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Abstract
The development of neurodegenerative diseases is associated with proper neuronal circuit formation, axonal 
guidance. The DCC receptor (deleted in colorectal cancer / colorectal cancer suppressor) and SHH (sonic hedgehog 
protein) are among the key regulators of axonal guidance.
Aim. Interaction prediction of specific enhancer regions of DCC and SHH genes with respectively annotated 
transcription factors.
Materials and methods. An in silico study was performed. The iEnhancer-2L and ES-ARCNN algorithms were selected 
to estimate enhancer sequence strength. The interaction between transcription factor and enhancer sequence was 
assessed using the molecular docking method. The enhancer sequence of DCC and SHH protein genes were taken 
from the NCBI open-source database in FASTA format. Ensembl database was used for enhancer mapping, GeneCards 
was used for screening and selection of potentially appropriate enhancers and transcription factors associated with 
these enhancers. The structures of transcription factors as well as their DNA-binding domains were taken from the 
UniProtKB/Swiss-prot database. An HDOCK scoring function was used as a metric for assessing the possibility of 
interaction of the target gene transcription factor with associated enhancer sequence.
Results. The results showed that the interactions of transcription factor NANOG with the DCC gene enhancer 
sequence and the interaction of transcription factor CEBPA with the SHH gene enhancer sequence predicted by 
molecular docking method are potentially possible. The iEnhancer-2L and ES-ARCNN algorithms predicted the 
enhancer sequence of the SHH gene as strong one. The enhancer sequence of the DCC gene was estimated as 
strong in the iEnhancer-2L algorithm and as weak in ES-ARCNN. Binding of the DCC gene enhancer sequence to 
the transcription factor NANOG at 1–206 bp and 686–885 bp sites is the most probable, binding of the SHH gene 
enhancer sequence to the transcription factor CEBPA at 1–500 bp (HDOCK limitation of 500 bp) is possible.
Conclusion. In silico techniques applied in this study demonstrated satisfactory results of predicting the interaction of 
the transcription factor with the enhancer sequence. Limitations of the current techniques is the lack of consideration 
of specific transcription factor binding sites. This drawback can be eliminated by implementing an ab initio molecular 
dynamics simulations into the present pipeline.
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In silico предсказание взаимодействия транскрипционного 
фактора и энхансера как первого этапа регуляции 

аксонального роста

Д.Д. Котельников, И.А. Синякин, Е.А. Бородин, Т.А. Баталова
ФГБОУ ВО «Амурская государственная медицинская академия» Минздрава России

ул. Горького, д. 95, г. Благовещенск, 675001, Россия

Аннотация
Развитие нейродегенеративных заболеваний ассоциировано с правильным формированием нейронной 
цепи – аксональным наведением. Среди ключевых регуляторов аксонального наведения – рецептор DCC 
(deleted in colorectal cancer / colorectal cancer suppressor, супрессор колоректального рака) и белок SHH (sonic 
hedgehog protein, «сверхзвуковой ёжик»).
Цель. Предсказание взаимодействия определенных энхансерных областей генов DCC и SHH с аннотирован-
ными для них факторами транскрипции.
Материалы и методы. Проведено исследование in silico. Для оценки силы энхансерной последователь-
ности выбраны алгоритмы iEnhancer-2L и ES-ARCNN. Анализ взаимодействия транскрипционного факто-
ра с энхансерной последовательностью производился с использованием метода молекулярного докинга. 
Энхансерная последовательность генов белков DCC и SHH взята из открытой базы данных NCBI в FASTA-
формате. Для картирования энхансеров использовалась база Ensembl, для отбора потенциальных энхансе-
ров и транскрипционных факторов к ним – GeneCards. Структуры транскрипционных факторов, а также их 
ДНК-связывающие домены были взяты из базы данных UniProtKB/Swiss-prot. В качестве метрики оценки 
возможности взаимодействия транскрипционных факторов с целевой энхансерной последовательностью 
использована оценочная функция (score).
Результаты. Результаты исследования показали, что взаимодействие транскрипционного фактора NANOG 
с энхансерной последовательностью гена DCC и взаимодействие транскрипционного фактора CEBPA с эн-
хансерной последовательностью гена SHH, предсказанные путем метода межмолекулярного докинга, яв-
ляются потенциально возможными. Алгоритмы iEnhancer-2L и ES-ARCNN предсказали энхансерную после-
довательность гена SHH как сильную. Энхансерная последовательность гена DCC в алгоритме iEnhancer-2L 
оценена как сильная, в ES-ARCNN  – как слабая. Связывание энхансерной последовательности гена DCC 
с транскрипционным фактором NANOG на промежутках 1–206 bp и 686–885 bp является наиболее вероят-
ным, связывание энхансерной последовательности гена SHH с транскрипционным фактором CEBPA на про-
межутке 1–500 bp (ограничение HDOCK в 500 bp) является возможным.
Заключение. Примененные методики в исследовании in silico продемонстрировали удовлетворительные ре-
зультаты предсказания взаимодействия транскрипционного фактора с энхансерной последовательностью. 
Ограничением методики является отсутствие учета конкретных сайтов связывания транскрипционных фак-
торов с дезоксирибонуклеиновой кислотой. Этот недостаток может быть устранен включением в пайплайн 
ab initio метода молекулярной динамики.

Ключевые слова: молекулярный докинг; in silico; DCC; SHH; сайт связывания; CEBPA; NANOG; SITECON
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TF – transcription factor

Machine training techniques have begun to be widely 
used in the field of biomedicine to search for potential 
ligands subsequently used as pharmacological targets 
[1]. Classically, enhancers can be defined as cis-acting 
deoxyribonucleic acid (DNA) sequences whose function 
is to increase the transcription (expression) of a gene. 
Typically, they function independently of orientation 
and at varying distances from the target-promoter 
(or promoters) [2]. One of the necessary conditions 
for the functioning of enhancers is the availability of 
their transcription factor-binding site (TFBS), that is, 
the enhancer and promoter itself, as well as the DNA 
sequence of any gene itself, must be in a decondensed 
state [3]. The length of a typical enhancer sequence (ES) 
is approximately 100–1000 bp (base pairs).

Functionally, it is possible to assess the work of 
an enhancer by using several metrics as the type of 
transcription factor (TF) expected to bind, the orientation 
(location) of the enhancer, its affinity; the order, number 
and distance between multiple TFBSs throughout the 
enhancer and ultimately the underlying DNA topology, 
collectively referred to as “enhancer architecture” [4]. 

The ability of potential control by enhancers as one of the 
regulating protein expression elements is an important 
task in modern molecular biology.

A central challenge in understanding gene regulation 
remains to explain how specific sets of genes are selected 
for an expression during a cell growth, differentiation, 
or in response to environmental cues. Primary goal: 
to determine how a fixed-size genome establishes a 
huge range of different developmental programs. All 
information required for regulatory functions mediated 
by enhancers and promoters is encoded in the DNA 
sequence through their unique combination of modules 
[5]. That is, each individual module binds one or more 
TFs, thus performing one of the functions of the entire 
regulatory element. In addition, certain modules can 
serve as central switching units, reacting accordingly to 
input data from other modules of the same element [5].

Structural and functional studies of TFs have shown 
that they are modular proteins having distinct regions 
dedicated to different functions: a DNA-binding 
domain that directs the protein to a specific DNA site, 
a multimerization domain that allows the accumulate 
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homo- or hetero-multimers, and an effector domain 
that can modulate the rate of transcription (activation or 
repression) [5]. The modular nature of TFs along with 
the modular architecture of enhancers and promoters 
provides the basis for a combinatorial mode of gene 
expression; and unlimited ability to mix and match 
enhancer and protein modules suggests that there 
may be an infinite number of unique gene expression 
programs embedded in genomes of relatively limited 
size. Enhancers and promoters are assumed to be at the 
endpoints of signal transmission pathways that modify 
TFs. Thus, a specific gene is expressed only if the cell 
perceives and equally interprets specific signals [5].

Axonal guidance, along with cell migration and 
synaptogenesis, is one of the key processes required for 
the proper formation of a neural circuit. It is regulated 
by a wide range of signaling cascades occurring both 
in neurons themselves and in other cells, including 
neuroglia [6].

With technical improvements in imaging of axonal 
guidance processes both in vivo and in vitro, defects 
in axonal transport have been shown to be associated 
with the development of neurodegenerative diseases. 
These defects are caused by genetic mutations leading 
to a lack of binding of motor proteins (kinesin, 
dynein) or dysfunction or development of microtubule 
instability [6].

Among the regulators of axonal guidance it is 
possible to distinguish the DCC receptor (deleted in 
colorectal cancer / colorectal cancer suppressor) that is 
constitutively expressed on the surface of axons. The 
binding of netrin-1 to DCC causes chemoattraction 
[7]. Netrin-1 itself is secreted by cells of the plate of 
the spinal cord fundus, diffuses into the extracellular 
matrix and creates a gradient that attracts growing 
commissural axons to the ventral midline of the spinal 
cord. Various signal-guiding receptors on the surface of 
the neuron’s growth cone are constantly in contact with 
the environment, interacting with appropriate signals 
released by target cells, thereby allowing the axon to 
move correctly along a precise trajectory among many 
possible routes [8]. According to some data, dysfunction 
of the DCC receptor together with netrin-1 contributes to 
optic nerve hypoplasia [9].

The SHH protein (sonic hedgehog protein) can be 
identified as an intracellular regulator of axonal direction 
and growth. It plays a significant role in mediating axon 
guidance of commissural neurons in the developing spinal 
cord through a non-canonical transcription-independent 
pathway, interacting with the Boc receptor and a member 

of the receptor family combined with G-protein, the 
SMO receptor (Smoothened receptor). Activation of Src 
family kinase through SMO by SHH guides the axons 
of commissural neurons, playing a key role in the entire 
process of growth and guidance [10, 11].

The goal of the work is to predict the interaction 
of certain enhancer regions of the DCC and SHH genes 
with transcription factors annotated for them.

MATERIALS AND METHODS
Data preparation
The netrin receptor DCC and the SHH protein, which 

indirectly participate in the process of directed axon 
growth, were selected as target-proteins.

The ES of the DCC and SHH protein genes was 
taken from the NCBI open database (National Center for 
Biotechnology, US National Center for Biotechnology 
Information) in FASTA format1,2. The Ensembl database 
was used to map enhancers, and Gene Cards was used to 
select potential enhancers and TFs for them.

The structures of transcription factors as well as 
their DNA-binding domains were obtained from the 
UniProtKB/Swiss-prot database.

Finding of enhancer sequences and predicting 
their strength
To perform the experiment, sequences were selected 

whose activity, according to Ensembl, was observed 
in cells of neural origin; for the DCC and SHH genes, 
stellate neuroglial astrocytes cells were the common 
cell population. Other important selection criteria were 
the presence of an ES in both the Ensembl database and 
the GeneHencer database (presented on the GeneCards 
website), its close location relative to the gene itself 
(high GeneHencer Gene Association Score) and the 
presence of the desired gene as an annotated target (for 
example, DCC).

Algorithms for enhancer sequence strength 
assessment
To assess the strength of ES, two algorithms with 

relatively high prediction accuracy and easy to use were 
selected.

The first algorithm chosen was iEnhancer-2L3 [12]. 
Its input data is the putative ES in FASTA format, and 
the output is a list of substrings obtained by fragmenting 
the original sequence with a reading frame 200 bp long 
(model enhancer length) and a step of 1 bp, as well as the 
strength of the resulting substring. Using iEnhancer-2L, 
the strength of the entire sequence was analyzed and if 

1	 https://www.ncbi.nlm.nih.gov/nuccore/NC_000007.14?report=fasta&from=155815219&to=155815723&strand=true (access date: 
01.06.2023).
2	 https://www.ncbi.nlm.nih.gov/nuccore/NC_000018.10?report=fasta&from=52310401&to=52313800 (access date: 01.06.2023).
3	 http://bliulab.net/iEnhancer-2L// (access date: 01.06.2023).
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the prediction output indicated that all 200 bp substrings 
were strong, then the sequence itself was considered to be 
strong. When obtaining heterogeneous data: alternating 
strong, weak and non-functional enhancer regions, it was 
assumed that the sequence structure is not completely 
involved in binding to transcription factors, but only to 
potentially strong ones. The computational capabilities 
of iEnhancer-2L are limited when analyzing very long 
sequences, so the EP for the DCC gene (3399 bp) was 
divided into several substrings of 500 bp in length. These 
substrings were analyzed through iEnhancer-2L, and 
those of them being strong were selected as output data. 
This helps optimize the time allotted for docking a given 
EP with a transcription factor.

The second algorithm for analyzing the strength of 
EP was ES-ARCNN [13]; its input data is also the ES 
in FASTA format, and its output is the strength of the 
entire ES. According to a study conducted by T. Zhang 
and coauthors [13], the relative prediction accuracies 
of iEnhancer-2L and ES-ARCNN are 60.5 and 65.5%, 
respectively.

Molecular docking
To analyze the interaction of TF with ES, the 

molecular docking method was chosen. This is one of the 
modern methods in computational biology, the essence 
of which is to predict the optimal relative position of two 
biomolecules, ensuring their stable binding. The process 
itself represents the generation of potentially possible 
conformations/orientations of the ligand in the protein 
binding site [14].

HDOCK was chosen as the docking algorithm for our 
work4. It differs from its typical analogues, since it takes 
a DNA sequence in FASTA format as a ligand, from 
which it builds a structural model; the second binding 
substrate is the TF itself, which is loaded in pdb format. 
Additional settings included annotated on UniProtKB TF 
DNA-binding sites, if available [15]. The interpretation 
of binding metrics was carried out in accordance with the 
rules specified on the HDOCK server. Score is the result 
of calculating the ITScorePP or ITScorePR evaluation 
functions and is the authors’ own development, and 
the confidence score serves as an empirically derived 
docking evaluation function and is calculated using the 
formula:

Confidence score = 1.0 / [1.0 + e0.02*(Docking Score+150) ]

It is important to clarify that the evaluation metric 
was not equated with the actual binding energy, since 

the former was not optimized basing on experimental 
data.

Analysis of the enhancer sequence for the 
presence of a transcription factor binding site
Selected areas of the ES were analyzed for the 

presence of corresponding TFBS using the Find TFBS 
with SITECON and Find TFBS with matrices modules in 
the free bioinformatics software Unipro UGENE5 [16]. 
These modules match DNA sequences with an existing 
SITECON library, as well as with positional weight/
frequency matrices. The selected ESs were loaded in 
FASTA format into Unipro UGENE, then a TFBS search 
was carried out: for CEBPA (CCAAT/enhancer-binding 
protein alpha, CCAAT/enhancer-binding protein alpha) 
SITECON6 modules and weight matrices JASPAR ID: 
MA0102 were used. 2 (technically, a positional frequency 
matrix was used  – a file in pfm format), for NANOG 
(homeobox protein NANOG) only positional weight 
matrices taken from the HOCOMOCO7 database (data 
taken from quality A) and adapted to the structure used 
by Unipro UGENE were used (file in pwm format) [17]. 
The numbers used are calculated based on empirical data 
from SELEX (SITECON for CEBPA) as well as ChIP-
Seq (matrix for CEBPA and NANOG). As output data, 
marked areas of potential TFBS were obtained, among 
which those with the highest score metric were taken 
into account.

Visual interpretation of the results was carried out 
using PyMol ver. 2.5.4 (Schrödinger, LLC, USA).

RESULTS
The obtained TFBS results are presented in Table 1.
The used models of TF, ES, its localization, length 

and predicted strength are summarized in Table 2.
The study of ES using different algorithms showed 

heterogeneous results: on the one hand, both iEnhancer-
2L and ES-ARCNN predicted the ES of the SHH gene 
was assessed as strong, on the other hand, the ES of the 
DCC gene was assessed by iEnhancer-2L as strong, and 
by ES-ARCNN as weak.

The results of the binding of ES genes with the 
transcription factors indicated in Table 2 are shown in 
Table 3.

In accordance with the data obtained in Table 3, it can 
be confirmed that the binding of the ES gene DCC to the 
NANOG TF in the intervals 1–206 bp and 686–885 bp is 
most likely, binding of the SHH gene ES to the CEBPA 
TF in the range of 1–500 bp (HDOCK limit of 500 bp) is 
potentially possible.

4	 http://hdock.phys.hust.edu.cn/ (access date: 01.06.2023).
5	 http://ugene.net/ru/ (access date: 01.06.2023).
6	 http://wwwmgs.bionet.nsc.ru/mgs/programs/sitecon/tutorial.html (access date: 01.06.2023).
7	 https://hocomoco11.autosome.org/ (access date: 01.06.2023).
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The figure demonstrates a visual interpretation of the 
results.

DISCUSSION
Based on our results obtained using a combination 

of several in silico methods, it can be confirmed that 
the interaction of NANOG with the ES of the DCC 
gene and the interaction of CEBPA with the ES of the 
SHH gene is potentially possible and may make for 
interesting further research. Since our work proposes an 
original research protocol, and the score and confidence 

score metrics are tied to a specific docking algorithm 
(HDOCK), comparison of the data obtained with the 
results of other researchers is limited. Nevertheless, 
the molecular docking method has already established 
itself as an independent method. Thus, in a study by 
P. Giri et al. [18], using the in silico docking method, 
patterns (AtMAPK3P) in Arabidopsis thaliana were 
identified. Out of the 131 transcription factors studied, 
only MYB 41 showed interaction with AtMAPK3P. 
Several novel MYB-interacting proteins have also been 
reported using minimal sequence motif searches as well 

Table 1. Transcription factor binding site data of DCC and SHH genes with target enhancer sequence
Таблица 1. Данные сайта связывания транскрипционного фактора энхансерной последовательности генов DCC и SHH

Parameter / 
Параметр

Gene / Ген

DCC (1–206 bp) DCC (686–885 bp) SHH

Transcription factor / 
Транскрипционный 
фактор

Homeobox protein NANOG CCAAT/enhancer-binding protein alpha CEBPA

LOGO  
(ChIP-Seq based)

Obtained TFBS / 
Найденный TFBS

PWM:
GCTTTTCACATGACTGA (+) 
(131–147 bp)

GTCAGTCATGTGAAAAG (–) 
(132–148 bp)

PWM:
GGCATAGTTATGTCATC (+) 
(802–818 bp)

GGCAGAAAGATTCTGAG (–) 
(824–840 bp)

SITECON :
GGGGATTTCCCAAACCGGCCAAGC (+) (243–266 bp)
CCGGTTTGGGAAATCCCCGCAGTC (–) (237–260 bp)

JASPAR:
TTTCCCAAA (+) (248–256 bp)
TTGGGAAAT (–) (247–255 bp)

Score / Оценка PWM: 68.6% (+), 72.8% (–) PWM: 74% (+), 68.5% (–) SITECON: 75.4% (+), 73.6 (–)
JASPAR: 81% (+), 86% (–)

Table 2. Summary of enhancer sequences of DCC and SHH genes
Таблица 2. Итоговые данные энхансерной последовательности генов DCC и SHH

Protein / 
Белок, 

UniProtKB ID

Gene / Ген,
Cards ID

Localization / 
Локализация

Length / 
Длина Power / Сила

Transcription factor / 
Транскрипционный фактор,

UniProtKB URL

SHH/
Q15465

SHH (homo sapiens)/
GC07M155799

Chromosome 
7: 155815219 – 

155815723

505 bp Strong / Сильная  
(iEnhancer-2L, ES-ARCNN)

CCAAT/enhancer-binding 
protein alpha (CEBPA)8

DCC/
P43146

DCC (homo sapiens)/
GC18P052340

Chromosome  
18: 52310401 – 

52313800

3399 bp Weak / Слабая (ES-ARCNN)

Strong / Сильная
(1–206, 10–209, 14–219, 

25–229, 686–885, 689–888)

Homeobox protein NANOG9

Note: those regions of enhancer sequences of DCC gene that were used in this study are highlighted in bold.
Примечание: жирным шрифтом выделены те участки энхансерной последовательности гена DCC, которые использовались в данном 
исследовании.

8	 https://www.uniprot.org/uniprotkb/P49715/entry (access date: 01.06.2023)
9	 https://www.uniprot.org/uniprotkb/Q9H9S0/entry (access date: 01.06.2023).



СЕЧЕНОВСКИЙ ВЕСТНИК Т. 14, № 4, 2023 / SECHENOV MEDICAL JOURNAL VOL. 14, No. 4, 2023 48

MOLECULAR BIOLOGY

as docking techniques, which need to be confirmed by 
in vitro kinase analyses [18]. This piece of research, 
along with ours, demonstrates the successful application 
of a bioinformatics approach at the initial stages of an 
experiment as a good predictive modeling.

In the study of domestic scientists A.M. Andrianova 
et al. [19] using virtual screening and molecular 
modeling methods, six potential peptidomimetics of the 
cross-reactive anti-HIV-1 (human immunodeficiency 
virus) neutralizing antibody N6 were identified, 
capable of imitating the pharmacophoric properties 
of this immunoglobulin through specific and effective 
interactions with the CD4-binding site of the gp120 

protein of the virus envelope HIV [19]. It has been shown 
that a key role in the binding of these compounds to the 
gp120 protein is played by van der Waals interactions 
with conservative residues of the Phe43 cavity of the 
glycoprotein, which are critical for the attachment of 
HIV-1 to the CD4 cell receptor, as well as a hydrogen 
bond with the Asp-368gp120 residue, the formation of 
which increases the chemical affinity without activation 
of an undesirable allosteric effect [19]. Based on the 
results obtained, the authors concluded that the identified 
compounds can be considered as promising candidates 
for detailed experimental studies with a view to their 
further use in the development of new antiviral drugs. 

Table 3. HDOCK docking results
Таблица 3. Результаты докинга HDOCK

Gene / 
Ген

Enhancer sequence /  
Энхансерная последовательность

Transcription factor / 
Транскрипционный фактор

Docking results / Результаты докинга

Score / Оценка Confidence Score /  
Оценка достоверности

SHH 1–500 bp CEBPA –189.40 0.6874

DCC
1–206 bp

NANOG
–244.80 0.8694

686–885 bp –242.36 0.8638

A

C

B

D

FIG. Visualization of successful docking conformations.
РИС. Визуализация успешных результатов межмолекулярного докинга.

SHH-CEBPA-complex, model 1

DCC-NANOG-complex, 1–206 bp

SHH-CEBPA-complex, model 2

DCC-NANOG-complex, 686–885 bp
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Thus, it can be confirmed that the in silico study of 
A.M. Andrianova et al. [19], so as our study, was also 
successful in terms of identifying core domains as 
candidates for pharmacological molecules.

It is also worth mentioning that the developed 
protocol is not perfect for several reasons: the method 
does not take into account specific TF binding sites, i.e. 
docking was carried out “blindly”; the intermolecular 
docking method itself is “static” in nature, since it shows 
one of the possible conformations of the DNA-protein 
complex (which may be unstable); score and confidence 
score values are not universal.

The previously mentioned disadvantages can be 
eliminated by including the ab initio molecular dynamics 
method in the pipeline. Molecular dynamics simulation 
uses force fields being parametric equations describing 
the components for various forces (tensile, van der 
Waals, etc.) acting between atoms within and between 
molecules [20] and is a computational method used for 

the stability of conformations and dynamics of various 
biomolecules, including proteins and nucleic acids [21].

Premature use of such a powerful method without prior 
testing would be irrational, since such simulations are 
computationally (using GPUs or graphics processors) and 
financially expensive (renting a server for computing). At 
present, our group is already studying a new method and 
developing an updated pipeline that will complement and, 
possibly, correct the results obtained by docking.

CONCLUSION
In silico prediction of the interaction of TF with ES 

demonstrated satisfactory results and achieved the stated 
goal. Despite the fact that the applied methods are highly 
inaccurate and do not allow any precise conclusions to 
be drawn, the study showed that the use of such methods 
can serve as a useful tool for screening the potential 
interaction of TFs with a relevant DNA sequence (with 
an enhancer, promoter, etc.).
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