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Abstract

Central to reconstruction of cis-regulatory networks is identification and classification of
naturally occurring transcription factor binding sites according to the genes that they control. We
have examined salient characteristics of 9-mers that occur in various orders and combinations in the
proximal promoters of human genes. For these studies we collected and analyzed two sets of data.
In evaluations of the smaller set, derived with respect to experimentally defined transcription
initiation sites, in some cases we observed a clear correspondence of highly ranked 9- merswith
previously mapped protein binding sites in genomic DNA. For evaluations of the larger dataset,
derived with respect to the 5" end of human ESTs, we developed a statistical model based on the
principle of large deviations. Data analyses reveal that a subset of the collected elements
corresponds to sites for several known transcription factor families that play important roles in the
regulation of vertebrate genes. These families include CREB, ETS, EGR-1, SP1, KLF, MAZ, HIF-
1, STATSs, and basic helix-loop-helix proteins. The magjority of the highly ranked 9- mers,
corresponding to transcription factor binding sites, occurred infrequently in human genomic DNA.
To explore the characteristics of genes that might be regulated by CpG-containing €l ements, we
identified several highly ranked 9- mers corresponding to experimentally defined sites for
interactions with the CREB and ETS family of proteins. These 9- mers were then used to search
proximal promoter sequences to identify the associated genes. The functional characteristics of the
predicted target genes were consistent with the known regulatory roles of the CREB and ETS
proteins. The functions ascribed to the predicted targets imply that CpG-containing transcription
factor binding sites may regulate the expression of genes with important roles in pathways leading
to cell-type-specific gene expression and pathways controlled by the complex networks of signaling

systems.



Introduction
The prediction is that the human genome must contain vast amounts of cis-regulatory elements that
are dispersed in the control regions of genes to direct the spatial and temporal patterns of gene
expression in response to external stimuli, metabolic requirements, and developmental programs
[1]. Itisestimated that the human and mouse genomes include about 22,000 to 30,000 protein-
coding genes [2-4]. However, the characteristics of sequence elements in the control regions of so

many genes remain largely unknown.

The components of regulatory systems include specific DNA sequences that interact with
transcription factors, sequences that play structura roles, and sequences that encompass sites for
DNA methylation [5]. The elements that play structural roles often correspond to A/T rich
sequences that facilitate DNA bending [5]. The 5 boundaries of arelatively large fraction of human
genes contain numerous CpG dinucleotides [2-4] that provide sites for DNA methylation [6]. CpG
islands al so include sequences consisting of tracts of G and C [7]. Methylation of CpG islands
plays important roles in repression of gene expression [8,9].

Two regulatory regions at the 5' ends of genes play distinct roles in the control of
transcription. One segment contains the basal or core promoters, which support the formation of
relatively large multi-protein complexes that direct the RNA polymerase 11 to begin transcription at
correct sites [10]. The other segment corresponds to proximal promoters, which contain the cis-
elements that interact with sequence-specific DNA binding proteins to control the expression of
genes[1].

Evidence suggests that the sequence context of the genomic DNA regions that contain
protein binding-sites may determine whether or not these regions could function in regulation of

transcription. Since closely spaced transcription factor binding sites can facilitate protein-protein



interactions, clustering of protein binding elements is often a hallmark of a subset of the control
regions in genomic DNA [11-18].

Central to the characterization of the control regions in the human genome is identification
of naturally occurring elements that play regulatory roles. Numerous studies have examined the
context of the DNA segments that control the expression of genesin model systems including yeast
[i.e. 19-21]. Large-scale computational studies have highlighted the importance of protein binding
elements in proximal promoters, to the regulation of vertebrate genes: including immune genes [22]
and genes that function during cell cycle [23,24]. Additionally, sequences that are conserved
among various species have reinforced the importance of sequence context in regions that serve as
control segments in genomic DNA [17,18,25-27].

In this report, we explore the characteristics of sequencesin proximal promoters of human
genes. Among the sequences that ranked highly in statistical evaluations, the studies identified 9-
mers that produced perfect matches with genomic DNA regions containing functional protein
binding sequences. Furthermore, the studies indicated that these elements occurred in proximal
promoters of a number of genes with important functions in specific tissues and organs. Taken
together, the results predict that the human genome includes relatively long regulatory elements (at
least 9 bases) that are shared by many genes. This prediction could be of relevance to the studies of
cis-regulatory networks, and to the studies of signalsin human DNA that control the expression of

co-regulated human genes.

Results

Overview of the Strategy
To explore the characteristics of naturally occurring sequences that may contribute to gene

regulation, we focused on collecting and analyzing constant length elements (9-bases) from



proximal promoters of human genes. Evidence indicates that constant length elements reduces
computational burden [28,29]. Generaly, short sequence elements (1-5 bases) appear frequently in
human DNA. Therefore, we reasoned that elements consisting of 9 base pairs could reduce
background noise and enhance the specificity of sequences that may provide recognition sites for
regulators of transcription.

To examine the characteristics of 9-base elements, irrespective of their orientation in DNA,
for data collection we designed the following scheme. First, we computationally generated all
possible 9-base elements (262,144) that may occur in DNA. To make these elements orientation
independent, we identified the complementary sequences, thereby producing 131,072 pairs of 9-
mers that defined the forward (f) and reverse complement (r) of the sequences.

For data collection, we created a reference table in which the 9- mer-pairs were assigned
identifiers (IDs). The IDs kept track of the orientation of the sequencesin each 9-mer pair. For
example, RF107075f correspondsto TCGCGAGCG and RF107075r defines its reverse complement
(CGCTCGCGA), written in 5' to 3' direction by convention. We note that referring to 9-mers as
pairs not only allows their identification, irrespective of their orientation in DNA, but also
eliminates problems associated with redundancy since, the complementary pairs are considered to
represent the same sequence element in the DNA.

Based on the above schemes, two sets of data were collected. To obtain data that were
relatively error-free, a small set was derived from proximal promoters with accurately defined
transcription initiation sites. A larger set was collected using proximal promoters that were

predicted with respect to the 5" end of ESTs[30].



Sequences derived from proximal promoterswith experimentally defined transcription start sites

In collecting the first set, we focused on data quality rather than quantity. This required
obtaining human genomic DNA sequences with accurately defined transcription initiation sites. To
ensure accuracy, we conducted extensive manual curation of several hundred sequence-files, and
examined published reports to evaluate the experimental data that were used for defining the
transcription start sites. Through this procedure, we eliminated sequence files with ambiguous or
poorly assigned transcription initiation sites. To reduce potential artifacts, we also eliminated files
that contained repetitive DNA near or between positions -350 to +1 of genes. Through the various
screening procedures, we selected 60 files that met the criteria for data quality. For data collection,
we analyzed the DNA segments corresponding to proximal promoters for all possible 9-mers. The
procedure included recording the number of times each 9- mer-pair matched the elements in the
reference table.

The collected 9-mer-pairs in the small set were ranked according to the number of times that
they occurred in proximal promoters of the analyzed human genes. Data analyses indicated that
21944 of the collected the 9- mers (88.97%) were found once; 2240 elements were identified twice
(9%). The dataset included 344 elements (1.4%), identified 3 times, and 78 elements (0.32%)
identified 4 times. The abundance of higher hits was considerably less. For example, two elements
(a9-base element and its complement) were identified 19 times. Another pair was identified 14

times.

Sequences derived from proximal promoters with respect to 5 end of cDNAS
To create alarger dataset, we analyzed the proximal promoter sequences in a listing of
predicted 5' ends of human genes [30]. In that list, putative transcription start sites were deduced

from aligning the 5' ends of human cDNAs against genomic DNA [30]. Prior to data collection,



from the reported list we removed ambiguous or incomplete sequences. We also eliminated
sequences corresponding to apparently redundant cDNAs. Subsequently, the filtered set was
analyzed for al 9-mers that occurred in the putative proximal promoters of genes.

In contrast to the datain the small set, a number of the sequences in the large dataset
included regions corresponding to known repetitive DNA elements. To address this problem,
initially we masked the repetitive sequences to monitor the occurrences of 9-mersin the unique
regions. However, through extensive evaluations, we found that it was more informative to use
statistics to analyze the 9-mers in the context of their relative abundance in proximal promoters and
human genomic DNA. We also analyzed the 9-mers in the context of their abundance in known
human repetitive DNA sequences.

The frequency of each 9-mer in human genomic DNA was derived from the June 2002
freeze of the human genome (from UCSC). Consequently, the data represented a relatively large
sample of human genomic DNA (2,809,657,179 base pairs). Concurrently, we derived the
frequency of each 9-mer in repetitive DNA using the "repeat-only” version of the August 2001
freeze (from UCSC). The results revealed that 9-mers consisting of tracts of A or T were the most
abundant sequence elements in human genomic DNA. Tracts of Ag and Ty were found 7,109,395
times. The second most abundant sequence corresponded to TGTGTGTGT and ACACACACA,
which were found 1,390,980 times. These values can be contrasted with those obtained for CpG-
containing elements. For example, in the genomic DNA, TTCGCGCGA and its complement were
found only 93 times; TCGCGAGCG and its complement were found 358 times.

As observed for the total genomic DNA, tracts of Ag and Tg represented the most abundant
9-base-element in repetitive DNA. The same held true for 9- mers consisting of aternating TG and

CA. Remarkably, we noted that all the 4° possible 9- mers were found not only in total genomic



DNA but aso in the repetitive DNA sequences. The results of this analysis indicated that masking

procedures might not necessarily eliminate potential artifacts arising from repetitive DNA.

Statistical evaluations

To identify the 9-mers that could be of importance to proximal promoters of human genes,
we devised a scheme for correlative analyses. The procedure was devised for identifying and
ranking the statistically significant 9- mers according to their relative abundance in proximal
promoters and in total genomic DNA. For correlative analysis, we defined a parameter (Ei) to
represent the number of times a given 9-mer was found in proximal promoters of human genes.
Another parameter (Gi) defined the number of times the same 9- mer was found in human genomic
DNA. Fig. 1 displaysaplot of the Gi vs Ei values.

Next, we developed a statistical model for partitioning the 9- mers according to their
significance to proximal promoters of human genes. From the work of Regnier and Szpankowski
[31], we know that the occurrences of words in arandomly generated text (based on either Bernoulli
or Markov model) should be normally distributed around a mean. Based on this knowledge,
statistical derivations and analyses were done using the principle of large deviations, often referred
to asp-value analyses [32]. Asreference, we chose a probabilistic model that assumed that the
total genomic DNA could be generated by a memoryless or Markov source. Then for given
parameters (beta values, i.e. beta » 10™° to 10™), representing confidence levels, we computed
thresholds, through appropriate approximations (detailed in the method section). To visualize the
results, the thresholds were computed in the context of slopes of linear lines (Fig. 2). We expected
that the 9-mers that occurred equally in proximal promoters and genomic DNA would be distributed

in the vicinity of aline with asope of 1. Lineswith slopes higher than 1 would demarcate the



elements that occur more frequently than the probabilistic model predicts, and hence would
represent statistical significant elements (detailed in the method section).

Thus, in correlative plots, the region between the y-axis and aline with sliope 7.0 (b » 10°®)
identified a data subset with arelatively high statistical significance (Fig. 2). This subset included
11% of the 9-mersin the large dataset. The region between the y-axis and a line with slope 4.5
(beta » 10% to 10%) produced a subset that included 17.48% of the elements in the large dataset
(Fig. 2). Sequences that occurred frequently in the human genomic DNA corresponded to a subset
defined with respect to a line with slope 0.4 and the x-axis (Fig. 2). From the results of the
statistical studies, the 9-mers were ranked. The 9-mers that occurred frequently in proximal
promoters, as compared to total genomic DNA, received a high ranking. The ranking scale ranged
between 96.16 and 0.02.

Data analysis reveals that the highly ranked 9- mers are GC-rich. They include CG, and
tracts of G and C. For exanple the highest ranked (96.16) element (TCGCGAGCG) includes 3
CpG, and the next one (TTCGCGCGA) isaso rich in CpG. The same trend followed for many of
the highly ranked 9-mers, indicating that they probably reflect the characteristics of sequencesin
CpG idands. The analysis also revealed numerous G-tract/C-tract containing sequences with high
ranking. The highest ranked (71.11) element that contained a G-tract corresponded to
GCGGGGCGA. Again, the results were indicative of characteristics of the sequencesin CpG
isands. However, not al CpG containing sequences received a high-ranking. For example we
identified a CpG-containing 9-mer (CGATAGTTT) only once in the analyzed proximal promoters.
We noted that while this sequence appeared infrequently in the genomic DNA (15,720 times), it
occurred often in human repetitive DNA sequences. Another 9-mer (ACGCGATCT) containing 2
CpGs occurred rarely (2358 times) in genomic DNA. However, this sequence appeared only twice

in the analyzed proximal promoters but frequently in human repetitive DNA. These and similar



examples imply that the context of CpG containing sequences is important to their preferential

localization in proximal promoters of human genes.

Correlation with Protein-Binding Elements

Next, we asked whether a correlation existed between known protein binding sites and the 9-
mers collected from proximal promoters of human genes. We began the correlative analyses using
the small dataset. Subsequently, the results were compared to those obtained using the sequencesin

the large set.

Evaluation of data derived with respect to experimentally defined transcription start sites

Studies of the smaller dataset included construction of maps to visualize directly the
correspondence of the significant 9- mers with respect to experimentally defined protein binding
sitesin genomic DNA. For the studies we chose a previously described list of transcription factor
binding sequences [11]. Since vertebrate transcription factors recognize similar and highly related
sequences, the correlative studies include human, mouse, rat, and hamster genomic DNA sequences
that have previoudly been characterized in functional and DNA binding and assays. Several
examples highlight the correspondence of 9-mers with protein binding sites.

The first example shows that in some cases, in genomic DNA we could observe a clear
correspondence of mapped protein binding sites with occurrences of highly ranked 9-mers. For
example, Fig. 3A shows that consecutive hits with geromic DNA define a functional segment in the
human NF-1L6 gene. In DNA binding assays, using nuclear extracts from unstimulated human
monocyte/macrophages, the segment interacted with SP1 and a short isoform of SP3 [33]. In
studies of nuclear extracts from cells stimulated with LPS and PMA, the segment interacted with

SP1, SP2, and along isoform of SP3 [33,34].
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The second example shows that in some cases, in genomic DNA, the occurrences of the
highly ranked 9- mers corresponded to closely spaced protein-binding elements (Fig. 3B). The
example displays the proximal promoter of the rat NMDA receptor subunit type 1 gene and shows
the position of two 9-mers that match two adjacent functiona sites that interact with SP1 and MAZ
[35].

The third example shows hits with sequences in genomic DNA that correspond to in vivo
footprints (Fig. 4). Specifically, a study of the mouse phosphoribosyltransferase (aprt) gene found
that the associated CpG isdland is free of methylation and proposed that unmethylated CpG-
containing sequences may provide sites for protein-DNA interactions [36]. Dimethyl sulphate
footprinting assays identified three "GC-boxes' that were occupied in vivo, most probably by SP1
[36]. Wefind that two of the vivo footprints correspond to the occurrences of highly ranked 9-mers
(Fig. 4). Two consecutive elements define the first footprint. Another two coincide with the
second footprint (Fig. 4). The data did not include sequences corresponding to the third footprint.

The fourth example shows hits that correspond to in vitro footprints of protein binding
elements (Fig. 5). Specifically, upstream of the TATA signal in the human Fibronectin (FN) gene,
aprevious study identified 7 cell-type specific DNase | footprints that encompassed the sequences
that regulated the expression of this gene [37]. Fig. 5 shows a high correspondence of highly
ranked 9-meric elements with footprint 6 (FP6). Several consecutive hitsin this footprint create
two overlapping high affinity SP1 sites (Fig. 5). Two additional hits correspond to a sequence
defining a site for SP1 and possibly for other factors from the SP1 and KLF family.

FP4 defines a binding site for members of the CREB family [37]. This site regulates the
transcription of FN gene in response to forsklin and follicule-stimulating hormone [37]. Within
FP4, a 9-base element from the dataset nearly coincides with the CREB site (Fig. 5). Clusters of

several 9-base elements match with sequences that correspond to FP7 and FP8 (Fig. 5). In FP7,
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three overlapping hits create a binding site for the transcription factor AP2. Three consecutive hits
arewithin FP8 (Fig. 5). Two consecutive elements are within FP5 (Fig. 5).

The fifth example shows that multiple hits may create module- like organizations that
include severa overlapping protein-binding sequences in genomic DNA. The example displays a
DNA segment from the proximal promoter of the human cyclin D1 gene encompassing sites for
severa transcription factors including EGR-1, MAZ, and SP1 (Fig. 6). In functiona studies, EGR-
1 mediated transcriptional induction of the gene by Angiotensin Il [38]. DNA binding assays
revealed that the responsive e ement interacted with EGR-1. The region that includes the

responsive element overlaps a site that interacts with SP1 [38].

Evaluation of the dataset derived with respect to 5' end of ESTs

In studies of the larger dataset, we directly compared the highly ranked elements to a listing
of sequences defining potential transcription factor binding sites. The sites were grouped according
to the structure of the DNA binding domain of the proteins and/or protein families: i.e. E2F family,
SP1 family, CREB family, ETS family, EGR-1 family, basic- helix-1oop family, etc [11].

Asthe small dataset, in the analyses of the large dataset, the canonica high affinity SP1 site
(GGGGCGGGEG) received ahigh ranking (43.28). Similarly, the canonical high affinity site
(GCGCGGGCQG) for the members of the EGR-1 family also ranked highly (51.86). A potential site
(GCCGCCGGC) for binding the members of AP2 family was aso among the highly ranked (35.39)
sequences. The analysis further identified highly ranked sequences that contained sites for
interactions with members of CREB (ranking 40.68) and ETS (ranking 32.77) family of
transcription factors. Furthermore, among the highly ranked elements we noted a sequence
(TTACGTGCG ) containing a site for members of HIF-1 family (ranking 23.83) and a sequence

(TTCCGCGAA) containing a potential site for STATS (ranking 17.75). Severa of the highly
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ranking sequences included an E-box (CACGTG) known to interact with basic-helix-loop-helix
family of proteins. We obtained alower ranking (4.84) for a sequence (GGGGTGGGG) that has
been shown to interact with members of SP1 and KLF family. Similarly a binding site for EKLF
(AGGGTGGGG) did not rank highly (3.08). Nonetheless, these latter rankings were still among
statistically significant sequence elements: b » 1027 for the SP/KLF site, b » 10”7 for the EKLF site,
In data evaluations, we examined closely the genomic abundance of the highly ranked
elements that correlated with protein binding sites. We found that a number of highly ranked
sequences that contained transcription factor binding elements appeared infrequently in genomic
DNA. For example, in the total human genomic DNA sequences that we analyzed, a high ranking
9-mer containing an E-box for basic helix-1oop- helix family was found only 1402 times; an element
containing a Site for CREB family was found 4231 times; a sequence containing asite for ETS
family was found 4824 times. A notable exception to the trend is the 9-mer with the high affinity
SP1 site (GGGGCGGGG), which appears nearly 48,000 times in the version of the human genomic
DNA that we have analyzed. The EKLF binding sequence (AGGGTGGGG), which received a
significantly lower ranking, occurred 66,229 times in genomic DNA. A sequence (GGGGTGGGG)
for interactions with SP1 and members of the KLF family occurred 141,209 times. The data
include many examples of CACCC and CAAT 'boxes' that occurr infrequently in genomic DNA.
A subset of the sequences corresponding to sites for ZF87/MAZ/MBP occurred infrequently, while

other subsets were abundant in the geromic DNA.
I dentification of target genesfor naturally occurring protein-binding elements

Next, we asked whether studies of the highly ranked elements, that included known

transcription factor binding sites, could give insight into the characteristics of genes regulated by
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these sites. To study this question, for evaluation we selected examples of highly ranked 9- mers
that contained experimentally defined protein-binding sites.

In the first example, we examine a highly ranked 9- mer (TGACGTCAC) that includes the
palindromic sequence for interactions with members of CREB family. Experimental studies have
shown that the palindromic element is highly conserved and regulates gene expression in response
to cyclic AMP [39]. The palindromic element, also known as CRE, is subject to hormonal
regulation to cause changesin cellular processes through specific protein kinases [39]. Among the
analyzed files we identified 96 genes as potential downstream targets of the highly ranked (40.68)
palindromic CRE (supplementary Table 1). These targets include genes that function in the control
of cell cycle (i.e. ahistone variant, cyclin I, CDC5), and genes for transcription factors that may
serve as components of the gene regulatory networks regulated by the CREB family. Notable
examples include STAT3, homeo box C10, NFX1, and TAF10 (supplementary Table 1).

Another highly ranked 9-mer (GTGACGTCG) aso includes a potential site for interactions
with members of CREB family. In aliterature survey, we noted that the sequence of the 9-mer
matched a functional element in the promoter region of the PCNA gene [41]. Experimental
evidence has shown that the element in the PCNA gene is regulated by CREB proteins in the
control of cell cycle[41]. Anidentical element in the ribosomal protein S3A gene also is regulated
by CREB family members during cell cycle. For regulation through that 9- mer, we identified 23
genes as potentia targets of CREB family members (supplementary Table 2). The listing includes
agenefor acell cycle related kinase. One of the potential targets is a transcription factor, LIM
homeobox 4 (LHX4), with functional attributes that reflect the key role played by CREB family in
the genetic networks that control the development of pituitary and neurona cells (OMIM 602146).

The second example examines a highly ranked 9-mer (CCGGAAGTG) that includes a site

for interactions with ETS family members. The selected 9- mer matches experimentally defined
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binding site for ETS proteins. Examples include an identical e ement in the promoter region of
rpL32, aribosomal protein. Inthe analysis, we identified 119 genes as potential target for
regulation through the 9- mer containing the highly ranked (32.77) ETS site (supplementary Table
3). Thesetargets include ribosomal protein S19, ribosomal protein L27a, and trandation initiation
factor 3. Other targets highlight the important roles of ETS family in oncogenesis. Examples
include the tumor susceptibility gene 101 and the melanoma antigen family F1. Other potential
targets are also consistent with the regulatory functions of the ETS family members [42,43]. These
targets include severa genes encoding membrane proteins and extracellular receptors (i.e. cleft lip
and palate associated transmembrane protein, vesicle-associated membrane protein 3), and genes
encoding proteins that function in cell motility and organization (i.e. kinesin). Remarkably, the list
includes genes for proteins that control cell cycle (i.e. cyclin-dependent kinase 9). Furthermore, the
list includes genes for transcription factors that may serve as components of the cis-regulatory
networks regulated by the ETS family. These factors include a liver-specific bHLH-Zip
transcription factor, TERF1-interacting nuclear factor 2, TGF beta-inducible nuclear protein 1, and
the BRF2, subunit of RNA polymerase |11 (supplementary Table 3).

In studies of potential targets for regulation by the ETS family, we noted that the sequence
of another highly ranked (23.31) 9-mer (GCGGAAGTG) matched anelement in TRANSFAC that
was listed as Fli-1 binding site. This protein aso is a member of the ETS family. We identified 68
potential targets for regulation by that 9- mer (supplementary Table 4). The described properties of
the target genes were again consistent with the roles played by the ETS family of transcription
factors (supplementary Table 4). For example, the list includes genes for proteins implicated in
tumor formation (i.e. a member RAS oncogene family (RAB5A), and Ras suppressor protein 1). In
addition, the list includes genes associated with membrane functions (i.e. clathrin, and a component

of exocyst complex).
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Discussion

To examine the characteristics of the sequences in proximal promoters of human genes, we
analyzed two sets of data consisting of 9-mers, collected irrespective of their orientation in DNA.

In statistical evaluations of the large dataset, derived from the DNA segments localized with respect
to the 5" end of ESTs[30], we found that human proximal promoter sequences included numerous
elements that occurred infrequently in human genomic DNA. In order to distinguish the significant
9-mers, we set the probability thresholds (b values) very low leading to large deviations analyses
[32]. Fig. 2 showsaplot that summarizes the results.

In data evaluations, we detected direct correspondences of previously mapped protein
binding sites with 9-mers in the smaller dataset, derived from proximal promoters localized with
respect to accurately defined transcription start sites (Fig. 4-6). The results revealed examples of 9-
mers that overlapped to define high affinity sites for protein- DNA interactions (Fig. 3A), 9-mers
that correlated with experimentally localized in vivo and in vitro footprints in genomic DNA (Fig.
4.5), and 9-mers that covered sequences containing tight clusters of protein binding elements (Fig.
6).

As noted in other studies [28,29], it appeared that a relatively small fraction of the datafrom
both sets correlated with potential transcription factor binding elements. In our studies, we could
deduce correspondences with known high affinity sites for protein binding. Examples include
recognition sites for ETS, CREB, EGR-1, AP2, and SP1 family of transcription factors and E-boxes
for basic helix-loop-helix proteins. In many cases, accurate correspondences appeared more
difficult to assess. For example, a large fraction of the highly ranked sequences included
GGGCGGG. We were confronted with the question of whether the sequences should be considered

as SP1 sites, or whether they primarily reflected characteristics of CpG islands. Similarly, we noted
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that a number of highly ranked sequences included CACCC. However, it was unclear whether it
would be accurate to consider these sequences as sites for CACCC binding proteins. Among the
sequences containing CACCC 'box' we identified those corresponding to known sites for members
of KLF and SP family. Examples include a known site for EKLF, and a site (SP/KLF) recognized
by factorsin KLF and SP family. However, we note that the sequence of the human genome has
uncovered arelatively large number of transcription factors with unknown sequence specificities
[2,3]. Therefore, it might seem reasonable to expect that the highly ranked sequences that we have
identified could provide good candidates for systematic experimental evaluations.

Data evaluations showed that the highly ranked elements in both datasets contained one or
more CpG, and in many cases tracts of G or C. The results suggested that the collected elements
primarily reflected the characteristics of CpG idands. This finding agrees with the reported
association of CpG islands with a significant fraction of human genes [2,3]. However, we noted
that not al of CpG-containing elements ranked highly in the collected sequences. The results
indicate that CpG islands might entail lexical characteristics that do not include all CpG containing
sequences.

In data evaluations, we noted a number of CpG-containing sequences that corresponded to
experimentally known sites for transcription factor families that play central roles in important
processes including the control of cell cycle, cell- growth, cell- type-specific gene expressions, and
responses ensued by cellular signaling systems. Remarkably, except for the canonical SP1 site, the
majority of the highly ranked transcription factor binding elements corresponded to sequences that
occurred infrequently in human genomic DNA.

It has been suggested that protein-binding elements in CpG islands are primarily associated

with widely expressed genes [44]. However, highly ranked sites for several transcription factors
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families, with elaborate regulatory characteristics, indicate that gene regulation through CpG-

containing sequences could be more complex that has previously been assumed.

Gene Regulation through ETS sites containing CpG

In mechanisms of gene regulation, there are examples of CpG methylations that cause gene
silencing by inhibiting or reducing the binding of transcription factors the DNA [44]. Examples
include the requirement of an unmethylated ETS binding site for activation of an early B-cell-
specific gene by Pax-5 [45]; and, a single methylationevent abolishing the interactions of an EST
protein with the regulatory region of agene [46]. Significantly, the ETS proteins are associated
with controlling the expression of genes that perform critical roles in mechanisms of cell
differentiation, cell migration, cell proliferation, cell-to- matrix and cell-to-cell adhesion, and
apoptosis [42,43].

To further examine the importance of CpG-containing elements to the regulation of human
genes, we identified potential targets for highly ranked 9- mers that corresponded to experimentally
validated sites for interactions with the ETS family. The functional characteristics of the predicted
targets imply that CpG containing ETS binding elements may regulate the expression of genes that
play important roles in specific cellular tissues and organs (supplementary Table 3 and 4).
Consistent with the regulatory roles attributed to ETS proteins, the predicted targets include genes
encoding membrane proteins and extracellular receptors, genes encoding proteins that function in
cell motility and organization, and genes for proteins implicated in tumor formation. Remarkably,
the list includes genes for proteins that control cell cycle (supplementary Table 3 and 4) suggesting
arolefor ETS family in this important cellular process. Furthermore, the list includes genes for
transcription factors that may serve as components of the cis-regulatory networks controlled by the

ETS family. Predicted transcription factor genes, targeted by ETS proteins, include a liver-specific
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bHLH-Zip transcription factor, TERF1- interacting nuclear factor 2, TGF beta-inducible nuclear

protein 1, and HIRA implicated in chromatin remodeling (supplementary Table 3).

Gene Regulation through CREB sites containing CpG

Transcription factors of the CREB family correspond to effector molecules that bring about
cellular changes in response to discrete sets of instructions [47]. The CREB proteins serve as
downstream targets of key signaling molecules including hormones, neurotransmitters, and
cytokines. Thus, functional characteristics of CREB family cover a broad spectrum: from the
regulation of nervous system, memory, cytokine signaling, and pituitary glands, to the control of
spermatogenesis and circadian rhythms [47-49]. Furthermore, a study has shown that methylation of
a CREB site can repress the expression of a gene [50].

In this context, we noted that the sequences collected from the proximal promoters of human
genes include highly ranked CpG containing elements, with sites for interactions with CREB
proteins. A notable example is a palindromic sequence that corresponds to one of the best
characterized CREs, CAMP-responsive elements [40]. Since the palindromic sequence includes
CpG, it might be subject to regulation by methylation. The predicted targets of this CRE include
genes that function in the control of cell cycle (supplementary Table 1), and genes for transcription
factors that may serve as components of the cis-regulatory networks regulated by the CREB family.

Notable examples include STAT3 and homeo box C10 (supplementary Table 1).

Gene Regulation through AP2 sites
Generdly, the sites for AP2 family members appear frequently in CpG islands [13]. Our
analysis has identified several highly ranked elements that may be subject to control by AP2 family

of transcription factors. Occurrences of AP2 sites in CpG idlands further support the notion that
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these islands are associated with controlling genes that play important roles in cell differentiation
and development.

Specifically, evidence has shown that genes associated with AP2 sites may temporally be
regulated during embryogenesis, and in pathways leading to the formation neural crest derivatives
and neural, epidermal, and urogenital tissues [51]. Mutations in the AP2b gene cause the human
inherited disorder Char syndrome [Zhao et al., 2001]. Studies of mice have shown that the AP2
family members regulate important developmental processes including cranial neural tube closure,
and lens development [51]. In addition to central roles in developmental processes, members of the
AP2 family also regulate gene expression in responses controlled by signaling molecules including
phorbol-ester- and diacylglycerol-activated protein kinase C, and cAM P-dependent protein kinase A

[52].

Gene Regulation through EGR sites

Our studies have further identified highly ranked elements that include sequences for
recognition by members of the EGR-1 family. Family members interact with highly related
sequences that include CpG [13]. The results reinforce the importance of naturally occurring
sequence elements that regulate the expression of genes with complex characteristics. Specificaly,
as early growth response genes, members of the EGR-1 family play key rolesin pathways
controlled by the complex networks of signaling systems. Proteins of the EGR-1 family orchestrate
the changes in gene expression that underlie neuronal plasticity [53]. A direct role of EGR-11in
controlling proliferation has been proposed for T-cells, astrocytes, glioma cells, glomerular
mesangial cells, and keratinocytes [54].

Furthermore, of importance could be potentia control blocks and module- like structures

produced from overlapping sites for interactions with the SP1 and EGR-1 families (Fig. 6). In fact,
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several studies have described a dual interplay of overlapping EGR-1 and SP1 sites in upregulation
and down-regulation of genes. Examples include proximal promoter elements in platel et-derived
growth factor A-chain gene, interleukin 2 gene, luteinizing hormo ne-beta gene, phenylethanolamine
N-methyltransferase gene, and cyclin D1 gene [38, and references therein].

We conclude that the proximal promoters of human genes include relatively long sequence
elements (at least 9 base pairs) that may entail complex regulatory properties. Elements that contain
CpG are subject to regulation by methylation [8]. And, significantly, a subset of CpG containing
elements includes sites for transcription factors that control important cellular processes. These
cover abroad range: from cell-cycle control and cell-type-specific gene expression, to
developmental and responses controlled by signaling pathways. The apparent conservation of these
elements in the human genome points to the importance of sequence context of the geromic DNA

to the regulation of gene expression.

M aterials and M ethods

Data sets

To create a dataset of proximal promoters with respect to accurately assigned transcription
start sites, from GenBank we retrieved nearly 400 human DNA sequences that contained known
promoters. The publications reporting the promoter sequences were examined to evaluate whether
the transcription initiation sites were correctly assigned. Files containing ambiguous transcription
initiation site were eliminated. The remaining sequences were screened for repetitive DNA.
Screening was done using the CENSOR program [55], offered through the web
(http://www.girinst.org/Censor_Server.html). From the results, we selected sequence files that did

not contain simple and complex repeats between positions -350 to +10 of a gene.
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A second set of data consisted of predicted promoter sequences that were previously
described [30]. These sequences were identified by aligning full-length cDNA clones from the
Mammalian Gene Collection (M GC) to the December, 2001 draft of human genome at the UCSC
[56]. The collection consisted of 10,276 predicted promoter sequences spanning positions -550 to
+50 with respect tothe 5' end of the cDNA sequences. Some of the sequencesin the collection
were incomplete. Therefore, from the set we removed the promoter sequences that contained
ambiguity codes. From the set, we also removed sequences that appeared to be redundant.

Another dataset consisted 9- mers corresponding to of total human genomic DNA. Another
set consisted of 9-mers derived from "repeat-only” version of the August 2001 freeze, from UCSC.

This set included the sequences that were annotated as human repetitive DNA.

Data Collection

The selected GenBank files that contained experimentally defined transcription start site
were analyzed for all 9-mers occurring in unique regions in the human DNA, between positions
-300 to - 46 with respect to the transcription initiation site (+1, by convention). The 9-base
elements were collected in tables created in a database using MySQL. The database was built in a
PC, using the LINUX operating system. Data collection, access, retrieval, management, and
analyses were done by developing Perl scripts and using Perl modules offered by the devel opers of
Bioperl (http://www.bioperl.org). The scripts kept track of the orientation of each 9-base element
with respect to the transcription start site of each gene. For genes that included multiple start sites,
we chose the prominent experimentally defined site. The scripts also kept track of the number of

times each 9-base element was identified and collected.
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A similar procedure was used for collecting the 9-base elements from the dataset derived
from the sequences reported by Trinklein et a. [30]. The data that we collected corresponded to the

sequences between positions -550 to -46 with respect to predicted the transcription start sites.

Correlative Analysis

For data evaluation, genomic DNA sequences from GenBank were examined for
occurrences of transcription factor binding sites and occurrences of 9-base elements that were
collected from the proximal promoters. Data for experimentally defined factor binding sites have
previously been described [11]. For correlative mapping analyses, we formatted the data files for
compatibility with the map program of the GCG sequence analysis package from Accelrys
(http://www.accel rys.com/about/geg.html). We devel oped Perl scripts for comparing directly the

sequences of the 9- meric elements with transcription factor binding sites.

Statistical evaluations

In the analysis, G denotes total genomic DNA, E denotes the proximal promoter segments,
and F denotes the regions that do not correspond to proximal promoters. The reference tables of 9-
mers(w,, ..., W, ), consisting of the large dataset and human genomic DNA, were used to identify
the elements that matched the sequencesin the E and G regions. For 1 <i < M wedenote by E;, F;
and G;, respectively, the numbers of times the ith 9-mer w; occursin regionsE, Fand G. Lg
corresponds to the total length of the proximal promoters used for data collection, and Lg to the

total length of the analyzed genomic. Lg correspondsto Lg- Le. Since Lg is significantly shorter

than L, as an approximation we assume |L¢ | &L | » [Lg|.
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Actually, the quantities of interest are:

E
€ =77

Le|
fi :i’

L]
Y
L]

We shall make two additional approximations that are well justified in our experiments:

fi» g,
f, » p(Wi)

where the last approximation is a reflection of the fact that with |LG| very large, the ratio f; iswell
approximated within the margin of error by the probability p(w;) of 9-mer w; occurrence.

We am at finding athreshold dlope an such that we can assign statistical significance to the
fact that g > af; (or > ag;). Therefore, we need to compare empirical results to a reference model
in order to decide whether a given experiment carries any useful information. Our reference model
is a probabilistic model in which we assume that the whole genome G is generated by a memoryless
or Markov source. The quantities g and f; become random variables (but as described above, we
simplify the analysis by assuming that f; - p(w;) is a constant). Then, we decide that for a given beta
(eg.b » 10— 10°%) the event g > af; is statistically significant if the probability of g > af; is
smaller than b, that is,

P(e >af,)<b.
This means that the chance that randomness will generate the event g > af; isvery small.
Since in our experiments, the mean value of g equal to p(w;) » f;, we expect g to be likely bigger
thanf;. Therefore we must set b very small (e.g. b »10*° — 10™®) and use large deviations [32] to

compute the a , threshold.
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Now we compute the dope a. As discussed above, we assume that the genome is generated

randomly and that E; is the random variable representing the number of w; occurrence in the
proximal promoter regions. From [31] it is known that E; appropriately normalized is normally

distributed around the mean E[E;] = Lgp(w;). More precisely, when E; deviates no more than
o(m it is proved that

E ~N (LeP(w), Les *(w )
where we denoteby N (m,s 2)the normal distribution with mean p and variance s2. However,

whenE, deviates 0(1/ Le p(wi )) another probabilistic law governs E; behavior, namely the large

deviations law. Previously Regnier and Szpankowski [31] proved that

1

\/PLe

where | (d) is a complicated function of dthat depends on some moment generating functions (cf.

P(E > (@+d)Lcp(w)) ~ op(- LeI(d)) L)

also see reference [57]).

To compute the threshold slopea =1 + d> 1, we need to estimate d from the following equation

P(e > (1+d)p(w))<b
which tranglates into P(E, > (1+d)L. p(w )< b . Clearly, thisis within the large deviations

domain. We need to apply (1), but numerical computations of the large deviation function I(d) are
rather cumbersome. Therefore, we shall propose two good approximations. Observe first that we

only need a good bound on the large deviation probability.
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First, observethat E. is (ignoring overlapping of 9-mers) a sum of Bernoulli independent

random variables. If this would have been the case, then the following bound can be found (cf. for

example, see reference [57])

P(E, > (1+d)Le p(w ) £ exp(- Lep(w Jd?/3) @
But if we want to be rigorous and take into account overlapping of 9-mers, we must relax alittle bit

the above. Appeaing to Azuma sinequality (cf., in refence [3]) we conclude that

P(E, > (1+d)Lc p(w,)) £ ep(- L p(w Jd2/2) 3
Thus, by (3) we obtain the following estimate for the threshold a, =1 +d

2Inb™*

=1 4
R P! X

In practice, the threshold computed from (2) and (3) is a good compromise leading to

/Zlnb'1 3inb™*
1+ fa, £1+ )
Le p(Wi) " Le p(Wi)

For example, for b=10"*° (agood choice for our case) we find that 5.7 < as < 6.7. Inlarge

deviation we can take very small b leading even to higher ope.
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Figure Captions.

Fig. 1. Correlation analysis. The number of the occurrences of each 9-mer in human genomic
DNA (Gi) was plotted against the number of the occurrences of the same 9-mer in proximal

promoters of human genes (Ei). The plot does not include Gi values greater than 550,000.

Fig. 2. Statistical evaluations. The plot provides the normalized occurrence of each 9-mer in
genomic DNA (Gi / Lg) vs the normalized occurrence of the same 9-mer in proximal promoters of
human genes (Ei / Lg). Normalizations were done with respect to total length of the genomic DNA
(Le) and proximal promoter (Lg) sequences that were analyzed for data collection. The lines
partition the sequences according to their statistical significance. The most significant elements

correspond to occurrences between the y-axis and lines with slope greater than 5.

Fig. 3. Examples of occurrences of 9-base elements defining protein-binding sites. (A) The
upstream region of the human NF-1L6 gene (Accession no. AF350408) was analyzed for
occurrences of the data with respect to an experimentally defined site that int eracts with severa
members of the SP1 family [33,34]. (B) The upstream region of the rat N- methyl- D-aspartate
receptor 1 gene (Accession no. AY 157515) was analyzed for data occurrences with respect to
experimentally defined sites that interact with SP1 and MAZ [35]. The sequences defined by

overlapping or consecutive 9-base elements are shown in bold.

Fig. 4. Anexample of correlation of occurrences of 9-base el ements with in vivo footprints. The
promoter region of mouse adenine phosphoribosyltransferase gene (Accession no. M11310) was

analyzed for occurrences of the collected data. The regions defined by the 9-base elements are

33



shown in bold. The underline marks the position of in vivo footprints (FP) produced by dimethyl

sulfate [36].

Fig. 5. Anexample of correlation of occurrences of 9-base elements with footprints produced by
DNasel. The promoter region of the human fibronectin (FN) gene (Accession no. M15801) was
analyzed for occurrences of the data. The regions defined by the 9-base elements are shown in

bold. The underlined regions mark the footprints (FP) produced DNase | [37].

Fig. 6. Anexample of an extended region correlating with occurrences of 9-base elements. The
analysis examined the promoter region of human cyclin D1 gere (Accession no. AF511593). The
regions defined by the 9-base elements are shown in bold. The underline marks the region defined

by DNA binding and functional assays [38].
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