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Abstract. In this work, we for the first time performed a comprehensive bioinformatics analysis of 568 human genes
that, according to the NCBI Gene database as on September 15, 2024, were associated with pain generation, per-
ception and anesthesia. The SCN9A gene encoding the sodium voltage-gated channel a subunit 9 and expressed
in sensory neurons for transferring signals to the central nervous system about tissue damage was the only one
involved in all the processes of interest at once as a hub gene. First, with our tool called OrthoWeb, we estimated
the phylostratigraphic age indices (PAls) for each of the genes, that is, identified the taxon of the most recent com-
mon ancestor of the organisms for which that gene has been sequenced. The mean PAl for all genes under study,
including SCN9A as a hub gene for pain generation, perception, response and anesthesia, was ‘4. On the evolu-
tionary scale by the Kyoto Encyclopedia of Genes and Genomes (KEGG), the ancestor is the phylum Chordata, some
of the most ancient of which evolved the central and the peripheral nervous system. Next, with our tool called
ANDSystem, we found that phosphorylation of ion channels is a centerpiece in pain generation, perception, re-
sponse and anesthesia, on which the efficiency of signal transduction from the peripheral to the central system
depends. This conclusion was consistent with literature data on a key role an efficient signal transduction from the
peripheral to the central system from the peripheral to the central system for adjusting the human circadian rhythm
through detection of a change from the dark of night to the light of day and for identification of the direction of the
source of sound by auditory brainstem nuclei, for generating the response to cold stress and for physical coordina-
tion. 21 candidate SNP marker of significant SCN9A over- and underexpression. Finally, the ratio of SCN9A upregu-
lating to downregulating SNPs was compared to that for all known human genes estimated by the 1000 Genomes
Project Consortium. It was found that SCN9A as a hub gene for pain generation, perception, pain response and
anesthesia is acted on by natural selection against its downregulation, to keep the nervous system highly informed
on the status of the organism and the environment.
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KaHanpatHble SNP-mapKepbl MHTerpaLum 4yBcTea 6onu,
oTBeTa Ha 60nb 1 aHecTe3nm
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AHHOTaUuA. B HacTosAweln paboTe Brepsble MpoBefeH KOMMIEKCHbIN 6MOMHPOPMATUUYECKUIA aHANN3 FreHOB YenioBe-
Ka, CBA3aHHbIX C reHepaLuen, YyBCTBOM 1 OTBETOM Ha 6011b HapAay ¢ 06e36o0nmBaHMeM, KOTOpble Gbln NpeacTaB-
neHbl 568 reHaMu YesnioBeka cornacHo 6ase gaHHbIx NCBI Gene (paTa obpalyeHma 15.09.2024). Ten SCN9A venoBeka
(sodium voltage-gated channel a subunit 9) nepegaun cMrHanoB o NOBPEXAEHMN TKAHEN OT CEHCOPHbIX Henpo-
HOB B LIEHTPasIbHYI0 HEPBHYIO CUCTEMY OblNl €ANHCTBEHHBIM CPEAUN UCCNefyeMbIX 568 reHOB, KOTOPbI BOBMEYEH
BO BCe aHanu3upyemble NpoLecchl Kak reH-mHterpatop ana Hux. CHayana c MCnonb3oBaHMEM CO34aHHOMO Hamwu
paHee nHcTpymeHTa OrthoWeb ana Kakgoro reHa OoLEHUNM TakCoH Gnuxaiiiiero obLero npefka BCeX opraHums-
MOB, y KoToporo paclndposaHa [HK 3Toro reHa (1. e. nHaekc dpunoctpaturpadpuryeckoro Bospacta, PAl). CpegHe-
apudmeTnyeckas oueHka PAl ansa Bcex aHann3npyembix reHOB, a Takxe ero 3HaueHre anda reHa SCN9A, Hterpatopa
reHepaLuu, 4YyBCTBa 1 OTBETa Ha 60Nb HapALy C aHecTe3uel, OKasanncb paBHbIMK 4. Ha 3BOMIOLMOHHON LWKane
Knotckon sHumKknonegmm reHos 1 reHomoB (KEGG) aTo cooTtBeTcTByeT TakcoHy Chordata, y ogHux 13 cambix ApeB-
HUX NpeAcTaBUTeNelt KOTOPOro NPoun3oLLa crneynanvsaumna LeHTPanbHON 1 nepudepmnyeckon HepBHOM CUCTEMbI.
[Janee c nomoLbto co3gaHHol Hamu cuctembl ANDSystem Mbl BbIABUNN GOCPOpUNMpoBaHME NOHHBIX KaHaNIOB Kak
KpaeyronbHOro KaMHA B reHepaLmm, YyBCTBE, OTBETE Ha 60/1b 1 06e360n1BaHKe, KOTOpoe onpeaensaeT SGHeKTnB-
HOCTb Nepefaun CUrHanoB 13 nepudepryeckon B LeHTPanbHYy HEPBHYIO CMCTEMY. DTOT BbIBOJ COrNacyeTca C nu-
TepaTypPHbIMU JaHHBIMU O KNto4eBOl ponu 3GPeKTMBHONM Nepeaayn CUrHanoB nepudepryeckon HePBHOM CUCTEMbI
B LIEHTPanbHyi0 NpU KOppeKLnn LMpKagHOro putma yenoBeka yepes gpakTtnyeckyio getekymio dotopeLentopamu
CMeHbl HOYHOW TEMHOTbI Ha IHEBHOE OCBELLEeHMe, a TakKe Npu onpefeneHnn HanpasieHNa Ha UCTOYHMK 3BYKa Ciy-
XOBbIMY AZPaMu Mo3ra, GOPMUPOBaHUM OTBETa Ha XONOJOBON CTPECC U NPY KOOpAMHALMMN ABUXKEHWI Y YeNloBeKa.
3aTem C MCMONb30BaHNEM paHee co3haHHON Hamu 6a3bl AaHHbIX Human_SNP_TATAdb 6bin npeanoxeH 21 KaHau-
JatHbil SNP-mapKep 3HauMMOro yBenMyeHua n ymeHblueHuA sKcnpeccumr reHa SCN9A yenoseka. HakoHel, OTHO-
LWeHre BCTpeyaeMocTn 3Tx SNP-MapKepoB CpaBHWAM C NMOMHOTEHOMHbBIM OTHOLLEHNEM, KOTOPOE OblIo OLIEHEHO
KoHcopLmymom «1000 reHOMOB». B pesynbTate 06HapyxeHo, uTo SCN9A KaK reH-uHTerpaTop reHepauuu, 4yBCTBa,
oTBeTa Ha 60sb HapAdy C aHecTe3nel NoABePKEH eCTECTBEHHOMY OTOOPY NPOTMB CHUXKEHWA €ro SKCnpeccun ans
NoAAepPKaHNA BbICOKOIO YPOBHSA KOHTPOMA COCTOAHNA OpraHn3ma 1 napaMeTpoB BHELLHER cpeabl.

KnioueBbie cnoBa: yenoek; TBP; SNP; npomotop; reH-uHTerpatop; SCN9A; nameHeHne sKCnpeccuu; reHepauus

6OJ'WI; 4yBCTBO 60nu; OTBET Ha 60ﬂb; aHecTe3nA.

Introduction
In 2020, the Council of the International Association for the
Study of Pain (IASP) unanimously accepted the definition
of pain as “An unpleasant sensory and emotional experience
associated with, or resembling that associated with, actual or
potential tissue damage” (Raja et al., 2020). Six accompanying
notes were accepted to ensure the proper use of the term pain
depending on the context (Raja et al., 2020). It was recom-
mended that pain be conceived as an individual’s unpleasant
emotional experience enhanced by biological, psychological
and social factors. In addition, pain is not the same as the puls-
ing activity of the peripheral and the central nervous system’s
sensitive nervous fibers excited by diverse stimuli and called
“nociception”, “nociperception” or — in a narrower sense —
physiological pain. The individuals develop the concept of
pain as part of their personal experience. The IASP Council
also recommended that the patients’ opinion about the pain
they sense be considered. Although pain serves an adaptive
role, it may have an adverse effect on social and psychological
well-being as well as on the function of the human organism.
Finally, the verbal description of pain is one of the many ways
the individual can express this feeling and if he fails, chances
are he may be is experiencing it nonetheless.

Considering the above, we focused on physiological pain,
to be termed just “pain” throughout for brevity and because
the term pain is used in this narrow sense by such renowned
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sources of scientific data as NCBI Gene (Brown et al., 2015)
and Gene Ontology (Gene Ontology Consortium, 2015), on
which we rely in this work.

Here we are for the first time conducting a comprehensive
bioinformatics study of pain and anesthesia as a practical
service in applied medicine, when patient treatment requires
that both self-consciousness and awareness of the environment
be reduced or eliminated by use of anesthetic drugs essential
for organismic homeostasis, according to recommendations
from the Association of Anaesthetists’ (Klein et al., 2021,
Lucas et al., 2021). The need to explore further is so high
that 49,305 and 3,782 original scientific papers related to
pain and anesthesia, respectively, were collected in PubMed
(Lu, 2011) as on September 15, 2024. With this in mind, we
used our freely available web services OrthoWeb (Mustafin
et al., 2020) and ANDSystem (Ivanisenko et al., 2015), and
the Human SNP TATAdb database (Filonov etal., 2023) and
analyzed 568 human genes associated with pain generation,
perception, response and anesthesia, according to NCBI Gene
(Brown et al., 2015) as on September 15, 2024. We verified
our results against data from the independent web services
PANTHER (Mi et al., 2021), DAVID (Sherman et al., 2022),
STRING (Szklarczyk et al., 2023), Metascape (Zhou et al.,
2019) and GeneMania (Warde-Farley et al., 2010), the ClinVar
database (Landrum et al., 2014) and similar whole-genome
results coming from the 1000 Genomes Project Consortium
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(1000 Genomes Project Consortium et al., 2012), with Hal-
dane’s dilemma (Haldane, 1957) and the neutral theory of
molecular evolution (Kimura, 1968) factored in.

Materials and methods

The human genes. A total of 568 human genes (n = 568)
were studied. The list of the genes was generated by query-
ing “Homo sapiens” AND “[gene key word]” in NCBI Gene
(Brown et al., 2015) accessed on September 15, 2024. The
activated filters were Protein-coding genes, Genomic, Anno-
tated genes, Ensembl and Current, to return the most com-
pletely annotated protein-coding human genes.

The Phylostratigraphic Age Index (PAI) of the human
genes. With OrthoWeb (Mustafin et al., 2020), we identified
for each of the 568 genes all the biological species that had
freely available orthologs to this gene and thus identified the
most recent common ancestor of these species (Samet, 1985;
Sun et al., 2008; Morozova et al., 2020), whose age served as
the phylostratigraphic age indices (PAI) of the gene according
to KEGG, the Kyoto Encyclopedia of Genes and Genomes
(Kanehisa, Goto, 2000).

The associative network for pain generation, percep-
tion, response and anesthesia was reconstructed using
ANDSystem (Ivanisenko et al., 2015). The results obtained
were verified against the independent web services PANTHER
(Mi et al., 2021), DAVID (Sherman et al., 2022), STRING
(Szklarczyk et al., 2023), Metascape (Zhou et al., 2019) and
GeneMania (Warde-Farley et al., 2010). The amount of con-
sistency between the results coming from these web service
and ANDSystem (Ivanisenko et al., 2015) was inferred by
searching for the corresponding publications in PubMed
(Lu, 2011).

Supervised annotation of the effects of changes in hu-
man gene expression levels on pain generation, perception,
response and anesthesia. The effects of changes in SCN9A
expression levels on pain generation, perception, response and
anesthesia were explored by searching for the corresponding
publications in PubMed (Lu, 2011).

The effects of single-nucleotide polymorphism (SNP)
variants in the human gene promoters on the expression
levels of these genes. The estimates of the statistical signifi-
cance of the decrease or increase in the expression levels of
the human genes for the minor vs. reference alleles of the
SNP in the promoters of these genes were taken from the
Human SNP TATAdb knowledge base (Filonov et al., 2023).

Verification of the estimations of the effects of SNPs
in the human gene promoters on the expression levels of
these genes. Selective verification of the in silico estimates
of the effects of SNPs in the human gene promoters on the
expression levels of these genes was performed using ClinVar
(Landrum et al., 2014), PubMed (Lu, 2011) and literature data
by the 1000 Genomes Project Consortium (Lowy-Gallego et
al., 2019) for assessing the prevalence of such SNPs in the
entire reference human genome, with Haldane’s dilemma
(Haldane, 1957) and the neutral theory of molecular evolution
(Kimura, 1968) factored in.

Statistical analysis. The statistical criteria for the Kol-
mogorov—-Smirnov test and the binomial distribution were
tested using STATISTICA (Statsoft™, USA).
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Results

SCN9A as a hub gene for pain generation, perception,
response and anesthesia

We have herein worked on 568 human genes selected with
NCBI Gene (Brown et al., 2015) (see Materials and methods).
Of'them, 553 were associated with pain; 231, with pain genera-
tion; 84, with pain perception; 39, with pain response; and 28,
with anesthesia (Fig. 14). The gene that is in red color font
on the Venn diagram showing all possible overlaps between
the gene groups (Fig. 14) is SCN9A, the only gene shared
by these groups. SCN9A encodes the sodium voltage-gated
channel o subunit 9 and is expressed in sensory neurons for
transferring signals to the central nervous system about tissue
damage. Thus it was decided to consider SCN9A to be a hub
gene for pain generation, perception, response and anesthesia.

The differences in PAl between the pain-generation-
specific, perception-specific, response-specific

and anesthesia-specific groups of genes

do not reach statistical significance

We estimated the phylostratigraphic age index (PAI) for each
of the 568 human genes. The histogram with the number of the
genes being worked with within each of the 16 time intervals
on the PAl scale according to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) (Kanehisa, Goto, 2000) is shown in
the Figure 1B. The evolutionary estimates of the PAIs of the
human genes associated with pain generation, perception, re-
sponse and anesthesia, statistically significantly meet a normal
distribution (Kolmogorov—Smirnov test: K =1.03, p <0.05).
In line with the Central Limit Theorem (Kwak, Kim, 2017),
which may imply that the PAI estimates reflect an integration
of a great diversity of critical pain criteria. Considering this,
we focused on SCN9A as a human hub gene for pain genera-
tion, perception, response and anesthesia.

The hypothetical link between the PAIs of the human
genes associated with either pain generation or perception
or response or anesthesia was verified using a box-and-whis-
ker diagram for the overlaps between these groups of genes
(Fig. 1C). The difference in PAI between the overlapped por-
tions of the gene groups does not reach statistical significance,
nor does it the difference between them and SCN9A as a hub
gene for pain criteria in humans (Fig. 14). That fact reinforced
our confidence that SCN9A is worthy of our commitment.

The associative network for pain generation,

perception, response and anesthesia

The associative network for SCN9A (Fig. 2) was constructed
with ANDSystem (Ivanisenko et al., 2015). In the upper central
part is the human gene SCN9A,; in the lower central part, its
encoded protein; in the middle central part, phosphorylation
as a molecular-genetic process that is most mentioned in re-
lation to this gene, as ANDSystem (Ivanisenko et al., 2015)
suggests.

In the left-hand central part of the Figure 2 is DPYSL2, the
only human gene associated with SCN9A itself, its encoded
protein and phosphorylation. Additionally, in the left-hand
bottom corner are four genes and their encoded proteins
that interact with SCN9A, and in the left-hand upper corner
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Fig. 1. The human genes returned by querying “Homo sapiens” AND “[gene key word]”in NCBI Gene (Brown et al., 2015) with Protein-coding, Genomic,
Annotated genes, Ensembl and Current as activated filters.

A - Venn diagram for the 568 human genes: “[gene key word]” ="Pain” returned 553; “Generation of pain”- 231;“Perception of pain” - 84; “Response to pain”- 39;
and “Anesthesia” — 28. SCN9A, the only human hub gene for pain generation, perception, response and anesthesia, is in red color font. B — the genes’ phylostrati-
graphic age index (PAl) meeting a normal distribution (the Kolmogorov-Smirnov test K= 1.03, p < 0.05). C - the box-and-whisker diagram, where its height is its
range from the 25 to the 75 % quartile, IQR; the line is the median, the 50 % quartile; the cross is the mean; the error bar “I" is the 95 % confidence interval; the
circles are the genes. The PAl scale: 1 = Cellular organism, 4,100 Ma (Bell et al., 2015), 2 = Eukaryota, 1,850 Ma (Leander, 2020), 3 = Metazoa, 665 Ma (Maloof et al.,
2010a), 4 = Chordata, 541 Ma (Maloof et al., 2010b), 5 = Craniata, 535 Ma (Maloof et al., 2010b), 6 = Vertebrata, 525 Ma (Shu et al., 1999), 7 = Euteleostomi, 420 Ma
(Diogo, 2007), 8 = Mammalia, 225 Ma (Datta, 2005), 9 = Eutheria, 160 Ma (Luo et al., 2011), 10 = Euarchontoglires, 65 Ma(Kumar et al., 2013), 11 = Primates, 55 Ma
(Chatterjee et al., 2009), 12 = Haplorrhini, 50 Ma (Dunn et al., 2016), 13 = Catarrhini, 44 Ma (Harrison, 2013), 14 = Hominidae, 17 Ma (Hey, 2005), 15 = Homo, 2.8 Ma

(Schrenk et al., 2014), 16 = Homo sapiens, 0.35 Ma (Scerry et al., 2018).

are 11 human genes and their encoded proteins that interact
with SCN9A and are involved in phosphorylation. The other
25 genes and their proteins interact with SCN9A and are
involved in phosphorylation, too (Fig. 2, right). In total,
Figure 2 shows 42 human genes, of which 14 were among
the 568 genes associated with pain generation, perception,
response and anesthesia (Fig. 1).

FTEHOMUKA N TPAHCKPUNTOMUKA / GENOMICS AND TRANSCRIPTOMICS

The overlap between the lists of 42 and 568 genes is sta-
tistically significant in terms of the reference human genome,
which contains 19,424 annotated protein-coding genes, as sug-
gested by NCBI Gene (Brown et al., 2015) as on August 20,
2024, with Ensembl, Current, Protein-coding genes, Genomic
and Annotated genes as the activated filters: the binomial
distribution at p < 109,
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phosphorylation

Candidate SNP markers for integration
of pain perception, pain response and anesthesia

Fig. 2. The associative network of SCN9A, its encoded protein and their closest partners in the human organism. The network was
constructed with ANDSystem (Ivanisenko et al., 2015) by automated analysis of freely available texts and database entries returned
by querying “[list of genes] [immediate associations only] Genes Proteins Pathway” for [list of genes] ="SCN9A".

Legend: - gene; ® — protein;

- phosphorylation as the most statistically significant biological process involving all the genes and

proteins found (Ppp; < 10713, Fisher’s Z with the Bonferroni correction for multiple comparisons). Arrows: sharp-headed - activation; blunt-
headed - inhibition; head-free - involvement; yellow — activity; dark-blue — transport; black — contact; purple - function; red - regulation;

turquoise — expression.

This implies that ANDSystem (Ivanisenko et al., 2015)
fed with SCN9A alone as a hub gene for pain generation,
perception, response and anesthesia (Fig. 1) statistically
significantly reconstructed the list of human genes (Fig. 2)
that are associated with these processes in NCBI Gene (Brown
etal., 2015).

Verification of the ANDSystem result against those

on Gene Ontology term enrichment for the groups

of genes by independent web services

A comparison between the result by ANDSystem (Ivanisenko
et al., 2015) suggesting that phosphorylation is the most sta-
tistically significant biological process for pain generation,

perception, response and anesthesia (Fig. 2) and the results by
independent web services on Gene Ontology term enrichment
for the groups of genes (Gene Ontology Consortium, 2015)
is given in Table 1.

For example, as the upper row of that table suggests, for
42 human genes in the Figure 2, the web service PANTHER
(Mi et al., 2021) revealed “G0O:0086002 ~ cardiac muscle
cell action potential involved in contraction” as the most
statistically significant biological process involving these
42 genes (Popy < 1079, statistical significance with a correction
for multiple comparisons). The rightmost cell of this row
contains a citation from an overview by V. Iyer et al. (2007):
“Phosphorylation of the calcium channel augments Ca2*
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influx, which triggers a corresponding increase in Ca2* release
from the sarcoplasmic reticulum, thereby enhancing the force
of contraction”. In its sense, the results from ANDSystem
(Ivanisenko et al., 2015) and PANTHER (Mi et al., 2021) for
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In total, Table 1 shows 11 similar consistencies between
the results coming from ANDSystem and five independent
web services (PANTHER, DAVID, STRING, Metascape and
GeneMania) about GO term enrichment for the groups of gene

the 42 genes in Figure 2 are consistent.

(Gene Ontology Consortium, 2015).

Table 1. A comparison between the result by ANDSystem (lvanisenko et al., 2015) and the results by other web services
on Gene Ontology term enrichment for the groups of genes (Gene Ontology Consortium, 2015)

The most enriched GO term

The association between phosphorylation found by ANDSystem
(Ivanisenko et al., 2015) and the best GO term found independently

Biological process

Web service GO: 1D ADJ
1 PANTHER GO0:0086002 ~ cardiac  107°
(Mi et al., 2021) muscle cell action
potential involved
in contraction
2 DAVID G0:0086010 ~ 107
(Sherman et al., 2022) membrane
depolarization during
action potential
3 STRING GO0:0043269 ~ 10"
(Szklarczyk et al., 2023) regulation of ion
transport
4 Metascape GO:0044057 ~ 107°
(Zhou et al., 2019) regulation of system
process
5 GeneMania G0:0034706 ~ sodium 10718

(Warde-Farley et al., 2010) channel complex

According to a comprehensive overview by V. lyer et al. (2007), “phospho-
rylation of the calcium channel augments Ca?* influx, which triggers a
corresponding increase in Ca?* release from the sarcoplasmic reticulum,
thereby enhancing the force of contraction”

In a cellular model of pain using the human cell line HEK293T (Kerth et al.,
2021): the 1848T substitution in SCN9A creates a novel phosphorylation
site, improving neuronal sensitivity and excitability due to an increased
range (potential) of depolarization of the nerons’membrane

In a biomedical tissue model of pain using a rat DRG culture (Stamboulian
etal., 2010): Scn9A phosphorylation regulates ion transport by varying
the activation threshold and the duration of inactivation of voltage-gated
potassium channel

Meta-analysis of freely available information resources and databases
for traditional Chinese medicine (Shuyuan, Haoyu, 2023) pointed at
“G0:0042327 ~ positive regulation of phosphorylation” and “GO:0044057
~ regulation of system process”among the best GO terms characterizing
the treatment of premature ventricular contractions by use of
Nardostachys jatamansi radix and rhizoma

In a biomedical tissue model of pain using cerebellar Purkinje neurons
acutely isolated from two-week-old mice (Grieco et al., 2002):
constitutive phosphorylation of the sodium channel complex is required
for making the blocking element functional for producing resurgent
sodium current

Molecular function

6 PANTHER G0:0005248 ~ 10710
(Mietal., 2021) voltage-gated sodium
channel activity
7 DAVID 107°
(Sherman et al., 2022)
8 STRING 10°°

(Szklarczyk et al., 2023)

In a subcellular model of pain using the human cell line HEK293T
(Sokolov et al., 2018): SCN9A phosphorylation increases the conductance
of this voltage-gated sodium channels for Na* ions

Cellular component

9 PANTHER G0:0001518 ~ 10712
(Mietal.,, 2021) voltage-gated sodium
channel complex
10 DAVID 10710
(Sherman et al., 2022)
11 STRING 10710

(Szklarczyk et al., 2023)

In a subcellular model of pain using the human cell line HEK293T
(Sokolov et al., 2018): SCN9A phosphorylation promotes the association
of the B3 subunit shifting the steady-state inactivation of the voltage-
gated sodium channel to a more rapid recovery from inactivation within
their complexes

Note. P,p; is the statistical significance of GO term enrichment for the groups of genes, with a correction for multiple comparisons used in the web service

as indicated.
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Table 2. Clinical implications of SCN9A downregulation and upregulation
for pain generation, perception, response and anesthesia according to PubMed (Lu, 2011)

Candidate SNP markers for integration
of pain perception, pain response and anesthesia

# Process

1 Pain generation

2 Pain perception

Change in SCN9A expression levels
Downregulation

In a model of neuropathic pain using C57BL/6
mice (Palomes-Borrajo et al., 2021): treatment of
an injured nerve with drug JQ1 reduced the pain
generation frequency by downregulating SCN9A,
which reduced the excitability of sensory neurons

In a biomedical model of pain using Scn9a KO mice
(Shields et al., 2018): a reduction in the excitability
of small- to medium-diameter sensory neurons
due to a decrease in sodium TTX-sensitive channels

Upregulation

According to a comprehensive overview by M.D. Baker
and M.A. Nassar (2020): the mutation-induced growth
in SCN9A activity increases the pain generation
frequency due to an increased excitability of sensory
neurons

According to a comprehensive overview by S.D. Dib-Hajj
et al. (2007): the mutation-induced growth in SCN9A
activity reduces the activation threshold and slows down
deactivation of voltage-gated sodium channels, which

in them

3 Pain response

control with underexpressed SCN9A

4 Anesthesia

proteins may have a painkilling effect

The effects of changes in the expression levels of SCN9A

as a hub gene on pain generation, perception,

response and anesthesia

At this stage of our work, we sent text-based queries to
PubMed (Lu, 2011) and thus performed a supervised an-
notation of SCN9A down- and upregulation by comparing
them with literature data on the clinical manifestations of
the changes in pain generation, perception, response and
anesthesia (Table 2).

In Human SNP_TATAdb (Filonov et al., 2023), we found
21 candidate SNP marker of a significant change in TBP affin-
ity for the promoters of this gene and, consequently, a change
in the expression levels of this gene (Table 3). Four of the
21 SNP marker of the significant change in SCN9OA expression
levels have known clinical implications (Table 3), as ClinVar
(Landrum et al., 2014) suggests. It was demonstrated, with
one of the four clinical SNP markers of pain, rs201905758:T
as an example, (Fig. 3), how this SNP marker was detected
by the web service SNP_TATA Comparator (Ponomarenko
et al., 2015) run in automated mode using the BioPerl library
(Stajich et al., 2002) for access to Ensembl (Zerbino et al.,
2015) and dbSNP (Day, 2010), the official repository of the
reference human genome and the reference human variome,
respectively. According to ClinVar (Landrum et al., 2014), four
ofthe 21 SNPs were clinically proven markers of paroxysmal
extreme pain disorder (PEPD), small fiber neuropathy (SEN),
primary erythromelalgia (PE) and channelopathy-associated
congenital insensitivity to pain (CIP) (Table 3).

As can be seen from the rightmost column “A” of Table 3,
any of these four clinically proven markers of the SCN9A
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In a model of neuropathic pain using C57BL/6
mice (Palomes-Borrajo et al.,, 2021): treatment
of an injured nerve with drug JQ1 increased the
response time to painful stimulus against the

In a biomedical model of pain using Scn9a KO
mice (Shields et al., 2018): a reduction in SCN9A
expression levels and inhibition of its encoded

increases the excitability of sensory neurons and leads to
erythromelalgia and paroxysmal extreme pain disorder

In a model of spontaneous pain using transgenic
CRISPR/Cas9 mice with the R185H mutation as a clinical
marker of small fiber neuropathy (Xue et al., 2022):

less time elapsed between exposure of the paw or tail to
noxious heat and the animal’s response to it

In a meta-analysis of tumor transcriptomes compared to
adjacent non-tumor tissues (Garate et al., 2021):

SCN9A overexpression is a clinical marker of tumor
reflecting a specific type of tumor pain and suggesting
the need for analgesic therapy alongside traditional
antitumor therapy (Cui et al., 2011)

gene increases its expression levels as a hub gene for pain
generation, perception, response and anesthesia. This encour-
aged us to perform a supervised PubMed-based annotation
of the effects of SCN9YA overexpression on pain generation,
perception, response and anesthesia (Table 4). According
to the many clinical overviews that have been written, for
example (Dabby, 2012; Bennett, Woods, 2014; Shields et al.,
2018; Taub, Woolf, 2024), SCNIA excess in PEPD, SFN and
PE increases pain generation, perception and response, while
low-molecular-weight inhibitors of SCN9A are anesthetics.

As far as CIP is concerned, according to clinical obser-
vations (Kim et al., 2015), secondary insensitivity to pain
alternates with episodes of hypersensitivity to pain in PEPD,
SFN and PE due to excessive SCN9A, this hypersensitivity
being primary to insensitivity. It looks as if, because there
were too many voltage-gated sodium channels in SCN9A,
neural hyperexcitability depleted their battery now it needs to
be recharged — to recover the previous levels of pain genera-
tion, perception and response. In this sense, all the in silico
estimates of SCN9A overexpression with all clinically proven
SNP markers of pain in PEPD, SFN, PE and CIP are consistent
with the manifestation of excessive SCN9A in patients with
these pathologies.

Comparison of the prevalence of the candidate

SNP markers of changes in SCN9A expression levels
against the whole-genome frequency of such SNPs

In conclusion, we compared the prevalence of the candidate
SNP markers of changes in SCN9A expression levels (Table 3)
with the frequency of such SNPs across the human genome
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Table 3. Candidate SNP markers in the 90-bp proximal regions of the promoters before the transcription start sites of SCN9A,
a human gene for pain integration, generation, perception, response and anesthesia, according to our in silico analysis
as shown in the Figure 3 and documented in the Human_SNP_TATAdb database (Filonov et al., 2023)
# Candidate SNP marker Ko, nM, in silico Significance
dbSNP ID:min 5’ flanking WT —min 3 flanking WT min
(Day, 2010) region region
M+ SEM M+ SEM z p o A
1 rs1341944281:G gttttctaat A—-G gttgatttcec 3.32+£0.34 6.41+£0.52 10.04 10° A
2 rs1470018720:C cegggegege  T—C gogotgggga 86.89+6.63  104.57+8.03 342 103 B
3 1s1477103793:C gcgegetggg  A—C tggggacceg  86.89+6.63  120.27+8.57 623 106 A |
4 rs1559004384:G atttecctgtt T-G tecattgtgtt 3.32+0.34 3.86+0.42 2.01 0.05 D
5 rs933017443:C geggggetge  T—C ccctegggga  56.13+£520  12027+857  13.04 100 A
6  r151028575943:A cgcgetggga  G—A ggggacccgg  86.89+6.63 66.72+4.61 513 10° A
7 rs1038516207:A gagtggagga G—A cgcgetggga  86.89+6.63 69.11+4.82 443 103 B
8 rs1282480960:G ctaatattaa C—G tttectottt 3.32+£0.34 2.67+0.27 3.03 102 C
9 rs1284056769:A gagggagcaa G—A agggagggag  86.89+6.63 75.42+£5.45 270 102 C
10 rs1343738748:T gogageaagg GoT ggagggaggy  86.89+6.63 63.02+5.10 578 10° A
11 rs1410144156:A gctgggagga G—A gaccegggeg  86.89+6.63 71324453 398 102 B
12 rs1697331114:A tgattattat C—A taagcaaaca 3.32+£0.34 2.37+0.26 4.45 102 B
13 rs1700681124:T gggectgetac C—oT tcggggagge  56.13+5.20 35.36+3.15 720  10° A
14 rs1700681309:A gogaggeggg  G—A agctgcccte  86.89+6.63 4086+384 1247 10° A
15 rs1700683197:A agtggaggag G—A gegetgggag  86.89+6.63 30324229 1964 10 A !
16 rs1700683375:A gggaggagty G—A ccgggegege  86.89+6.63 60.80+4.59 665 106 A
17 rs890040570:A cggecgecaget G—A aggaggcaaa 86.89+6.63 64.68+7.23 4.36 102 B
ClinVar (Landrum et al., 2014):
clinical SNP markers of paroxysmal extreme pain disorder, small fiber neuropathy,
primary erythromelalgia and channelopathy-associated congenital insensitivity to pain
18 rs148362057:A gecagtctget T—A gcaggagogg  91.71+6.30 4182+393 1350 10° A
19  rs1881440:T geectggeag G—oT teccacgggeg 91.71+6.30 41.75+3.64 1419 10°% A
20 rs201905758:A gctacctcca C—A gaggegagge  56.13+5.20 47.62+4.43 251 005 D
21 rs201905758:T gctacctcca C—T gaggegggge  56.13+5.20 43.97+4.65 348 103 B

Note. WT and min are the ancestral (norm) and the minor (pathology) alleles of the SNP, respectively; Ky is the equilibrium dissociation constant of the
TBP-promoter complex expressed in nanomoles per liter (nM); My and SEN are the context-dependent in silico estimate and its standard error, respec-
tively; Z, p and p are the Fisher Z value and the level of its statistical significance as well as the heuristic prioritization of the in silico estimates from the
best (A) to the worst (D) in alphabetic order; A — increase (1) or decrease (]) in SCN9A expression levels.

according to 1000 Genomes Project (Table 5). Individual
human genomes possess an average of 1,000 SNPs each, of
which 200 and 800 correspond, respectively, to an increase
and a decrease in TBP-promoter affinity and eventually u to
an increase and a decrease in the expression levels of human
genes with these SNPs (Kasowski et al., 2010; 1000 Genomes
Project Consortium et al., 2012).

In terms of Haldane’s dilemma (Haldane, 1957) and the
neutral theory of molecular evolution (Kimura, 1968), this
prevalence of deleterious over beneficial regulatory SNPs
signifies a neutral drift event, whish is statistically significantly

FTEHOMUKA N TPAHCKPUNTOMUKA / GENOMICS AND TRANSCRIPTOMICS

different from the prevalence of 21 candidate SNP marker
of changes in SCN9A expression levels (p < 1076, hinomial
distribution) (Table 5). This result implies that SCN9A is
under natural selection against its downregulation, to keep the
nervous system highly informed on the status of the organism
and the environment.

Discussion

In this work, we for the first time performed a comprehensive
bioinformatics analysis of 568 human genes that, according
to the NCBI Gene database as on September 15, 2024, were
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Candidate SNP markers for integration
of pain perception, pain response and anesthesia

90 bp

(f)

BioPerl

(b)

Empirical model
of TBP-promoter binding
by three steps, such as:

TBP slides along DNA —
—> co-recognizing —
— DNA helix bending

Fisher’s Z-score

R
standard bioinformatical
statistical package

(d) (e)

Fig. 3. An example: analysis of the candidate SNP marker rs201905758:T in the 90-bp proximal region (a two-headed dash-and-dot arrow in pane (a)
before the start site of transcript SCN9A-203 from SCN9A, according to Ensembl (Zerbino et al., 2015), using SNP_TATA_Comparator (Ponomarenko et

al., 2015).

Legend: (a) - visualization of the promoter being analyzed with the web service UCSC Genome Browser (Raney et al., 2024); (b) - the Ensembl database (Zerbino
etal., 2015); (c) — description of SNP rs201905758 in the dbSNP database (Day, 2010); (d) and (e) — the use of SNP_TATA_Comparator and the principle of its op-
eration, respectively (Ponomarenko et al., 2015); (f) - description of rs201905758:G—t, a clinically proven SNP marker for pain sensing pathology, according to

ClinVar (Landrum et al., 2014).

associated with pain generation, perception and anesthesia.
Our effort was strongly enabled by our freely available devel-
opments OrthoWeb (Mustafin et al., 2020), ANDSystem (Iva-
nisenko et al., 2015) and Human SNP_TATAdb (Filonov et
al., 2023). As aresult, we identified SCN9A as being a hub gene
for these biological processes (Fig. 1). Its Phylostratigraphic
Age Index PAI =4, according to the KEGG scale (Kanehisa,
Goto, 2000), was not statistically different from the PAIs of
the human genes associated with any of the combinations of
the pain-related conditions in question and corresponded to the

phylum Chordata, some of the most ancient of which evolved
the central and the peripheral nervous system (Holland L.Z.,
Holland N.D., 1999).

Phosphorylation was found to be a key molecular genetic
process in pain generation, response and anesthesia (Fig. 2).
This result is consistent, first of all, with experimental data
for a biomedical model of pain using the human cell line
HEK293T (Kerthetal., 2021). C.M. Kerth and the co-workers
found that the I — T substitution at position 848 of human
protein SCNYA creates a novel phosphorylation site of this
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Table 4. The effect of SCN9A overexpression on pain generation, perception and anesthesia
in paroxysmal extreme pain disorder, primary erythromelalgia, small-fiber neuropathy
and channelopathy-associated congenital insensitivity to pain, according to PubMed (Lu, 2011)

Pain

Pain
response

Anesthesia

Process Paroxysmal extreme
pain disorder

(PEPD)

According to a compre-
hensive overview
(Drenth, Waxman, 2007):
mutations leading to
SCN9A gain-of-function
in PEPD patients induce
prolonged action
potentials and repetitive
neuron firing in response
to exposure to cold

or stretching

generation

Pain
perception

According to a com-
prehensive overview
(Dabby, 2012): one of the
most prevalent forms

of clinical manifestation
with mutations leading
the SCN9A gain-of-
function is a growth of
pain perception in PEPD
patients

According to a compre-
hensive overview
(Stephenson, 2013):
infants with PEPD are
observed to be myotonic
and have skin flushing
with harlequin color
change

According to an over-
view (Hisama et al.,
2020): the most efficient
treatment in PEPD is
with carbamazepine,

a sodium channel
blocker

Small-fiber neuropathy
(SFN)

According to a comprehensive
overview (Hoeijmakers et al.,
2012), mutations leading to
SCN9A gain-of-function in SFN
patients have peripheral small-
diameter axons generate pain
and end up degenerated

According to a comprehensive
overview (Taub, Woolf, 2024):
with mutations leading to
SCN9A gain-of-function,

SFN patients feel ardor, tingling,
heat and allodynia in the extre-
mities. The prevalence grows
with each year (Dabby, 2012)

In a biomedical model of SFN
using transgenic fish Danio
rerio with the artificial muta-
tion 1228M or G856D for Scn9A
overexpression (Eijkenboom et
al., 2019): larval activity grows
with a rise in the environmental
temperature

In a comprehensive experimen-
tal and bioinformatics study

of SFN (Shao et al,, 2016),

a context analysis of miRNA-30b
showed that SCN9A mRNA may
be its target, and the use of

rats confirmed that miRNA-30b
overproduction in an injured
nerve decreases pain

Primary erythromelalgia
(PE)

Analysis of the pedigree
of a Chinese family with PE
(Wu et al.,, 2017) revealed
the F826Y substitution
leading to SCN9A gain-of-
function and eventually to
pain hypergeneration and
insensitivity to painkillers

According to a comprehen-
sive overview (Dabby, 2012):
with mutations leading to
SCN9A gain-of-function,

PE patients experience en-
hanced pain sensation as one
of the most frequent forms of
clinical manifestation of such
mutations

According to an overview
(Renthal, 2020): ardor, body
temperature rising, physi-

cal loading, tight cloths and
footwear, hot and spicy food
provoke episodes of ardor,
heat and erythema in the

PE patients’ extremities and
faces. The more severe PE, the
more frequent the events

In a pharmaceutical model
of PE using human cell line
HEK293A (Cregg et al., 2014):
in low doses, mexiletine as a
sodium channel blocker can
normalize pain generation,
perception and response

Channelopathy-associated
congenital insensitivity to pain
(CIP)

According to a clinical case at
Centre Hospitalier Universitaire
Sainte-Justine (Montreal),

a 6-year-old girl born to healthy
non-consanguineous French
Canadian parents was found

to have the 1234T mutation
enhancing the SCN9A function,
of which the primary
manifestation were PEPD and
PE with multiple daily episodes
of pain erythema affecting
extremities and hidrosis

and secondary CIP between
these episodes because

the voltage-gated sodium
channels exceed the threshold
polarization number in neuronal
hyperexcitability, as if their
“battery ran out of charge”

(Kim et al., 2015), while all these
symptoms were successfully
managed by anesthesia against
PEPD and PE. Such a paradoxical
comorbidity of secondary CIP,
on the one hand, and, on the
other hand, PEPD, PE and SFN,
primary to it, may have an
extremely dangerous clinical
manifestation in myotonia,

such as paralysis following
muscle hypercontraction

(Kim et al., 2015). Asto CIP as a
primary pathology, it is clinically
observed in patients with total
loss of function in sodium ion
channels, including this channel
in SCN9A (Dabby, 2012; Bennett,
Woods, 2014; Shields et al., 2018)

protein, which is accompanied by an increase in neuronal sen-
sitivity and excitability due to an increased range (potential)
of depolarization of the neurons’ membrane.

Additionally, the conclusion made about the importance of
ion channel phosphorylation for pain generation, response and
anesthesia is consistent to (Table 1) literature data about the
importance of calcium channel phosphorylation in the myo-
cardial cells (Iyer et al., 2007) and the importance of sodium
channel phosphorylation in the cerebellar Purkinje neurons
for physical coordination (Grieco et al., 2002).

FTEHOMUKA N TPAHCKPUNTOMUKA / GENOMICS AND TRANSCRIPTOMICS

Another example was found in PubMed (Lu, 2011): a cel-
lular model of circadian rhythm using chick photoreceptors;
under this model, increased phosphorylation of the ion chan-
nels in retinal cones in response to increased illumination
the day offers after the dark of the night was the main event
of the circadian rhythm in this model animal (Chae et al.,
2007). The study of ophthalmic pathologies in rats revealed
that phosphorylation of the ion channels in the optic nerve
regulates visual system pathways (Ogata et al., 2022). Addi-
tionally, phosphorylation of the potassium channel in auditory
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of pain perception, pain response and anesthesia

Table 5. A comparison between the prevalence of the identified candidate SNP markers
of increased and decreased affinity of TBP to the SCN9A promoters (Fig. 3, Table 3)
against whole-genome estimates according to the 1000 Genomes Project

Reference human genome:
assembly GRCh38/hg38 (Lowy-Gallego et al., 2019),
dbSNP build 155 (Day, 2010)

Number of objects in focus

Neutral drift
(Haldane, 1957; Kimura, 1968)

Ngene  None Na Ny Ny Ho hypothesis: N > 4N,
(Kasowski et al., 2010)
binomial distribution, p
Prevalence of SNP markers ~ Whole-genome estimate for all 30,000 100,000 1,000 800 200 >0.50
of significant increase human genes (1000 Genomes
or decrease in TBP-promoter Project Consortium et al., 2012)
affinit
Y Partial estimate for SCN9A alone 1 37# 1% 5* 16 <107

(this work)

Note. Nggng — number of genes being worked with; Ngyp ~ number of SNPs being worked with; N5 - number of SNPs with ability to increase (N ) and to decrease

(N;) TBP affinity to human gene promoters. # - see Figure 3, A; * - see Table 2.

neurons is basic to the ability to identify the direction of the
source of sound due to microsecond delays in registering sig-
nals from it by auditory brainstem nuclei (Song et al., 2005).
The phosphorylation levels of the SNAP-25 channel in the
amygdala, cortex and hippocampus increased with the growth
in the intensity of cold stress in mouse studies (Yamamori et
al., 2014). Together, this provides a solid piece of evidence
about a key role that ion channel phosphorylation has in the
specialization into the central and the peripheral nervous
system in general and during pain generation, perception,
response and anesthesia.

At the final step, we used the Human_SNP_TATAdb data-
base (Filonov et al., 2023) and proposed 21 candidate SNP
marker of a significant change in the expression levels of
SCN9A which encodes the sodium voltage-gated channel a
subunit 9 and is expressed in sensory neurons for transfer-
ring signals to the central nervous system about tissue dam-
age (Table 3). In ClinVar (Landrum et al., 2014), we found
the descriptions of clinical in vivo manifestations for four
of the 21 predicted SNP markers that were consistent with
our in silico estimates (Table 4). A comparison between the
prevalence of the SNPs identified in the SCN9A promoters and
the whole-genome estimates according to the 1000 Genomes
Project Consortium in 2012 leads to the conclusion that natural
selection acts against SCN9A downregulation (Table 5), which
indicates an adaptive role of pain and its perception as well as
response to pain and anesthesia (Raja et al., 2020).

Overall, the results obtained are consistent with the inde-
pendent authors’, and in some cases refine and summarize
them.

Conclusion

We have for the first time performed a comprehensive bioin-
formatics analysis of 568 human genes, which according to
the NCBI Gene database (Brown et al., 2015) were associated
with pain and anesthesia. From among them, we singled out
SCNOA, the gene encoding the sodium voltage-gated channel o
subunit 9 and expressed in sensory neurons for transferring
signals to the central nervous system about tissue damage was
the only one involved in all the processes of interest at once
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as a hub gene. With OrthoWeb (Mustafin et al., 2020), we
estimated the phylostratigraphic age index (PAI) for SCN9A.
It was “4”, which corresponds to the phylum Chordata, some
of the most ancient of which evolved the central and the pe-
ripheral nervous system (Holland L.Z., Holland N.D., 1999).
The associative network of SCN9A was reconstructed using
ANDSystem (Ivanisenko et al., 2015), where ion channel
phosphorylation in SCN9A is a factor on which the efficiency
of signal transduction from the peripheral to the central
nervous system depends and which is a centerpiece in pain
generation, perception, response and anesthesia. Finally, the
search of the Human SNP TATAdb database (Filonov et
al., 2023) revealed 21 candidate SNP marker of a significant
change in SCN9A expression levels. The ratio of SCN9A up-
regulating to downregulating SNPs was compared to that for
all known human genes (1000 Genomes Project Consortium
etal.,2012). As aresult, we for the first time obtained in silico
whole-genome evidence that pain generation, perception,
response and anesthesia (Raja et al., 2020) have an adaptive
role, and their efficiency is controlled by natural selection.
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