of the
gene modeled by GENSCANTIo identify promoters in this 2.5-
kb region, we use TSSG,PromFD, TSSWPROSCANand NNPPto
predict candidate promoters, and these candidate promoters
are compared to generate a consensus prediction.

Analysis of Genes When Only Complete Coding
Regions Are Available
Although it is not one of our three major categories, for some
genes in GenBank only the coding sequence is annotated. In
addition, when annotating genomic sequence of species other
than human, functionally cloned mRNA or ESTs may not be
available; therefore, coding regions identified using TBLASTN
may be a major source of gene identification (Gish and States
1993). Our approach to promoter prediction in this case is
similar to that described above. We use the conceptually
translated coding sequence alignment to anchor a gene model
and then search the region up-

A)  promoter stream of the 5’ most predicted
] — — — /) exon for candidate promoters. We

[ ]Arj [] L1 analyze the performance of this ap-

[ Promoter is in this large region ][ CDS/EST ] proach using the same training set
of 133 promoters. The longest open

reading frame (ORF) in each mRNA

B) — e e g : . is considered the complete coding
A region of the mRNA. Although this

[ 2.5k ][ GENSCAN detected exons (internal) ] [ CDS/EST ] ignores the possibility of alterna-

Figure 1T GENSCANetecting the missing exons. (A) After aligning expressed sequence tags (ESTs) to
the genomic sequence, the promoter of the gene may be far upstream. A search for the promoter in
such large regions is an error-prone process. (solid-line boxes) Exons identified by aligning ESTs to
genomic sequence. (arrow) The true transcription start site (TSS). (B) GENSCANs used to find the
missing exons of the gene (dotted-line boxes). Even the external exon (thick-line box) of the gene
might not be found by GENSCAN, but we successfully located the promoter to a 2.5-kb region. Finding

the promoter in this 2.5-kb region is a much easier job.
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tive translation start site or alterna-
tive splicing, this reflects wide-
spread practice in the molecular bi-
ology community. CONPRQiligns
the coding region sequence to the
genomic sequence, uses GENSCAN
to generate a gene model that over-
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cate a promoter given a 3’ EST is to
use genomic alignment of the 3’
EST sequence to anchor a gene. As
described above, GENSCANs used
to predict a gene model in a 70-kb
region around the 3’ EST align-
ment. GENSCANextension alone
can get much better estimates of
the 5’ end of the genes. If the 5’
end of the 5" most predicted exon is
taken as promoter prediction, 23%
promoters can be picked up by
GENSCANXxtension, with 77% false
predictions. The TSS typically falls
within a region 2.5 kb upstream of
the 5’ most exon in the gene model
(Fig. 2). This region is searched for
candidate promoters by using each
promoter prediction program, and
CONPR@ompares these predictions
to generate a consensus prediction.
| To examine the performance
of CONPRGvhen a 3’ EST sequence
is available, we use a 500-bp se-
quence from the 3’ end of func-

1 10 100 1
Nucleotides

Figure 2 Shown in the figure is the cumulative fraction of genes in the Suzuki120 test set as a
function of the number of nucleotides in the genome from the true transcription start site (TSS) to the
(dark line) 5" most high-quality GENSCANredicted exon or (gray line) 3’ expressed sequence tag (EST)

match.

laps the alignment anchor, and searches for candidate pro-
moters in the region 1.5 kb upstream of the 5’ most predicted
exon. CONPR@inds 86 of the 133 promoters in the training
set (65%), which is higher than all other methods. Of the 95
predictions made by CONPR®1% are correct (Table 2). The 5’
UTRs of human genes have average length of 125 bp (Suzuki
et al. 2000). By comparison, if the 5’ ends of the CDS align-
ment are taken as predictions of promoters, using our scoring
criterion of positive predictions, 53% of promoters are cor-
rectly picked up, but 47% of the predictions by this simple
procedure are false. GENSCANextension alone does help a
little in this case. After the extension, 56% of the ends of 5’
most exons are in — 200 to 100 relative to the true TSS. How-
ever, the false-positive rate is still very high, 44%.

We then tested the performance of CONPRQusing 120
independent promoters derived from full-length human cD-
NAs (Suzuki et al. 2000). Each full-length cDNA is searched for
the longest ORF, and this is used as the complete coding re-
gion, as described. In this case CONPRQorrectly identifies
>60% of all promoters. Of the 85 promoters predicted by CON-
PRO, 88% are correct.

Analysis of Genes When Only 3’ ESTs Are Known

Identifying promoters for human genes is a more challenging
problem when the only experimental evidence available is a
3" EST sequence. Almost all 3’ ESTs are partial sequences that
do not represent the full-length transcripts. As expected, most
promoters are far upstream of the aligned genomic location at
which a 3" EST aligns (Fig. 1). Using the scoring criterion for
positives, with the 5’ end of a 3’ EST alignment to the genome
as a prediction of promoters, we can predict only 2% of all
promoters (e.g., 98% false-positive rate). Our approach to lo-

10000 100000  tionally cloned mRNA or full-
length cDNA as simulated 3’ EST.
As a training set, we use the 118
promoters from EPD for which the
mRNA alignment is completely
contained in a single genomic con-
tig. The results of promoter search-
ing are presented in Table 3. Again, among the six existing
programs we used, none of them provides sufficient predic-
tive power to be of practical use in genome annotation.
PromFD1.0 and TSSGare still the best two methods. TSSG
correctly predict 33% of the 118 promoters, whereas PromFD
can predict 32% correctly. The ratio of true predictions to false
predictions is 3.5: 1 for TSSGand 1 : 1 for PromFD. On this
training set, CONPR@an successfully identify 38% of the 118
promoters with a ratio of true predictions to false predictions
of 7.5: 1.

For an independent test of CONPROwe use 120 promot-
ers derived from full-length cDNAs (Suzuki et al. 2000). The 3’
ESTs are simulated as described above from full-length cDNAs.
The searching results on the test set are similar to the training
set. More than half of the predictions of the individual meth-
ods are false predictions. CONPR@an reduce the rate of false
predictions and is able to predict 37% of the 120 promoters
with six true-positives for every false-positive. We conclude
that CONPR®redictions provide more reliable promoter lo-
cations for 37% of novel genes when only 3" EST sequence is
available.

Analysis of Genes When 5’ EST Sequence
Is Available

The last category of genes is the set of Unigene clusters that
include 5’ EST sequences. When an experimentally defined 5’
EST is available, there is an obvious approach to promoter
prediction: take the 5" end of the EST as TSS. Using the crite-
rion for scoring positives, 38% of the 5' ends of the 5’ EST
sequence alignment are true-positive predictions and 62% are
false-positives.
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Table 2. Searching Promoters for Genes with Known Complete Coding Region
Training set of 133 promoters Test set of 120 promoters
true prediction false prediction true prediction false prediction

Programs (sensitivity) (FP/AIIP) undetected (sensitivity) (FP/AIIP) undetected
PROSCANL1.7 31 (23%) 21 (40%) 81 26 (22%) 28 (52%) 66
NNPP2.0 63 (47%) 50 (44%) 21 24 (20%) 63 (72%) 33
PromFD1.0 53 (40%) 44 (45%) 48 60 (50%) 63 (51%) 10
promoter2.0 9 (7%) 101 (92%) 23 10 (8%) 92 (90%) 18
TSSG 78 (57%) 13 (14%) 42 56 (47%) 27 (33%) 37
TSSW 58 (44%) 36 (38%) 39 56 (47%) 38 (40%) 26
CONPRO 86 (65%) 9 (9%) 38 75 (63%) 10 (12%) 35

The CONPR@an detect promoters for about half of the human genes with mRNA known. For the promoters predicted, about 88% of them
are true promoters. Additional information is given in the legend of Table 1.

To evaluate the performance of CONPRG@n this case, we
again generate training and test data sets. It is controversial as
to how best the 5" EST should be simulated using a function-
ally cloned mRNA as a reference. To circumvent this issue, we
select a 5’ EST at random from the Unigene cluster containing
the mRNA corresponding to the promoter in our training and
test sets. In the training set of EPD promoters, 102 EPD pro-
moters are associated with an mRNA and the Unigene cluster
containing 5’ EST sequences. The selected 5" EST is aligned to
genomic sequences and GENSCAINb again used to build a gene
model overlaps with the EST alignment. After GENSCANx-
tension, if the 5’ end of the 5’ most exon is taken as promoter
prediction, 43% of all promoters can be picked up, with a 57%
false-positive rate. The upstream 2.5-kb region of the 5" most
predicted exon is searched for promoters. The best two pro-
grams are TSSGand PromFD, with 51% and 46% of the 102
promoters detected, respectively (Table 4). However, the ratio
of true predictions to false predictionsis 1 : 1 for PromFD and
4:1 for TSSG. UsingCONPROwe have identified promoters
for 58% of the 102 genes with the ratio of true predictions to
false predictions of 8 : 1.

For an independent test set, we use 110 promoters de-
rived from full-length human cDNAs that are associated with
Unigene clusters containing a 5’ EST. Using this test set, CON-
PROidentifies promoters for 37% of these genes, and 85%
predictions are true-positives. We conclude that gene model-
ing and consensus promoter search yields more true-positives
and far fewer false predictions compared with simply taking
the 5’ end of a 5’ EST as the TSS.

Table 3. Searching Promoters for Genes with Known 3’ ESTs

Prediction of Promoters in the Human Genome
Having a reliable method for promoter prediction, we can
search for promoters in the extended regions of the human
genome. We use the Golden path data set for human genomic
sequence (downloaded from http://genome.ucsc.edu, re-
lease of April 2001) and expressed sequence data from hu-
man Unigene clusters (build 125). Only the genes align-
ing with large contigs are considered for further promoter
prediction. For the 17,624 human Unigene clusters contain-
ing mRNA, we align them individually to the genomic
sequence. The upstream 1.5-kb regions of the aligned ge-
nomic loci are searched for promoters. CONPRQietects pro-
moters for 6440 human genes in this category. Greater than
90% of these promoters are expected to be true promoters. For
the 68,589 human Unigene clusters containing only EST se-
quences, promoters are found for 6627 human genes with
only 3’ ESTs known, and 677 human genes with 5’ ESTs
known.

CONPROpredicts promoters with very high confi-
dence. Of 7304 promoters of novel genes for which only
ESTs are known, 85% are likely to be correct, and >90%
of 6440 promoters for functionally cloned mRNA an-
chored predictions are likely to be correct. We have set
up a Web server: http://stl.bioinformatics.med.umich.
edu/conpro/. The server takes mRNA or EST sequences
as input and looks for the corresponding promoter of the
gene in the human genome. The set of 13,744 promoters
identified in this study is also available from the Web
server.

Training set of 118 promoters

Test set of 120 promoters

true prediction false prediction

true prediction false prediction

Programs (sensitivity) (FP/AIl P) undetected (sensitivity) (FP/AIl P) undetected
PROSCANL1.7 15 (13%) 17 (53%) 99 12 (10%) 21 (64%) 97
NNPP2.0 33 (28%) 43 (57%) 56 20 (17%) 67 (77%) 45
PromFD1.0 38 (32%) 33 (46%) 78 36 (30%) 61 (63%) 62
promoter2.0 6 (5%) 99 (94%) 13 7 (6%) 104 (94%) 9
TSSG 39 (33%) 11 (22%) 68 32 (27%) 30 (48%) 58
TSSW 32 (27%) 19 (37%) 67 27 (23%) 31 (53%) 62
CONPRO 45 (38%) 6 (12%) 67 44 (37%) 8 (15%) 68

CONPRQredicts promoters for about 37% human genes. Of all the predictions made by CONPRO, about 85% are correct. Additional

information is given in the legend of Table 1.
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Table 4. Searching Promoters for Genes with Known 5’ ESTs

Training set of 102 promoters

Test set of 110 promoters

true prediction false prediction

true prediction false prediction

Programs (sensitivity) (FP/AIl P) undetected (sensitivity) (FP/AIl P) undetected
PROSCANL1.7 25 (25%) 17 (40%) 75 18 (16%) 25 (58%) 78
NNPP2.0 41 (40%) 46 (53%) 31 20 (18%) 71 (78%) 30
PromFD1.0 47 (46%) 45 (49%) 48 42 (38%) 52 (55%) 47
promoter2.0 5 (5%) 92 (95%) 5 8 (7%) 86 (91%) 16
TSSG 52 (51%) 13 (20%) 37 33 (30%) 32 (49%) 45
TSSW 35 (34%) 28 (44%) 39 31 (28%) 41 (57%) 38
CONPRO 59 (58%) 7 (11%) 39 41 (37%) 7 (15%) 62

CONPRQan find promoters for about 37% human genes. Of all the predictions made by CONPRO, about 85% are correct. Additional

information is given in the legend of Table 1.

DISCUSSION

In this study, we propose a new angle to look at an old prob-
lem: de novo promoter prediction. The traditional approach
to promoter prediction is to search the genome for sequences
with the characteristics of known promoter regions without
making reference to expressed sequence data. Because the hu-
man genome is very large (International Human Genome Se-
quencing Consortium 2001; Venter et al. 2001), and previous
promoter prediction tools make many false predictions (Fick-
ett and Hatzigeorgiou 1997; Scherf et al. 2000), this approach
has not been useful in annotating promoters for the whole
human genome. We introduce a new source of data, tran-
scripts of genes, which has not been used previously in pro-
moter prediction. Using expressed sequence data to anchor
genes, we can limit the genomic sequence regions that needed
to be searched to locate a promoter and thereby increase the
specificity of our predictions.

Our approach has two big advantages. One is that we
limit the search to regions of the genome that have very high
probability of containing promoters; therefore, the number of
false predictions is reduced while the search sensitivity is still
satisfying. The second advantage is that the promoters we
identified are associated with the genes of the transcript. This
is very important for biological studies of promoters, both for
individual gene or global expression studies using microar-
rays.

Another reason CONPR®@utperforms previous promoter
prediction tools is that we use multiple programs instead of a
single program to predict the promoters. The five methods we
used explore promoters from different aspects and really
complement each other. If several of the five complementary
methods have the same prediction, it is less likely that the
prediction is false. Therefore, we substantially reduce the
number of false-positives while CONPRGtill has sensitivity
comparable to or better than previous tools.

CONPRG s very successful in identifying the promoters
for genes when location information derived from mRNA or
ESTs is available. For genes in which a functionally cloned but
possibly truncated mRNAs is available, it can correctly predict
the promoters for >70% the genes, and 91% of the predic-
tions are true promoters. If no functionally cloned mRNA is
available and all we know is EST sequences, we still can cor-
rectly identify promoters for 37% of such genes. Of the pro-
moters we find for these EST genes, 85% of them are correct.
Applying our method to the human genome and human
genes in Unigene clusters, considering only the genes align-

ing with large genomic contigs, we find promoters for 13,744
human genes, of which 7304 are novel genes with only ESTs
known, and 6440 of the 13,744 genes have mRNA known.

In our view, gene identification and promoter identifi-
cation are tightly interwoven. However, previous de novo
gene prediction tools are not suitable for promoter identifica-
tion. The reason is gene prediction tools tend to split and fuse
genes very often. In addition, it is difficult for them to find
the 5" UTRs of the genes. The best of these tools, GENSCAN
only gets the 5’ gene boundary in the —200 to 100 region
relative to true TSS for 32% of the 120 genes in the test set. In
other words, 68% of the 5’ gene boundaries, if used as pro-
moter predictions, are incorrect.

Current estimates suggest that the human genome con-
tains on the order of 35,000 genes. Some genes may not be
represented in the EST collections. Furthermore, we did not
consider mRNAs or ESTs aligned to short genomic contigs in
the published human genome. Finally, given a genomically
aligned gene transcript, the sensitivity of our method was
approximately half of all human genes. The 13,744 candidate
promoters we identified here therefore is in reasonable agree-
ment with the number of predictions expected assuming that
the human genome contains on the order of 35,000 genes.

We have not considered the phenomenon of multiple or
alternative promoters for a transcription unit. Our estimated
sensitivity for detection of a promoter associated with a tran-
scription unit (85%-90%) may be higher if alternative pro-
moters were taken into consideration. Because alternative
promoters may mediate differential or tissue specific gene ex-
pression, the identification of alternative promoters remains a
high priority in the subject on which we are actively working.

METHODS

Human Genome Sequence and Genes

The human genome sequence is downloaded from Golden
path assembled human genome release April 2001 (http://
genome.ucsc.edu). The transcript sequences (mRNA or ESTs)
of human genes are downloaded from Unigene data set build
125. For the first pass of aligning the Unigene data set to
genomic sequences, our group has developed a fast method
called multi (D.J. States, unpubl.) designed to rapidly identify
near identity sequence matches between large collections of
query and target sequences. Only EST matches to XNU
masked genomic sequence containing a run of at least 20
identities are considered further. Final alignments of EST (or
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mRNA) sequences to the genome are generated using sim4
(Florea et al. 1998) to define the exon boundaries more pre-
cisely.

Promoter Sets

The training set for our promoter prediction analyses is a set
of nonredundant human and mouse promoters in EPD63
(Périer et al. 1998) for which an unambiguous alignment in
the finished genome sequence can be established with at least
5 kb of flanking region upstream. Based on the EPD release 63
and the available genome sequences, this results in a set of
133 promoters including 120 human promoters and 13
mouse promoters. The mRNAs corresponding to the 133 pro-
moters are found in the Unigene data set. The 5’ EST training
set consists of 5" EST from the Unigene clusters containing the
EPD sequences. Twenty-one of the 133 clusters have no 5’
EST. Therefore, the 5’ EST training set has 102 promoters. The
3" EST training set was simulated using the 3’ 500 bp of the
functionally cloned mRNA. For 15 sequences, the genomic
contigs do not include the 3’ end of the gene and therefore
were eliminated. This results in a 3" EST training set of 118
sequences.

Because the previously published methods for promoter
prediction (PromFD, PROSCANTSSW,TSSG, and NNPP) were
trained on promoters in EPD, we develop an independent test
set of promoters derived by aligning full-length cDNAs with
genomic sequence. The full-length human cDNAs are selected
from the set of oligo-capped cDNA cloned by Suzuki (Suzuki
et al. 2000). Sixty-three percent of clones in such libraries are
full length (Sugahara et al. 2001); we selected a subset of 954
clustered full-length cDNA from this set of 10,000 clones (Su-
zuki et al. 2000). They are much more likely to be real full
length. The derived promoters with sequence similar to EPD
promoters are excluded, as are full-length cDNAs significantly
shorter than the existing functionally cloned mRNA. Finally,
full-length ¢cDNAs not contained in a genomic contig are
eliminated. This results in a test set of 120 promoters. Uni-
gene clusters containing 5’ ESTs are found for 110 of the 120
full-length cDNAs.

Promoter Prediction Programs

Among the recently developed, actively maintained promoter
prediction programs, we select six that are available through
Internet access. They are PROSCAN1.7 NNPP,PromFD1.0,
promoter2.0 , TSSG, and TSSW.PromFD has been down-
loaded and installed locally. The other five programs are used
directly from their Web servers. For the application in this
study, we have modified PromFD so that it produced both
promoters and the score of the prediction. Furthermore, the
threshold and window shifting steps of PromFD also have
been adjusted. The window shifting steps are reduced from
150 to 20 bp.

Because of the restrictions on the PromoterInspector
Web site (Scherf et al. 2000), only 35 genomic fragments
length 2.5 kb containing EPD promoters are tested, generat-
ing 11 predictions of which five are correct according to the
criterion in the previous promoter prediction literature (Fick-
ett and Hatzigeorgiou 1997). Similarly, using 20 experimen-
tally defined promoters on chromosome 22 (Scherf et al.
2001), PromoterInspector made 10 predictions near the pro-
moter loci, of which five are correct. Because the sensitivity is
relatively low and Web site restrictions prevented convenient
use of PromoterInspector, this tool is not included in our
analysis.

CONPRO Prediction

We develop CONPROwhich combines existing methods,
TSSG, TSSWNNPP PROSCANand PromFD, for predicting pro-
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moters in the upstream regions of genes. For each program,
the highest score prediction is taken as the prediction of the
program in the region. If three predictions fall in a 100-bp
region, this is considered a consensus prediction. If no three-
way consensus is achieved, we then check whether TSSGand
PromFD predictions fall within the window. For CONPR{the
TSS is calculated as mean of the individual predictions. Con-
sistent with the previous promoter prediction literature, we
score a prediction of TSS as positive if it is within the range
from 200 bp upstream to 100 bp downstream of the true TSS
(Fickett and Hatzigeorgiou 1997).
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WEB SITE REFERENCES

http://genome.ucsc.edu; site from which to download the Golden
path data set for human genomic sequence.

http://stl.bioinformatics.med.umich.edu/conpro; site at which
CONPRGs available for searching promoters in the human
genome.
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