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Abstract. The task of automatic extraction of the hierarchical structure of eukaryotic gene regulatory regions is in the junction
of the fields of biology, mathematics and information technologies. A solution of the problem involves understanding of sophis-
ticated mechanisms of eukaryotic gene regulation and applying advanced data mining technologies. In the paper the integrated
system, implementing a powerful relation mining of biological data method, is discussed. The system allows taking into account
prior information about the gene regulatory regions that is known by the biologist, performing the analysis on each hierarchical
level, searching for a solution from a simple hypothesis to a complex one. The integration of ExpertDiscovery system into
UGENE toolkit provides a convenient environment for conducting complex research and automating the work of a biologist.
For demonstration, the system has been applied for recognition of SF1, SREBP, HNF4 vertebrate binding sites and for the
analysis the human gene regulatory regions that promote liver-specific transcription.
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1. Introduction

Analysis of gene regulatory regions and searching for
structural and functional patterns are actual problems of
biology which are far from a final solution. In general
it is due to the complex structure of gene regulatory
regions and variety of mechanisms of transcription
regulation. There is a need to analyze various data which
concern physical, chemical, structural, information pro-
perties of gene regulatory regions and experimental data
of their functions.

The fundamental property of genes is gene expression
(i.e., the ability to produce biologically active products —
proteins or RNA). Gene expression occurs in two major
stages. At first, genes are transcribed into RNA and then
translated to make proteins. Transcription is the first step
leading to gene expression. During transcription, a DNA
sequence is read by an RNA polymerase to produce an
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RNA molecule (a primary transcript) with essentially
the same sequence as the gene. Given the complexity
of multicellular eukaryotes, transcriptional regulation
in these organisms needs to be very complex [30].

Intensity of each gene transcription is precisely regu-
lated depending on cellular conditions (a type of cells
and tissues, a stage of organism development, a cell cycle,
inducers or repressors, influencing the cell) [4]. A great
number of different regulatory proteins are involved in
the process of transcription regulation, including tran-
scription factors (TFs), coactivators, cosuppressors, med-
iators [15]. TFs play one of the most important roles in
the process. They interact with exact DNA regions —
transcription factor binding sites (TFBSs) — in a specific
way. Besides interacting with DNA, TFs participate in
protein-protein interactions with other regulatory pro-
teins, forming multiprotein complexes which activate
or suppress gene transcription.

Possibility of flexible regulation of eukaryotic gene
transcription is provided by the presence of extensive
gene regulatory regions that have complex block-
hierarchical structure [12].
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The first level of regulatory regions hierarchy
includes various transcription factors binding sites,
the short regions of DNA (10-20 nucleotides) recog-
nized specifically by regulatory proteins (transcription
factors) [17].

The next level is represented by composite elements
which include neighboring TFBSs which acquire
new regulation properties as a result of protein-protein
interations with corresponding TFs. Composite ele-
ments of synergetic type provide a non-additively high
level of transcription activation as a result of protein-
protein interactions. Composite elements of antagonis-
tic type include overlapping or very closely located
TFBS:s. In this case two transcription factors compete
with each other for binding to DNA, so a stimulating
effect of an activator is changed to suppressing effect
of an inhibitor or otherwise, depending on cellular con-
ditions [12].

Regulatory units (promoter regions, enhancers, silen-
cers) form the next level in the system of gene regula-
tory regions hierarchical structure. Their functions are
implemented since they contain TFBS and composite
elements interacting with regulatory proteins [5]. The
location of the regulatory units and their length vary
considerably. Enhancers and silencers are units acti-
vating or suppressing transcription of a specific gene
and they may be located very far from the trans-
cription start site (up to 50000 bp). Enhancers and
silencers may be situated in 5’- and 3’- flanking
regions of genes or in introns. Promoter regions are
regulatory units located right before the start of gene
transcription. Their size usually varies from 200 to
1000 bp. [1].

The highest level of regulatory regions hierarchical
structure corresponds to the system of integrated tran-
scription regulation [13] which is carried out with the
participation of complex system of regulatory proteins
interacting with the whole set of regulatory units and
elements of a specific gene. Composition of multipro-
tein complexes is determined by DNA-protein interac-
tions based on superposition of different DNA codes
(linear, conformational, etc.).

There is a wide range of structures of regulatory
regions because each specific gene should be regulated
in a particular way depending on a cellular situation.
For instance, according to recent data, the human gen-
ome encodes about 1500 TFs [2]. One may expect
that the human genome (like genomes of many other
eukaryotic organisms) may contain just about the same
amount of different types of TFBSs, providing func-
tional properties of gene regulatory regions.

Regulatory regions of each gene include a unique
combination of TFBSs of different types. According to
TRRD [28], regulatory regions of a specific gene may
contain more than 20 different TFBSs, which are experi-
mentally proved. Therefore the whole system of gene
integrated regulation may include dozens of regulatory
units [14]. The fact that the length and the location of
regulatory units may be very different emphasises their
variety considerably.

Nowadays there are plenty of widespread computer
methods providing analysis of regulatory regions,
each of them dealings with certain hierarchical level.
For TFBSs recognition such methods as PWM [35],
SITECON [18], SiteGA [16] and other are used. But
the task of TFBSs recognition is methodologically very
difficult due to the high variety of genomic transcrip-
tion factor binding sites. As a result, all TFBSs predic-
tion methods developed so far have the well known
shortcomings such as high over- or under-prediction
rates (false positives or false negatives) [12].

The task of recognition of relationships between
TFBS recognition corresponds to the other hierarchi-
cal level of regulatory regions structure [5]. However,
since regulatory regions contain unique TFBSs com-
binations, the methods face bad representativeness of
training sets which do not include enough particular
cases of a general situation.

The task of analysis of gene regulatory units and the
whole system of integrated transcription regulation is
considerably much more complex than the tasks of
analysis of TFBSs and their combinations. The reason
of it is the existence of a huge variety of regulatory
regions structures which is caused by presence of differ-
ent elementary signals in regulatory regions (TFBSs,
conformational, physical, chemical features) and also
variability of regulatory regions lengths and locations.
From an informatics point of view, the task of eukaryo-
tic gene regulatory regions analysis implies hierarchical
analysis of genetic information. To solve the problem it
is required to apply the state-of-art computer technolo-
gies of intelligent data analysis (Data Mining and
Knowledge Discovery). Nowadays none of the known
methods can completely solve this problem. In the most
cases in order to achieve a biologically significant result
scientists have to manually analyze huge amount of
information, which may be contradictory in some cases.

In general, automatic methods of gene regulatory
regions analysis and recognition must consider various
contextual, physical, chemical and conformational fea-
tures of DNA. So, constructing an integrated method
of recognition which would involve signals of different
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types acquired as results of applying of other recogni-
tion methods is quite an actual problem.

In the current work a new method of intelligent regu-
latory regions analysis is presented. Our method is based
on the integration of mutually complimentary tools,
ExpertDiscovery system, which is a powerful tool
for hierarchical gene regulatory regions analysis, and
UGENE suite, which is a multiplatform bioinformatics
toolkit, containing different algorithms for analysis
of genetic information [7-11,20]. ExpertDiscovery
system was integrated into UGENE toolkit as a plugin.
UGENE plugins are unified by common interface and
logic of operating. Thus, results obtained from the
modules can be combined and provide the potential of
ExpertDiscovery system in complex rules extraction.
That is we can perform recognition of signals at the
lower hierarchical levels by UGENE and pass the results
to ExpertDiscovery which is able to do more complex
hierarchical analysis. Unlike the well-known methods
providing regulatory regions analysis that focus on
extraction of single signals, ExpertDiscovery uses inte-
grative attitude for analysis of genetic information.
ExpertDiscovery system is able to perform analysis at
any level: from nucleotide context to any characteristics
of extensive genomic sequences, and gives a possibility
to integrate special methods at each level.

The applicability of ExpertDiscovery system for ana-
lysis of complex structure of gene regulatory regions
was demonstrated by two examples. First, Expert-
Discovery was used to recognize single TFBSs (HNF4,
SREBP, SF-1) and recognition accuracy was checked
against PWM [35] method. Second, the system had
been applied for revealing complex signals present
in the regulatory regions of human genes expressed in a
tissue-specific manner. For this purpose potential signals
found by SITECON [18] (or other site recognition
methods) may be used. It was demonstrated that
the system can automatically build complex signals
(CSs), and in fact some CSs were found to coincide
with known composite elements, which functional
significance were confirmed by experiments described
in scientific papers.

2. Applying the relation approach for analysis of
regulatory regions. Expert Discovery system

ExpertDiscovery system applies an original knowl-
edge discovery approach (Relational Data Mining)
[20,25]. The approach was used in Discovery system
which has been successfully applied for solution some

particular problems in the fields of psychophysics, can-
cer diagnostics and securities rates prediction. The heart
of the system is semantic probabilistic inference [25].

The idea of new knowledge discovery is to sequen-
tially increase accuracy of hypotheses so that on each
step the hypotheses have the higher probability and
definition level. Also the level of significance of the
results is tested by statistical criterions.

The semantic probabilistic inference is such a seq-
uence of rules C1, C2, ..., Cn, where Aij, G — atoms.
that:

l. Ci= (Al&...&AL = G), i=1,...n;

2. Ci—sub-rule of a rule Cy,,, e.g. {A},...,AL }C
{AF A{(ltl] b

3. Prob (C;)) <Prob (G;,), i=1,2,....n-1, where condi-
tional probability of a _rule Ci is defined as: Prob (C.i) =
Prob (G/A‘l&&Ai() =Prob (G&A'l&...&Aiq)/
Prob (Al &...&A} );

4. C;— Probability law, e.g. for each rule C* = (Ail&. &
A= G)ofarule G, {Ay,..., A} C{A},..., A} }an
inequality holds: Prob (C”) < Prob (C));

5. C, — The strongest probability law, e.g. rule C, is
not a sub-rule of any other probability law.

Discovery system implements semantic probabilis-
tic inference with knowledge discovery as a set of
probability laws, the strongest probability laws and
maximally specific laws.

ExpertDiscovery is an adaptation of the Discovery
system which is configured to knowledge discovery
in sets of nucleotide sequences, according to semantic
probabilistic inference, as complex signals with speci-
fied parameters.

The following definitions are required for descrip-
tion and formalization of ExpertDiscovery method.

As we know, genetic information is represented as
letter sequences in the 4- or 15-letter IUPAC nomen-
clature) alphabet.

Signal is a set of rules defining features of DNA
sequences. Elementary signal is an indivisible signal
which is characterized by a name and locations in a
sequence, where it is.

Experts’ hypotheses are represented as Complex
Signals (CSs) which are defined recursively based
on elementary signals and operation applied to them
(Fig. 1):

1. The elementary signal is CS.

2. The result of the (see further) “repetition” or “inter-
val” operation applied to CS is CS.
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Fig. 1. Hierarchical tree of a complex signal. In that case elementary
signals are letters designating DNA nucleotides, and operations are
“distance” (between letters and CS) and “repetition” (of two CSs).
It follows from the CS definition that each letter and each sub-tree
is a CS.

3. The result of the “distance” operation applied to a
pair of CSs is CS.

To CS the following operations can be applied:

Distance between signals. The input CSs are s1 and
s2. It is specified that the distance between them
varies from min to max and the order is taken into
account. The result CS is found in a position if in
the position sl is found, and on a distance from
min to max from it s2 is found. In the case if order
is unimportant, s2 may be found before s1. Min and
max parameters are specified by expert.

Repetition of a signal. A result case is a repetition
of an input signal s from Ny, to N« times and
the distance between neighbor repetitions varies
from min and max. N, Ny, min and max are
specified by expert.

Belonging of a signal to an interval. The input CS
must be in the interval from min to max, where
min and max are absolute distance values from the
first symbol of a sequence. The operation makes
sense only for an aligned set. Min and max para-
meters are specified by expert. Also the distance
between a pair of CSs can be determined by any of
the following ways:

» from the end of the first signal to the start of the
second.

e from the start of the first signal to the start of
the second

e from the middle of the first signal to the start of
the second

A way of the distance determination is a parameter
of the corresponding operation and specified by expert.

By specifying the parameters of the operations an
expert specifies a set of operations (SetO) which can
be used to create CS as hypotheses and also a set
(SetCS) of all the CS which are needed to be tested by
expert or to be extracted automatically.

User specifies the set of operations (SetO) which will
be applied to CS thus defining the expert hypotheses as
CS and sequentially increasing their accuracy. Also it is
needed to specify the parameters of CS selection.

The elementary signals are taken as an initial popula-
tion of signals at the first step of the algorithm. Next
steps increase the accuracy of the signals in the popula-
tion. The following procedure is performed to improve
the quality of the CS:

1. Choose one of the elementary signals T of current CS;

2. Choose an operation O from the set of the opera-
tions (SetO) and T is substituted by O which is
applied for some other elementary signals;

3. The resulting CS is tested on the selection criterion
(see further):

a. If it is satisfied then the CS is written to the
resulting set (ResCS).

b. Otherwise the CS is tested on the branching
criterion (see further). If it is satisfied the signal
is transferred to the next population.

c. If all of the previous criterions are failed then
the CS is discarded.

Then the next signal in the population is taken. When
there are no more signals in current population the algo-
rithm goes to the next population. The cycle continues
while the population is not empty. The result is the set
of CS (ResCS). Note, that each resulting CS is more sig-
nificant and probable than each of its sub-signal.

To test the CS, two sets are required — positive (YES
set) and negative (NO set). YES set contains sequences
that have some signals in advance. NO set sequences do
not have the signals in advance or the sequences can be
generated randomly and they are needed to test the sta-
tistical parameters of the CS.

ExpertDiscovery uses the following selection criter-
ions of the CS:

* A condition probability threshold — the minimal
value of the condition probability that a signal
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must have. Also it is checked that the signal is
more probable than the previous sub-signal;

* A statistical significance by Fisher criterion
threshold — it is needed to check statements 3
and 4 of semantic probabilistic inference;

o If minimization significance level by Fisher
criterion is set then it is checked that the
signal is more significant than the previous
sub-signal;

* A statistical significance by Ul criterion thresh-
old [26];

* A positive set coverage threshold;

e Uniqueness check. On different steps the sig-
nals with a similar structure can be found. It
is possible to choose between saving all the sig-
nals or unique signals only.

For branching criterions testing:

e A condition probability threshold — it is also
checked that a resulting signal after branching
is more probable than the initial;

e A statistical significance by Fisher criterion
threshold;

o If minimization significance level by Fisher
criterion is set, then it is checked that a result-
ing signal after branching is more probable
than the initial;

*  Minimal complexity (amount of contained
operations) of the CS;

e Maximal complexity of the CS;
e Correlation of the “distance” operation argu-
ments condition of the CS.

Selection and branching criterions use the following
terms:

1. Condition probability P of belonging of the CS to
YES set.

P=aj/(ajo + a1,

where:

a,; — full amount of inclusions of the CS to YES set,
a;o — full amount of inclusions of the CS to NO set.

2. Statistical significance by Fisher criterion (Fisher
exact test of contingency tables [6]). Four values
are used for calculation of the significance level (f):

top-amount of negative sequences having the signal
inclusions;

to1 — full amount of inclusions of the CS to YES set
t1o — full amount of inclusions of the CS to NO set

t;; — amount of positive sequences not having the
signal inclusions

= (too + tor)! (tio +t11)! (too + t10)! (tor +ti0)! / ((too +
tor + tio+ t11)! too! tor! tio! ti1!)
3. Statistical significance by Ul criterion [26]

4. Positive set coverage in percent (for positive set
sequences having the signal);

5. Negative set coverage in percent (for negative set
sequences having the signal);

For the “distance” operation correlation level bet-
ween arguments is evaluated.

3. UGENE System

The goal of UGENE project is integration of various
algorithms from the field of genetics and protein
sequences analysis in a unified context [3, 24]. The
range of the algorithms includes: patterns search, local
alignment (Smith-Waterman), HMMER, restriction
sites analysis, DNA assembly (Bowtie, UGENE gen-
ome aligner), phylogenetic analysis, multiple alignment
(MUSCLE, KAilgne), etc. Two original and powerful
designers are implemented — for workflow schemes
(Workflow Designer [3]) and for complex queries
(Query Designer). A key advantage of UGENE is that
the most of the algorithms are integrated into the
source package and modified to use internal UGENE
data model. This allows one to avoid manual data con-
version between input and output tools. Some of the
algorithms are optimized for multicore environment
and have GPU implementations. UGENE supports
reading and writing for more than 20 biological data
formats. UGENE has capabilities to request key biolo-
gical online databases such as NCBI, Genbank, PDB
and others.

Huge attention is paid to visualization of the algo-
rithms results and development of an effective user
interface. There are a lot of modules for visualization
of such biological structures as annotated DNA/RNA
or protein sequence, multiple sequence alignment,
protein 3D structure and DNA assembly.

UGENE is developed in Qt4 (C++ framework) that
allows it to work on different platforms: Win, *nix
and Mac. UGENE is a free open source software
and it is provided free of charge under the terms of
GPLV2.
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4. UGENE and Expert Discvoery integrated system

The integrated system is a quite powerful tool for
hierarchical regulatory regions analysis. Generating
markups with different methods, we allow the system
to perform recognition on the high levels of the hier-
archy which is impossible with other programs. So, c
we can extract and investigate a model of a complex
regulatory region. All the functionality is accessible

in the context of one program.

UGENE uses the system of plugins: each indepen-
dent module is a plugin which can be switched on or
off by user, the plugins can interact with each other.

ExpertDiscovery system algorithms fit well the
UGENE concept. That’s why it was decided to inte-
grate them into UGENE as a plugin which would
repeat and extend possibilities of ExpertDiscovery.

ExpertDiscovery plugin in UGENE has the follow-

ing advantages:
1. Crossplatforming

2. The unite system

a. Many algorithms within the bounds of one pro-
ject, apparently, give more possibilities than many
different individual narrow applications. Such an
approach simplifies user’s work: what is needed
is to launch UGENE which gives the access
to the wide range of the algorithms instead of
launching different unrelated programs.

b. UGENE plugins have unified interface and work
logic. Also, user who is already familiar with
UGENE could cope with a new module faster.
Thus, ExpertDiscovery uses reliable interface
and visualization solutions (sequence view, anno-
tation view, task manager, etc.) of UGENE.

. Extension and combination of results possibilities
appear (Table 1). For example, ExpertDiscovery
markups can be UGENE algorithms’ results
(SITECON, Weight Matrix, Query Designer, etc.)

d. Data formats. ExpertDiscovery can read sequences
in any format which is supported by UGENE
(FASTA, FASTAQ, Genbank, GFF, EMBL, etc.).

As for regulatory regions hierarchical analysis — using
UGENE we can create sequences markups with elemen-
tary signals which are loaded to ExpertDiscovery for the
further analysis and building more complex models of
the regulatory regions. For example, it is easy to create
markups with UGENE Workflow Designer building
up a corresponding scheme (Fig. 2).

It is worth to say that as a markup for ExpertDiscovery
any file with annotations in the GenBank format can be
loaded. For instance, a markup can be generated with a
scheme that uses SITECON method instead of weight
matrix method or launching elements search with
UGENE Query Designer or any other UGENE tools.

Logically, ExpertDiscovery consists of two parts: the
part that extracts CS (ED Signal Extractor) and the part

Table 1

The elementray signals of ExpertDiscovery. UGENE extends ExpertDiscovery CS library. In the integrated system the elementary signals can be

any signals from the table

Elementary signals

Description

Nucleotides, context signals, any words in
the extended IUPAC code [33]

Potential TFBS recognized by traditional
methods (weight matrix, statistical
methods).

Potential TFBS recognized by SITECON
method which is based on the analysis of
conservative conformational or physical
and chemical features of DNA [18]

Markups generated by UGENE Workflow
Designer.

Patterns found by UGENE Query Designer

Any sequence annotations loaded in the
GenBank format [22].
CS found by ExpertDiscovery system

As an addition to the markups, user can load any context signals extracted by specific
programs, for instance, “mask” searching programs [34].

UGENE has weight matrix from JASPAR (511 matrix) and UniPROBE (275 matrix)
databases. Besides, it is possible to recognize TFBS with other matrix built from user’s
set of sequences or provided by user.

It is possible to recognize 44 eukaryote binding sites for which UGENE has SITECON
models of conservative conformational or physical and chemical features. Besides, if user
has a training set of other TFBS he can build his own SITECON model for this type of
TFBS in UGENE environment.

The tool for simple creation of computational workflows allows generating markups using
different methods.

UGENE Query Designer allows extracting signals with different functional significance:
open reading frames, repeats, restriction sites, potential TFBSs (found by Weight Matrix
or SITECON methods) and patterns.

Open databases contain annotations, including experimentaly verified data about location of
TFBSs, in the widespread format for writing sequences and its annotations.

Any CS can be added to the markup and can be used as the elementary signal for extracting
more complex CS.
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Fig. 2. UGENE Workflow Designer scheme for creating markups with weight matrix method. To create the markup the scheme contains the
“Read sequence” element, the “Read weight matrix” element, the element for recognition and the “Write sequence”(and its annotation) element
which writes the result into a file in genbank format. The resulting file is the file with annotations of the sequences of IRF binding site. Then the
file can be loaded to ExpertDiscovery system as a markup with IRF site as the elementary signal.

Positive Parameters
Data
Negative — ED Signal Parameters
Data Extractor Complex
- —>  Signals =%
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Recognition Data
Control  se——

Fig. 3. The main iteration of work of ExpertDiscovery user. First, sequence sets and its markups are loaded into the system. Then the system

builds CSs that can be recognized on a control set after.

that recognizes CS on sequences (ED Recognition)
(Fig. 3).

Expert loads a positive set of sequences (Positive)
containing a regulatory object of user’s interest, and a
negative set (Negative) which doesn’t contain the
object. Learning of the system will be based on these
two sets. Also it is necessary to set the parameters
(Parameters) and load markups of the sequences with
elementary signals which will be used to extract com-
plex signals. The output data of the algorithm are CSs
(Complex Signals). Then, user can recognize any CS
on sequences of the control set (Control). User sets
the recognition bound and, as the result, obtains recog-
nition data (Recognition Data) as an HTML report or a
recognition profile.

ExpertDiscovery is integrated into UGENE as a plu-
gin and launching from the Tools menu in the main
UGENE window (Fig. 4).

4.1. Loading data

To build a model of a regulatory region the system
requires the training set: positive and negative set of
nucleotide sequences. Sequences of the positive set
contain a region of expert’s interest. It can be a set of
sequences which contains binding sites of a specific
type or set of a specific group of genes.

Usually, sequences which don’t contain the investi-
gated signal (or a set of signals) are used as a negative
set. However, sometimes it is difficult to provide such
a set before the stage of computer analysis. That’s
why the negative set can include so-called “random
sequences” generated automatically saving the fre-
quency of occurrence of symbols relatively to the posi-
tive set.

Loading of a set of nucleotide sequences dialog is
launched by the ‘“New ExpertDiscovery Document”



104 Y.Y. Vaskin et al. / ExpertDiscovery and UGENE integrated system
File Actions Settings Tools Window Help Hlillil
FoHd mnbm =nm & + ¢
Ttems (5 AD0445_PO0S31_KD2243_promote [dr "ot L) Cm T Tp b & = &  » ¥/
4 Sequences 1.20_40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 400@
[ e Positive a
I = Negative 1 20 40 60 80 100 120 140 160 130 200 220 240 250 EF,U 300 320 340 380 400
/A Control 271 @278 [ bpl
a 4 Markup 1 s
4 (3 LETTERS. GAGAGAGAGTT—_'—GGAGACCGTGGAGAGCTCGATAGCGG -
@ A 280 285 270 278 280 285 290 295 300 304
@ C L] |t 3
@ G (9 A00431_P00754_%01452_promote[dr 2 [} CR TR Tp MW ® = @ s @
< Il
® , 1.20 40 60 80 100 120 140 160 180 200 220 240 280 300 320 340 350 _ 400/%
2 |- Complexsignals =
4 B TATA-BOX Manual .
= 1 20 40 &0 280 100 120 140 160 180 200 220 240 230 PE0 300 320 340 380 400
4 & TATA-BOX Signal 273 4¥280 [8 bp)
4 (oo Interval from 250 £0 290 | | | =
@ TAWAARNN GATGTCARAGCCT CAACATCTGGGGAAGAGAARGCCA
4 © TATA-BOX Recognition 260 265 270 278 280 285 290 205 300 308
r B NewSignal i T r
B NewSignall : o p— i ™S I cmTS T = @ w5
b ® Newsignall @ A00430_PO0ST9_KD1877_promote [dr 2 [0 CR = =, ) »
b & NewSignal2 1.20 40 60 80 100 120 140 160 180 200 220 240 280 300320 340 360__ 400/ %)
r B NewSignal =
r & MNewSignald 1 20 40 &0 80 100 120 140 160 180 200 220 240 2\50@0 300 320 340 380 400
b & NewsSignals b LT el
o [
Editor CCCTGCAG GCAGAGAAGAGTGACAGGGACCRARARACG
260 265 270 275 280 285 290 295 300 304
Mame TATA-BOX Signal ] [t b
= 7 ADD429_PO0S35_M36911_promote [ % [ CRTE T Bm d = & » @
Description -
1.20 40 60 80 100 120 140 160 180 200 220 240 280 300,320 340 360 400/ %)
General information T
Probability 336634% (34 /101) ||1 20 40 60 80 100 120 140 160 180 200 220 24022§ ggaeig-:; I;::{21:1 340 360 400
Pos. coverage 58.6057% (27 /46) ||| e
CCTAGGEC T CAARCTGCCTAGCTEGCTGACCTCCAGECA
Meg. coverage 9.2B571%(65/700) || 260 265 270 275 280 285 290 295 300 304
4 |l (4| =
Fisher 1.49789e-19
MName Value =
4 () Autc-annotations [Positive | AD0430_P00S79_... [
[ ﬁ ExpertDiscover Signals (0, 1) =
< - T | 3

Fig. 4. The main ExpertDiscovery window. Functional of document management, loading markups, extracting signals, etc., can be found as
buttons on the toolbar. The window is divided into three areas. The upper left area contains the hierarchical list of the system elements:
sequences (positive, negative and control), markups, signals. The lower left area shows properties of a chosen element. On the right — the
area of sequence view, a chosen signal is shown as an annotation of sequences.

button on the toolbar. Any sequence files in a format
supported by UGENE may be chosen. Then it is needed
to load a markup of the sequences with elementary sig-
nals which will be the basis for CS. User can chose
nucleotides markup or load any markups file generated
before. Usually, markups are characterized by locations

on a sequence which have the signal and names of a
family they are included in.

By the “Load Markup” button on the toolbar the load-
ing of markups of sequences dialog is launched. If the
“Append to Current Markup” flag is not checked then
the old markup will be deleted.
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4.2. CS editing

To manually create CS one can use the popup menu
of the “Complex signals” item in the “Items” project
window. Also, grouping folders are provided for
convenience.

Under definition of CS, it is represented as a hier-
archical tree in which the operations are nodes and
markups items or words are leafs.

When CS is created and selected, its structure can
be changed and parameters can be viewed in the para-
meters area. The available types of nodes are the “dis-
tance” operation (binary), the “repetition” operation,
the “interval” operation, the markup items and words.
CS is full determined when all its leafs have terminal
symbols — words or markup items.

4.3. Creating of CS automatically

Using the training set (positive and negative set,
markups) the system can construct a structure of a reg-
ulatory region as CS. The extracting wizard is launched
by the “Extract signals” button on the toolbar.

In the first dialog window extraction parameters (see
below) are set. Next windows are for setting operations
which will be nodes of CS and choosing a folder for
CS storing.

To see CS location in a sequence it is needed to pick
sequences for representation with the popup menu of the
sequence. Then, one can choose any CS and it will be
shown as annotations on each displayed sequence.
Moreover, it is possible to observe a few signals at once
on the sequence; for that, a user checks signals for group
representation with the popup menu. The same opera-
tion is used to choose signals for recognition.

4.4. CS recognition on a sequence

After the CSs are automatically extracted they can be
recognized on any sequence. Such a set of sequences
can be loaded as the control set.

For recognition some set of CSs is chosen, each of the
signals is applied to a sequence. Then, to a symbol of the
sequence, where CS is occurred, —log(1-P) score is
added, where P is a value of conditional probability of
the signal. Score of the sequence is a total score of all
its symbols. The sequence is considered to be recog-
nized when it has the selected CS, and its total score is
higher than the recognition bound. Expert can choose
the recognition bound using the training set. Choosing

of the recognition bound is performed in the correspond-
ing dialog by clicking the button “Set recognition
bound” on the toolbar. In the dialog errors of the first
and the second type are shown for choosing the value.
Also, for convenience, an HTML recognition report
can be generated. The report includes statistical para-
meters and a recognition result for each sequence.

5. Application

The comparison of accuracies of the ExpertDiscovey
system and the PWM method was performed using
DNA sequences of binding sites of different transcrip-
tion factors. Three training data sets (DNA sequences
of SF1, SREBP, HNF4 vertebrate binding sites with
flanks) were extracted from the TRRD database [28].
To reach the highest PWM recognition accuracy the
optimal sequence length for PWM was clarified [11].
Then the positive training sets containing DNA sequ-
ences of SF1, SREBP, HNF4 binding sites of the same
length were prepared. Negative training set consisted of
20 000 randomly generated DNA sequences with the
same nucleotide frequencies as in the positive set. The
false positive (FP) and the false negative (FN) rates were
computed according to bootstrap procedure by jackknife
resampling tests [29] relying on the negative and control
sequence samples, correspondingly. A comparison of the
two methods performance at identifying HNF4 binding
sites (Fig. 5) demonstrates that in this case the accuracy
of the ExpertDiscovery system is greater than the PWM
method: at any given false negative rate ExpertDiscovery
system has a lower false positive value. The similar
results were obtained for SF1 and SREBP binding sites
(not shown). The Table 2 confirms the better perfor-
mance of the ExpertDiscovery versus PWM model for
all three models (HNF4, SREBP, SF1), presenting lower
false positive values for ExpertDiscovery provided the
same FN rates (50%).

To investigate the complex structure of gene regu-
latory regions, a set of 303 human promoter regions
responsible for liver specific transcription was ana-
lyzed. The set of liver specific genes was formed
using data about tissue-specific transcription from
TiGER [27] and the DNA sequences correspond-
ing to promoters, -500 /-1 (relatively to TSS) were
extracted from the UCSC Genome Browser Data-
base [31]. We used SITECON algorithm that is
implemented UGENE Workflow Designer and to get
the markup for building more complex rules (finding
composite elements). Built-in SITECON models of
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Fig. 5. False positives (FP) versus false negatives (FN) for ExpertDiscovery and PWM model of HNF-4 binding site. At any given false negative
rate, better performance is indicated by a lower false positive value.

Table 2
False positive rates for PWM and ExpertDiscovery provided the same FN rates (50%)

Transcription factor The number of DNA The optimal sequence FP rate
binding site sequences in the control length for PWM ;
sequence sample ExpertDiscovery PWM
SF1 (steroidogenic factor-1) 53 13 5.01E-05 6.87E-05
SREBP (sterol regulatory element 38 18 1.97E-04 8.32E-04
binding protein)
HNF4 (Hepatocyte nuclear factor 4) 30 13 7.00E-05 2.14E-04

liver-specific sites were used in the workflow scheme:
CEBP, GATAl, GATA2, GATA3, TATA-Box,
HNF1, HNF3, HNF4, COUP. As a result 80 complex
signals were revealed. A number of biologically signi-
ficant CSs were found among them. For example,
two pairs of CSs (GATA-HNF and GATA-GATA)
correspond to well known composite elements (Fig. 6),
described in the literature [23] and in TRANSCompel
database [32].

6. Conclusion

UGENE with ExpertDiscovery plugin is a conveni-
ent and effective tool for expert work automation.
The integrated system allows combining recognition
results obtained by different tools. The combination
gives possibilities to extract complex patterns. Analysis

is carried out within the environment of one suite
which speeds up productivity due to effective and fast
interaction between the modules and lack of data
conversions.

An original approach to data integration of different
methods and knowledge of experts was developed and
it showed itself in practice. The results were published
in a row of articles [7-12].
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