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Abstract. Telomeres are the terminal regions of chromosomes that ensure their stability while cell division. Telomere
shortening initiates cellular senescence, which can lead to degeneration and atrophy of tissues, so the process is
associated with a reduction in life expectancy and predisposition to a number of diseases. An accelerated rate of
telomere attrition can serve as a predictor of life expectancy and health status of an individual. Telomere length is a
complex phenotypic trait that is determined by many factors, including the genetic ones. Numerous studies (includ-
ing genome-wide association studies, GWAS) indicate the polygenic nature of telomere length control. The objective
of the present study was to characterize the genetic basis of the telomere length regulation using the GWAS data
obtained during the studies of various human and other animal populations. To do so, a compilation of the genes
associated with telomere length in GWAS experiments was collected, which included information on 270 human
genes, as well as 23, 22, and 9 genes identified in the cattle, sparrow, and nematode, respectively. Among them were
two orthologous genes encoding a shelterin protein (POT7 in humans and pot-2 in C. elegans). Functional analysis
has shown that telomere length can be influenced by genetic variants in the genes encoding: (1) structural compo-
nents of telomerase; (2) the protein components of telomeric regions (shelterin and CST complexes); (3) the proteins
involved in telomerase biogenesis and regulating its activity; (4) the proteins that regulate the functional activity of
the shelterin components; (5) the proteins involved in telomere replication and/or capping; (6) the proteins involved
in the alternative telomere lengthening; (7) the proteins that respond to DNA damage and are responsible for DNA
repair; (8) RNA-exosome components. The human genes identified by several research groups in populations of dif-
ferent ethnic origins are the genes encoding telomerase components such as TERC and TERT as well as STNT encod-
ing the CST complex component. Apparently, the polymorphic loci affecting the functions of these genes may be the
most reliable susceptibility markers for telomere-related diseases. The systematized data about the genes and their
functions can serve as a basis for the development of prognostic criteria for telomere length-associated diseases in
humans. Information about the genes and processes that control telomere length can be used for marker-assisted
and genomic selection in the farm animals, aimed at increasing the duration of their productive lifetime.
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AHHoTauus. TefloMmepbl — 3TO KOHLIEBbIE YYACTKM XPOMOCOM, 06ecrneyrBatoLLyie X CTabuUnbHOCTb B XO4e KIIETOYHOTO
feneHuns. YKopoueHve TefloMep MHULMMPYET MNPOoLIecC CTapeHna KeToK, YTO MOXKET NpuUBOAUTb K AereHepauun un
aTpodun TKaHeln. YKopoUeHne TefloMep CBA3aHO C COKpaLLeHVeM NPOAOIKUTENbHOCTU XMU3HWU U C Npeapacnono-
MEHHOCTbIO K pAAy 3aboneBaHuiA, MOSTOMY JaHHbIN MOKa3aTenb MOXeT ObITb CMOMb30BaH B KauecTBe npenmkTopa
NPOLOKNUTENIbHOCTY XMU3HU N COCTOAHUA 340POBbA OTAENbHOIO UHAMBMAA. [IHA TenoMep — CJIOXKHbIN GeHOoTu-
NUYECKNIN MPU3HAK, KOTOPbIN onpeaenseTca MHOrMMU GakTopamu, B TOM YKCie reHeTuyecKMn. MHOrouncneHHble
nccnenoBaHusA (BKoYasa NOMHOreHOMHBIN aHanm3 accounaumia, NMIAA) cBMAETENBCTBYIOT O MNOIMTEHHOM XapaKkTepe
KOHTPONA ANIMHbI Tenomep. Lienb paboTbl — oxapakTepusosaTb reHeTUYECKNE OCHOBbI PEryNALMM AfIVIHbI TEIOMEP Ha
ocHoBe AaHHbIX MTAA, nonyyeHHbIX NPY NCCEA0BAHMIN PA3NIMYHbIX NOMYNAALMNOHHbIX BbIGOPOK YenoBeKa 1 Apyrux
XKUBOTHBIX. [1n5 3TOro aBTopamu 6bina cobpaHa KOMNUAALUA FeHOB, aCCOLMUPOBAHHbIX C ASIVHON TeloMep Mo AaH-
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HbiM MTAA, KoTopas BKtovana ceefieHnsa o 270 reHax YenoBeKa, a TakKe 23, 22 1 9 reHax, BbIABIEHHbIX Y KPYMHOTO
poraToro ckota, BOMOBOrO BOPOObA 1 HEMATOAbl COOTBETCTBEHHO. Cpean HUX MPUCYTCTBOBANM fiBa reHa-opTosora,
KoavpytoLwmx 6enok wentepnHosoro Komnnekca (POT1y yenoseka u pot-2 'y C. elegans). OyHKLUMOHaNbHbIN aHanms
nokasar, YUTo Ha ANIMHY TesloMep MOTYT BIIMATb reHeTUYeCKre BapraHTbl B reHaX, Koanpyowmx: 1) CTPYKTYpHble KOM-
NMOHEHTbI TenoMepasbl; 2) 6eIKOBble KOMMOHEHTbI TETOMEPHbIX YYaCTKOB XPOMOCOM (LUeNTEPUHOBBIN KOMMNEKC 1
CST komnnekc); 3) 6enku, yyactsytolme B 6ruoreHese Tenomepasbl 1 perynmpyoLre ee akTMBHOCTD; 4) 6enku, pery-
nupytowme GyHKLMOHANbHYI0 akTUBHOCTb KOMIMOHEHTOB LUEITEPMHOBOIO KOMMAEKCa; 5) 6enku, yyactsylowme B pe-
NAVKaumMn 1/unm KaNpoBaHum Teniomep; 6) 6enku, KOHTPONMpYoLWMe anbTePHATUBHBIN My Tb YAVHEHWA TeoMep;
7) 6enku, pearupytowire Ha nospexaeHna JHK n otseyatowme 3a penapayuio; 8) kKomnoHeHTbl PHK ak30com. B pabo-
Te BbIAABNEHbI FeHbl YeNTOBEKA, NAEHTUOULMPOBaHHbIE HECKONbKUMY NCCNef0BaTENbCKAMI FPYNNaMu B NOMYAALMAX
Pa3fNIMUYHOro STHUYECKOrO MPONCXOXAEHNA. ITO reHbl, KOAUPYoLMe KOMMOHeHTbl Tenjomepasbl (TERC n TERT), a Tak-
e reH STNT, kogupytowmin 6enok CST komnnekca. MNo-suanmomy, nonmopdHble TOKYCbl, 3aTparvBatoLye GyHKLMN
3TUX FeHOB, MOTYT ObITb Hanboee HaAEXXHBIMI MapKepammn NPeAPacrnoNoXeHHOCTN K 3abonieBaHKAM, CBA3aHHbIM
C AnviHow Tenomep. CcTeMaTU3MpPOBaHHbIE HAMU AaHHbIE O reHax 1 ux GYyHKLUUAX OyayT NonesHbl Npu pa3paboTke
NPOrHOCTNYECKMX KpuTepues 3aboneBaHunin Yenoseka, AA KOTOPbIX NOKa3aHa CBA3b C ANNHON Tenomep. CBeeHuns
0 reHax 1 npoueccax, KOHTPONNPYIOLWKMX AAVHY TEIOMep, MOryT ObiTb BOCTPebOBaHbI A/ MapKep-OpUEHTMPOBAH-
HOW 1 TEHOMHOW CeNeKunn CeNbCKOXO3ANCTBEHHbIX XMBOTHbIX, HarMpPaB/IEeHHON Ha NOBbILEHNE NPOLOMKNTENbHO-
CTU NX XO3ANCTBEHHOIO NCNONb30BaHUA.

KnioueBble cfioBa: AJIMHA TeIOMEpP; reHbl-KaHAWAATbl; MOMHOreHOMHbIM aHanu3 accoumaunii; GyHKLMOHANbHbIN

aHanus.

Introduction
Telomeres are the terminal regions of chromosomes that en-
sure their stability and represented by evolutionary conserved
tandemly repeated DNA sequences (e.g., a hexanucleotide
TTAGGG repeat in vertebrates) of several kb in length (Pod-
levsky, 2008; Monaghan, Ozanne, 2018). For example, their
lengths in humans at birth are 10-15 kb (Jafri et al., 2016).
3’ terminal end of a telomere is a single-stranded guanine-rich
DNA region (150-200 nucleotides), whose end interacts with
the double-stranded region to form the so-called T-loop at the
telomere end. T-loop formation and stabilization are ensured
by a shelterin complex (Fig. 1). This structure prevents re-
cognition of a chromosome terminal region by repair proteins
(de Lange, 2018).

DNA polymerase is unable to fully replicate the 3'-end of
a linear DNA during cell division, which leads to a loss of
50-200 nucleotides of the telomeric sequence at each cell
division (Fan et al., 2021). Telomere shortening can also be
facilitated by other factors and processes (Suppl. Material 1)1,
such as oxidative stress, inflammation, UV irradiation, effects
of toxic agents, DNA replication errors, etc. (Aviv, Shay, 2018;
Monaghan, Ozanne, 2018). These factors are likely to produce
different effects depending on cell types and the organism’s
development stage and species (Monaghan, Ozanne, 2018).

Telomere shortening initiates cellular senescence. Activa-
tion of DNA damage response signaling pathways results in
a cell cycle arrest, which may in turn lead to apoptosis and
eventually — to progressive tissue degeneration (Jafti et al.,
2016; Aviv, Shay, 2018; Monaghan, Ozanne, 2018). The data
collected at the cellular level in vitro and in model organisms
lay the foundation for using the telomere length as a predictor
of life expectancy and health status of an individual. Indeed,
studies in humans (Crocco et al., 2021), mice (Vera et al.,
2012), sheep (Wilbourn et al., 2018), cattle (Seeker et al.,

1 Supplementary Materials 1-11 are available in the online version of the paper:
http://vavilov.elpub.ru/jour/manager/files/Suppl_lgnatieva_Engl_27_3.pdf.
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2021), wild birds (Bichet et al., 2020), and other animals have
shown that shorter telomere length may be associated with
reduced life expectancy. The studies in humans discovered an
association between the telomere length and cardiovascular
diseases, cancer, diabetes, inflammation, and other pathologi-
cal states (Kong et al., 2013; Jafti et al., 2016; Aviv, Shay,
2018).

Telomere shortening is prevented by telomerase, a spe-
cialized ribonucleoprotein complex acting as a reverse tran-
scriptase. In humans, telomerase is active in almost all the
cancer cells studied (Jafri et al., 2016), in blastocyst, in most
somatic tissues at 16-20 weeks of development (except for
brain cells), and ovary and sperm cells at all ontogenetic
stages (except for mature spermatozoids and oocytes) (Wright
et al., 1996).

Telomerase activity is controlled by the proteins regulat-
ing expression of telomerase components, their movement
to various cell compartments, processing, and assembly as
well as by the proteins maintaining stability of the telomerase
complex or, on the contrary, activating its degradation (Egan,
Collins, 2012; Tseng et al., 2015; Schrumpfova, Fajkus, 2020).
The main stages of telomerase biogenesis are presented in
Figure 2. The examples of proteins affecting the telomerase
activity are presented in Suppl. Material 2. In addition, the
telomerase activity is also affected by the shelterin (Diotti,
Loayza, 2011; de Lange, 2018) and CST complex (Fig. 3)
(Chen et al., 2012).

Telomere length is a complex phenotypic trait determined
by multiple factors including genetic ones. The meta-analysis
of heritability data for this trait performed in eighteen verte-
brate species showed the averaged heritability index of 45 %.
The studies showed the value of 52 % in humans, 42 % — in
Holstein cattle breed, 35 % — in hamadryas baboons, and
5 % — in sheep (Chik et al., 2022).

The problem of genetic basis of telomere length regulation
is of interest for many researchers. The information on telo-
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Fig. 1. Structure of a chromosome’s telomeric region.

Telomeric DNA is presented as a T-loop reconstructed following the black-and-white illustration from Fan and co-workers (2021);
nucleotide sequences in the DNA strands are not shown (Fan et al.,, 2021). The top left is simplified illustration of the relative posi-
tions of shelterin subunits, following the description from Jafri and co-workers (2016). Since the ACD/TPP1 and POT1 are much less

abundant in nuclei (de Lange, 2018), some sh

elterin complexes are depicted without these subunits. D-loop is a structure, where

two strands of the double-stranded DNA are separated, and one of them connects with the third DNA strand (a single-stranded
3'-end of the telomeric DNA region). The names of proteins corresponding to the human genes associated with telomere length

according to the GWAS data are underlined.
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Fig. 2. Simplified presentation of the main stages of telomerase biogenesis.

The names of proteins and RNAs correspondin

g to the human genes associated with telomere length (as per GWAS results) are

underlined. The scheme is based on the data on protein functions from the research articles cited in Suppl. Material 2.

merase components and proteins involved in telomere length
regulation (including 20 proteins identified in mammals) can
be found in The Telomerase Database (http://telomerase.asu.
edu/) (Podlevsky et al., 2008). Joyce and co-workers (2018)
presented a set of 80 human genes with telomere-related func-
tions (Joyce et al., 2018).

The GWAS data also indicate a polygenic nature of telomere
length heritability. For instance, the GWAS Catalog (https://

www.ebi.ac.uk/gwas/) cites 99 human genes that either include
or neighbor the telomere length-associated allelic variants.
One of the largest GWA studies presents the data on 138 hu-
man genomic loci, whose allelic variants are associated with
telomere length (Codd et al., 2021).

In addition to the telomere length association data gathered
using GWA studies in various human population samples,
the data obtained in other animal species also appear to be
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Fig. 3. The role of CST proteins in telomerase activity regulation at the
late S/G2 phase.

The first step of the five-step mechanism described by Chen et al. (2012) is
the recruitment of telomerase and additional ACD/TPP1 and POT1 by shelterin
complex (Step 1, Recruitment, not shown in the figure). Then, telomerase starts
extending the single-stranded region of the DNA molecule (Step 2, Extention |)
(shown in Panel A, the newly synthesized DNA region is represented by a black
line). After that (Step 3, Extention Il) the single-stranded region of the DNA
molecule is further extended (see Panel B). CST proteins interact with the new-
ly synthesized single-stranded DNA region (~60 nucleotides) hindering the
stimulating effect of ACD/TPP1 and POT1 on telomerase (Step 4, Termination)
and initiating C-strand synthesis by DNA polymerase alpha-primase (Pola-
primase) (Step 5, Fill-in). Steps 4 and 5 are presented in Panel C. The names of
proteins corresponding to the human genes associated with telomere length
(as per GWAS results) are underlined.

of interest. However, these studies are rather scarce and are
available only for Holstein—Friesian cattle (Ilska-Warner et
al., 2019), house sparrow nestlings (Pepke et al., 2021), and
C. elegans (Cook et al., 2016).

The objective of this review was to characterize the genetic
basis of telomere length regulation using the GWAS data
collected in various human populations and to compare them
with the results of similar experiments in other animal species.
For this purpose, (1) the data on genes identified in GWAS
telomere length experiments were systematized; (2) functional
annotation of genes was performed, and the set of biological
processes affecting telomere length was identified.

Materials and methods

The data on telomere length-associated genes were obtained
from the papers available in the PubMed database (https://
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pubmed.ncbi.nlm.nih.gov/) using such keywords as ‘telomere
length’ and ‘GWAS’. Functional annotation of genes was
performed using information obtained from the papers present-
ing GWAS data, PubMed, The Telomerase Database (http://
telomerase.asu.edu/) queries, and the DAVID knowledgebase
(https://david.ncifcrf.gov/) (Sherman et al., 2022).

Results and discussion

Human genes identified through GWA studies

PubMed queries produced 18 scientific papers presenting the
results of identifying telomere length-associated polymorphic
loci in human genome based on GWAS data. These papers
were analyzed, and the data on 270 telomere length-associated
genes were collected (Suppl. Material 3). Most genes (262)
were identified in European-ancestry population samples, the
data on 15 genes were obtained from the studies in Southeast
Asian population samples (natives of China, Bangladesh, and
India), five genes were identified as a result of trans-ethnic
meta-analysis of Singaporean Chinese and European ancestry
data (Dorajoo et al., 2019), and one gene was found in African
Americans (Zeiger et al., 2018).

The data on functional significance in the context of
telomere length regulation were presented by the authors of
GWA studies for 52 genes out of 270 (see Suppl. Material 3).
The fact that the data on gene significance in the context of
telomere length regulation were unavailable for a number of
loci reflects the capabilities and limitations of GWAS me-
thodology. Most loci identified by GWAS and associated
with the trait of interest are located in intergenic regions. As
arule, in these cases, the set of candidate genes includes the
nearest genes, whose functional significance is often difficult
to interpret. To identify the mechanisms and genes, through
which intergenic variants affect the studied traits, additional
experiments are required. For example, it was shown that
T-to-C substitution of rs1421085 in the intron of F7O gene
affects the expression of /RX3 and /RX5, whose transcription
start sites are far away (~520 and ~1160 kb) from rs1421085
(Claussnitzer et al., 2015).

Main functional groups

of human telomere length-associated genes

A functional classification was performed for a set of 52 hu-
man genes for which there was information about their func-
tional significance in the context of telomere length regulation
(Suppl. Material 4). As a result, several functional groups of
genes have been identified (Fig. 4):

Genes encoding telomerase components: TERC is the
telomerase RNA component acting as a matrix for DNA strand
extension at the telomere end and TERT is a reverse tran-
scriptase enzyme subunit (Egan, Collins, 2012; Tseng et al.,
2015).

Genes encoding shelterin proteins: components of this
complex (TERF1/TRF1, TERF2/TRF2, POT1, TERF2IP/
Rap1/DRIP5, TINF2/TIN2, and ACD/TPP1/TINT1) can bind
to both double-stranded and single-stranded telomeric DNA
regions (see Fig. 1), stabilize them, protect them from exo-
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Fig. 4. Functional groups of human telomere length-associated genes.

The classification is presented for 52 genes, whose role in telomere length regulation is characterized in Suppl. Material 4. The numbers
given in parentheses indicate the numbers of genes in groups.

nucleases, reduce telomerase access, and inhibit the proteins
activated by damaged DNA and involved in double-stranded
break repair (Diotti, Loayza, 2011; de Lange, 2018). The
GWAS data on telomere length association were obtained for
the genes coding for five out of six shelterin proteins (TERF1,
TERF2, POT1, TINF2 and ACD/TPP1/TINT1) (see Fig. 4,
Suppl. Material 4).

Genes encoding CST proteins: CTC1, STN1, TEN1. CST
complex acts as a telomerase negative regulator at the late S
to G2 phase of the cell cycle (see Fig. 3) (Chen et al., 2012).

Genes encoding proteins involved in telomerase biogene-
sis and regulating its activity. One of these genes, ZCCHC 10,
encodes a protein regulating telomerase synthesis at tran-
scriptional level: ZCCHC10 suppresses TERT transcription
(Ohira et al., 2019). Processing and assembly of a telomerase
RNA subunit involves DKC1, NAF1, and SHQI (Egan, Col-
lins, 2012), ribonuclease PARN, exoribonuclease DIS3, the
component of a nuclear exosome targeting (NEXT) complex,
ZCCHCS (Tseng et al., 2015), SMUG1 (Kroustallaki et al.,
2019), and CELF4/BRUNOL4 (Mangino et al., 2009). Non-
canonical polymerase TENT4B/PAPDS (Nagpal et al., 2020),
trimethylguanosine synthetase TGS1 (Chen et al., 2020), and
EXOSC10 RNA exosome component (Stuparevic¢ et al., 2021)
cause a decrease in the level of active TERC. The assemb-
ly of telomerase nucleoprotein complex involves ATPase
RUVBL1/pontin (Jafri et al., 2016) and telomerase-associated
protein TEP1 (Codd et al., 2021). Two proteins (WRAP53/
WDR79/TCAB1 and NOLC1/NOPP140) provide telomerase
accumulation in Cajal bodies, the small nuclear organelles
where processing of small nuclear and nucleolar RNAs and
assembly or ribonucleoprotein complexes occur (Bizarro et
al., 2019; Schrumpfova, Fajkus, 2020). Telomerase activity

is modulated by activator protein SMG6/EST1A, which also
binds to a single-stranded DNA (Snow et al., 2003), and PML
protein, whose isoform PML-IV suppresses telomerase acti-
vity (Oh et al., 2009).

Genes encoding proteins regulating functional activity
of shelterin proteins. CSNK2A?2 and CSNK2B are the sub-
units of casein kinase which phosphorylates TERF1, increasing
its binding to telomeres (Saxena et al., 2014; Li et al., 2020).
ATM serine/threonine kinase, on the contrary, decreases
TERF]1 binding to the telomeric DNA (Li et al., 2020). Pep-
tidase USP7 and ubiquitin ligase STAH]1 activate proteasomal
degradation of POT1 and TERF2, respectively (Codd et al.,
2021). ADP ribosylases PARP1 and PARP2 reduce the DNA
binding activity of TERF2 (Dorajoo et al., 2019; Codd et al.,
2021).

Genes encoding proteins involved in telomere replication
and/or capping: (1) enzymes RRM1 and TYMS involved in
synthesis of deoxynucleoside triphosphates (ANTP) and thy-
midylates required for DNA synthesis (Dorajoo et al., 2019;
Nersisyan et al., 2019); (2) helicases RTEL1 and MCM4
(Codd et al., 2013, 2021); (3) RPA1 and RPA2, the subunits
of the RPA complex capable to unfold G-quadruplex struc-
tures that may block DNA replication (Codd et al., 2021);
(4) HNRNPA1 promoting telomere capping after DNA rep-
lication (Codd et al., 2021).

Genes encoding proteins affecting the alternative telo-
mere lengthening pathway. This telomerase-independent
mechanism (ALT or Alternative Lengthening of Telomere,
see the description in Suppl. Material 5) includes the recom-
bination between telomeric regions of two DNA molecules
(Sobinoff, Pickett, 2017, 2020). Three genes identified in
GWA studies were attributed to this group (see Fig. 4, Suppl.
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Material 4). These genes encode SMC6 which activates ALT
(Potts, Yu, 2007) and its two inhibiting proteins: ATRX with
chromatin remodeling activity and SLX4 endonuclease (So-
binoff, Pickett, 2017).

Genes encoding DNA damage response proteins: (1) pep-
tidase SENP7 (Li et al., 2020); (2) chaperone protein BAG6
(Li et al., 2020); (3) DCAF4 interacting with CUL4-DDB1
ligase (Mangino et al., 2015); (4) RFWD3 interacting with
RPA protein (replication protein A) (Li et al., 2020).

Genes encoding subunits of RNA exosomes: EXOSC6,
EXOSC9 (Codd et al., 2021) and MPHOSPHG6 (Dorajoo et
al., 2019). These proteins are functionally significant, because
it is known that TERC may be subjected to 3'-processing,
and the RNA-exosomes are involved in this process (Tseng
et al., 2015).

Human candidate genes identified in more than one study
As mentioned above, we have analyzed 18 papers on identify-
ing telomere length-associated human genome loci based on
GWA studies and collected the data on 270 such genes (see
Suppl. Material 3). Notably, only 16 genes were identified in
at least two studies (Fig. 5).

The most frequently identified genes were the ones encod-
ing both telomerase components (TERC and TERT) and STN1
encoding a component of the CST complex (revealed in 7,
5, and 7 studies, respectively). Three genes POTI, TERFI,
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and TERF?2 encoding components of the shelterin complex
were mentioned in 4, 3, and 2 publications, respectively.
Three more genes DCAF4, RTEL1, and NAF I controlling the
DNA damage response, telomere replication, and telomerase
biogenesis were identified in four studies. ATM, PARPI,
MPHOSPHG6, REWD3, SENP7, and TYMS were identified
in 3 or 2 papers.

Most of 16 genes listed above were identified in population
samples of different ethnic origin: (1) 7ERC in three ethnic
groups, namely Europeans, Bangladeshis, and Singaporean
Chinese; (2) DCAF4, MPHOSPH6, and TYMS in Europeans
and as a result of the trans-ethnic meta-analyses (Singaporean
Chinese+Europeans); (3) TERT, STN1, POT1,RTELI, NAF 1,
TERF1,ATM, PARPI in two ethnic groups, namely Europeans
and Singaporean Chinese.

Identification of the genes related to telomere

length regulation according to DAVID

Using DAVID, we found the terms from the GOTERM BP
DIRECT dictionary that were significantly (FDR < 0.05) as-
sociated with the list of 270 human genes presented in Suppl.
Material 3. Sixteen terms indicating biological processes that
directly control telomere length are presented in Suppl. Ma-
terial 6, and the remaining fifteen terms are listed in Suppl.
Material 7. There were 30 genes associated with the terms
from the first group (see Suppl. Material 6), with two of them
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(SIRT6 and TP53) previously not recognized as biologically
interpretable (these genes were presented in (Codd et al.,
2021) without comment on their functional significance in
the context of telomere length regulation). The analysis of
scientific papers showed that proteins encoded by both genes
can function in the subtelomeric regions of chromosomes
(Tennen et al., 2021; Tutton et al., 2016), which means they
could be indirectly involved in telomere length regulation.

Then, the genes associated with the second group of
GOTERM _BP_DIRECT terms identified at FDR < 0.05 (see
Suppl. Material 7) were analyzed. Among them, 29 genes
were found that had no biological interpretation (highlighted
in red in Suppl. Material 7, and listed in Suppl. Material 8).
This group of 29 genes included the above mentioned SIRT6
and TP53, as well as BRCAI, SAMHD1, and BRCC3 asso-
ciated with the maximum number of GO terms (six, four, and
four, respectively). Apparently, the genes from the list thus
obtained may also be of interest in the context of telomere
length regulation.

Telomere length-associated genes

found in other animal species

Genome-wide search for telomere length-associated loci and
genes was carried out in three animal species: cattle (Bos
taurus), sparrows (Passer domesticus), and nematodes (Cae-
norhabditis elegans).

A GWA study to investigate the species Bos faurus was
carried out on 702 animals of the Holstein—Friesian breed
(Ilska-Warner et al., 2019). The study of the DNA isolated
from the whole blood of cows sampled at birth showed six
telomere length-associated polymorphic loci, and three addi-
tional loci were identified when analyzing the DNA from blood
samples at the first lactation. An analysis of the quantitative
trait loci (QTL) corresponding to the identified genetic variants
revealed 14 candidate genes at birth and 9 at the first lacta-
tion (see the Table and Suppl. Material 9). The authors were
unable to find any data on direct involvement of the identified
genes in processes associated with telomere length regulation.
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NUPY3 nucleoporin gene encoding a nuclear pore component
was considered a potential regulator, because it was shown
carlier in yeast that nucleoporins facilitated silencing of genes
in proximity of telomeric regions (Van de Vosse et al., 2013).

The recently published results of GWA study (Pepke et al.,
2021) in house sparrow (Passer domesticus) nestlings made
it possible to identify 22 candidate genes (see the Table and
Suppl. Material 10). According to the authors, the genes of
interest in the context of telomere length regulation seem to
be as follows: (1) WNT9B encoding a protein component of
Wnt/B-catenin signaling pathway due to B-catenin involvement
in Tert activation in embryonic stem cells of mice; (2) CDCA4,
GH, and GHRHR regulating cell proliferation, apoptosis, and
body growth; (3) RHOF involved in cytoskeletal organization;
(4) RNF34 (E3 ubiquitin-protein ligase RNF34) regulating
ubiquitination; (5) AQPI due to involvement of aquaporin
protein in transport of nitrogen oxide and active forms of
oxygen, which increases oxidative stress which can in turn
affect telomerase activity; (6) SCN44, because its expression
in human stem cells correlates with telomere length.

Our analysis showed that none of the candidate genes identi-
fied in cattle (23 genes) and house sparrows (22 genes) (see the
Table) had orthologs among the 270 genes identified based on
GWA studies in humans and presented in Suppl. Material 3.

The study in C. elegans (Cook et al., 2016) produced
9 candidate genes (see the Table and Suppl. Material 11).
One out of nine genes, pot-2, is orthologous to POT encod-
ing a shelterin complex component in humans. The authors
assume that another gene ZK7/27.4 may also be involved in
telomere length regulation, because BCCIP encoded by an
orthologous human gene interacts with BRCA2 involved in
DNA replication.

In general, when comparing sets of candidate genes iden-
tified in humans and three other animal species, almost no
orthologous genes are detected, which may be due to species-
specific features of telomere length regulation, some peculiari-
ties of regulation at various ontogenetic stages, and differences
in sampled tissues or gender of the studied individuals.

Telomere length-associated animal genes (see Suppl. Materials 9-11 for additional data)

Species Method / DNA source / Reference

Bos taurus GWAS / whole blood of female cattle /

(female (llska-Warner et al., 2019)

Holstein-Friesian

cattle)

Passer domesticus GWAS / whole blood of nestlings aged 5-14 days /

(house sparrow) (Pepke et al., 2021)

GWAS using genome-wide sequencing data /

Caenorhabditis elegans
(soil-inhabiting
nematode)

cells of whole-body nematodes /
(Cook et al., 2016)

* C. elegans genes are cited with human orthologs in parentheses.

Candidate genes

At birth:

NUP93, CCSER1, MMRN1, SNCA, GPRIN3, HDGFL1, RF00026, DOK6,
RF00001, CCDC102B, TMX3, DSEL, bta-mir-138-2, bta-mir-2284c
In first lactation:

PTPRD, CYTL1, MSX1, STX18, NSG1, ACOX3, TRMT44, CPZ, HMX1

FRMDA48B, LMOD3, ARL6IP5, UBA3, TMF1, EOGT, AQP1, GHRHR,
OXR1, ORAI1, MORN3, KDM2B, RNF34, TMEM120B, RHOF, ANAPCS,
SHCBP1, CDCA4, SCN4A, GH, GOSR2, WNT9B

pot-2 (POT1)*, mms-19 (MMS19), ZK1127.4 (BCCIP), ZC487.2,
srd-35, T06D8.3 (PLPPR1, PLPPR5), ZK783.5, F58F6.3, C12D5.10
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Conclusions

In the present paper, a compilation of telomere length-asso-
ciated genes identified based on GWA studies and including
the data on 270 human genes (see Suppl. Material 3), as well
as 23, 22, and nine genes identified in cattle, house sparrow,
and nematode (see the Table) is presented. The analysis of
functions of 52 human genes with functional interpretation
available (see Fig. 4, Suppl. Material 4) showed that telomere
length may be affected by variants of genes encoding: (1) the
structural components of telomerase; (2) the protein compo-
nents of telomeric chromosome regions (shelterin complex
and CST complex); (3) the proteins involved in telomerase
biogenesis and regulating its activity; (4) the proteins regulat-
ing functional activity of shelterin subunits; (5) the proteins
involved in telomere replication and/or capping; (6) the pro-
teins controlling the alternative telomere lengthening pathway;
(7) DNA damage response and repair proteins; (8) RNA exo-
some components.

Candidate human genes identified by several research
groups in population samples of different ethnic origin are
determined: genes encoding telomerase components (7ERC
and TERT) and STNI encoding a subunit of CST complex
(see Fig. 5). It seems that polymorphic loci that affect the
functions of these genes can potentially be the most reli-
able predisposition markers for telomere length-associated
diseases.

Comparison of the data obtained from GWA studies in
humans (see Suppl. Material 3) with the results of similar
experiments obtained for other animal species (see the Table
and Suppl. Materials 9—11) confirmed and expanded the under-
standing of the complex polygenic nature of telomere length
regulation. In addition, a pair of orthologous genes encoding
a shelterin protein (POT! in humans and pot-2 in C. elegans)
was identified; this finding demonstrates the high biological
significance of this gene in various species.

Systematized data on genes and their functions may lay the
foundation for development of prognostic criteria for human
pathologies explicitly associated with telomere length. In
addition, the data on biological processes affecting telomere
length and genes regulating these processes may be used for
marker-assisted and genomic selection of the farm animals
aimed at increasing the duration of their productive lifetime.
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