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Abstract. Genes encoding cell surface receptors make up a significant portion of the human genome (more than a
thousand genes) and play an important role in gene networks. Cell surface receptors are transmembrane proteins
that interact with molecules (ligands) located outside the cell. This interaction activates signal transduction pathways
in the cell. A large number of exogenous ligands of various origins, including drugs, are known for cell surface recep-
tors, which accounts for interest in them from biomedical researchers. Appetite (the desire of the animal organism to
consume food) is one of the most primitive instincts that contribute to survival. However, when the supply of nutri-
ents is stable, the mechanism of adaptation to adverse factors acquired in the course of evolution turned out to be
excessive, and therefore obesity has become one of the most serious public health problems of the twenty-first cen-
tury. Pathological human conditions characterized by appetite violations include both hyperphagia, which inevitably
leads to obesity, and anorexia nervosa induced by psychosocial stimuli, as well as decreased appetite caused by neu-
rodegeneration, inflammation or cancer. Understanding the evolutionary mechanisms of human diseases, especially
those related to lifestyle changes that have occurred over the past 100-200 years, is of fundamental and applied im-
portance. It is also very important to identify relationships between the evolutionary characteristics of genes in gene
networks and the resistance of these networks to changes caused by mutations. The aim of the current study is to
identify the distinctive features of human genes encoding cell surface receptors involved in appetite regulation using
the phylostratigraphic age index (PAl) and divergence index (DI). The values of PAl and DI were analyzed for 64 human
genes encoding cell surface receptors, the orthologs of which were involved in the regulation of appetite in model
animal species. It turned out that the set of genes under consideration contains an increased number of genes with
the same phylostratigraphic age (PAl = 5, the stage of vertebrate divergence), and almost all of these genes (28 out
of 31) belong to the superfamily of G-protein coupled receptors. Apparently, the synchronized evolution of such a
large group of genes (31 genes out of 64) is associated with the development of the brain as a separate organ in
the first vertebrates. When studying the distribution of genes from the same set by DI values, a significant enrich-
ment with genes having a low DIs was revealed: eight genes (GPR26, NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171,
NPBWRT) had extremely low Dls (less than 0.05). Such low DI values indicate that most likely these genes are subjected
to stabilizing selection. It was also found that the group of genes with low DlIs was enriched with genes that had
brain-specific patterns of expression. In particular, GPR26, which had the lowest DI, is in the group of brain-specific
genes. Because the endogenous ligand for the GPR26 receptor has not yet been identified, this gene seems to be an
extremely interesting object for further theoretical and experimental research. We believe that the features of the
genes encoding cell surface receptors we have identified using the evolutionary metrics PAl and DI can be a starting
point for further evolutionary analysis of the gene network regulating appetite.

Key words: regulation of appetite; cell surface receptors; hunger; evolution; phylostratigraphic analysis; gene age;
gene variability.

For citation: Ignatieva E.V,, Lashin S.A., Mustafin Z.S., Kolchanov N.A. Evolution of human genes encoding cell surface
receptors involved in the regulation of appetite: an analysis based on the phylostratigraphic age and divergence
indexes. Vavilovskii Zhurnal Genetiki i Selektsii= Vavilov Journal of Genetics and Breeding. 2023;27(7):829-838. DOI
10.18699/VJGB-23-96

© Ignatieva E.V., Lashin S.A., Mustafin Z.S., Kolchanov N.A., 2023

This work is licensed under a Creative Commons Attribution 4.0 License


https://vavilovj-icg.ru/

E.V. Ignatieva, S.A. Lashin
Z.S. Mustafin, N.A. Kolchanov

Evolution of human genes encoding cell surface
receptors involved in the regulation of appetite

AHan3 0coOOeHHOCTEe 9BOMIOLNN T€HOB PellelITOPOB KIETOUHOM
ITIOBEPXHOCTH YeJIOBEKA, VUACTBYIOIINX B PETV/ISIIUN alllleTITa,
Ha OCHOBE MHAEKCOB puaocTpaTurpadimmueckoro Bo3pacra

I MUKPO3BOJIIOIVIOHHO 13MEeHUYIMBOCTH

E.B. UrnatreBa®, C.A. Aamun, 3.C. Mycradpus, H.A. KoayaHos

DepepanbHbI CCefoBaTENbCKUIA LLeHTP VHCTUTYT yutonorum n reHetnkn Cnbrpckoro otaeneHnsa Poccuiickon akagemun Hayk, HoBocnbupck, Poccus

® eignat@bionet.nsc.ru

AHHOTauumA. [eHbl peLenTopoB KNETOYHOM MOBEPXHOCTM COCTABAAIT CYLECTBEHHYIO AOMI0 FreHOMa 4YenoBeka
(6onee TbICAYM FreHOB) U BbIMOHAIOT BAaXHYIO POJib B FEHHbIX CeTAX. PellenTopbl KNETOYHOW NMOBEPXHOCTU — 3TO
TpaHCcMeMOpaHHble 6enku, KoTopble B3aUMOAENCTBYIOT C Pa3fIMYHbIMI MONEKyNamy (MMraHaamu), HaXoAALMMA-
CA BO BHEKJIETOYHOM MPOCTPAHCTBE, YTO MPUBOAUT K aKTUBALMW MyTe CUTHAIbHOWM TPaHCOYKUUN B KneTke. Ana
PeLenTopoB KNEeTOYHOW MOBEPXHOCTY N3BECTHO O0JIbLIOE KOTIMYECTBO SK30MeHHbIX IMraHAOB Pa3fIMYyHOro Npouc-
XOX[EeHUSA, BKI0Yas JleKapCTBEHHble Npernaparbl, YTO 1 onpefensaeT MHTEPeC K X NCCNefoBaHNIO C TOUKM 3peHNs
6uomMeanLMHbI. ANNeTUT (CTPEMIIEHMNE XMBOTHOTO OpraHr3Ma NOTPEeOATb NKLLY) — OAUH U3 CaMbIX MPUMUTUBHbBIX
VHCTUHKTOB, CMOCOOCTBYIOLWMX BbIXMBaHWO. OfHAKO NPMOOPETEHHDIN B XOA4E 3BONIOUMM MEXaHM3M NPUCnoco6-
neHnA K HebnaronpuATHbIM $paKTopaM B YCIOBUAX CTaBUNbHOrO NOCTYMEHNA NUTaTeNbHbIX BELLeCTB OKa3asca
130bITOYHBIM, B CBA3U C YEM OXKMPEHMEe CTanlo OQHOM 13 CaMblX CepPbe3HbIX MPobnemM 06LecTBEHHOIO 34paBooOXpa-
HeHuA B XX| Beke. lMaTtonornyeckme COCTOAHUA YeNOBEKa, XapaKTepusyloLWmnecsa HapyLWeHAMM anneTuTa, BKIo-
YaloT Kak runepdarunio, HEMVHYeMO MPUBOAALLYIO K OXKMPEHUIO, TaK 1 HEPBHYIO aHOPEKCMIO, MHAYLMPOBAHHYIO
NCUXOCOUMaNnbHbIMU CTUMYNIaMU, N CHUXKEHWE anneTuTa, CBA3aHHOe C BOCMaNuUTeNbHbIMW, HEMPOAereHepaTUBHbI-
MW 1 OHKONOTNYeCKMMU 3aboneBaHuAMU. MoHMMaHVe 3BOMOLNOHHBIX MEXaHN3MOB pPa3BUTUA GonesHein YenoBe-
Ka, 0CO6eHHO CBA3aHHbIX C M3MeHeHUAMN 0bpasa XM3HW, Npor3oweawMmn B TeyeHne nocnegHnx 100-200 ner,
nMeeT Kak dyHAameHTanbHoe, Tak 1 NprKnagHoe 3HayeHne. OCO6EHHO BaXXHO YCTAHOBUTb B3aUMOCBA3M MeXIY
3BOJIIOLMOHHBbIMM XapaKTePUCTUKAMW FEHOB B FeHHbIX CETAX U YCTOMUYUBOCTBIO STUX CeTel K M3MeHEeHUAM, BbI3BaH-
HbIM MyTaumamu. Llenb fgaHHON paboTbl — BbiABEHE OCOOEHHOCTEN IBOJIIOLMM FEHOB PELenTOPOB KIETOYHOW
NOBEPXHOCTU YesloBeKa, YYaCTBYIOLLMX B Perynaumm anneTuTa, C UCnonb3oBaHvem Gunoctpaturpadpnyeckoro nH-
nekca PAI (phylostratigraphic age index) n nHgekca ssontounoHHon namenumnsoctn DI (divergence index). Bbinu
npoaHanu3upoBaHbl nHAeKcbl PAl v DI anAa 64 reHoB YenoBeka, KOAMPYIOLMX PeLenTopbl KNEeTOYHOW MOBEPXHOCTH,
OpTOJIOTM KOTOPbIX Yy4acTBOBaNN B PerynAaumm anneTmiTta y MofesibHbIX BUAOB XMBOTHbIX. OKasanocb, YTo B pac-
CMaTprBaeMoOM Habope reHOB COLEPKUTCA MOBbILLEHHOE KOIMUYECTBO FEHOB, UMEILWMX OfVMHAKOBBIN ¢uUnocTpa-
Turpaduueckmin Bospact (PAl = 5, 3Tan gruBepreHuUMM NO3BOHOUHBIX), M MOYTU BCE 3TU reHbl (28 13 31) OTHOCATCA K
CynepcemMeiicTBy PeLENTOPOB, CONPsKeHHbIX ¢ G-6enkom. Mo-BMANMOMY, CUHXPOHU3MPOBAHHOE 3BOJTIOLMOHNPO-
BaHVe TaKoW MHOTOUYUCIEHHOW rpynnbl reHoB (31 13 64 reHoB) cBA3aHO C GOPMUPOBAHNEM Y MEPBbLIX MO3BOHOY-
HbIX MO3ra KaK OTAeNnbHOro opraHa. [pu nccnefoBaHny pacnpefeneHmns reHoB U3 3TOTO e Habopa Mo 3HaUeHUAM
nHgekco DI 6bina BbisABMEHa CyLleCTBEeHHaA 060raleHHOCTb reHamm ¢ Hu3Kum DI. Mpw 3Tom Bocemb reHoB (GPR26,
NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171, NPBWR1) xapakTepn30BanncCb SKCTPEManbHO HU3KMM 3HaveHnem DI
(MeHee 0.05), UTO yKa3bIBAeT Ha CYLUECTBEHHYIO VX MOABEPKEHHOCTb CTabunusmpyowemy otbopy. O6HapyKeHO
TaK»Ke, UTo rpynmna reHoB ¢ H13KUM DI oboraleHa reHamu, TKaHecneumpryeckn SKCNPeccrpyowmnmMmcs B Mo3sre.
B uacTHOCTWY, K rpynne reHoB, TKaHecneundryeckn SKCNPeccMpyroLwmxca B Mo3re, oTHocutcsa GPR26, nmetowwmin ca-
Moe Hu3Koe 3HauyeHue DI. BBugy Toro, uto sHgoreHHbIn nuraHg ana peuentopa GPR26 noka He BbIABNEH, 3TOT reH
npeAcTaBAseTCcA Ype3BblUaliHO MHTEPECHBIM 06 bEKTOM ANA AafIbHENLLIEro TEOPETUYECKOTO 1 SKCMEePUMEHTANIbHO-
ro nccnefoBaHms. BolaBneHHble HAMM 0COBEHHOCTM pacnpefeneHns reHoB PeLenToOpPOB KIETOYHOW MOBEPXHOCTU
Mo 3BOMOUMOHHBIM nHAekcam PAl n DI ABnAloTCA OTNpaBHON TOUKOW ANA faNbHeNLero aHanv3a 3BOIOLNOHHbIX
XapaKTepuCTUK FeHHOW CeTV perynauum annetuTa B LieSIoM.

KntoueBble cioBa: perynayuma anneTuTa; peLenTopbl KNeTOYHOW NOBEPXHOCTY; YyBCTBO ronoha; 3Bonouus; ¢puno-

CTpaTMFpa¢Mﬂ; BO3pPacCT reHa; UsSmeH4nBOCTb reHOB.

Introduction

Appetite (the desire of the animal organism to consume
food) is a physiological mechanism (feeling) that regulates
the intake of nutrients. The desire to consume food is one of
the most primitive instincts that contribute to survival. This
instinct has been formed over millions of years of evolution
of living beings and has provided powerful mechanisms for
adaptation and response to periods of nutrient shortage (Yeo,
Heisler, 2012). The ability to consume excessive amounts of
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food during periods of its availability significantly affected
the survival of individuals both in human populations and in
populations of other animal species.

With the development of human civilization, the human
populations living in developed countries faced the problem of
adaptation to the abundance of food combined with a decrease
in physical activity, making obesity one of the most serious
public health problems of the twenty-first century (Kaidar-
Person et al., 2011). Thus, the mechanism of adaptation to
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unfavourable factors acquired during evolution in conditions
of stable nutrient supply turned out to be excessive (Yeo,
Heisler, 2012).

In humans and other animal species, the physiological
system that regulates appetite functions with the participa-
tion of protein products of genes expressed both in the brain
(Olszewski et al., 2008) and in peripheral organs and tissues:
stomach, intestine, pancreas, adipose tissue. Neurons involved
in the regulation of the motivational drive to obtain food are
located in different parts of the brain (hypothalamic nuclei,
amygdala, dorsal raphe nucleus, nuclei of the solitary tract,
ventral tegmental area, prefrontal cortex, etc.). They integrate
signals received from the sensory organs (olfactory, visual,
taste sensations) as well as various interoceptive and humoral
signals and control search for food and food consumption
(Yeo, Heisler, 2012; Tremblay, Bellisle, 2015; Heisler, Lam,
2017).

Appetite can be induced by energy and nutrient shortages
(inthis case it is referred to by the term homeostatic appetite).
However, even in the absence of apparent homeostatic needs,
factors such as the sight, smell and taste of food, environmental
cues, and the anticipation of new sensations that arise from
eating can stimulate eating behavior, i. e. non-homeostatic
appetite. The neuronal systems controlling homeostatic and
non-homeostatic appetite function in close cooperation (Ahn
etal., 2022).

Neurons of the arcuate nucleus of the hypothalamus se-
creting neuropeptide Y (NPY), agouti-like protein (AgRP),
and alpha-melanocyte stimulating hormone (a-MSH),
which is generated as a proteolytic cleavage product from
proopiomelanocortin (POMC) by prohormone convertases
(PCSK1 and PCSK2), are central to the systems regulating
both homeostatic and non-homeostatic appetite (Yeo, Heisler,
2012). The activity of neurons located in the arcuate nucleus
is controlled by hormones (leptin, insulin, ghrelin, poly-
peptide YY (PYY), glucocorticoids, adrenocorticotropin,
corticotropin-releasing hormone), neurotransmitters (se-
rotonin, dopamine, adrenaline, GABA), and neurotrophic
factors (BDNF, etc.) as well (Maniam, Morris, 2012; Yeo,
Heisler, 2012; Heisler, Lam, 2017).

Human pathological conditions characterized by appetite
disorders are known. A pathological increase in body weight
(obesity) can be caused by such a condition as hyperphagia
(bulimia). A catastrophic decrease in appetite is seen in an-
orexia nervosa, which is extremely dangerous and increases
the risk of death in young people tenfold (Fichter, Quadflieg,
2016). Reduced appetite can accompany chronic inflammatory
and autoimmune processes, cancer and neurodegenerative
diseases (Grossberg et al., 2010). In this context, any new
knowledge about the system of genes regulating appetite is
of particular importance.

Previously, we performed a functional analysis of genes
involved in the regulation of appetite and body weight (Igna-
tieva et al., 2014, 2016). When analyzing a set of 105 genes
involved in appetite regulation, a statistically significant
over-enrichment of genes specifically expressed in the brain
was found. It was also revealed that a substantial proportion
of genes (~45 %) in this set were genes encoding cell surface
receptors. Many of these receptors belonged to the superfamily
of G-protein-coupled receptors (GPCRs).
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The GPCRs superfamily includes proteins that have a simi-
lar structure (all of them contain 7 transmembrane domains).
These proteins can be found on the cell membranes of almost
all eukaryotes (New, Wong, 1998; Yang et al., 2021). Analysis
of the DNA sequence of the human genome made it possible to
predict about 800 genes encoding proteins of this superfamily
(including 388 genes encoding olfactory receptors) (Bjarna-
dottir et al., 2006). GPCRs mediate the response of cells to
extracellular signaling molecules of different nature — proteins,
peptides, low molecular weight substances (odorous and taste
stimuli, hormones), as well as light-sensitive compounds. In
turn, these receptors activate signal transduction pathways in
cells, providing fundamental physiological processes (vision,
perception of taste and olfactory signals, neuronal functioning,
endocrine regulation and reproduction processes) (Katritch
et al., 2013). Some of the best known receptors from the
GPCR superfamily, which we have previously classified as
appetite-regulating genes (lgatieva et al., 2016), include, for
example, GHSR (growth hormone secretagogue receptor),
MC3R (melanocortin 3 receptor), MC4R (melanocortin 4
receptor), CCKAR (cholecystokinin A receptor), CCKBR
(cholecystokinin B receptor) and GCGR (glucagon).

Understanding the evolutionary mechanisms of human
diseases, especially those associated with lifestyle changes
that have occurred over the last 100-200 years (and the
above-mentioned diseases associated with appetite dys-
regulation are just such diseases), is of great fundamental
and applied significance. It is also very important to find
interdependence between the evolutionary characteristics of
genes in gene networks and the resistance of these networks
to disruptions of genes themselves (through mutations) and
to alterations in gene expression patterns caused by genetic
variability of regulatory regions. Phylogenetic and popula-
tion analysis of genes and gene networks involved in the
relevant biological processes may be useful in developing
new scenarios for personalized prevention and targeted drug
therapy of diseases.

The aim of this work was to identify the evolutionary
features of human cell surface receptor genes involved in
appetite regulation using phylostratigraphic age index (PAI)
and divergence index (DI). To achieve this goal, at the first
stage, a set of human receptor genes the orthologues of which
were involved in appetite regulation in model organisms was
formed based on the analysis of scientific publications. Next,
the distributions of human genes according to PAl and DI
values were examined. The characteristic features of these
distributions were identified by comparison with the distribu-
tions obtained for all human protein-coding genes, as well as
for genes encoding GPCRs.

Materials and methods

Collecting the list of genes involved in appetite regulation
and encoding cell surface receptors. The list of genes was
taken from (Ignatieva et al., 2016) and expanded based on
a PubMed search (https://pubmed.ncbi.nlm.nih.gov/) using
the keywords listed in Supplementary Material 11. Only
genes from experimental studies were considered; reviews
were excluded. In most studies, the role of genes in the

1 Supplementary Materials 1-13 are available at:
https://vavilov.elpub.ru/jour/manager/files/Suppl_Ignatieva_Engl_27_7.pdf
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Table 1. Gene sets for which the distributions of PAl and DI values were analysed

Short name Description Number of genes
allCDS_19,566 All protein-coding genes of the human genome for which PAl and DI values 19,566
were calculated
Receptors_64 Human genes encoding cell surface receptors and involved 64
in appetite regulation*
allGPCR_389 Human genes encoding GPCRs (this set included genes from the the GPCRdb 389
(https://gpcrdb.org) with the exception of genes encoding olfactory receptors)
appGPCR_45 Genes from the Receptors_64 set that encode GPCRs 45
app_not_GPCR_19 Genes from the Receptors_64 set encoding receptors that do not belong 19

to the G-protein-coupled receptor superfamily

*This set includes human genes orthologous to genes of other animal species, the role of which in appetite regulation has been studied experimentally.

regulation of food consumption was established using model
organisms (mice, rats, etc.). Therefore, the list of human
genes controlling appetite included orthologues of those genes
that were identified in experiments on other animal species.
Indication that the product of a gene is a cell surface receptor
was obtained from the text field “Summary” of the EntrezGene
database (https://www.ncbi.nlm.nih.gov/gene).

Control sets of genes. The human gene sets listed in
Table 1 were also used in the analyses. The list of human
genes encoding receptors and controlling appetite was named
Receptors_64.

The set containing all human protein-coding genes
(allCDS_19,566) included 19,566 protein-coding genes for
which PAI and DI values were identified.

The set containing human genes encoding GPCRs
(allGPCR_389) was formed on the basis of the GPCRdb
(https://gpcrdb.org) (Pandy-Szekeres et al., 2023). Genes
encoding olfactory receptors were not included in this set
because the set of appetite-controlling cell surface receptor
genes (Receptors_64) did not contain genes encoding recep-
tors of this type.

The set containing genes encoding GPCRs that control
appetite (appGPCR_45) was obtained by the intersection of
two sets — Receptors_64 and allGPCR_389.

Analysis of the evolutionary characteristics of genes.
The analysis was performed using PAI (phylostratigraphic
age index) and DI (divergence index).

Phylostratigraphic age index (PAI) shows to what extent
the taxon reflecting the age of the gene is distant from the
root of the phylogenetic tree. The taxon reflecting the age of
the gene is understood as the taxon at which the divergence
of the studied species from the most distant related taxon, in
which the orthologue of the gene in question was found, oc-
curred (Table 2). The greater the PAI value of the gene under
study, the younger this gene is supposed to be. PAI values
were calculated in the Orthoscape tool based on the KEGG
Orthology service as described in (Mustafin et al., 2021). We
used PAI values calculated at a similarity level of 0.5.

Divergence index (DI) is an index of evolutionary vari-
ability of a gene. DI is calculated based on the dN/dS ratio,
where dN is the proportion of nonsynonymous substitutions in
DNA sequences of the studied gene and its orthologue; dS is
the proportion of synonymous substitutions. The value of this
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Table 2. PAl values and taxonomic units dating
the corresponding phylostratigraphic age of genes

PAI Taxonomic unit

6 Euteleostomi
7 ......... Mammaha .....................................................................................
8 ......... EUthena .........................................................................................
9 Euarchontoglires
10 ......... anates ........................................................................................

13 Hominidae
14 Homo
15 Homo sapiens

index was calculated based on the comparison of human genes
with genes of closely related organisms from the Hominidae
family, as described in (Mustafin et al., 2021). Thus, DI can
be determined only for protein-coding genes and indicates the
type of selection acting on the gene. DI value in the range from
0to 1 shows that the gene is subjected to stabilizing selection,
1 —to neutral evolution, and more than 1 —to driving selection.

Analysis of tissue-specific characteristics of genes. \We
used the TSEA tool to find overrepresented groups of genes
that had tissue-specific expression patterns identified for
a certain organ or tissue (Wells et al., 2015). The TSEA tool
(http://genetics.wustl.edu/jdlab/tsea/) uses data on tissue-spe-
cific gene expression patterns detected in 25 different human
organs and tissues. The TSEA tool identifies groups of tissue-
specific genes in the analyzed list of genes, the size of which
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significantly exceeds the expected one for random reasons.
The TSEA tool uses data on specificity indices (SI) of gene
expression products and their corresponding p-values (pSI).
These values were calculated for each organ or tissue and
for each transcript based on the analysis of data obtained by
whole transcriptome profiling (GTEx Consortium, 2015). If
the pSI value was < 0.01, the transcript was considered as
tissue-specific for a given tissue.

Statistical analysis. The significance of differences be-
tween the observed and expected numbers of genes in sub-
groups was evaluated using the Chi-Square test.

Results

Genes encoding cell surface receptors

and their functional characteristics

As a result of queries to PubMed, experimental data on
genes of model organisms (mice, rats, etc.) involved in the
regulation of food intake were found. Using this information,
as well as information from EntrezGene, we found 64 human
genes orthologous to genes identified in model organisms and
encoding cell surface receptors (in Table 1 this set of genes
is presented as Receptors_64). See Supplementary Material 2
for the full list of genes.

We compared these 64 genes with those accumulated
in GPCRdb and found that 45 (70.3 %) out of 64 genes
encoded G-protein-coupled receptors (Fig. 1, a). As is shown
in Table 1, this subset of genes encoding receptors from the
GPCR superfamily was named appGPCR_45 (Supplementary
Material 2 contains data on whether the gene belongs to
the GPCR superfamily). The remaining 19 genes (29.7 %)
encoded receptors from the other superfamilies (this subset
is represented in Table 1 as app_not_GPCR_19).

Analysis of the gene list using the TSEA tool (Wells et al.,
2015) revealed that the Receptors_64 set was enriched in genes
that have brain-specific expression pattern. Approximately one
fifth of the genes (12 genes, or 18.75 %) fall into this category
(see Fig. 1, b, Supplementary Material 3).

Analysis of evolutionary characteristics
Phylostratigraphic age of genes (PAl-based analysis). At
the first step, we have analyzed the distribution of PAI values
for all human protein-coding genes (the allCDS_19,556
set). PAI values were found to be unevenly distributed
(Fig. 2, a). One third of all genes (33 %) had a PAI equal
to zero (cellular organisms, the root of the phylogenetic
tree), and the proportions of genes that had PAI values equal
to 5 (the stage of vertebrate divergence) and 6 (the stage of
euteleostomi divergence) were 17 % and 14 %, respectively.
When we examined the distribution of PAI values for a set
of human genes encoding cell surface receptors and involved
in appetite regulation (the Receptors_64 set, Supplementary
Material 4), we found that 31 genes out of 64 (i. e. 48 %) had
PAI values equal to 5 (the stage of vertebrate divergence)
(see Fig. 2, a). And this number was significantly higher
(p < 0.001) than the expected number (10.898) calculated
based on the distribution obtained for the allCDS_19,556 gene
set (see Fig. 2, a, Supplementary Material 5).

As noted above, a large proportion of genes from the
Receptors_64 set (45 genes out of 64) encode GPCRs (see
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Fig. 1. Functional characteristics of human genes encoding cell surface
receptors and involved in appetite regulation (genes from the Recep-
tors_64 set).

a, The proportion of genes encoding GPCRs; b, the proportion of genes that
have brain-specific expression pattern (tissue-specific genes were identified
using the TSEA tool).

Fig. 1, a). To find out whether the evolutionary features of
genes from the Receptors_64 set are caused by the features
of genes from the GPCRs superfamily, we analysed the
distribution of PAI values for a set of 389 human genes
encoding GPCRs represented in the GPCRdb database
(https://gpcerdb.org) (allGPCR_389 set). This distribution
was also found to be different from the distribution obtained
for all human protein-coding genes (see Fig. 2, b). The
number of genes in the allGPCR_389 set that had PAI values
equal to 5 (the stage of vertebrate divergence) was 39 %
(150 genes out of 389) and it was significantly higher than
the expected number calculated based on the proportion of
this group of genes in the allCDS_19,566 set (Supplementary
Material 6).

Next, we compared the distribution of PAl values for 45 genes
encoding GPCRs and regulating appetite (the appGPCR_45
set) with the distribution for the allGPCR_389 set (see
Fig. 2, ¢). In the group of genes from the appGPCR_45 set,
28 genes were found to have a PAI equal to 5 (the stage of
vertebrate divergence) (i. e. 64 %), which was significantly
higher than the expected number (17.35) calculated based on
the proportion of this group of genes in the allGPCR_389 set
(Supplementary Material 7).

As mentioned earlier, 19 receptor genes controlling appetite
did not belong to the G-protein-coupled receptor superfamily
(the app_not_ GPCR_19 set). When the distribution over
PAI values for this group of genes was examined, it was also
found to differ from the distribution over PAI values for all
human protein-coding genes (see Fig. 2, d). However, in this
case, a significant (p <0.05) excess over the expected number
of genes with a PAI equal to 6 (the stage of euteleostomi
divergence) was observed. The observed number in the
app_not GPCR_19 set was six genes out of 19 (32 %),
whereas in the allCDS_19,566 set, PAI value equal to 6 was
detected for 2,769 genes (14 %). Thus, the expected number
of genes with PAI equal to 6 in the app_not GPCR_19 set
was 2.69 (Supplementary Material 8).

Evolutionary variability of genes (DI-based analysis). The
analysis of the distribution of genes from the Receptors_64 set
according to DI values (Fig. 3, a, Supplementary Material 9)
showed that 47 % of genes (30 out of 64) had DI < 0.2, most
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Fig. 2. Distributions by PAl values obtained for the sets of human protein-coding genes presented in Table 1.

a: all human protein-coding genes (allCDS_19,566) as a control set and the human appetite-regulating genes encoding receptors (Receptors_64);
b: all human protein-coding genes (allCDS_19,566) as a control set and genes encoding GPCRs (allGPCR_389); c: genes encoding GPCRs as a control set
(allGPCR_389) and genes encoding GPCRs controling appetite (appGPCR_45); d: all human protein-coding genes (allCDS_19,566) as a control set and
genes controlling appetite but not belonging to the GPCRs superfamily (app_not_GPCR_19).

PAI values were calculated at a threshold of 0.5 for the level of similarity between the DNA sequences of the orthologous genes. Asterisks indicate differences
between the number of genes with a PAl equal to 5 (the stage of vertebrate divergence) (a—c) or a PAl equal to 6 (the stage of euteleostomi divergence) (d)
and their expected numbers calculated based on the distributions in the control sets. *** p < 0.001, * p < 0.05. See Supplementary Materials 5-8.

genes (63 out of 64, i. e. ~98 %) had DI < 1, and only one
gene (QRFPR) had DI > 1, indicating that most of the genes
are subjected to stabilizing selection.

Comparison of the distribution of genes from the
Receptors_64 set by DI values with the distribution obtained
for all human protein-coding genes (allCDS_19,566 set)
showed that the Receptors_64 set is characterised by
an increased content of genes with low DI values (see
Fig. 3, @). The majority of genes from the Receptors_64 set
(61 genes out of 64, i. e. 95 %) had DI < 0.6. And this
number was significantly (p < 0.01) higher than the expected
number (51.95) calculated using the distribution obtained for
all human protein-coding genes (see Fig. 3, a, Supplementary
Material 10).

When comparing the distribution over DI values for a set of
all receptors from the GPCRs superfamily (all GPCR_389) with
the distribution for all protein-coding genes (allCDS_19,566),
no significant differences were found (see Fig. 3, b).

Comparison of the distribution over DI values for the
appGPCR_45 set with the distribution for all receptors from
the GPCRs superfamily (allGPCR_389) showed that the
number of genes with low DI (DI <0.6) in the appGPCR_45 set
(42 genes) was significantly (p < 0.05) higher than the
expected number of genes (37.018) calculated from the DI
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distribution for all genes encoding GPCRs (see Fig. 3, ¢, Sup-
plementary Material 11).

As indicated above, approximately one-fifth (18.75 %)
of genes from the Receptors_64 set are brain-specific. We
have determined the content of genes that had brain-specific
expression patterns in two subgroups of genes: (1) a subgroup
of genes with low DI (DI<0.2); (2) a subgroup including
all other genes (they had DI values between 0.2 and 1.3).
It turned out that the number of brain-specific genes in these
subgroups differs significantly from the expected number
calculated based on random distribution: in the subgroup of
genes with low DI, the content of brain-specific genes was
increased (Fig. 4, Supplementary Material 12).

Discussion

Cell surface receptor genes constitute a substantial proportion
(more than a thousand genes) of the human genome (Bausch-
Fluck et al., 2018). The interest in the study of cell surface
receptors is due to their important role in the cell. These trans-
membrane proteins interact with various molecules (ligands)
located in the extracellular space and activate signal transduc-
tion pathways in the cell (Bausch-Fluck et al., 2018; Yang et
al., 2021). A lot of substances and biochemical compounds
(in particular, drugs) that affect the activity of cell surface
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Fig. 3. Distributions of genes from the sets presented in Table 1 according
to the Dlindex.

a, All human protein-coding genes (allCDS_19,566) as a control set and and
the human appetite-regulating genes encoding receptors (Receptors_64).
The observed and expected total number of genes with DI < 0.6 and DI > 0.6
are presented in the table above the graph; the calculation of the expected
number is given in Supplementary Material 10. b, All human protein-
coding genes (allCDS_19,566) as a control set and genes encoding GPCRs
(allGPCR_389). ¢, Genes encoding GPCRs (allGPCR_389) as a control set and
genes encoding GPCRs controling appetite (appGPCR_45). The observed and
expected total number of genes with DI < 0.6 and DI > 0.6 are presented in
the table above the graph; the calculation of the expected number is given in
Supplementary Material 11.

receptors (so-called agonists and antagonists) are known.
Therefore, cell surface receptors are also of great interest from
a biomedical point of view — for example, these proteins are
targets for 66 % of drugs registered in the DrugBank database
(Bausch-Fluck et al., 2018).

This paper presents a set of 64 human genes encoding cell
surface receptors, the orthologs of which are involved in food
intake regulation in model organisms. The data are highly reli-
able, because this gene set was created on the basis of manual
analysis of scientific publications. Finding such an impressive
number of receptor genes involved in appetite regulation fits
well with the idea of the complex nature of food motivation.
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Fig. 4. Distribution of genes from the Receptors_64 set by DI values.

Shown are the proportions of genes that have brain-specific expression pat-
terns according to the TSEA tool. The observed number of brain-specific genes
differ from the expected number, * p < 0.05. (The numbers of genes in four
subgroups are given in Supplementary Material 12.)

As mentioned above, appetite can satisfy both the basic needs
of the organism for food (homeostatic appetite, which provides
compensation of energy expenditure) and the needs for sensa-
tions associated with food (non-homeostatic appetite, aimed
at obtaining positive emotions) (Johnson, 2013; Rebello,
Greenway, 2016; Ahn et al., 2022). It is also known that food
motivation can be adjusted depending on the life situation or
psycho-emotional state of an individual (fright, depression,
boredom, chronic stress, for animals — threat from predators,
territory protection, mating behavior, etc.) (Lindén etal., 1987;
Bradenetal., 2018, 2023; Hadjieconomou et al., 2020; Siegal
etal., 2022). Such correction of food motivation is performed
because the brain processes information received from the
sensory organs and integrates it with signals about the state of
various physiological systems of the body (Tomé et al., 2009;
Holtmann, Talley, 2014; Spetter et al., 2014; Tremblay, Bel-
lisle, 2015). And this process involves nerve cells with diverse
specialization expressing a wide range of receptors on their
surface (Yeo, Heisler, 2012; Heisler, Lam, 2017).

Examination of the distributions of genes by PAI values
revealed that: (1) the Receptors_64 set has a significantly in-
creased content of genes with the same phylostratigraphic age
(PAI =5, the stage of vertebrate divergence) than all protein-
coding genes; (2) the subset of genes that encode GPCRs
and are involved in appetite regulation (appGPCR_45) also
contains an increased number of genes with the same phylo-
stratigraphic age (PAI = 5, the stage of vertebrate divergence)
than what would be expected based on the distribution of
PAI values for all genes encoding GPCRs.

Thus, we found that the gene set composed of genes en-
coding cell surface receptors controlling appetite contains an
increased number of genes with the same phylostratigraphic
age (PAI =5, the stage of vertebrate divergence). Apparently,
the synchronised evolution of such a large group of genes
(31 genes have PAIs equal to five) is associated with the
formation of the brain as a separate organ in the first verte-
brates (Sarnat, Netsky, 2002). It is noteworthy that almost all
of these genes with PAI equal to five (28 out of 31) encode
GPCRs, which agrees well with the fact that receptors of this
superfamily are involved in processing signals from sensory
organs, as well as signals transmitted by hormones and neu-
romediators (Pandy-Szekeres et al., 2023). Thus, the group of
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genes encoding GPCRs with a PAI of 5 (the stage of vertebrate
divergence) includes, in particular, genes encoding receptors
for neuropeptide Y (NPY1R, NPY2R, NPY4R, NPY5R) and
alpha-melanocyte stimulating hormone (MC3R and MC4R).
Neuropeptide Y and alpha-melanocyte stimulating hormone
are signalling molecules secreted by neurons of the arcuate
nucleus of the hypothalamus, a brain structure that acts as a
central regulator of feeding behaviour (Yeo, Heisler, 2012;
Heisler, Lam, 2017).

Another peculiarity was revealed for a subset of genes
involved in appetite regulation but not encoding GPCRs
(app_not_GPCR_19): it contains an increased number of
genes with PAI equal to 6 (the stage of euteleostomi diver-
gence). Notably, four genes from this group encode receptors
involved in the regulation of immunity. These are GHR and
LEPR encoding proteins from the type | cytokine receptor
family and TLR2 and TLR4 encoding proteins from the Toll-
like receptor family.

The PAI-based analysis has shown that the so-called “an-
cient” genes (i. e., genes with PAI equal to 0 (cellular organ-
isms, the root of the taxonomic tree)) are also involved in the
regulation of food intake. This group includes, for example,
genes encoding (1) the insulin receptor (INSR), which, in
particular, regulates secretion of neuropeptide Y and alpha-
melanocyte stimulating hormone by neurons of the arcuate
nucleus of the hypothalamus (Leibowitz, Wortley, 2004), and
(2) NTRK2, the receptor for BDNF (brain-derived neurotroph-
ic factor), which mediates the anorexigenic effects of BDNF
produced in the paraventricular nucleus of the hypothalamus
(Anetal.,2015; Chuetal., 2023). Both genes are expressed in
different tissues and organs (Escandon et al., 1994; Federici et
al., 1997), indicating that at early stages of evolution, ancestral
forms of INSR and NTRK2 could be involved in the regulation
of various biological processes and joined the system of genes
regulating food intake at the evolutionary stage corresponding
to the formation of specialised brain structures.

When considering PAI values, a group of relatively “young”
genes was identified (PAI values of 6 and 7, the stages of
euteleostomi and mammalia divergence). Five genes from
this group encode receptors relevant to the immune system:
these are the four genes mentioned earlier (GHR, LEPR, TLR2,
and TLR4), as well as IL1R1. The detection of these genes
in a group of relatively “young” genes is in good agreement
with the known data on the adaptive immunity system having
begun to form relatively recently in the course of evolution
(Ward, Rosenthal, 2014).

When examining the distribution of genes from the Recep-
tors_64 set by DI values, a significant enrichment of this group
with genes subjected to stabilizing selection was revealed.
It turned out that the subgroup of appetite-regulating genes
encoding GPCRs (appGPCR_45) also contained an increased
number of genes with low DI values.

Eight genes had the lowest DI values (DI < 0.05): GPR26,
NPY1R, GHSR, ADIPOR1, DRD1, NPY2R, GPR171,
NPBWRL1 (see Supplementary Material 9). Moreover, seven
of these eight genes (except ADIPOR1) encode proteins from
the GPCRs superfamily.

An extremely low DI value (<0.005) was found for the
GPR26 gene. GPR26 encodes a receptor from the GPCRs
superfamily, the endogenous ligand of which has not yet been
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identified. Targeted inactivation of GPR26 in mice causes
hyperphagia leading to early onset of diet-induced obesity
(Chen et al., 2012). In addition, according to behavioural
tests, Gpr26-deficient mice display increased anxiety- and
depression-like behavior, and prefer ethanol to a greater extent
than mice with normal genotype (Zhang et al., 2011). Accor-
ding to the TSEA tool, GPR26 has brain-specific expression
pattern. In humans, GPR26 is expressed in the amygdala,
hippocampus, and thalamus (Jones et al., 2007). The function
of the GPR26 gene is evolutionarily conserved. In C. elegans,
the Y5H2B gene with similarity to GPR26 was found. Ashra-
fi K. and co-workers used RNA-mediated interference to dis-
rupt the expression of genes and found that YSH2B increases
fat content (Ashrafi et al., 2003). The functions of other genes
that had extremely low DI values (<0.05) are described in
Supplementary Material 13.

Only one gene (QRFPR) among the genes from the Re-
ceptors_64 set had a DI > 1 (see Supplementary Material 9),
indicating that this gene is probably subjected to driving
selection. QRFPR encodes the receptor for the orexigenic
neuropeptide QRFP (pyroglutamylated RFamide peptide)
(Cook et al., 2022). According to EntrezGene and UniProt
databases, human QRFPR is expressed in different parts of the
brain and in peripheral tissues (heart, kidney, stomach, testes,
and thyroid gland). The mouse, rat, and hamster genomes are
known to contain at least two genes encoding the neuropep-
tide receptor QRFP (Cook et al., 2022). No data like that are
available for the human genome; however, it can be assumed
that human QRFPR is not subjected to stabilizing selection,
since the human genome also contains more than one gene
encoding proteins with QRFPR-like activity.

We also found that the group of genes with low DI, i. e. most
likely to be subject to stabilizing selection, is enriched in genes
that have brain-specific expression patterns. This result agrees
well with the finding made by G. Dumas et al. who examined
the set of almost all human protein-coding genes (N = 11,667)
and revealed that genes encoding brain-related proteins are
among the most strongly conserved protein-coding genes in
the human genome (Dumas et al., 2021). Among the genes
that have low DI and brain-specific expression pattern, the
previously mentioned GPR26 gene was found. Due to the fact
that this gene has an extremely low DI and its endogenous
ligand is still unknown (Chen et al., 2012), GPR26 seems to
be an extremely interesting object for further theoretical and
experimental studies.

Conclusion

In this paper, we analyzed the distributions of PAI and DI
values for a group of human cell surface receptor genes, the
orthologues of which were involved in appetite regulation
in model organisms. It was found that the gene set under
consideration contains an increased number of genes with
the same phylostratigraphic age (PAI = 5, the stage of
vertebrate divergence), which is apparently associated with
the formation of the brain as a separate organ in the first
vertebrates. A significant enrichment of this group of genes
in genes with low DI values was also revealed, indicating a
significant susceptibility of these genes to stabilizing selection.
At the same time, the group of genes with low DI is enriched
with genes that have brain-specific expression pattern. The
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characteristic features of the cell surface receptor genes dis-
tribution according to the evolutionary indices PAI and DI
revealed in this study are a starting point for further analyses
of the evolutionary characteristics of the entire gene network
controlling appetite.
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