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ABSTRACT: The combination of full-scale genomic sequencing with high throughput expression analysis provides
a new and largely unexploited basis for in silico functional genomics. Recent break through developments in locat-
ing and analyzing promoters now allow extending functional genomics in silico far beyond identification of protein
sequences into the complex regulatory structures and mechanisms of the genome. However, only first examples of
this new type of approach are emerging at present and intensive further developments of bioinformatics tools will be
required before such analysis can become large-scale routine in genomic sequence analysis. Nevertheless, the door
to a new dimension of functional analysis of the genomic sequence is open. Finally, only the tight integration of the
enormous amount of knowledge gained from proteins sequence analysis with the complementary information about
gene regulation will afford us with a more complete picture of the networks than constitute life.
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INTRODUCTION

The number of genes so far identified or estimated from the human genomic nucleotide sequence
turned out to be somewhere between 30,000 and 40,000 genes. Given the enormous size of the human
genome (about 3 billion basepairs) this is both surprising as well as a bit disappointing. Only 2% to 3%
of the human genome are now believed to be coding for proteins. As a consequence most of the genomic
sequence and the functions hidden within will remain in the dark, even after all gene-encoded proteins
will have been identified. About 40% of the genome can be accounted for by repetitive sequences, which
are not void of function as well [3]. Nevertheless, even putting them aside, more than half of the genomic
sequence remains an unknown territory.
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Proteins are the most visible and prominent proponents of life, however even a complete inventory of
all proteins would never ever be able to give rise to a complex multicellular organisms. Appearance of
individual proteins has to be tightly controlled in time and space, whole sets of proteins need to be ex-
pressed in a well-orchestrated manner during embryonal development [1]. The regulation of gene tran-
scription and posttranscriptional control mechanisms is probably the most crucial part of life for any or-
ganisms in this respect.

LARGE SCALE IN SILICO ANNOTATION

The availability of large continuous regions of human genomic sequences in concert with new devel-
opments in bioinformatics allows a more systematic approach to tackle regulatory functions of gene ex-
pression directly on sequence level. This type of approach is completely independent of the nature and
function of the proteins encoded by the respective genes and may even yield clues to functional assign-
ment of some of the proteins still labeled unknown in the human genome annotation.

PROMOTER FINDING

One of the most crucial steps in the quest for genomic gene regulation is locating promoters of human
genes in the genomic sequence. In contrast to the yeast system this is a difficult task as human promoters
may be tens of kilobases upstream of the coding region due to the existence of non-coding leading exons
[16]. This step takes prevalence over identification of other regulatory sequences (e.g. enhancers) be-
cause ultimately nothing can influence the transcription of a gene unless it has an effect on the promoter.
Therefore, promoters act as central processing units (CPUs) of gene transcription, integrating all signals
influencing gene transcription on the molecular level.

Finding promoters in mammalian genomic sequences is complicated by the diverse nature of promot-
ers. First of all, promoters do not carry any clearly outstanding sequence signature by which they could
be pulled from the genomic sequence [18]. Therefore, all methods to locate promoters have to rely on
combinations of more subtle features, none of which is really promoter specific. Of course this translated
directly into specificity problems and almost all existing methods are haunted by huge amounts of false
positives [6]. Traditionally this problem was circumvented by an approach that I would like to call “shel-
tered environment” which helps to escape from the perils of low specificity. If only short stretches of
DNA are being analyzed (1 kb to 10 kb or 15 kb were quite popular ranges) the number of false positives
always remains acceptable and it was possible to focus on sensitivity rather than to worry about specific-
ity. Quite naturally, this is not really de novo promoter finding as the information where the gene is has
to be used in order to select the few KB most likely containing the promoter. In this manner several
methods have been developed and were tested in a comparison [6,13,22].

Now that close to 3 billion bps of human genomic sequence are available such restrictions render any
methods obsolete for large-scale analysis irrespective of their value for analysis of small sequences. In
order to cope with a true genomic scale (not to mention any “post-genomic” analysis) unrestricted analy-
sis of the whole raw genomic sequence for promoters became mandatory. It is only in this way that addi-
tional knowledge reaching beyond gene discovery methods can be gained.

We have developed and published an entirely new concept to locate promoters in genomic sequences
[15]. We have initially applied this method (PromoterInspector) to human chromosome 22 in order to
carefully evaluate the performance by comparison with the known annotation of the chromosome [16]. In
the meantime we have completed analysis of the whole human genome draft based on the golden path
sequence and came up with predictions of about 20,000 promoter regions. This collection constitutes the
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Genomatix Promoter Resource (GPR) and is marketed by Genomatix. According to our estimates of sen-
sitivity and specificity outlined below we calculated the number of genes in the human genome to be in
the range of 35,000 to 40,000. This is remarkably well within the range found by any gene counts or gene
conservation approaches, given that we did not take any known data about genes of gene counts into con-
sideration.

The sensitivity of PromoterInspector was initially reported to be 43% [15] but has been confirmed by a
much larger set of known promoters to be 50% by now. Specificity was also found to be 43% in the ini-
tial publication. Again enlarging the test set by more than one order of magnitude indicated a specificity
of at least 85% suggesting some undocumented promoters in the small initial test set. Specificity as well
as sensitivity were confirmed by observations of many scientists applying PromoterInspector to various
sequences of their own (Promoterlnspector is accessible for academic scientists at http://
www.genomatix.de). However, neither our own tests nor the various observations confirming our data
really proof those numbers. Unless we are sure of the annotation of the human genome (missing no
genes!) all values for specificity or sensitivity must be seen as best estimates not as the ultimate truth.

FUNCTIONAL CONTEXT OF GENES

Although PromoterInspector affords us with the largest collection of human promoter regions available
so far (at least with that specificity), this does not yield any clues about functional features of those pro-
moters or genes. The most important step after locating promoters is to understand their functional anat-
omy. The most important elements involved in promoter functions are binding sites for effector proteins,
called transcription factors (TFs). Only by interaction of a suitable set of such TFs with the promoter se-
quence the activator complex and subsequently the transcriptional initation complex can be formed [21].
However, a simple map of promoter elements, which can be easily obtained by analysis of promoter se-
quences for transcription factor binding sites, is not sufficient to understand promoter functions [e.g.
14]. This is the reason why I prefer the term functional anatomy because the context of TF binding sites
are often more important than the binding sites themselves [e.g. 20]. For example a perfect binding site
located outside the appropriate context will bind its cognate protein but may not elicit any biological
function in transcription. On the other hand, many promoters contain relatively weak binding sites that
may be unable to bind their cognate protein on their own but such sites have been shown to be functional
in many cases [e.g. 2].

It was realized already several years ago that promoters seem to be composed of modular units convey-
ing special functionality to the promoter, e.g. rendering a promoter responsive to a specific signaling
pathway or induction in a cell or tissue specific manner [7]. Such functionally defined modules were first
defined as regions with no further specification, later on presence of selected sets of TF binding sites were
found to be associated with promoter modules [17], and the most stringent definition adds specific orien-
tation and distances between those TF binding sites to the concept [10,12]. The smallest possible pro-
moter module on sequence level is a combination of just two TF binding sites, which has been termed
“composite element” by Kel ef al. [11]. Molecular promoter modules (those including specific internal
organization of the TF binding sites involved) can overlap physically with each other and may be located
on different strands of the DNA in different promoters. These features illustrate why detection of pro-
moter modules by in silico methods is such a difficult task. Alignment procedures cannot account for the
extraordinary flexibility off molecular promoter modules, which is why more sophisticated modeling ap-
proaches are required [8].

The functional context of a gene is a composition of the context (e.g. binding partners) of the encoded
protein and the regulation of its expression in time and space [14]. For example, proteins acting together
in a pathway are often coexpressed at least under specific circumstances (e.g. immune functions). Part of
this functional context can be derived from analysis of promoter sequences, as specific modules are often
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associated with coexpression of groups of genes [19].

The example I would like to use is RANTES, a well-studied chemokine where most of the results of
the promoter analysis can be verified by experimental evidence. I will give a short summary of the study
because it is published in more detail in Fessele et al. [5].

The RANTES promoter is only about 300 bp in length and contains six distinct binding regions each of
which contains several potential TF binding sites. Nevertheless, this small region is sufficient to direct
differential RANTES expression in a variety of cell/tissue types. We were able to dissect the RANTES
promoter into five distinct but overlapping submodels, based on factor binding to the RANTES promoter
experimentally verified in five different cell lines (Figure 1) [4]. The advantage of these in silico models
was that they can be used to explore the nucleotide sequence databases for other promoters with a similar
modular setup (all analyses were done with the GEMS Launcher software package from Genomatix, Mu-
nich). Examination of the mammalian sections of the EMBL nucleotide database with all five models
resulted in less than 60 matches in total, proving an extraordinary selectivity of the models [S5]. We then
proceeded to check each individual match for known functional relationship with RANTES or chemokine
function in general and found more than 60% of all matches to belong to the functional context of che-
mokines (Figure 2). This is quite remarkable as no other information but the promoter models was used
in the search.

RANTES  [R(G)|[RIO)|[RO)| [RE)|[RAB)]

promoter
Astrocytes -R(G) -R(D) -R(AB)
AP1 IRF1/ETS NFkBINFkB

Mesangia

CREBIAP1 IRF1 NFkB

Fibroblasts R(E) u R(AB)u]

CIEBP NFKBINFkB TBP

T-cells RE) | [REB)]

R(C)FLAT CIEBP RFLAT1/NFkB

(p50/p50)
Monocytes R{G) R(E) u R{AB)
ETSICREBIAP1 CIEBP SP1iNFkB
(p50/p50)

Fig. 1. The box shows the general setup of the RANTES promoter consisting of 5 different binding regions. Below
the box the five submodels relevant in the respective cell types are shown. Below the binding regions individual TF
binding sites are indicated that were used in the in silico promoter models. Note that different factor for the same
binding region are used in different models.
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66% of all matches in chemokine functional context

Chemokines Immune Function/ Kidney Signal Transcription ~ Others
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Fig. 2. Distribution of genes with promoter anatomy similar to RANTES within the functional context of RANTES.
The blue bars indicate the number of matches found in the mammalian sections of the EMBL database (release 66).
More intensive coloring indicates closer functional relationship. The white bar indicates matches where no func-
tional relationship was known between RANTES and the genes found.

These results indicate that careful analysis of promoter sequences for their internal functional anatomy
is a very powerful approach towards elucidation of the genomic functional context (in terms of other
genes) of the genes in question. This also allows inferring on at least some functional features of an un-
known protein by analysis of other genes found by functional promoter context similar to the RANTES
example.

However, in most cases the detailed experimental dissection of the promoter will not be available as in
the RANTES example. Fortunately, there are also in silico methods that allow dissecting at least part of
the functional anatomy of a promoter in the absence of experimental promoter analysis. In principle there
are two strategies possible. Both are based on the recent successes of systematic high throughput analy-
ses. The first approach takes advantage of the parallel genome projects currently under way for several
organisms as well as the existing nucleotide sequence databases.

In many cases it is possible to obtain promoter sequences for a particular genes from two or more spe-
cies (orthologous genes). A comparative promoter analysis can reveal the modular backbone of TF bind-
ing sites that was evolutionary conserved in the promoter despite missing similarity on nucleotide se-
quence level [9]. Such analysis can be carried out with GEMS Launcher almost fully automatically and
the methodology was shown to produce highly specific promoter models.

A more time-consuming strategy is possible based on expression array data, which is rewarding the ex-
tra efforts by revealing a much more detailed functional structure of the promoter. Genes found to be co-
expressed with the gene of interest can be selected from expression array data and their promoters can be
derived from GPR (promoters for about half of the genes will be more than sufficient for the purpose).
These promoter sequences can then be analyzed the same way as the orthologous promoters to reveal
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promoter modules [detailed in19]. The difference here is that the data set from one expression array will
reveal only the module responsible for the effect observed under the specific experimental conditions
used (e.g. stimulation of genes by a hormone). This may be a module containing only two or three TF
binding sites. Repeating this type of analysis with another set of genes coexpressed with the gene of in-
terest and different condition (e.g. heat shock) will reveal another module associated with the other condi-
tions. This way an extensively fine-structured anatomy of the promoter can be obtained that will provide
at least the same resolution we obtained for RANTES by direct promoter analysis.
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