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INTRODUCTION
Locating distal enhancer elements in mammalian genomes is diffi-
cult because of the vast amount of DNA in which the elements can 
be situated and because of the variable conservation of the elements 
themselves. The computer program EEL1 locates putative enhancer 
elements within long stretches of genomic DNA. As input, EEL 
requires two orthologous DNA sequences and the position-specific 
binding profile matrices for a suitable set of TF binding motifs.

The EEL algorithm locates the highest-energy enhancer ele-
ments according to a simplified biochemical and physical model 
of TF binding (Fig. 1). Briefly, the TF complex that binds to the 
enhancer element gains energy by binding the TFs to their respec-
tive binding sites. Additional energy is gained by secondary inter-
actions (i.e., by association of the TFs with one another directly 
or through other proteins during formation of the complex that 
activates transcription at the promoter). In the EEL model, the 
secondary interaction energy is assumed to be directly propor-
tional to the DNA-binding energy of the TFs. Increased distanc-
es between TF sites decrease the likelihood and expected energy 
contribution of the secondary interactions. EEL takes this into 
account by making the energy gained from the secondary inter-
actions inversely dependent on the distance between the adjacent 
binding sites. Secondary interactions are also less likely to be con-
served if the TFs that bind to two sequences are at different rela-
tive distances and different angles with respect to one another. In 
such cases, EEL estimates the energy required to generate similar 
spatial positions of the TFs in both species by compressing and 
twisting the DNA helix between them.

The energy equation is composed of four terms that are weight-
ed by parameters Lambda, Mu, Nu and Xi (which default to 2.0, 
0.5, 200.0 and 200.0, respectively). These parameters control the 
relative contributions to the EEL score of (i) the binding affinity 
of the TFs to their respective binding sites (Lambda), (ii) the dis-
tance between adjacent binding sites (Mu), (iii) the difference in 
the distance of the TF sites between the two species (Nu) and (iv) 
the difference in the angle of the TFs between the two species (Xi). 
The minimum value of each parameter is 0, which leads to the 
elimination of the influence of the respective term.

Fundamentally, the EEL software finds conserved clusters of 
binding sites on two DNA sequences. Thus, there is no reason for 
the DNA-binding proteins to be limited to TFs; EEL can be used 
to locate any kind of element within DNA that contains short con-
served motifs that have representation as position-specific scoring 
matrices separated by more freely evolving sequences2.

Enhancer prediction tools can be characterized with respect 
to their required input and the underlying enhancer model. The 
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This protocol describes the use of Enhancer Element Locator (EEL), a computer program that was designed to locate distal enhancer 
elements in long mammalian sequences. EEL will predict the location and structure of conserved enhancers after being provided 
with two orthologous DNA sequences and binding specificity matrices for the transcription factors (TFs) that are expected to 
contribute to the function of the enhancers to be identified. The freely available EEL software can analyze two 1-Mb sequences 
with 100 TF motifs in about 15 min on a modern Windows, Linux or Mac computer. The output provides several hypotheses about 
enhancer location and structure for further evaluation by an expert on enhancer function.
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Figure 1 | The scoring function of EEL. Binding sites with affinity ∆G are 
conserved in human and mouse sequences. The average distance to adjacent 
binding sites in both species is ¯ x , and the difference in this distance in 
the two species is ∆x. Along the distance ∆x, the DNA helix turns φ radians, 
changing the location of the binding site in one of the species. The local 
alignments that result in the enhancer predictions are extended and scored 
according to the equation shown. Briefly, the score of an enhancer element 
is proportional to the energy of binding of the TF complex to the enhancer. 
The parameters Lambda (λ), Xi (ξ), Nu (ν) and Mu (µ) can be used to adjust 
the contribution of the different terms of the scoring function to the score. 
Increasing λ results in a higher contribution of the DNA binding affinity of 
the TFs to the overall score. Increasing µ results in a higher penalty for the 
distance between adjacent TF sites, which makes a close clustering of the 
TF sites more important. Increasing ν and ξ increases the importance of the 
conservation of the distances and angles, respectively, between adjacent 
TFs. All of the parameters must be positive. (For additional details, see ref. 1 
and the online supplemental material thereof.)
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biologically, though not computationally, simplest methods use 
only phylogenetically or functionally related DNA sequences to 
locate either individual binding sites3, ultra-conserved noncod-
ing regions4 or regions with abnormal sequence composition5–7. 
Common to these methods is that they cannot identify the TFs 
that regulate the located sites.

More-sophisticated methods also require the binding site motifs 
of some TFs as inputs and model the enhancers combinatorially8. 
This class covers a wide range of tools from simple frequency-
counting methods9 to methods that model the structure10 and 
possibly the conservation11–14 of the enhancers. EEL is also of this 
type. Typically, these methods are fast, and the results are easy to 
interpret in terms of the bound TFs.

A major class of enhancer prediction tools is the probabilistic 
methods8. These tools use Bayesian networks15 or hidden Markov 
models16–19 and benefit from the well-developed theory and 
algorithms of Bayesian statistics. The tools normally indicate the 
regions with the maximal likelihood of being an enhancer with 
respect to their enhancer model. Probabilistic modeling leads to 
computationally heavy algorithms, which make these tools quite 
slow in practice.

For example, ‘Stubb’17, which may be the most sophisticated 
probabilistic enhancer-locating algorithm, can take into account 
two orthologous sequences, and the underlying probabilistic 
model can handle several phylogenetically related species. Stubb 
can also model the dependencies between TFs. We found that 
Stubb requires 45 min to analyze a single sequence (a gene with 
100 kb flanking sequences with exons and tandem repeats masked 
and 107 binding motifs; multiple-sequence analysis fails with 
Stubb 2.1), whereas EEL analyzed two such orthologous sequences 
in 2 min. The quality of the Stubb results is sensitive to the num-
ber and similarity of the binding-site motifs17, as “weak motif 
occurrences also contribute to the score” and as overfitting may 
become a problem with motif sets that are larger than about 20 
(ref. 17). We conclude that EEL and Stubb are designed to achieve 
different goals. EEL is better suited to the exploratory analysis of 
long sequences with a large collection of binding motifs, whereas 
Stubb is better for analyzing short sequences with relatively well-
characterized regulatory functions.

The main advantages of EEL are as follows:
1. It has a general high-throughput nature, which permits the 
simultaneous analysis of large numbers of TFs and the generation 
of databases of predicted enhancers and transcription factor bind-
ing sites (TFBSs). Thus, specific hypotheses can be tested after the 
general analysis using database queries, which are much less com-
putationally intensive than the alignment process itself.
2. It is applicable to very long sequences.
3. Its enhancer model is based on physical interactions that occur 
within the enhancer.

The main limitations of EEL are as follows:
1. It finds only enhancers that are composed of TFBSs of TFs 
whose binding-specificity matrices are provided to the program.
2. It is based on an analysis of the order of the TF sites, and thus 
it cannot find enhancer elements where TFBSs are conserved but 
their order is not. This may make EEL less suitable for the analysis 
of distantly related species.

3. A good understanding of the structure of enhancers and aver-
age scores that are obtained using the TF sites and species tested is 
required to interpret the output of EEL.

EEL software requires prior knowledge about the binding affin-
ity matrices of TFs. As more information about binding affinities 
becomes available, however, this limitation is becoming less of an 
issue. Indeed, we have found that the software works well with our 
current subset of binding affinities for approximately 100 TFs. 
As the binding sites are clustered, not all of the binding affinities 
need to be known; the enhancer will be located by EEL if a high 
enough proportion of the conserved sites of the cluster are for 
those TFs whose affinity matrices are known. Thus, although EEL 
is not designed to find new TF motifs3,20,21,  such motifs could 
potentially be identified by analyzing the DNA sequences of the 
predicted enhancer elements.

It should also be noted that because EEL is a comparative tool, 
it finds only potential enhancers that are conserved in both of the 
species analyzed: many of the nonconserved enhancers are needed 
to regulate nonconserved patterns of gene expression. Although 
this clearly limits the utility of EEL, it also increases its specific-
ity22. Another limitation of EEL is that it is not capable of find-
ing enhancers in highly conserved regions of DNA. For example, 
comparison of the human and mouse HOX gene clusters using 
the default parameter values of EEL reports the whole sequence 
as one big enhancer. This is due to the high conservation of the 
vertebrate HOX gene clusters. Also, tandem repeats and coding 
regions obscure the results by providing high-scoring clusters of 
binding sites that clearly differ from the typical genomic land-
scape but are not likely to have regulatory functions.

Although EEL can locate putative enhancer elements with-
out a prior knowledge of which TFs regulate the target gene, a 
basic understanding of the real enhancer and the TFBSs that the 
sequence is expected to contain should be applied when selecting 
predicted enhancer elements for further wet-lab study.

The use of EEL is straightforward. First, an orthologous pair 
of DNA sequences and a collection of TF motifs are selected for 
analysis. Then the computer searches for putative TFBSs in the 
provided sequences and aligns the conserved sites with respect to 
the energy-based scoring function (Fig. 1). The final results are 
given in decreasing order with respect to the score, and they can 
be observed either visually or saved to a file for further process-
ing.

The orthologous DNA sequences should be derived from spe-
cies that are evolutionarily close enough so that the enhancer ele-
ments are conserved, but are distant enough so that the intervening 
sequences have diverged. For the human genome, we have found 
that chimpanzee sequence is generally too closely related, where-
as comparisons to mouse, rat or dog seem to yield good results. 
Nonmammalian vertebrate sequences, in turn, are so divergent 
from human sequences that the sensitivity of EEL decreases1. This 
is partly because of divergent gene regulation and partly because 
EEL requires the order of the TFBSs to be conserved, a requirement 
that is made for computational efficiency. In general, using more-
distant species should result in increased specificity but decreased 
sensitivity. Also, when a more conserved biological process is stud-
ied, species that are more divergent can be used in the analysis. For 
example, in identifying enhancers regulated by signaling pathways 
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that regulate early embryonic development, useful results can be 
obtained by comparing human sequence to puffer fish sequence 
(see Supplementary Table S6 in ref. 1).

The EEL software also provides command line and console 
interfaces. These features allow a computer expert to write scripts 

for running EEL on large sets of orthologous genes, possibly in 
parallel. The list of command line options with brief descriptions 
is displayed by starting EEL with command eel -help. The console 
interface is used when starting EEL with option -nogui, and the 
command help is provided with the command help.

MATERIALS
EQUIPMENT

• Modern personal computer (see EQUIPMENT SETUP)

• EEL software (see EQUIPMENT SETUP)

EQUIPMENT SETUP

• Modern personal computer The operating system should be Windows 
(Microsoft) or Linux (e.g., RedHat or SUSE). Other UNIX-like operating 
systems will probably also work fine. The software for MacOS X (Apple) is 
provided but is not supported, and the graphical user interface is significantly 
different from that used by the other systems.

• EEL software The EEL software is available at http://www.cs.helsinki.
fi/u/kpalin/EEL/ under GNU GPL license (http://www.gnu.org/copyleft/gpl.
html). Select, download and install the appropriate version of the software 
by following the on-screen instructions. The binding site motifs used in the 
analysis are represented as text files with four rows of integer numbers and 
columns separated by space or tab characters. An example file representing 
a typical position-specific binding profile matrix is shown in Figure 2. 

Figure 2 | A file containing the position-specific binding profile for the TF 
Hunchback obtained from the JASPAR database. Each column describes the 
nucleotide distribution for one position in the binding site. The rows from 
top to bottom stand for nucleotides A, C, G and T, respectively. For example, 
half (8 of 16) of the observed binding sites for Hunchback contain a C at 
their second position.

The numbers are the counts or frequencies of each particular nucleotide 
in the column. The first through fourth rows stand for the nucleotides in 
alphabetical order, A, C, G and T, respectively. Such DNA-binding motif 
matrices are available from databases such as JASPAR23 (http://mordor.
cgb.ki.se/cgi-bin/jaspar2005/jaspar_db.pl), or they can be obtained by 
laboratory procedures24 or by computational studies3,20,21. Finally, EEL 
needs two orthologous DNA sequences from two species; these are searched 
for enhancer elements and must be provided as files in the FASTA (http://
www.ncbi.nlm.nih.gov/blast/fasta.shtml) format. Users can use their own 
sequences or fetch them from a sequence database or genome browser such as 
ENSEMBL25 (http://www.ensembl.org/) or UCSC genome browser26 (http://
genome.ucsc.edu/). The sequences can be up to a few million base-pairs long 
depending on the available memory of the computer. The regions of the input 
sequence that the user wants to exclude from the analysis can be masked 
before the EEL analysis by replacing the original sequence symbol with ‘N’ 
according to sequence annotation or tools such as Tandem Repeats Finder27 
or RepeatMasker (http://www.repeatmasker.org).

PROCEDURE
1| To start EEL, click Start→All Programs→Enhancer 
Element Locator→EEL (on Windows Server 2003) or by giving 
command eel in the terminal window. A gray window with the 
title ‘Enhancer Element Locator’ is displayed (Fig. 3).

2| To add sequences, click the ‘Add Sequences’ button. A 
window such as the one shown in Figure 4 opens. Select 
the FASTA-formatted files that contain the orthologous 
sequences that are to be searched for putative enhancers. 
When the sequences have been added, click ‘OK’. The ‘Add 
Sequences’ screen will close, leaving only the main window 
showing. The names of the DNA sequences that are contained 
in the files will be shown in the left-hand list of the main 
window (Fig. 4). A sequence can be removed from the 
analysis by double clicking its name on the list in the main 
window. In the end, the list should contain the names of the 
two sequences to be searched for enhancers.
▲ CRITICAL STEP Check the sequences before loading using 
a sequence analysis tool or text editor to determine whether 
they contain ambiguous nucleotides because of missing 
sequence. Sequences that contain the symbol N (representing 
A, C, G or T) can lead to false-negative results because EEL 
does not allow N to overlap with a TF site.

Figure 3 | The main window of EEL when the program is started. On the top 
left, there is a space where the sequences will be listed, and on the right there 
is a space for the binding motif matrices to be used in the analysis. Below the 
list areas, there are command buttons, some of which are initially disabled.

©
 2

00
6 

N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  h
tt

p
:/

/w
w

w
.n

at
ur

e.
co

m
/n

at
ur

ep
ro

to
co

ls



NATURE PROTOCOLS | VOL.1 NO.1 | 2006 | 371

PROTOCOL

3| To add binding motif matrices, click the ‘Add matrices’ 
button. The window in Figure 5 appears, which enables 
the selection of files containing DNA-binding motifs to 
be used in the analysis. When all binding matrices are 
selected, click ‘OK’. The ‘Add matrices’ window will close, 
leaving only the main window, which will now contain a 
list of the sequences (from Step 2) and a list of matrices. 
To decrease the statistical error, the matrices should 
optimally be derived from direct affinity measurements24 
or from alignment of a relatively large number of binding 
site sequences (e.g., the JASPAR23 database contains such 
high-quality matrices). Optimally, one should include in the 
analysis only the motifs that constitute the enhancer(s) 
of interest. As this set is typically unknown, it is better to 
include a set of motifs that are potentially involved. If no 
prior knowledge exists, or if a general analysis is desired, 
all available motifs should be included. The minimum 
number of motifs is one. The names of the binding matrix 
files, along with the information content of the matrix, will 
be shown in the right-hand list of the main window  (Fig. 
5), and the matrices can be removed by double clicking.

4| To search for the TFBSs, click the ‘Get Binding Sites’ 
button. The ‘Get TFBS...’ window shown in Figure 6 opens. 
Select the background distribution assumption (i.e., for 
the non–binding site coding sequence) and the cutoff 
for motif matching. Finally, click ‘Get TFBS’ and wait 
while the computer searches for the TFBSs. This might 
take a few minutes depending on the length and number 
of the sequences and the number of binding matrices 
considered. The “Get TFBS...” window will close once the 
search is complete, leaving only the main window, with 
the ‘Show Sites’ and ‘Align sites’ buttons now enabled. 
The available options for the background assumption are 
either an independent, identically distributed background 
(‘Uniform background’) with arbitrary base composition or 
a prelearned Markov background, which depends on a short 
DNA context before the modeled nucleotide. By using a 
Markov model of local nucleotide dependencies, the binding 
matrix scores can be corrected for the fact that some 
short sequences (e.g., AT-repeats and CpGs) are found too 
frequently or rarely in the genome. Users can make their 
own Markov background distributions within the console or 
command-line interface with the commands setMarkovBG 
and saveMarkovBackground. A fourth-order Markov 
background learned from human chromosome I is provided 
in the EEL folder in the file human.ChrI.O4.bg. The putative 
TFBSs (i.e., the binding matrix matches) are scored as log-
odds between the motif and background likelihoods. The 
absolute cutoff is the lower bound on these log-odds scores 
and is fixed for all binding matrices. The relative cutoff is 
the fraction of the maximum score attainable for a binding 
matrix that is still accepted as a valid TFBS. Relative 
cutoffs are only applicable to the uniform background 
assumption, where the maximum score of a binding matrix 
is unambiguously defined.

Figure 4 | Display shown during addition of new sequences to the analysis. 
The names of the added sequences show up on the left-hand list of the main 
window. By clicking ‘All Sequences’ button, the sequences in all the files 
shown in the ‘Files:’ list are added to the analysis.

Figure 5 | Display shown during addition of new binding motif matrices 
to the analysis. The names of the binding motif files and the information 
content of the motifs are shown on the right-hand list of the main window. 
By clicking the ‘All matrices’ button, all motifs shown in the ‘Files:’ list can 
be added to the analysis.

Figure 6 | The window for parameters of the TFBS search. The user 
can provide either an independent, identically distributed background 
distribution or a Markov background distribution for the search. The cutoff 
for the binding motif match score can be provided either as an absolute 
score or, optionally, all binding motif matches can be considered relative to 
their respective maximum score. The latter option is available only if the 
uniform background distribution is used.
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5| At this point, the identified binding sites can be saved 
for subsequent analysis by EEL or other software. Click 
‘Show Sites’ on the main window to open the ‘Putative TF 
binding sites’ window. Select ‘Save’ and enter the name of 
the file where the list of sites should be saved. The list will 
be formatted in the General Feature Format (GFF; http://
www.sanger.ac.uk/Software/formats/GFF/), which can be 
used later by EEL or as an input to many other software 
tools.

6| Align the identified binding sites with EEL. On the 
main window, click the ‘Align Sites’ button. The ‘Align 
Binding Sites...’ window will open (Fig. 7), allowing the 
parameters (Fig. 1) for locating the conserved enhancer 
elements to be set. The default values for parameters 
Lambda, Xi, Nu, Mu and Nucleotides Per Rotation are 2.0, 
200.0, 200.0, 0.5 and 10.4. Finally, click ‘Align’. If binding 
sites from more than two sequences were provided, a new 
window will pop up asking which two sequences should be 
used in the alignment. The alignment should not take more 
than a few minutes. The main window with all command 
buttons enabled will reappear.

7| After carrying out an EEL alignment, click on the ‘Show Alignments’ button on the main window to view the results. 
A window like that shown in Figure 8 is displayed. The putative enhancer elements are displayed from most likely to least 
likely. The output can be saved to a file by clicking the ‘Save human readable’ button. By clicking ‘Save computer readable’, 
the user can save the results in GFF format, which is better suited for further computational analyses. The window shown in 
Figure 8 stays open after the output is saved in either format. Click OK to close the window.

? TROUBLESHOOTING
The default parameter values for EEL scoring should be applicable1 for comparing most human sequences to sequences 

from mouse and other mammals. The default parameter 
values are not appropriate for unusually well-conserved 
regions or for comparing nonmammalian species. In these 
cases, the user must resort to a trial-and-error procedure 
to find parameter combinations that produce reasonable 
results for that particular case. The parameters can be 
reoptimized, for example, by changing them systematically 
and comparing the scores for a number of known enhancers 
to average scores.

In general, increasing Xi and Nu will make the predicted 
enhancers better conserved, and increasing Mu will make 
the TFBSs in the enhancers closer together. Increasing 
any of the parameters Xi, Nu or Mu is likely to make the 
predicted enhancers shorter. Lambda is relative to all the 
other parameters and can be left fixed at all times.

ANTICIPATED RESULTS
After running EEL, the user should have good hypotheses 
about where and what kind of enhancer elements, if any, 
are located in the sequences. It should be stressed that 
the output produced by EEL indicates hypothetical TFBSs 
and enhancer elements, and these predictions should be 
experimentally validated. When predicted elements are 
selected for experimental validation, the EEL score of the 
element, its length, the binding sites that it contains and 

Figure 7 | A window for parameters of the local alignment procedure for 
enhancer prediction. The parameters Lambda, Xi, Mu, Nu and Nucleotides 
Per Rotation adjust the scoring of the enhancers (Fig. 1). The number of 
suboptimal alignments is the number of putative enhancer elements that will 
be reported as output. The user can choose to align the binding sites that are 
in memory or that were previously stored in a GFF-formatted file in Step 5.

Figure 8 | The window showing the predicted enhancer elements. Line 1 
shows the parameter settings used in the alignment, and line 2 gives the 
names of the aligned sequences. Lines 6–17 show the actual alignment: 
indexes of the aligned sites in the two sequences, the score of the alignment 
up to this pair of sites, name of the TF binding to these sites, begin and end 
positions of the binding sites in the two sequences and the strand of DNA 
where the sites are found (plus for Watson’s strand, minus for Crick’s). The 
total score of the enhancer element is on line 17. Beginning at line 22 is a 
display of the alignment of the underlying DNA, if the sequence is available 
from Step 2. Although the DNA between the binding sites is aligned, only 
the binding sites (shown in uppercase characters) are used in finding the 
conserved enhancer elements.
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the potential presence of repetitive 
and coding sequences should all be 
considered.

The enhancer model used in EEL is 
based on a biochemical and physical 
model of TF binding to DNA, and 
because of this, EEL, unlike many other 
alignment tools, does not provide P 
values for its predictions. Evaluating 
the quality of the predictions is 
best carried out by estimating the 
plausibility of the overall structure 
of each of the enhancers identified, 
and by comparing the scores to those 
obtained from analyses of known 
enhancer elements using the same 
parameters and species. The quality of 
the predicted enhancers can also be 
analyzed by comparing the obtained 
scores to the distribution of all scores 
from a genome-wide analysis. The distribution of EEL scores of all enhancers with lengths less than 1, 2 and 5 kb from a 
genome-wide human-mouse comparison using the default parameters (from a similar analysis as described in ref. 1) is shown 
(Fig. 9a). The percentage of genes that contain at least one predicted enhancer as a function of the EEL score used as a cutoff 
is also shown (Fig. 9b). For default parameter settings, when comparing human and mouse sequences, scores above 500 can 
be considered significant. The scores are generally lower when more distantly related species are compared, and thus a lower 
cutoff for significance can be used (e.g., 150 for human to puffer fish and 250 for human to chick). Additional properties 
that should be considered are the length of the enhancer, which generally should not be more than 2 kb, and the TF sites that 
comprise the enhancer. It is a good sign if the enhancer contains a site for a factor that is known to regulate the gene of 
interest.

Not all predicted enhancers will warrant further investigation. For example, tandem repeats can generate high-scoring 
alignments that are comprised of sites for one or a few factors. Regions of the genome, such as coding sequences, which 
are highly conserved because of factors that are not related to gene regulation, can also generate anomalous high-scoring 
alignments. Thus, alignments in known coding or repetitive regions are more likely to be false positives than are alignments 
from nonrepetitive and/or noncoding sequences.

a b

Figure 9 | The score distributions of genome-wide EEL alignments for human and mouse. (a) The 
percentage (y axis) of predicted enhancers of maximum length 1, 2 or 5 kb with the indicated or higher 
score (x axis). For each pair of genes, 50 enhancers were predicted. For example, about 8% of enhancers 
shorter than 1 kb score better than 200. (b) Percentage of all analyzed genes (y axis) that have a 
predicted enhancer of maximum length 1, 2 or 5 kb with the indicated or higher EEL score (x axis). 
For example, about 10% of human genes have an enhancer prediction shorter than 1 kb with an EEL 
score of 500 or higher. EEL alignments were carried out using the default parameters and 107 TFBSs; all 
orthologous human and mouse gene sequences, starting from 100 kb upstream of the transcription start 
site and ending 100 kb downstream from the end of the last exon, were used to generate the scores (for 
details, see ref. 1).
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