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Abstract. The rapid advancement of omics technologies (genomics, transcriptomics, proteomics, metabolomics) and
other high-throughput methods for experimental studies of molecular genetic systems and processes has led to the
generation of an unprecedentedly vast amount of heterogeneous and complex biological data. Effective use of this
information resource requires systematic approaches to its analysis. One such approach involves the creation of do-
main-specific knowledge/data repositories that integrate information from multiple sources. This not only enables the
storage and structuring of heterogeneous data distributed across various resources but also facilitates the acquisition
of new insights into biological systems and processes. A systematic approach is also critical to solving the fundamental
problem of biology - clarifying the regularities of morphogenesis. Morphogenesis is regulated through evolutionarily
conserved signaling pathways (Hedgehog, Wnt, Notch, etc.). The Hedgehog (HH) pathway plays a key role in this pro-
cess, as it begins functioning earlier than others in ontogenesis and determines the progression of every stage of an or-
ganism’s life cycle: from structuring embryonic primordia, histo- and organogenesis, to maintaining tissue homeostasis
and regeneration in adults. Our work presents HH_Signal_pathway_db, a knowledge base that integrates curated data
on the molecular components and functional roles of the human Hedgehog (HH) signaling pathway. The first release
of the database (available upon request at bukharina@bionet.nsc.ru) contains information on 56 genes, their protein
products, the regulatory interaction network, and established associations with pathological conditions in humans.
HH_Signal_pathway_db provides researchers with a tool for gaining new knowledge about the role of the Hedgehog
pathway in health and disease, and its potential applications in developmental biology and translational medicine.
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AHHoTauus. CTpemuTeNibHOE Pa3BUTVIE OMUKCHBIX TEXHONOTUI (FEHOMUKM, TPAHCKPUMTOMUKHM, NPOTEOMUKM, MeTabo-
NIOMUKM) 1 APYTUX BbICOKOMPOU3BOAUTENbHBIX METOAOB SKCMEPUMEHTASIbHOMO UCCNEeL0BaHNA MOSIEKYNAPHO-TeHET-
UECKMX CMCTEM 1 NPOLIECCOB MPUBENO K reHepaumm 6ecnpeLelEHTHO OrPOMHbIX 06BEMOB Pa3HOPOAHDBIX U CIIOKHbIX
6r10M10rMYECKNX JaHHbIX. dPdEKTVBHOE NCMOMb30BaHKE 3TOr0 MHPOPMALMOHHOTO pecypca TPebyeT CUCTEMHbIX MOA-
XOA0B K X aHanu3y. OfuH 13 NOAXOA0B COCTOUT B CO3LaHNU NMPeAMETHO-OPUEHTNPOBAHHBIX 633 3HaHWI/AaHHbIX — pe-
NO3VTOPVEB, UHTEMPUPYIOLWMX MHGOPMALINIO N3 MHOXKECTBA MCTOUHMKOB, UTO MO3BOJIAIET HE TOJIbKO XPaHUTb U CTPYK-
TyprpoBaTb pacrnpefeneHHble Mo PasNYHbIM NCTOYHUKAM reTeporeHHble JaHHble, HO U MOoJlyYaTb HOBble CBEefeHNs
0 6MONOrMYecKknx cMcTeMax U npoueccax. Kputnyeckn BaxkeH CUCTEMHbIM MOAXOA Y K pelueHunio dyHAaMeHTaIbHOM
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CurHanbHbi NyTb Hedgehog y uenoseka:
onvcaHue B 6a3e 3HaHmin HH_Signal_pathway_db

3afiaun 6UONOrMn — BbIICHEHMIO 3aKOHOMepPHOCTel MopdoreHesa. Perynauysa MmopdoreHesa ocyLlecTBAAeTcs Yepe3
3BONIOLIMOHHO KOHCEepBaTMBHble cUrHanbHble Nyt (Hedgehog, Wnt, Notch u ap.). KnioueBas ponb B 3Tom npouecce
npuHapnexut nytn Hedgehog (HH), nockonbKy B oHTOreHe3e OH HauMHaeT GyHKLMOHMPOBATb paHee ApYyruxX v aeTep-
MUHUPYET peann3aLuio Kaxaoro 3tana MHAWBMAYaNbHOIO Pa3BUTUS OpraHn3mMa: OT CTPYKTYpMPOBaHNA SMOPUOHab-
HbIX 3a4aTKOB, MMCTO- N OpraHoreHesa A0 NoAAepPXaHUA TKaHEBOrO roMeocTasa U npoLecca pereHepaLumn y B3poc-
nbix ocobein. Hamm co3paHa 6a3a 3HaHuin HH_Signal_pathway_db, B KoTopyto cBefieHa nHpopmaLma 0 KOMMOHEHTaxX
1 ¢oyHKumMax HH curHanbHoro nyTn y uenoseka. MNepBbiit penns 6a3bl ([ocTtyneH no 3anpocy bukharina@bionet.nsc.ru)
COAEPXKUT UHPOPMALIMIO O BXOAALLMX B HEFO 56 reHax, Nx 6esIKoBbIX MPOLyKTax, CETW perynsaTopHbIX B3aMMOLENCTBUN,
a TakKe 06 YCTaHOB/NEHHbIX CBA3SX C HEKOTOPbIMM MATONOrMYeCKMMM COCTOsAHMAMY YenoBeka. HH_Signal_pathway_db
npepocTaBnseT UCCefoBaTeNIM UHCTPYMEHT /s NoyYeHUs HOBbIX 3HaHWI o ponu nyTn Hedgehog B Hopme 1 npu
NaTonorin 1 BO3MOXXHOCTAX NMPUMEHEHNA UX B 0651aCTV 6UOIOrM Pa3BUTUA 1 TPAHCIALMOHHON MEANLIMHDI.

KnioueBble cnioBa: 6a3a 3HaHUIA; cUrHanbHbI NyTb Hedgehog; mopdoreHes; sBontouns; reHHble CeTu; perynaTopHble

KOHTYpblI

Introduction

Modern molecular-genetic and biomedical studies using ad-
vanced techniques generate vast amounts of heterogeneous
information (Regev etal., 2017; Schermelleh etal., 2019, Ken-
neth, 2022). This includes data obtained during investigations
of various aspects of morphogenesis — a fundamental process
leading to the formation of intricate organism architecture.
Understanding the mechanisms underlying morphogenesis
is essential not only for answering one of biology’s most
profound questions — how a single cell gives rise to a highly
complex, spatially organized multicellular organism — but
also for explaining the mechanisms of tissue regeneration, the
causes of congenital anomalies, and pathological conditions
of various etiologies, including oncological diseases.

Numerous genes, proteins, miRNAs, and signaling mo-
lecules are involved in regulating morphogenesis (ENCODE
Project Consortium, 2012; Briscoe, Thérond, 2013; Bartel,
2018; Ghafouri-Fard et al., 2022; Mclntyre et al., 2024). Some
of these components belong to specific signaling pathways.

Signaling pathways (signal transduction) act as transmit-
ter of signals received at the external cell membrane into the
nucleus. Cascades of intermolecular interactions involving
ligands, receptors recognizing those ligands, intracellular
signal transducers of both protein and non-protein nature,
transcription factors and co-regulators, etc., mediate pathways.
The outcome of pathways’ activity is alteration of target gene
expression and corresponding protein levels, which ultimately
leads to changes in the functional state of the cell.

Signaling pathways in animals and humans are evolution-
arily conserved, and their roles are similar across different
taxonomic groups. The pathways constitute complex networks
characterized by crosstalk, and the development of a fully-
functional organism requires the precise coordination of their
activities. Signaling pathways are critically important for
normal ontogenesis, mutations or alterations in gene expres-
sion within these pathways can lead to severe developmental
disorders (Artavanis-Tsakonas et al., 1999; Ingham, McMa-
hon, 2001; Logan, Nusse, 2004; Rubin, 2007; Perrimon et al.,
2012; Briscoe, Thérond, 2013; Huttlin et al., 2017).

The Hedgehog (HH) signaling pathway, which owes its
name to the discovery of the hedgehog (hh) gene in Drosophila
melanogaster in the early 1980s, plays a substantial role in
controlling morphogenesis. The larvae of flies mutant for this
gene are covered with spines, giving them a hedgehog-like
appearance (Nusslein-Volhard, Wieschaus, 1980).

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

The Hedgehog signaling pathway is not merely one of the
pathways orchestrating organismal development, but a central
regulator of morphogenesis. It determines the anterior-poste-
rior and dorso-ventral body axes and segmentation of embryo-
nic primordia in animals, histo- and organogenesis, and the
maintenance of stem cell pools in adult tissues, among other
processes. Dysfunction of this signaling pathway is associated
with numerous congenital anomalies and human diseases,
including cancer of various organs (Ingham, McMahon, 2001;
Spinella-Jaegle et al., 2001; Varjosalo, Taipale, 2007; Briscoe,
Thérond, 2013; Wu et al., 2017; Skoda et al., 2018; Jamieson
et al., 2020; Fitzsimons et al., 2022; Ingham, 2022; Dutta et
al., 2023; Jing et al., 2023). It is exactly the reason, that there
continues to be unrelenting interest in comprehensive investi-
gation of the molecular-genetic organization and functioning
mechanisms of the HH pathway. The general scheme of the
Hedgehog signaling pathway is shown in Figure 1.

For the transmission of the HH signal, the recipient cell must
contain a specific set of core proteins involved in the process,
which must be in certain functional states. These proteins
include: the transmembrane receptors Patched1 and Patched2
(PTCHL/2), the inactive form of the transmembrane protein
Smoothened (SMO), complexes formed by transcription fac-
tors GLI1/3 and scaffold protein Suppressor of fused homolog
(SUFU), active protein kinase A (PKA), which is responsible
for generating the repressive form of the transcription factor
GLI3 (GLI3R).

When the signaling pathway is inactive due to absence of
HH ligands (Fig. 1a), PTCH1/2 receptors are localized on the
primary cilium — a specialized external organelle of the cell
that acts as a sensor for outside signals (Ingham, McMahon,
2001; Eggenschwiler, Anderson, 2007; Oro, 2007; Carballo
et al., 2018).

PTCH1/2 block the migration of the SMO protein, which
is located in the intracellular space, to the ciliary membrane,
and SMO cannot interact with protein kinase A (PKA) to in-
hibit its activity. As a result, PKA phosphorylates the GLI13/
SUFU complex, the complex dissociates, and GLI3 undergoes
proteolytic cleavage to form the repressor GLI3R, which
then enters the nucleus and suppresses the transcription of its
target genes, including some genes of the HH pathway itself
(Gorojankina, 2016; Dilower et al, 2023).

Signal transduction activation occurs when extracellular
ligands — proteins belonging to the Hedgehog family (three
types exist in humans: Sonic Hedgehog (SHH), Indian Hedge-
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Fig. 1. General scheme of the human Hedgehog signaling pathway.

a - the mechanism of action when no HH ligand is present; b — the mechanism when PTCH1/2 receptors bind to HH ligands (details

explained in text).

hog (IHH), and Desert Hedgehog (DHH)) — bind to PTCH1/2.
The ligand/receptor complex is then removed from the ciliary
membrane and transported to the intracellular space, where it
is degraded in the lysosome. The position of PTCH1/2 is taken
by SMO, which suppresses the activity of protein kinase A,
thereby preventing the phosphorylation of the SUFU/GLI3
complex and the formation of GLI3R. Subsequently, within
the cilium, the SUFU/GLI11/3 complexes are degraded, and the
active forms of GLI11/3 are generated. These enter the nucleus
and activate the transcription of target genes, ensuring signal
transmission (Ingham, McMahon, 2001; Varjosalo, Taipale,
2007; Briscoe, Therond, 2013; Gorojankina, 2016) (Fig. 1b).

There are two variants of the HH pathway — the canonical
one, shown in Figure 1, and the non-canonical one, in which
the activation of the GLI1/3 transcription factors occurs
without the involvement of SMO, thereby altering the signal
transduction route (Brennan et al., 2012; Briscoe, Thérond,
2013; Carballo et al., 2018).

Currently, information concerning the HH pathway in
humans is scattered across a vast number of sources (at the
time of writing, on request “Hedgehog signaling” in PubMed
alone returns 15,247 publications: https://pubmed.ncbi.nim.
nih.gov/?term=hedgehog+signaling), and this body of litera-
ture is continually expanding. Despite the extensive growth
in the number of studies in this field, a complete and thorough
understanding of the evolution, structure, and mechanisms
of the HH pathway has not yet been achieved (Ingham et al.,
2011; Briscoe; Thérond, 2013; Breeze, 2022).
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To integrate, structure, and analyze existing data, the authors
are creating a specialized knowledge base HH_Signal_path-
ways_db. The database is curated with diverse information
related to all aspects of the organization and functioning of
the Hedgehog pathway, which enables a systematic approach
to its study.

Bioinformatic analysis of the structural and functional
organization of the HH pathway opens up opportunities for
deeper insight into the molecular-genetic basis of morphoge-
nesis, mechanisms of organ and tissue regeneration, the aging
process, the emergence of pathologies of various etiologies,
as well as for developing methods for their diagnosis and
pharmacotherapy.

As part of this work, new results have been obtained, inclu-
ding reconstruction of the associative gene network of the HH
signaling pathway, identification of regulatory circuits, and
acquisition of data regarding the evolution of genes involved
in the pathway.

Materials and methods

Structure and content of the HH_Signal_pathway db
knowledge base. Figure 2 shows a block diagram of the
database format developed by the authors.

The list of genes included in the human HH pathway
(Table 1) was extracted from the KEGG database (https://
www.genome.jp/kegg/) by querying (Environmental Informa-
tion Processing— Signal Transduction—Hedgehog Signaling
Pathway).
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To fill the “gene information” and “gene product informa-
tion” blocks, data were retrieved from the NCBI Gene (https://
www.ncbi.nlm.nih.gov/gene), UniProt (https://www.uniprot.
org), TRRUST (https://www.grnpedia.org/trrust/) data-
bases.

Data for the “TPB affinity to the promoter” block (TBP,
the TATA-binding protein, is a key regulator of transcription
initiation in eukaryotic genes) was taken from the Human_
SNP_TATAdb database (Filonev et al., 2023).

The “evolutionary characteristics” block was filled using
Orthoweb, a specialized software package developed to cal-
culate two evolutionary indices: the phylostratigraphic age
index (PAI) and the divergence index (DI) (Mustafin et al.,
2021; Ivanov et al., 2024).

The PAI index reflects the distance of a taxon from the root
of the phylogenetic tree and is calculated as the distance from
the root to the node where the divergence of the species under
study from the most distant related taxon occurred: the higher
the PAL, the “younger” the gene in question. For human genes,
PAI values range from 0 (Cellular Organisms, the root of the
tree) to 15 (Homo sapiens).

The gene evolutionary variability index (DI — Divergence
Index) estimates the ratio between non-synonymous sub-
stitutions (which alter the encoded amino acid) in the sequen-
ces of the analyzed gene and its ortholog (dN), and synony-
mous substitutions (which do not change the encoded amino
acid) (dS) in the nucleotide sequences of genes and their
orthologs:

> dnds;
DI = ==—,
where dnds; is the dN/dS value for the gene and its i-th ortho-
log, and n is the number of orthologous genes.

The DI allows for determining the type of selection pressure
acting on a given gene. DI values <1 and >1 are interpreted
as evidence of stabilizing and positive selection, respectively,
while DI = 1 indicates neutral evolution (Jeffares et al., 2015;
Spielman, Wilke, 2015).

To construct the associative gene network and identify
regulatory circuits (lower-dimensionality gene networks), the
cognitive software and information system ANDSystem was
used. This platform employs artificial intelligence methods to
automatically extract knowledge from scientific publications
and factual databases and, via the ANDVisio module, visua-
lizes the results as a graph (Demenkov et al., 2011; lvanisenko
etal.,, 2015, 2019, 2022).

The gene network was reconstructed for 56 genes of the
Hedgehog signaling pathway. It reflects associations with pro-
teins encoded by these genes (“expression”), with transcription
factors regulating gene expression (“expression regulation”),
with proteins regulating protein transport (“transport regula-
tion”), and with miRNAs involved in post-transcriptional
regulation of protein expression (“miRNA regulation”).

Functional annotation of genes was performed using
the DAVID web resource (https://davidbioinformatics.nih.
gov/) (Sherman et al., 2022). This tool identifies biological
processes that are statistically overrepresented in the analyzed
gene set. The false discovery rate (FDR), calculated using the
Benjamini-Hochberg correction, was used as the significance
criterion. Only processes with an FDR < 0.05 were considered.
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Fig. 2. Block diagram of the HH_Signal pathway_db knowledge base.

Results and discussion

The HH_Signal_pathway_db knowledge base
The current version of the HH_Signal_pathway_db contains
structured information on 56 human genes related to the HH
pathway (Table 1). The first release of the database contains
the following blocks: 1) a list of HH signaling pathway genes
with links to literary sources from the PubMed database;
2) lists of proteins encoded by HH signaling pathway genes
and their functions; 3) Gene Ontology terms; 4) values of gene
evolutionary age indices (PAI); 5) values of gene evolutionary
variability indices (DI); 6) values of TBP binding affinity to
gene promoters, a key determinant of transcription intensity;
7) lists of pathologies associated with each gene; 8) a recon-
structed associative gene network and the regulatory circuits
identified within it. A sample of filled database blocks for
a specific gene, using the SMURF2 gene as an example, is
shown in Figure 3.

Below are some results of bioinformatic analysis of the
information presented in the HH_Signal_pathway_db.

Functional annotation of HH signaling pathway genes
Analysis of biological process terms in Gene Ontology
(GO) for the 56 genes performed using the DAVID resource,
revealed 221 biological processes statistically significantly
associated with the signaling pathway. Generally, these
processes can be conditionally grouped into three main
categories: morphogenesis (94), intracellular processes
(60), and intercellular communication (67). Table 2. For all
processes listed FDR < 0.05.

Morphogenesis
* GO:0042733~embryonic digit morphogenesis
* GO:0042475~o0dontogenesis of dentin-containing tooth
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Table 1. Genes of the Hedgehog signaling pathway (according to the KEGG database

No. Gene symbol Gene ID Gene full name

1 ARRB1 408 arrestin beta 1

2 ARRB2 409 arrestin beta 2

3 BCL2 596 BCL2 apoptosis regulator

4 BOC 91653 BOC cell adhesion associated, oncogene regulated
5 BTRC 8945 beta-transducin repeat containing E3 ubiquitin protein ligase
6 CCND1 595 cyclin D1

7 CCND2 894 cyclin D2

8 CDON 50937 cell adhesion associated, oncogene regulated

9 CSNK1AT 1452 casein kinase 1 alpha 1

10 CSNK1ATL 122011 casein kinase 1 alpha 1 like

1 CSNK1D 1453 casein kinase 1 delta

12 CSNKT1E 1454 casein kinase 1 epsilon

13 CSNK1G1 53944 casein kinase 1 gamma 1

14 CSNK1G2 1455 casein kinase 1 gamma 2

15 CSNK1G3 1456 casein kinase 1 gamma 3

16 CcuL1 8454 cullin 1

17 CUL3 8452 cullin 3

18 DHH 50846 desert hedgehog signaling molecule

19 DISP1 84976 dispatched RND transporter family member 1

20 EFCAB7 84455 EF-hand calcium binding domain 7

21 EVC 2121 EvC ciliary complex subunit 1

22 EVC2 132884 EvC ciliary complex subunit 2

23 FBXW11 23291 F-box and WD repeat domain containing 11

24 GAST 2619 growth arrest specific 1

25 GLI1 2735 GLI family zinc finger 1

26 GLI2 2736 GLI family zinc finger 2

27 GLI3 2737 GLI family zinc finger 3

28 GPR161 23432 G protein-coupled receptor 161

29 GRK2 156 G protein-coupled receptor kinase 2

30 GRK3 157 G protein-coupled receptor kinase 3

31 GSK3B 2932 glycogen synthase kinase 3 beta

32 HHAT 55733 hedgehog acyltransferase

33 HHATL 57467 hedgehog acyltransferase like

34 HHIP 64399 hedgehog interacting protein

35 IHH 3549 Indian hedgehog signaling molecule

36 IQCE 23288 1Q motif containing E

37 KIF3A 11127 kinesin family member 3A

38 KIF7 374654 kinesin family member 7

39 LRP2 4036 LDL receptor related protein 2

40 MEGF8 1954 multiple EGF like domains 8

41 MGRN1 23295 mahogunin ring finger 1

42 MOSMO 730094 modulator of smoothened

43 PRKACA 5566 protein kinase cCAMP-activated catalytic subunit alpha
44 PRKACB 5567 protein kinase cAMP-activated catalytic subunit beta
45 PRKACG 5568 protein kinase cCAMP-activated catalytic subunit gamma
46 PTCH1 5727 patched 1

47 PTCH2 8643 patched 2

48 SCUBE2 57758 signal peptide, CUB domain and EGF like domain containing 2
49 SHH 6469 sonic hedgehog signaling molecule

50 SMO 6608 smoothened, frizzled class receptor

51 SMURF1 57154 SMAD specific E3 ubiquitin protein ligase 1

52 SMURF2 64750 SMAD specific E3 ubiquitin protein ligase 2

53 SPOP 8405 speckle type BTB/POZ protein

54 SPOPL 339745 speckle type BTB/POZ protein like

55 SUFU 51684 SUFU negative regulator of hedgehog signaling
56 TPTEP2-CSNKTE 102800317 TPTEP2-CSNK1E readthrough
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in HH signalling patway

(56 genes)
Gene information block
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Block
Infinity of the TBP to gene promotor
49.9
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Gene product information block
23
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Product official symbol

Block
gene ontology terms

Fig. 3. An example of filling out the HH_Signal_pathway_db knowledge base block for the SMURF2 gene.

* GO:0007507~heart development * GO:0001942~hair follicle development

* GO:0001658~branching involved in ureteric bud * GO:0021983~pituitary gland development
morphogenesis * GO:0001822~kidney development

* GO:0003151~outflow tract morphogenesis * GO:0001525~angiogenesis

* GO:0030324~lung development * GO:0042060~wound healing

* GO:0003180~aortic valve morphogenesis * GO:0001889~liver development

* GO:0045766~positive regulation of angiogenesis * GO:0072091~regulation of stem cell proliferation

* GO:0001501~skeletal system development etc.
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Intracellular processes
Regulation of transcription
* GO:1902895~positive regulation of miRNA transcription
* GO:1902894~negative regulation of miRNA transcription
* GO:0006357~regulation of transcription by RNA
polymerase Il
* GO:0006338~chromatin remodeling
* GO:0006355~regulation of DNA-templated transcription
* GO:0010468~regulation of gene expression
Response to stress
* GO:0071456~cellular response to hypoxia
* GO:0034599~cellular response to oxidative stress
* GO:0071466~cellular response to xenobiotic stimulus
* GO:0034644~cellular response to UV
* GO:0006974~DNA damage response
Regulation of cyclic processes
* GO:0048511~rhythmic process
* GO:0051726~regulation of cell cycle
Apoptosis
* GO:0043066~negative regulation of apoptotic process
* GO:0043065~positive regulation of apoptotic process
Intercellular communication
* GO:0042127~regulation of cell population proliferation
* GO:0050673~epithelial cell proliferation
* GO:0010595~positive regulation of endothelial cell
migration
* GO:0001938~positive regulation of endothelial cell
proliferation
* GO:0042127~regulation of cell population proliferation
* GO:0072089~stem cell proliferation
etc.
Involvement in signaling pathways
* GO:0038084~vascular endothelial growth factor signaling
pathway
* GO:0007173~epidermal growth factor receptor signaling
pathway

* GO:0008543~fibroblast growth factor receptor signaling
pathway

* GO:0007224~smoothened signaling pathway

* GO:0060070~canonical Wnt signaling pathway

* GO:0030509~BMP signaling pathway

* GO:0000165~MAPK cascade

* GO:0007219~Notch signaling pathway

* GO:0070371~ERK1 and ERK?2 cascade

etc.

A significant role of the Hedgehog signaling pathway
is its participation in the morphogenetic processes of em-
bryogenesis, histogenesis, and organogenesis. The pathway
genes are involved in the formation of the nervous system,
the development of cartilage and skeletal tissue, angiogen-
esis, and the development of kidneys, liver, lungs, heart, the
endocrine pancreas, and genitals (Ingham, McMahon, 2001;
Roy, Ingham, 2002; Fitzsimons et al., 2022; Ingham, 2022;
Dilower et al., 2023).

Among the fundamental intracellular processes regulated
by HH pathway genes are transcription (Gao Y. et al., 2023),
response to stress stimuli (Chung et al., 2022), and main-
tenance of genomic stability (Ingham, McMahon, 2001).
Furthermore, the signaling pathway modulates the cellular
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response to hypoxia, oxidative stress, and other adverse fac-
tors, which can be critical for cell survival (Kim, Lee, 2023;
van der Weele et al., 2024). The involvement of Hedgehog
signaling pathway elements in DNA repair (Gao Q. et al.,
2019), apoptosis (Harris et al., 2011; Rimkus et al., 2016),
and cell cycle regulation confirms its role in controlling cell
proliferation and differentiation (Roy, Ingham, 2002).

According to available data, the HH pathway acts as a
mediator of intercellular communication not only by itself;
its components, in particular beta-arrestins (ARRB1/2), ki-
nases (CCND1, CSNK1A1, CSNK1E, CSNK1AlL, GSK3B,
PRKACA, PRKACB, PRKACG, TPTEP2-CSNKI1E), ubi-
quitination proteins (BTRC, CUL1, FBXW11), and others, are
involved in other signaling cascades, including MAPK/ERK,
Whnt, Notch, and VEGF. The participation of HH pathway pro-
teins in other signaling pathways has also been demonstrated
by other authors (Rubin, 2007; Bulti et al., 2014; Edeling et
al, 2016; Luo, 2017; Fang et al., 2023).

Associative gene network

of the Hedgehog signaling pathway

The network reconstructed with ANDSystem contains infor-
mation on 56 genes, 504 proteins, 126 miRNAs, and 1,412 in-
teractions of various types between its elements. A general
view of the network is presented in Figure 4.

Analysis of the gene network revealed certain patterns
pertaining to intra-network interactions. Specifically, it was
shown that there are at least seven regulatory circuits within
the network (Fig. 5, 6). These can be tentatively divided into
two groups.

The circuits of the first group mediate the auto-regulation
of the signaling pathway as a whole. The second group regu-
lates the interaction of some components within the signaling
pathway itself. The first group comprises four circuits — three
with positive feedback loops, implementing pathway auto-
activation (Fig. 5a—c), and one with a negative feedback
loop, mediating autorepression of the pathway (Fig. 5d).
The auto-activation circuits include the membrane proteins
GAS1, BOC, CDON, which participate in the interaction of
the PTCHZ1/2 receptor with its HH ligand, thereby facilitating
signal transduction. The expression of the genes encoding
these membrane proteins is controlled by the GLI11/3 transcrip-
tion factors (Allen et al., 2007; Song et al., 2015; Echevarria-
Andino et al., 2023).

The main component of the fourth circuit is the HHIP pro-
tein, which prevents the binding of PTCH1/2 to HH, thereby
prohibiting signal propagation. The HHIP gene is a target
of GLI1/3 transcription factors (Chuang, McMahon, 1999;
Falkenstein, Vokes, 2014).

The second group, defining the character of certain interac-
tions within the HH pathway, is formed by three circuits. The
first controls the interaction between PTCH1 and SMO via a
positive feedback loop (Fig. 6a). The second is a mutual regu-
lation circuit of the genes encoding the GL11/3 transcription
factors (Fig. 6b). It can exist in two states depending on the
functional status of the pathway. In the presence of the HH
signal, the circuit operates in a mode of mutual gene activa-
tion via positive feedback loops. In the absence of the signal,
the repressor form GLI3R suppresses the transcription of the
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Fig. 4. A reconstruction of the associative gene network for the human Hedgehog signaling pathway, generated by the

ANDSystem tool.

Fig. 5. Auto-regulation of the HH signaling pathway.
a-c - regulatory circuits with positive feedback; d - regulatory circuit with negative feedback; SP - signaling pathway.
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Fig. 6. Schemes of mutual regulation of components in three regulatory circuits of the HH signaling pathway.

a - regulation of PTCH1 and SMO; b — auto-regulation of GLI1/3; ¢ - regulation of GLI2/3 and SUFU.
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GLI1/2 genes and turns off the auto-activation. Thus, the bal-
ance between the activator and repressor forms of GLI is main-
tained (Wang et al., 2000; Vokes et al., 2007; Briscoe, Thérond,
2013). The third circuit of the group functions with the par-
ticipation of two miRNAs — hsa-mir-93 and hsa-mir-378A,
regulating the levels of GL12/3 and SUFU via negative feed-
back loops (Fig. 6¢). The involvement of miRNAs, including
hsa-mir-93 and hsa-mir-378A, in regulating the expression
of HH pathway proteins was established by A. Helwak et al.
(2013). Analysis of the reconstructed HH signaling pathway
gene network revealed that the genes encoding these miRNAs
are targets for the GL12/3 transcription factors.

Evolutionary characteristics of human Hedgehog

signaling pathway genes:

The distribution of genes by values of their phylostratigraphic
indecies PALI is presented in Table 2 and Figure 7.

The vast majority of pathway genes are characterized by
indices of PAIl = 01 (35 genes) and PAl = 02 (18 genes), indi-
cating their emergence at the level of the first unicellular eu-
karyotes and the first multicellular animals. Two genes —BCL2
and SUFU - originated significantly earlier — at the cellular
level of biological organization (their PAI = 00). Both of these
genes control the cell pool — BCL2 as an apoptosis regulator,
and SUFU as an inhibitor of tumor growth, i. e., uncontrolled
cell proliferation (Willis et al., 2003; Cheng, Yue, 2008).

Only one gene, HHIP, originated during the formation of
chordates, has a PAI value of 03. The eponymous protein
inhibits the signaling cascade already at its initial stage by
binding to the PTCH1 receptor and preventing the ligand—
receptor interaction.

Previously, independent data on the emergence time of
certain components of the human Hedgehog (HH) signaling
pathway prior to vertebrate divergence had been obtained
for all HH ligands (Kumar et al., 1996) and for the GLI tran-
scription factors (Shimeld et al., 2007), and these findings are
consistent with the results presented.

A comparison of the PAI value distribution between HH
cascade genes and all human protein-coding genes (Fig. 7)
showed a statistically significant bias towards more ancient
values in HH pathway genes (p < 0.05, Mann-Whitney test).
This aligns with the fact that this pathway is activated earlier
than others in ontogeny, suggesting that its core components
therefore had to emerged at early stages of multicellular or-
ganisms evolution. Indeed, all forms of HH, GLI, PTCH, and

Hedgehog signaling in humans:
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SMO proteins, which play the main role in signal transduc-
tion, are characterized by PAI = 01-02, and their functional
analogs are present even in invertebrate animals (Ingham,
McMahon, 2001; Wilson, Chuang, 2010). Notably, all genes
of the regulatory circuits except HHIP, have ancient origin, at
that HHIP is the only gene included in the regulatory circuit
with negative feedback.

Figure 8 shows the distribution of DI index values for
HH pathway genes. Given that this pathway orchestrates the
implementation of fundamental cellular processes involved
in morphogenesis, including division, differentiation, and
apoptosis, it is unsurprising that 89 % of its genes (50) have
a DI index <0.5, with 12 of them (=21 %) having an index
below 0.1. This fact confirms that the signaling pathway, and
the genes of the regulatory circuits governing its function, are
under stabilizing selection which limits the accumulation of
genomic changes.

In the analyzed set of 56 genes, only two have DI > 1 —
these are CSNK1A1L (1.213) and EFCAB7 (1.051). This
finding, within the framework of the applied method, sug-
gests that these genes may be under positive selection. The
kinase CSNK1ALL phosphorylates GLI1/3 proteins. Ac-
cording to KEGG database data (hsa04340), in the human
HH signaling pathway, several other kinases (CSNK1A1,
CSNK1D, CSNK1E, CSNK1G1, CSNK1G2, CSNK1G3,
TPTEP2-CSNKI1E), encoded by genes of the same name, also
participate in this process. All of them fall into the group with
PAI = 02_Eukaryota, however, the DI values for them range
from 0.0361 for CSNK1A1 to 0.264 for CSNK1D, indicating
the action of stabilizing selection on them. It can be assumed
that CSNK1ALL might have “incorporated” into the signal-
ing pathway later in evolution than the other kinase genes,
and therefore may currently be experiencing the influence of
positive, rather than stabilizing, selection.

The EFCABY protein, together with EVC, EVC2, and IQCE
proteins, is involved in anchoring SMO to the primary cilium
of mammalian cells, which distinguishes the signal transduc-
tion mechanism from the analogous process in Drosophila,
whose cells do not possess primary cilia (Chen et al., 2009;
Gorojankina, 2017). Probably, the weak pressure of posi-
tive selection on the EFCABY gene, reflected in its DI value
close to one, is related precisely to the later emergence of the
mechanism involving primary cilia in the signal transduction
process compared to other pathway components performing
the same function — the EVC, EVC2, and IQCE genes (Chen

Table 2. Distribution of 56 human Hedgehog signaling pathway genes

according to phylostratigraphic index (PAl) values

PAIl Index_Taxon Genes

00_Cellular Organisms SUFU, BCL2

01_Eucaryota

ARRB1,ARRB2, BTRC, CCND1, CCND2, CSNK1A1, CSNKTATL, CSNK1D, CSNK1E, CSNK1G1, CSNK1G2, CSNK1G3,

CUL1,CUL3, DHH, DISP1, EFCAB7, FBXW11, GRK2, GRK3, GSK3B, IHH, KIF3A, KIF7, MOSMO, PRKACA, PRKACB,
PRKACG, PTCH1, PTCH2, SMURF1, SMURF2, SPOP, SPOPL, TPTEP2-CSNK1E

02_Metazoa
SHH, SMO

03_Chordata HHIP

BOC, CDON, EVC, EVC2, GAS1, GLI1, GLI2, GLI3, GPR161, HHAT, HHATL, IQCE, LRP2, MEGF8, MGRN1, SCUBE2,

Note. Gene names belonging to regulatory circuits with feedback are highlighted in bold.
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Fig. 7. Distribution of PAl values among genes of the Hedgehog signaling pathway (56 genes) and all human protein-coding

genes (19,491 genes).

The differences in values are statistically significant at p < 0.05 according to the Mann-Whitney test.

etal., 2009; Wilson, Chuang 2010), which are evidently under
stabilizing selection, as indicated by their DI values of 0.298,
0.421, and 0.679, respectively.

Thus, the overwhelming majority of Hedgehog signaling
pathway genes can be characterized as ancient, subject to
stabilizing selection, preventing the accumulation of genetic
variability and promoting functional stability of the genes.
Their conservatism confirms the critical role of the HH path-
way in regulating fundamental ontogenetic processes.

Conclusion

A prototype of the HH_Signal_pathway_db knowledge
base has been developed. It accumulates information on the
structural and functional organization of the evolutionarily
conserved Hedgehog (HH) signaling pathway in humans,
integrating data from KEGG, NCBI Gene, UniProt, and other
sources. The database systematizes fragmented data on the
HH signaling pathway in humans and can serve as a tool for
systematic analysis of its role in ontogenesis, maintaining
homeostasis, and pathology development.

The bioinformatic analysis of some data from the base, in
particular, showed that: 1) according to functional annotation,
the pathway’s genes are associated with three categories
of processes: intracellular, organ morphogenesis, and
intercellular communication, including interaction with other
signaling cascades; 2) the vast majority of the pathway’s genes
are of ancient origin and subject to stabilizing selection; 3) the
reconstructed associative gene network of the HH pathway
contains 56 genes, 504 proteins, 126 miRNAs, and establishes
1,412 interactions among them; 4) the network’s functioning
is regulated by seven regulatory circuits — five with positive
and two with negative feedback. One of the negative feedback
circuits involve two miRNAs.

References

Allen B.L., Tenzen T., McMahon A.P. The Hedgehog-binding pro-
teins Gasl and Cdo cooperate to positively regulate Shh signaling
during mouse development. Genes Dev. 2007;21(10):1244-1257.
doi 10.1101/gad.1543607

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

100 1
é 80 i B Human protein-coding genes
& L B HH signalling patway genes
«—
o L
o 60
o L
©
c 401
7]
=
& 20+t
o D [ | e
0-0.5 0.5-1.0 1.0-1.5 >1.5 DI

Fig. 8. Distribution of DI values for Hedgehog signaling pathway genes
compared to all human protein-coding genes.

Artavanis-Tsakonas S., Rand M.D., Lake R.J. Notch signaling: cell
fate control and signal integration in development. Science. 1999;
284(5415):770-776. doi 10.1126/science.284.5415.770

Bartel D.P. Metazoan microRNAs. Cell. 2018;173(1):20-51. doi
10.1016/j.cell.2018.03.006

Breeze E. Role of Hedgehog signalling pathway in the maintenance
and regeneration of adult tissues. J Cell Signal. 2022;7:281. doi
10.35248/2576-1471.22.7.281

Brennan D., Chen X., Cheng L., Mahoney M., Riobo N.A. Noncanoni-
cal Hedgehog signaling. Vitam Horm. 2012;88:55-72. doi 10.1016/
B978-0-12-394622-5.00003-1

Briscoe J., Thérond P.P. The mechanisms of Hedgehog signalling and
its roles in development and disease. Nat Rev Mol Cell Biol. 2013;
14(7):416-429. doi 10.1038/nrm3598

Buti E., Mesquita D., Aratjo S.J. Hedgehog is a positive regulator of
FGF signalling during embryonic tracheal cell migration. PLoS One.
2014;9(3):€92682. doi 10.1371/journal.pone.0092682

Carballo G.B., Honorato J.R., de Lopes G.P.F., Spohr T.C.L.S.E.
A highlight on Sonic hedgehog pathway. Cell Commun Signal.
2018;16(1):11. doi 10.1186/512964-018-0220-7

Chen M.H., Wilson C.W., Li Y.J., Law K.K,, Lu C.S., Gacayan R.,
Zhang X., Hui C.C., Chuang P.T. Cilium-independent regulation of
Gli protein function by Sufu in Hedgehog signaling is evolutionari-
ly conserved. Genes Dev. 2009;23(16):1910-1928. doi 10.1101/gad.
1794109

Cheng S.Y., Yue S. Role and regulation of human tumor suppressor
SUFU in Hedgehog signaling. Adv Cancer Res. 2008;101:29-43. doi
10.1016/S0065-230X(08)00402-8

987


https://pubmed.ncbi.nlm.nih.gov/17504941/
https://doi.org/10.1126/science.284.5415.770
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/b978-0-12-394622-5.00003-1
https://doi.org/10.1016/b978-0-12-394622-5.00003-1
https://doi.org/10.1038/nrm3598
https://doi.org/10.1371/journal.pone.0092682
https://doi.org/10.1186/s12964-018-0220-7
https://pubmed.ncbi.nlm.nih.gov/19684112/
https://pubmed.ncbi.nlm.nih.gov/19684112/
https://doi.org/10.1016/s0065-230x(08)00402-8
https://doi.org/10.1016/s0065-230x(08)00402-8

T.A. Bukharina, A.M. Bondarenko
D.P. Furman

Chuang P.T., McMahon A.P. Vertebrate Hedgehog signalling modu-
lated by induction of a Hedgehog-binding protein. Nature. 1999;
397(6720):617-621. doi 10.1038/17611

Chung K.M., Kim H., Roque C.G., McCurdy E.P., Nguyen T.T.T.,
Siegelin M.D., Hwang J.Y., Hengst U. A systemic cell stress signal
confers neuronal resilience toward oxidative stress in a Hedgehog-
dependent manner. Cell Rep. 2022;41(3):111488. doi 10.1016/
j.celrep.2022.111488

Demenkov P.S., Ivanisenko T.V., Kolchanov N.A., Ivanisenko V.A.
ANDVisio: a new tool for graphic visualization and analysis of
literature mined associative gene networks in the ANDSystem.
In Silico Biol. 2011;11(3):149-161. doi 10.3233/1SB-2012-0449

Dilower 1., Niloy AJ., Kumar V., Kothari A., Lee E.B., Rumi M.A.K.
Hedgehog signaling in gonadal development and function. Cells.
2023;12(3):358. doi 10.3390/cells12030358

Dutta R.K., Jun J., Du K., Diehl A.M. Hedgehog signaling: implica-
tions in liver pathophysiology. Semin Liver Dis. 2023;43(4):418-
428. doi 10.1055/a-2187-3382

Echevarria-Andino M.L., Franks N.E., Schrader H.E., Hong M.,
Krauss R.S., Allen B.L. CDON contributes to Hedgehog-dependent
patterning and growth of the developing limb. Dev Biol. 2023;493:
1-11. doi 10.1016/j.ydbio.2022.09.011

Edeling M., Ragi G., Huang S., Pavenstadt H., Susztak K. Develop-
mental signalling pathways in renal fibrosis: the roles of Notch, Wnt
and Hedgehog. Nat Rev Nephrol. 2016;12(7):426-439. doi 10.1038/
nrneph.2016.54

Eggenschwiler J.T., Anderson K.V. Cilia and developmental signaling.
Annu Rev Cell Dev Biol. 2007;23:345-373. doi 10.1146/annurev.
cellbio.23.090506.123249

ENCODE Project Consortium. An integrated encyclopedia of DNA
elements in the human genome. Nature. 2012;489(7414):57-74. doi
10.1038/nature11247

Falkenstein K.N., Vokes S.A. Transcriptional regulation of graded
Hedgehog signaling. Semin Cell Dev Biol. 2014;33:73-80. 10.1016/
j.semcdb.2014.05.010

Fang Z., Meng Q., Xu J., Wang W., Zhang B., Liu J., Liang C., Hua J.,
Zhao Y., Yu X., Shi S. Signaling pathways in cancer-associated fi-
broblasts: recent advances and future perspectives. Cancer Commun
(Lond). 2023;43(1):3-41. doi 10.1002/cac2.12392

Filonov S.V., Podkolodnyy N.L., Podkolodnaya O.A., Tverdo-
khleb N.N., Ponomarenko P.M., Rasskazov D.A., Bogomolov A.G.,
Ponomarenko M.P. Human_SNP_TATAdb: a database of SNPs that
statistically significantly change the affinity of the TATA-binding
protein to human gene promoters: genome-wide analysis and use
cases. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet
Breed. 2023;27(7):728-736. doi 10.18699/VJGB-23-85

Fitzsimons L.A., Brewer V.L., Tucker K.L. Hedgehog morphogens act
as growth factors critical to pre- and postnatal cardiac development
and maturation: how primary cilia mediate their signal transduction.
Cells. 2022;11(12):1879. doi 10.3390/cells11121879

Gao Q., Zhou G, Lin S.J., Paus R., Yue Z. How chemotherapy and
radiotherapy damage the tissue: comparative biology lessons from
feather and hair models. Exp Dermatol. 2019;28(4):413-418. doi
10.1111/exd.13846

GaoY., Shan Z., Jian C., Wang Y., Yao X,, Li S., Ti X., Zhao G., Liu C.,
Zhang Q. HIB/SPOP inhibits Ci/Gli-mediated tumorigenesis by mo-
dulating the RNA polymerase Il components stabilities. iScience.
2023;26(8):107334. doi 10.1016/j.isci.2023.107334

Ghafouri-Fard S., Khoshbakht T., Hussen B.M., Taheri M., Samsa-
mi M. Emerging role of non-coding RNAs in the regulation of Sonic
Hedgehog signaling pathway. Cancer Cell Int. 2022;22(1):282. doi
10.1186/512935-022-02702-y

Gorojankina T. Hedgehog signaling pathway: a novel model and mo-
lecular mechanisms of signal transduction. Cell Mol Life Sci. 2016;
73(7):1317-1332. doi 10.1007/s00018-015-2127-4

Harris L.G., Samant R.S., Shevde L.A. Hedgehog signaling: network-
ing to nurture a promalignant tumor microenvironment. Mol Cancer
Res. 2011;9(9):1165-1174. doi 10.1158/1541-7786.MCR-11-0175

Hedgehog signaling in humans:
the HH_Signal_pathway_db knowledge base

Helwak A., Kudla G., Dudnakova T., Tollervey D. Mapping the hu-
man miRNA interactome by CLASH reveals frequent noncanonical
binding. Cell. 2013;153(3):654-665. doi 10.1016/j.cell.2013.03.043

Huttlin E.L., Bruckner R.J., Paulo J.A., Cannon J.R., Ting L., Bal-
tier K., Colby G., ... Guruharsha K.G., Li K., Artavanis-Tsako-
nas S., Gygi S.P., Harper J.W. Architecture of the human interactome
defines protein communities and disease networks. Nature. 2017
545(7655):505-509. doi 10.1038/nature22366

Ingham P.W. Hedgehog signaling. Curr Top Dev Biol. 2022;149:1-58.
doi 10.1016/bs.ctdb.2022.04.003

Ingham P.W., McMahon A.P. Hedgehog signaling in animal develop-
ment: paradigms and principles. Genes Dev. 2001;15(23):3059-
3087. doi 10.1101/gad.938601

Ingham P.W., Nakano Y., Seger C. Mechanisms and functions of
Hedgehog signalling across the metazoa. Nature Rev Genet. 2011;
12(6):393-406. doi 10.1038/nrg2984

Ivanisenko V.A., Saik O.V., lvanisenko N.V., Tiys E.S., Ivanisenko T.V.,
Demenkov P.S., Kolchanov N.A. ANDSystem: an Associative Net-
work Discovery System for automated literature mining in the field
of biology. BMC Systems Biol. 2015;9:S2. doi 10.1186/1752-0509-
9-S2-S2

Ivanisenko V.A., Demenkov P.S., lvanisenko T.V., Mishchenko E.L.,
Saik O.V. A new version of the ANDSystem tool for automatic ex-
traction of knowledge from scientific publications with expanded
functionality for reconstruction of associative gene networks by
considering tissue-specific gene expression. BMC Bioinformatics.
2019;20(Suppl. 1):34. doi 10.1186/s12859-018-2567-6

Ivanisenko V.A., Demenkov P.S., Ivanisenko T.V., Kolchanov N.A.
ANDSystem: a cognitive system for the reconstruction and analy-
sis of knowledge graphs (gene networks) based on the automated
extraction of data from scientific publications, patents, and factual
databases. Nauka i Tekhnologii Sibiri. 2022;4(7):122-125. Available
at: https://scitech.sb-ras.ru/upload/iblock/010/5ttp14te9uulr5gOsuu
7ka05ui8udyng/nit_2022_7.pdf (in Russian)

Ivanov R.A., Mukhin A.M., Kazantsev F.V., Mustafin Z.S., Afon-
nikov D.A., Matushkin Y.G., Lashin S.A. Orthoweb: a software
package for evolutionary analysis of gene networks. Vavilov J Genet
Breed. 2024;28(8):874-881. doi 10.18699/vjgh-24-95

Jamieson C., Martinelli G., Papayannidis C., Cortes J.E. Hedgehog
pathway inhibitors: a new therapeutic class for the treatment of
acute myeloid leukemia. Blood Cancer Discov. 2020;1(2):134-145.
doi 10.1158/2643-3230.BCD-20-0007

Jeffares D.C., Tomiczek B., Sojo V., dos Reis M. A beginners guide
to estimating the non-synonymous to synonymous rate ratio of all
protein-coding genes in a genome. Methods Mol Biol. 2015;1201:
65-90. doi 10.1007/978-1-4939-1438-8_4

Jing J., Wu Z., Wang J., Luo G., Lin H., Fan Y., Zhou C. Hedgehog
signaling in tissue homeostasis, cancers, and targeted therapies. Sig-
nal Transduct Target Ther. 2023;8(1):315. doi 10.1038/s41392-023-
01559-5

Kenneth J.H. Big Data among Big Data: Genome Data. 2022. Available
at: https://3billion.io/blog/big-data-among-big-data-genome-data/

Kim N.H., Lee A.Y. Oxidative stress induces skin pigmentation in me-
lasma by inhibiting Hedgehog signaling. Antioxidants (Basel). 2023,;
12(11):1969. doi 10.3390/antiox12111969

Kumar S., Balczarek K.A., Lai Z.C. Evolution of the hedgehog gene
family. Genetics. 1996;142(3):965-972. doi 10.1093/genetics/142.
3.965

Logan C.Y., Nusse R. The Wnt signaling pathway in development and
disease. Ann Rev Cell Dev Biol. 2004;20:781-810. doi 10.1146/
annurev.cellbio.20.010403.113126

Luo K. Signaling cross talk between TGF-B/Smad and other signaling
pathways. Cold Spring Harb Perspect Biol. 2017;9(1):a022137. doi
10.1101/cshperspect.a022137

Mclntyre G., Jackson Z., Colina J., Sekhar S., DiFeo A. miR-181a: re-
gulatory roles, cancer-associated signaling pathway disruptions, and
therapeutic potential. Expert Opin Ther Targets. 2024;28(12):1061-
1091. doi 10.1080/14728222.2024.2433687

988 Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 202529 -7


https://doi.org/10.1038/17611
https://doi.org/10.1016/j.celrep.2022.111488
https://doi.org/10.1016/j.celrep.2022.111488
https://pubmed.ncbi.nlm.nih.gov/22935968/
https://doi.org/10.3390/cells12030358
https://doi.org/10.1055/a-2187-3382
https://doi.org/10.1016/j.ydbio.2022.09.011
https://doi.org/10.1038/nrneph.2016.54
https://doi.org/10.1038/nrneph.2016.54
https://doi.org/10.1146/annurev.cellbio.23.090506.123249
https://doi.org/10.1146/annurev.cellbio.23.090506.123249
https://doi.org/10.1038/nature11247
https://doi.org/10.1038/nature11247
https://doi.org/10.1016/j.semcdb.2014.05.010
https://doi.org/10.1016/j.semcdb.2014.05.010
https://doi.org/10.1002/cac2.12392
https://doi.org/10.18699/VJGB-23-85
https://doi.org/10.3390/cells11121879
https://doi.org/10.1111/exd.13846
https://doi.org/10.1111/exd.13846
https://doi.org/10.1016/j.isci.2023.107334
https://doi.org/10.1186/s12935-022-02702-y
https://doi.org/10.1186/s12935-022-02702-y
https://doi.org/10.1007/s00018-015-2127-4
https://doi.org/10.1158/1541-7786.mcr-11-0175
https://doi.org/10.1016/j.cell.2013.03.043
https://doi.org/10.1038/nature22366
https://doi.org/10.1016/bs.ctdb.2022.04.003
https://doi.org/10.1101/gad.938601
https://doi.org/10.1038/nrg2984
https://doi.org/10.1186/1752-0509-9-s2-s2
https://doi.org/10.1186/1752-0509-9-s2-s2
https://doi.org/10.1186/s12859-018-2567-6
https://scitech.sb-ras.ru/upload/iblock/010/5ttp14te9uu1r5g0suu7ka05ui8udynq/nit_2022_7.pdf
https://scitech.sb-ras.ru/upload/iblock/010/5ttp14te9uu1r5g0suu7ka05ui8udynq/nit_2022_7.pdf
https://doi.org/10.18699/vjgb-24-95
https://doi.org/10.1158/2643-3230.bcd-20-0007
https://doi.org/10.1007/978-1-4939-1438-8_4
https://doi.org/10.1038/s41392-023-01559-5
https://doi.org/10.1038/s41392-023-01559-5
https://doi.org/10.3390/antiox12111969
https://doi.org/10.1093/genetics/142.3.965
https://doi.org/10.1093/genetics/142.3.965
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1146/annurev.cellbio.20.010403.113126
https://doi.org/10.1101/cshperspect.a022137
https://doi.org/10.1101/cshperspect.a022137
https://doi.org/10.1080/14728222.2024.2433687

T.A. ByxapuHa, A.M. boHpapeHKo
.M. ®ypmar

Mustafin Z.S., Lashin S.A., Matushkin Yu.G. Phylostratigraphic analy-
sis of gene networks of human diseases. Vavilov J Genet Breed.
2021;25(1):46-56. doi 10.18699/V/J21.006

Niisslein-Volhard C., Wieschaus E. Mutations affecting segment num-
ber and polarity in Drosophila. Nature. 1980;287(5785):795-801.
doi 10.1038/287795a0

Oro A.E. The primary cilia, a ‘Rab-id’ transit system for Hedgehog
signaling. Curr Opin Cell Biol. 2007;19(6):691-696. doi 10.1016/
j.ceb.2007.10.008

Perrimon N., Pitsouli C., Shilo B.Z. Signaling mechanisms controlling
cell fate and embryonic patterning. Cold Spring Harb Perspect Biol.
2012;4(8):a005975. doi 10.1101/cshperspect.a005975

Regev A., Teichmann S.A., Lander E.S., Amit ., Benoist C., Birney E.,
Bodenmiller B., ... Watt F., Weissman J., Wold B., Xavier R.,
Yosef N., Human Cell Atlas Meeting Participants. The Human Cell
Atlas. eLife. 2017;6:27041. doi 10.7554/eLife.27041

Rimkus T.K., Carpenter R.L., Qasem S., Chan M., Lo H.W. Target-
ing the sonic Hedgehog signaling pathway: review of Smoothened
and GLI inhibitors. Cancers (Basel). 2016;8(2):22. doi 10.3390/
cancers8020022

Roy S., Ingham P.W. Hedgehogs tryst with the cell cycle. J Cell Sci.
2002;115(Pt 23):4393-4397. doi 10.1242/jcs.00158

Rubin D.C. Intestinal morphogenesis. Curr Opin Gastroenterol. 2007,
23(2):111-114. doi 10.1097/MOG.0b013e3280145082

Schermelleh L., Ferrand A., Huser T., Eggeling C., Sauer M., Biehl-
maier O., Drummen G.P. Super-resolution microscopy demysti-
fied. Nat Cell Biol. 2019;21(1):72-84. doi 10.1038/s41556-018-
0251-8

Sherman B.T., Hao M., Qiu J., Jiao X., Baseler M.W., Lane H.C.,
Imamichi T., Chang W. DAVID: a web server for functional enrich-
ment analysis and functional annotation of gene lists (2021 update).
Nucleic Acids Res. 2022;50(W1):W216-W221. doi 10.1093/nar/
gkac194

Shimeld S.M., van den Heuvel M., Dawber R., Briscoe J. An amphi-
oxus Gli gene reveals conservation of midline patterning and the
evolution of hedgehog signalling diversity in chordates. PLoS One.
2007;2(9):e864. doi 10.1371/journal.pone.0000864

Skoda A.M., Simovic D., Karin V., Kardum V., Vranic S., Serman L.
The role of the Hedgehog signaling pathway in cancer: a comprehen-

2025
29.7

CurHanbHbI nyTb Hedgehog y yenoseka:
onvcaHue B 6a3e 3HaHmin HH_Signal_pathway_db

sive review. Bosn J Basic Med Sci. 2018;18(1):8-20. doi 10.17305/
bjbms.2018.2756

Song J.Y., Holtz A.M., Pinskey J.M., Allen B.L. Distinct structural re-
quirements for CDON and BOC in the promotion of Hedgehog sig-
naling. Dev Biol. 2015;402(2):239-252. doi 10.1016/j.ydbio.2015.
03.015

Spielman S.J., Wilke C.O. The relationship between dN/dS and scaled
selection coefficients. Mol Biol Evol. 2015;32(4):1097-1108. doi
10.1093/molbev/msv003

Spinella-Jaegle S., Rawadi G., Kawai S., Gallea S., Faucheu C., Mol-
lat P., Courtois B., Bergaud B., Ramez V., Blanchet A.M., Adel-
mant G., Baron R., Roman-Roman S. Sonic hedgehog increases the
commitment of pluripotent mesenchymal cells into the osteoblastic
lineage and abolishes adipocytic differentiation. J Cell Sci. 2001,
114(Pt. 11):2085-2094. doi 10.1242/jcs.114.11.2085

van der Weele C.M., Hospes K.C., Rowe K.E., Jeffery W.R. Hypoxia-
sonic hedgehog axis as a driver of primitive hematopoiesis develop-
ment and evolution in cavefish. Dev Biol. 2024;516:138-147. doi
10.1016/j.ydbio.2024.08.008

Varjosalo M., Taipale J. Hedgehog signaling. J Cell Sci. 2007;
120(Pt. 1):3-6. doi 10.1242/jcs.03309

Vokes S.A., Ji H., McCuine S., Tenzen T., Giles S., Zhong S., Longa-
baugh W.J., Davidson E.H., Wong W.H., McMahon A.P. Genomic
characterization of Gli-activator targets in sonic hedgehog-me-
diated neural patterning. Development. 2007;134(10):1977-1989.
doi 10.1242/dev.001966

Wang B., Fallon J.F., Beachy P.A. Hedgehog-regulated processing of
Gli3 produces an anterior/posterior repressor gradient in the de-
veloping vertebrate limb. Cell. 2000;100(4):423-434. doi 10.1016/
s0092-8674(00)80678-9

Willis S., Day C.L., Hinds M.G., Huang D.C. The Bcl-2-regulated
apoptotic pathway. J Cell Sci. 2003;116(Pt. 20):4053-4056. doi
10.1242/jcs.00754

Wilson C.W., Chuang P.T. Mechanism and evolution of cytosolic
Hedgehog signal transduction. Development. 2010;137(13):2079-
2094. doi 10.1242/dev.045021

Wu F., Zhang Y., Sun B., McMahon A.P., Wang Y. Hedgehog signal-
ing: from basic biology to cancer therapy. Cell Chem Biol. 2017,
24(3):252-280. doi 10.1016/j.chembiol.2017.02.010

Conflict of interest. The authors declare no conflict of interest.

Received July 22, 2025. Revised September 17, 2025. Accepted September 17, 2025.

CUCTEMHAA KOMIMbIOTEPHAA BUOJTIOTUA / SYSTEMS COMPUTATIONAL BIOLOGY

989


https://doi.org/10.18699/VJ21.006
https://doi.org/10.1038/287795a0
https://doi.org/10.1016/j.ceb.2007.10.008
https://doi.org/10.1016/j.ceb.2007.10.008
https://doi.org/10.1101/cshperspect.a005975
https://doi.org/10.7554/elife.27041
https://doi.org/10.3390/cancers8020022
https://doi.org/10.3390/cancers8020022
https://doi.org/10.1242/jcs.00158
https://doi.org/10.1097/mog.0b013e3280145082
https://doi.org/10.1038/s41556-018-0251-8
https://doi.org/10.1038/s41556-018-0251-8
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1093/nar/gkac194
https://doi.org/10.1371/journal.pone.0000864
https://doi.org/10.17305/bjbms.2018.2756
https://doi.org/10.17305/bjbms.2018.2756
https://doi.org/10.1016/j.ydbio.2015.03.015
https://doi.org/10.1016/j.ydbio.2015.03.015
https://doi.org/10.1093/molbev/msv003
https://doi.org/10.1093/molbev/msv003
https://doi.org/10.1242/jcs.114.11.2085
https://doi.org/10.1016/j.ydbio.2024.08.008
https://doi.org/10.1016/j.ydbio.2024.08.008
https://doi.org/10.1242/jcs.03309
https://doi.org/10.1242/dev.001966
https://doi.org/10.1016/s0092-8674(00)80678-9
https://doi.org/10.1016/s0092-8674(00)80678-9
https://doi.org/10.1242/jcs.00754
https://doi.org/10.1242/jcs.00754
https://doi.org/10.1242/dev.045021
https://doi.org/10.1016/j.chembiol.2017.02.010

