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INTRODUCTION

Modern post�genome biology is characterized by a
rapid development of high�performance experimental
techniques, which allow us to determine parameters
within the whole genome, transcriptome, or proteome
in a single experiment. Microchip technologies, devel�
oped for DNA and transcriptome analysis, allow us to
examine the expression patterns of tens of thousands
of genes simultaneously. The new generation high�res�
olution mass spectrometry methods enable us to fol�
low the dynamic changes in the cellular levels of RNA
and proteins, and to test the continuous pipeline of
small molecules being developed for various biomedi�
cal applications and medical treatments. The new
genome�wide sequencing technology on the level of
the whole organism (the new generation sequencing
(NGS) technology) provides an inexpensive and effec�
tive way for sequencing individual human genomic
DNA, whose cost is constantly decreasing, and could
drop to less than $1000 in the near future. These bio�
medical advances enable a novel approach to medical
treatments with a personalized medicine paradigm.
Personalized medicine is the modern concept of indi�
vidual health in the postgenomic era. It postulates that
medical treatments must take into account the indi�
vidual genetic characteristics, such as genetic predis�
position to particular diseases and the individual
response to various drugs. The foundation of personal�
ized medicine is composed of the individual genetic

information and the modern information technolo�
gies, designed to assess the individual risk for specific
diseases, for instance, by considering the effect of
individual gene polymorphisms.

Elucidation of the molecular mechanisms of
genetic predisposition to various diseases, such as car�
diovascular, cancerous, and neuropsychiatric condi�
tions, are the major goals of modern medical genetics,
molecular physiology, and pathology. To address these
problems, a number of wide�scale studies have been
undertaken around the world aimed at examining the
relations between the variations in the genomic DNA
sequences and pathologic conditions.

At the present time, a number of bioinformatics
methods are being rapidly developed, which are
designed to examine the impact of gene polymor�
phisms at the various levels of molecular genetic sys�
tems: the genome, transcriptome, proteome and gene
networks.

Mutations of a single nucleotide (single�nucleotide
polymorphisms (SNPs)) are the most common and
most intensively studied types of DNA sequence poly�
morphisms. Today, the data on human SNPs is being
mined in large quantities, in particular, in the projects
aimed at full genome�scale association studies
(Genome�Wide Association Studies (GWAS))
(Torkamani et al., 2008). In this context, it becomes
possible to conduct an in depth examination of the
roles of the gene polymorphisms in the occurrence of
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socially significant diseases. These studies are based
primarily on two methodologies: the analysis of gene
polymorphism association with human diseases, and
systems biology.

The first approach is based on statistical identifica�
tion of relationships between genomic variations and
the incidence of the disease (Psychiatric GWAS Con�
sortium…, 2009). For example, genetic association
studies have established a link between the number of
polymorphic alleles and the risk of skin cancer (Ger�
stenblith et al., 2010). Results from a large number of
genetic studies are freely available from public
research databases (Johnson and O’Donnell, 2009).
However, these studies require painstaking work on
data collection and verification using methodologies
of experimental medicine. This approach also has a
number of drawbacks. First, statistical analysis of the
SNP cannot distinguish between functionally impor�
tant polymorphisms and those linked with a trait.
Therefore, these studies require additional analyses on
the same population before the results can be consid�
ered clinically significant. Second, it is hard to assess
the roles of rare polymorphisms due to the difficulties
in recruiting groups large enough to obtain statistically
significant data.

An alternative approach is to employ a methodol�
ogy for predicting the effects of single nucleotide sub�
stitutions in silico, based on the information included
in the structural and functional annotations of the
human genome and its functional features within the
gene and metabolic networks (Weston, 2004). This
approach is based on the fact that SNPs may affect
human phenotypic traits at different levels of gene reg�
ulation: for instance, polymorphisms in the noncod�
ing sequences may damage transcription factor bind�
ing sites, affect mRNA splicing, or disrupt other pro�
cesses important for gene transcription or translation.
In turn, polymorphisms in the coding regions can
result in amino acid substitutions and lead to changes
in the functional or structural properties of the
encoded protein. Collectively, such damage on the
level of individual genes can affect the functioning of
the whole gene network (Computer System Biology…,
2008) and lead to phenotypic defects at the organism
level. Contemporary bioinformatics methods enable
identification of the damaging mutations both in the
noncoding regulatory regions (Savinkova et al., 2009)
and at the protein level (Ivanishenko et al., 2011).

Naturally, in silico methodologies cannot provide
the same degree of reliability as wide�scale genetic
association studies. However, bioinformatics in silico
approaches are being intensely developed and used
together with GWAS to evaluate the effects of muta�
tions on the occurrence of various pathologies, based
on the contemporary knowledge of the affected
molecular mechanisms (Na et al., 2013).

To date, a great number of information resources
have been developed, such as public databases and
computer software, aimed at resolving specific prob�

lems on the effects of SNP on particular genomic
functions (Mooney et al., 2010). However, the hetero�
geneity of these resources and the enormous amount
and complexity of the information needed to fully
assess the risk of pathologies make it difficult for med�
ical and bioinformatics experts to process this infor�
mation in a manual analysis. An effective solution to
this problem requires the development of computer
software which can function in an automatic mode to
assess the primary risks for socially significant diseases
based on individual genetic data. The operation of
such a system should be based on the integration of a
stream of heterogeneous data produced by several
software modules, processing information in a large
number of databases. The results of such systemic
analysis, obtained based on the known associations
between gene polymorphisms and human diseases and
bioinformatics predictions, can be used by medical
experts for evaluation of an individual patient’s char�
acteristics.

In this manuscript, we describe our newly devel�
oped modular computer–based information system
(MCIS), designed to evaluate the effects of polymor�
phisms on the incidence of socially significant dis�
eases. The MCIS is structured to link information
databases, software algorithms, and mathematical
models describing polymorphism effects on the func�
tion of numerous genes and networks associated with
socially significant diseases, such as neoplasias of var�
ious organs and metabolic disorders.

MATHEMATICAL MODELS FOR ANALYSIS 
OF SNP EFFECTS ON THE INCIDENCE 
OF SOCIALLY SIGNIFICANT DISEASES

Polymorphisms in the gene coding regions. Models
describing SNP effects on the structure and function
of proteins, the principal components of the gene net�
works, are fairly well developed. Amino acid substitu�
tions in proteins can have a significant effect on the
function of a particular gene network and can even
lead to qualitative changes in network operation. For
example, mutations in transcription factors can alter
the spectrum of their transcriptional targets (Farnebo
et al., 2010).

In general, mutations in the gene coding regions
can be subdivided into two major classes based on their
effect on the protein product: (1) mutations that dis�
rupt the function of the protein, but maintain its spa�
tial folding; and (2) mutations that disrupt the protein
structure (Sanchez�Ruiz et al., 2010).

Impairment in protein activity can be caused by
mutations in the sites required for the protein func�
tion, such as the catalytically site of an enzyme, a
cofactor binding site, or a residue, important for post�
translational modifications. Protein activity can be
also altered by mutations far from the functional sites
if they lead to changes in the spatial structure of the
protein active site.
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Disruptions in the protein structure can be mani�
fested at the level of protein folding; for instance, they
may lead to the formation of proteins fundamentally
different in their tertiary structure or entirely lacking a
compact structure, or be characterized by reduced
thermal stability. In the latter case, mutant proteins
may be properly folded, but the lifespan of the protein
in this unstable conformation may be shorter then for
the native form; such proteins are susceptible to pro�
teolytic degradation at a higher rate.

Large�scale studies of polymorphisms using com�
puter models showed that 90% of single mutations
associated with diseases in one way or another reduce
the stability of the protein globule. At the same time,
based on computer simulations, about 70% of poly�
morphisms are considered neutral. About 30% of dis�
ease�causing mutations are polygenic. Development
of novel bioinformatics approaches and data analysis
allows us to create information resources for the anal�
ysis of the SNP effects on protein activity, and to link
the information obtained for the SNPs with annota�
tions of the protein structure and function (Ramensky
et al., 2002; Cavallo et al. 2005; Karchin et al., 2005).
These bioinformatics technologies empower us to pre�
dict the roles of the SNPs in the incidence of human
diseases and plan further associated studies for muta�
tions in the human genome (Yue et al., 2006).

Polymorphisms in the noncoding regions of genes.
There is considerably less information on the roles of
the regulatory SNPs (rSNPs), which can affect the
levels of gene expression. The published reports indi�
cate that single nucleotide substitutions in the regula�
tory regions can disrupt the binding sites of various
transcription factors, enable the formation of new
sites, or change the transcription factor’s affinity to the
mutated DNA�binding region. These effects can alter
not only the levels of gene expression but can also rad�
ically change the gene regulation patterns, including
tissue specificity and the response to external signals.
With the development of the high performance exper�
imental approaches for identification of the transcrip�
tion factor binding sites within the whole genome
(ChiP�seq). A large volume of data has been accumu�
lated as the result of the works within the international
postgenomic project ENCODE (http://genome.
ucsc.edu/). These results provide an opportunity to
undertake a large scale study to identify regulatory
regions in the genomic sequences based on the data on
the clustering of the various transcription factors bind�
ing sites within particular genomic loci. This opens up
the possibility to select SNPs, which localize to these
loci, and could, potentially, influence the binding of
transcription factors to this region of the DNA. Sev�
eral studies confirmed the high predictive value of this
approach to identify rSNPs. More than 70% of the
rSNPs located in these regions are reported to affect
DNA–protein binding. Thus, it becomes possible to
predict the participation of the regulatory SNPs in the
development of various pathologies.

Effect of polymorphisms on the function gene net�
works. Development of systematic and effective
approaches to reconstruct the mechanisms responsi�
ble for polymorphism effects on the operation of gene
networks is becoming increasingly important. For
example, Torkamani and coauthors (2008) investi�
gated deviations in the molecular mechanisms in the
gene networks associated with a set of diseases: bipolar
disorder, coronary artery disease, Crohn’s disease,
hypertension, rheumatoid arthritis, and diabetes types 1
and 2. The authors analyzed gene functions within the
networks and evaluated the impacts of gene polymor�
phisms based on the data obtained from genome�wide
association studies. The results of this analysis revealed
that molecular mechanisms leading to pathogenetic
changes are similar in many diseases, and are affected
by a variety of general and disease�specific risk factors.
Namely, the same signaling pathways in the genetic
networks may be responsible for the occurrence of var�
ious diseases. These important pathways include sig�
naling by various receptors, and activities of adenylate
cyclases, protein kinases, and calcium�dependent sig�
naling.

As another example, there are dozens of known
mutations in gene networks which control feeding
behavior and are linked to the same physiological
effect, an abnormal increase in a person’s weight.
Remarkably, the action mechanisms of these muta�
tions are based on breaches in the regulatory processes
in the functions of the gene networks mentioned
above.

To date, the emerging bioinformatics approach,
aimed at identifying the molecular and genetic mech�
anisms responsible for multifactorial diseases contains
the following steps (Moore et al., 2010): reconstruc�
tion of the gene networks whose defects are linked with
particular diseases; identification of the genes and
proteins involved in these gene networks; functional
assessment of the effects of mutations (polymor�
phisms) at the level of gene expression, and the struc�
ture and function of the respective protein products;
and evaluation of the character of the functional dis�
ruptions at the level of the local and integral gene net�
works of an organism.

IMPLEMENTATION OF THE SNP–MED 
SOFTWARE

The software architecture of the MCIS SNP–
MED complex includes three functional modules,
structured as software components (Fig. 1) and the
Informational Resource Database (IRDB), which
contains all the necessary information for the execu�
tion of these components.

1. The Genomics program component is designed
to assess the effects of the SNPs on the functions of the
regulatory regions of the genes. At the heart of this
module is a wide�scale search for matches between a
patient’s polymorphisms, with the known data on
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polymorphisms and their associations with socially
significant diseases, available from public databases;
and predictions of the SNP effects in the regulatory
regions on gene functions.

2. The Proteomics component is designed to assess
the effects of the SNPs in the coding regions of the
genes. The basis of this module is a wide�scale analysis
of the effects of a patient’s polymorphisms on disrup�
tions in the structure and function of proteins encoded
by human genes.

3. The Gene Networks’ program component will
be used to assess the impact of the integral effect of the
SNPs on various gene networks. This module will
examine the impact of genetic risks factors identified
by the Genomics and Proteomics modules at the levels
of genes and regulatory interactions, and on the struc�
ture and function of gene networks.

The input data, in the form of an individual
genome sequence or a list of SNPs, is entered into the
system by the end user. These data are first directed for
processing by the Genomics module. The module first
selects the SNPs for which annotations are already
available in the databases and identifies SNPs in the
regulatory regions.

Next, the processing of the SNPs follows, localized
in the coding regions. Their influence on the protein’s
thermal stability and integrity of the active centers is
determined. At the last step, the identified damaging
mutations are projected on the structure of the gene

networks, which are uploaded to the system by the end
user in one of the standard formats. As result, the
Genomics module provides the end user with annota�
tions for the input SNPs; their rating, based on the
damage effect; and an assessment of their impact on
the function of genes, proteins, and the structure of
gene networks.

We constructed the MCIS SNP–MED using the
bioinformatics platform UGENE, which is one of the
widely used software packages for analysis of various bio�
logical data (Okonechnikov, 2012). UGENE is popular
due to its wide range of applications, cross�platform
properties, and open�source use, as UGENE is distrib�
uted under the GNU General Public License, v. 2.0.

Annotations of the single�nucleotide polymor�
phisms within UGENE are carried out by a digital
scheme designer, the Workflow Designer (WD). This
module creates multistep conveyors of computational
schemes for processing biological information. Each
stage in the pipeline represents a separate algorithm.
During the operation, these algorithms exchange mes�
sages which contain the input and output data for the
subsequent circuits.

The WD internal architecture allows us to combine
various components of the MCIS within the general
interface environment by adding processing elements
corresponding to the individual algorithms. This
approach will enable the use of these components in
any future WD applications.

 INFORMATIONAL

Individual genome, list of SNPs

Analysis of the known regulatory SNPs

Module GENOMICS
 Identification of annotated SNPs
Identification of regulatory SNPs

Determination of the effects 
on the TATA box using rSNP_guide

Analysis of SNPs in the coding regions

Module PROTEOMICS
SNP effects on thermostability
SNP effects on the active sites

 Module GENETIC NETWORKS

SNP effects on the structure of gene

Structure of gene networks

SNP ANNOTATION

RESOURCE
DATABASE

in SMBL format

networks

Fig. 1. Basic MCIS SNP–MED modules and their relationship.
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We will further describe the operations of the indi�
vidual MICIS SNP–MED modules. The Genomics
program component comprises the following modules.

1. Software module for finding SNPs associated
with socially significant diseases represented in public
databases. These databases include Diseases, dbSNP
(Sherry et al., 2001), Exome variant server, 1000
Genomes, and HapMap. This module also uses the
DNA sequence of the human genome and its func�
tional annotations, including the information for
localization of genes and regulatory regions, sequence
duplications, and evolutionary conserved regions
(http://genome.ucsc.Edu/). This module uses the
data on the SNP locations to retrieve the available
annotations from the databases described above and
directs them to the module’s output.

2. The software module for estimating the proba�
bility of finding the SNPs in the regulatory regions of
the genes. This module retrieves the information from
the annotations of the genomic binding sites for doz�
ens of transcription factors obtained in the course of
the ENCODE project (Rosenbloom et al., 2013).
Polymorphisms in these regions can potentially affect
the binding of transcription factors to these DNA sites.
Based on experimental studies, more than 70% of
nucleotide substitutions in the regulatory regions can
affect the DNA–protein binding.

3. Software module for assessment of the SNP
impact on the function of the TATA�box sites. This

analysis is based on the model for the TBP protein
(TATA box Binding Protein) binding to a DNA frag�
ment containing the TATA box. The model is
described in four successive steps reflecting the criti�
cally important stages in the TATA box function
(Ponomarenko et al., 2008). This model allows us to
accurately estimate the protein binding’s affinity to
the target sequence, which was confirmed experimen�
tally.

4. Software module for evaluation of the SNPs’
influence on the function of the regulatory regions
based on the rSNP_Guide methodology. This
approach allows us to identify the type of transcription
factors, whose binding is impaired most severely by the
mutations in the DNA regulatory region.

Software component Proteomics comprises the fol�
lowing modules:

1. Program module for predicting the impact of
SNPs on protein thermodynamic stability.

2. Program module to identify SNPs at protein
functional sites.

Informational Resource Database (IRDB) includes
the information required for all MCIS processes for
the analysis of SNP effects on the function of genes
associated with the incidence of socially significant
diseases. IRDB contains the complete annotation of
the human genome and the known SNP annotations
which are used by the Genomics module. IRDB con�
tinuously accumulates new SNP annotations,

Computational
element UGENE

 Human
Python scenario Web service

genome database

Input variables
Inquiry to the servers,

processing the variables
Answer with attributesPreparation of

model

Recall of the scenario
Inquiry with

required parameters Algorithm
execution

Web�page answers
Analysis of

algorithm results

Printing results in standard outputStorage of
annotations in

the database

parameters

Fig. 2. Algorithm of interactions between the computational elements MCIS SNP_MED and IRBD during the process of data�
mining to obtain SNP annotations using the Workflow Designer UNIPRO.

WD
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obtained through several freely accessible programs
listed below. (1) Results of the analysis of the protein�
coding sequences using the algorithm SIFT (Ng and
Henikoff, 2003), which evaluates the effects of muta�
tions on protein function. (2) Results of analysis of the
protein�coding sequences using the algorithm
PolyPen (Adzhubei et al., 2010), which allows us to
identify damaging mutations in amino acid sequences.
(3) Results of the analysis of the protein�coding
sequences using algorithms PhyloP, LRT, and GERP
(Pollard et al., 2010), which evaluate the extent of the
harmful SNP effects based on the analysis of the evo�
lutionary conserved genomic sequences.

IRDB does not require a separate calculation for
each SNP, requested by the end user. The program
automatically searches for the available information,
which assures fast data processing.

During our design of the software for the comput�
ing modules, the majority of the algorithms required
for SNP annotations were developed in a form of sepa�
rate web�based applications. Only the analysis of the
polymorphism effects on the TATA box function is per�
formed on the local server. Therefore, the assembly of
additional computational algorithms in the WD was car�
ried out by incorporating requests for the remote services
and direct links to the local processing modules.

From the perspective of the software environment,
all algorithms within the system share a common
interface: transmission of the attributes of genomic
sequences containing nucleotide substitutions and
SNP annotations. Figure 2 shows the general scheme
of interactions between the system modules and com�
putational elements, assembled in this software pack�
age. The query and response steps are not indicated in
the diagram. Activation of the appropriate algorithms
is performed by the computational elements.

One of the important attributes in each of the com�
puting elements (except the SNP ChIP algorithm) is
the local link to IRDB containing the annotations of
the human genome. Appeals to IRDB allow us to
obtain the parameters for genomic sequences contain�
ing the polymorphism required to recall any of the
computing algorithms. Using this information, the
computing elements execute the appropriate scenario
within the Phyton software environment. The Phyton
module, in turn, produces an inquiry to a remote
server, which implements the requested algorithm.
After completion of the remote computing, the sce�
nario receives the processing results scripted as SNP
annotations in HTML format, which are used for fur�
ther analysis. Subsequently, polymorphism annota�
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Output
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variations
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Output
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Output
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Output
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Uses variations from Read
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sequences from
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database.
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Uses variations from Read
Variation as input. Takes
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database.

Uses SNPs from Read
Variation as input. Writes

in�gene SNP report to 
gene report. Writes

regulatory SNP report to
regulatory report.

Fig. 3. Detailed algorithm sequence during the operation of the conveyor MCIS SNP_MED, composed within for the UGENE
Worflow Designer software environment.
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tions are directed towards the standard scenario out�
put, read by a computing element.

At the last stage of the algorithm, the newly
obtained information is submitted to the shared com�
putational database. Thus, during the sequential
movement through the various stages of the conveyor,
each SNP annotation is gradually complemented with
new database attributes. At the end, the content of the
SNP annotation is processed by the final element of
the computation scheme Write_SNP_Report (Fig. 3),
which creates a two part report on the impact of the
gene polymorphism and the regulatory region, respec�
tively (Figs. 4, 5).

These final data are issued in the form of an
SNP_report. This is a text file containing polymor�
phism annotation in one or two rows. The data are
arranged in columns separated by tab characters. The
number of columns in each report reflects the number
of algorithms that contributed to the pipeline process.
A full version of the report for each nucleotide substi�
tution (Fig. 3) will contain identifiers for the respective
genomic sequence and the following parameters:
identity and location of the damaged gene; identity
and mutated codon of the damaged protein; list of
socially significant diseases linked to the damaged

genomic location; assessment of the extent of damage
using the SIFT algorithm; evaluation of the polymor�
phism impact on the protein thermodynamic stability
and lifespan; and identification of protein conformers,
with variations on the active site. A sample report is
shown in Fig. 4.

The final report describing SNP effects in the reg�
ulatory region will include the following information:
identifier for the affected gene and promoter
sequence; assessment of the damage to the regulatory
region; list of socially significant diseases associated
with the damaged genomic area; list of damaged tran�
scription factor binding sites; and an assessment of the
impact of the mutation on the functional activity of
the TATA boxes. An example of the annotation report
for a regulatory SNP is shown in Fig. 5.

We developed the following bioinformatics scenar�
ios within the MCIS SNP–MED for analysis of the
SNP impact on the function of genes associated with
the incidence of socially significant diseases.

1. Bioinformatics scenario for data analysis at the
genomic level to identify SNPs associated with socially
significant diseases.

2. Scenario for assessment of the SNP impact in
the regulatory regions of the genes. The end user is

Fig. 4. Sample output report for known SNPs associated with diseases in SNP�report format.
Top row contains the column names of the report. Below, the annotations for polymorphisms obtained during the work MCIS
SNP–MED project are given.
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provided with a list of SNPs located in the regulatory
regions and associated with socially significant dis�
eases, and an assessment of their functional signifi�
cance.

3. Scenario for determination of SNP effects on the
functional activity of the TATA boxes in the regulatory
gene regions. The client is provided with a list of genes
in which the activity of the TATA boxes is found to be
particularly vulnerable to the specific SNPs and the
description of the SNP effects.

4. Scenario for assessment of the SNP impact on
the functional activity of the transcription factor bind�
ing the sites in the regulatory regions of the genes. The
client is provided with a list of genes which poses bind�
ing sites for the particular transcription factors whose
functional activity is affected by the specific SNPs,
and a description of SNP’s effects.

5. Typical scenario for bioinformatics analysis at
the proteomic level, including prediction of SNP’s
effects on protein thermodynamic stability and identi�
fication of SNPs at the functionally important protein
sites.

6. Typical scenario for bioinformatics analysis of
SNP effects on gene networks.

CONCLUSIONS

We developed a modular computer information
system, SNP–MED, to analyze the impact of SNPs
on the function of genes associated with the incidence
of socially significant diseases. This information sys�
tem comprises the following components:

1. Program component Genomics, which?includes
software modules and service interfaces for searches
for SNPs associated with socially significant diseases;
assessment of the probability of finding SNPs in the
regulatory gene regions; and evaluation of SNP’s
effect on the function of the TATA boxes and regula�
tory regions.

2. Program component Proteomics, which
includes software modules and service interfaces for
identification of SNPs in the coding regions of the
genes associated with socially significant diseases; pre�
diction of SNP’s impact on protein thermodynamic
stability; and identification of SNPs at the functional
sites of proteins.

3. Program component Gene Network, which
enables evaluation of SNP’s effects on the function of
gene networks.

Fig. 5. Sample output report on the influence of polymorphisms on the gene regulatory regions in the SNP�report format.
The top row contains the column names of the report. Below, the annotations for polymorphisms obtained during the MCIS
SNP–MED project are given.
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4. The Information Resource Database, which
accumulates data required for the MCIS SNP–MED
function for analysis of SNPs’ impact on the function
of genes associated with the incidence of socially sig�
nificant diseases.
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