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Momueayus u yenv: Knetounsnii mukn (KL[) — 3To mepuoa cymiecTBOBaHUS KICTKU C
MOMEHTa ee 00pa3oBaHMs IyTeM JAEJCHUS MAaTEPUHCKOH KIETKH A0 COOCTBEHHOTO
JeJIeHHsI Ui rudeny. MuToTHdecKuil (KJIeTOUHBIN ) IIMKIT BKIIFOUACT YEThIPE OCIeA0Ba-
TEJNBHO MPOXOAUMBIE KIIeTKOH (a3bl: G1 (pocT KIIeTKH, moAroToBKa K S dasze), S (cuures
JHK), G2 (momroroeka k M ¢aze), M (MUTO3 — pasaeneHne MaTepualia U CTPYKTYp
KJIETKH Ha JIBE HOBBIC KJIETKH M MX pacxoxkaeHue). IIpoxoxzaeHue KIeTKOW MUTOTH-
YeCKOro LHMKJIa KOHTPOJIHPYETCS T'€HHOH CEeThI0 KJIETOYHOrO LHMKJA, BKIIOYAIOLIEH
HEHTPaJbHBIN TPAaHCKPUMIMOHHBIA (HaKTOp, aKTHBUPYIOIIMH TPAHCKPUIIMIO 3HAYM-
tenpHO#M rpynmel renoB KI[ — E2F (E2F1-5); penpeccop tpanckpumimu RB (RBI,
RBL1, RBL2); xommuiekcst nukinna/CDK, ynpaenstomue kommiekcom E2F/RB u uepes
Hero skcnpeccueii reHoB KII, a Takke koHTponupyromue apyrue mporeccel KII;
uaruouroper CDK  (p21-CDKN1A, p27-CDKNIB u gap.); Oenku, mnepenaromime
CcUTHAJBI OT pocToBHIX (hakTopoB k Oenkam KL (JUN, FOS, MAP-kunazsi) [1]. UToOb1
JydIlle TOHSTh, Kak u3Mensiiach ceth KL 1 ¢pyHKIIMM ee TeHOB B Ipoliecce SBOIIOIIN
’KHUBOTHBIX, MBI ITPOBEJM aHAJIH3 BO3PACTOB M M3MEHYMBOCTH I'€HOB C YYE€TOM CETEBBIX
CBsI3EH MEXly HUMH.

Memoowt u aneopummer: Jlanusie o redax K1 u ux B3aumMoieldCTBUSIX ObUTH COOpaHbI
n3 kaprouek reHoB B NCBI gene u mndopmanmu B crathsix PubMed. Ha ocHoBe
COOpaHHBIX JaHHBIX ObUIa PEKOHCTPYHpOBaHA TE€HHAs CEeTh KJIETOYHOrO LHKJIAa C
MTOMOIIBI0 KOMITBIOTEPHOM cucTeMbl Cytoscape [2]. OBONIOIMOHHBIE XapaKTEPUCTUKU
reHoB (uHAeKc GuoctpaTurpagpudeckoro sozpacra (PAI) u unaexc nuseprennun (DI))
paccuuThIBaIM, Kak onmucaHo B [3], ¢ ydeToM mocieqoBaTeNbHOCTEH OPTOIOrHYHBIX
I'eHOB, HACHTHYHBIX paccMaTpruBaemMomy Ha 50 % u Oonee.

Peszynomamer: bein coOpanbl qanHbie 0 131 reHe KJIeToYHOro uKia. boiiee monoBuHbI
n3 Hux (72 reHa) BOBJIEUEHBI 0OJbINE BCEro B KieTOuHbIH muki, 20 % (27 reHoB) —
B Tpanckpunuio PHK, 13 % — B perumnkanuro /IHK, 10 % — B anonTo3, 5 % — B pena-
pauuto IHK, 3 % — B nuddepenuupoBky kinetox. Ha ocHoBanuu 3T0i nHbOpMAaNny C
MOMOIIBI0 KOMIIBIOTEPHOH crcTeMbl CytoScape Oblia peKOHCTPpYyHpOBaHa TeHHasl CeTh
KII. Cerp Brmouaer 131 ren u 1034 B3auMoaeicTBUS MEXKIAYy 3THUMH I'€HAMMU:
664 axTuBupyromux 1 370 moaasisromux. B momydeHHOH ceTH KaKIblii TeH B CpeaHEM
B3ammozeiictyer ¢ 13,847 renamu. Hanbosnpiee 4ucio cBA3ei ¢ APYTrUMH T€HAMU C
cetu KII umerot renst E2F1 (83 cBsi3u), P53 (72), E2F3 (70), E2F2,4,5,6 (110 68 cBsizeit),
CDK2 (49), c-MYC (48).
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Mst nposenu ananu3 PAIl u DI y renos KLI. Haubonee apeBanMu okazanucek 12 reHOB
(9 % renos KLI), mpou3omeqmmx y KISTOYHbIX opraHu3MoB. [Ipoucxoxaenue 59 %
reHoB cetu K1 cooTBeTCTBYET MOSBICHUIO OJHOKIETOYHBIX 3yKapHoT. Eie 27 % reHos
MOSBIJIOCH C MHOTOKJICTOYHBIMH dyKapuoTamu, 1 rer —y xopaoBbix (SMAD?2), 5 reHos
(4 % renoB KLI) mosBHIMCH B 3BOJIOIMU Y O3BOHOYHBIX, U MOSBICHUE OJJHOTO TeHA
(NPAT) cooTBeTCTBYET MOSIBICHUIO KOCTHBIX M03BOHOYHBIX (Euteleostomi).

Hawnbonee npeBHUMH IeHaMH, MOSBUBIIMMUCS Y KJIETOYHBIX OPraHM3MOB, OKa3aJHCh
rensl, BonedeHHble B JIHK pernmukanuio, IHK penapamuio, TpaHCKpUITINIO, CHHTE3
¢donaroB, cuHTE3 HYKI€OTHAOB. 13 12 reHOB, MOSABUBIIMXCS y KJICTOUHBIX OPTaHU3MOB,
TOIILKO TPU BOBIICUCHBI B MEPBYIO odepenh B KieTouHbld muki: C-MYC, docbarasza
PP2A u SKP1. IIpencraBurenu ceMeiicTBa TpaHCKpUILIMOHHBIX (hakTopoB E2F E2F2-6
MOSBWINCH B ABOJIOIMU y OAHOKJIETOYHBIX JYKapHoT, W Toibko E2F1 mosBuics y
MHOTOKJIETOYHBIX OpraHM3MOB. ['eHbI cemeiicTBa RB sBHINCH B 3BOJIONNY C TTOSIBIIE-
HUEM OJHOKJICTOYHBIX dykapuoT — RB1 n RBL1, ren RBL2 — nipu nosiBjieHUH MHOTO-
KIIETOYHBIX 9yKapHoT. [IpeacraBuTenn ceMeicTBa INKIMHOB B OCHOBHOM IOSIBUJIUCH Y
OJTHOKJICTOYHBIX JYKapuOT M Tojbko Tpu 1mkiamHa (cyclins D2, E1 u E2)-
y MHOTOKJICTOYHBIX 3yKapHOT, a TaKkKe camblii Mostooit cyclin | mosiBusnics B 3BosronuM
nocJje MmosBIeHus: T03BOHOUHBIX. [Toutn Bce rensl cemeiictBa CDK (uukinH-3aBHCH-
MBIX KHHA3) TPOW3OIUIM Y OJHOKJIETOYHBIX 3YKapuoT, 3a uckmoueHneM CDK6 wu
CDK16, nosBUBIINXCS HEMHOTO TT03K€ ¥ MHOTOKJIETOYHBIX 3yKaproT. UHTepecHo, 94To
npencraButenu CDI (MHTHOUTOPHI IWKITMH-3aBUCUMBIX KWHA3) MOSBIISIIOTCS B ABOIIO-
MK Heckonbko mo3xke. Tonbko nBa rena CDKN2D (p19-INK4D) u CDKN3 (KAP)
MPOU3OLLIN Yy ONHOKJIETOUHbIX »ykapuoT, renbl CDKNIA, CDKNIB, CDKNIC,
CDKN2C npouzonumi y MHOTOKJIETOYHBIX 3yKapuoT, u aa reHa CDKN2A (ARF),
CDKN2B (p15INK4b) mnpousonuix COBMECTHO ¢ (OPMUPOBAHHUEM B DBOJIOIUHU
MO3BOHOYHBIX.

Bce wmomonpie remer KL, mpoumsomeamme HaYMHAsS € XOPAOBBIX (XOPIOBBHIE,
MO3BOHOYHBIE U KOCHBIE TTO3BOHOYHBIC), OTIMYAIOTCSI HU3KUM YPOBHEM TUBEPIECHIMH
reroB DI (<0.3). D1o ykassIBaeT Ha TO, YTO JAHHBIE T€HBI HAXOMATCS MO CHIBHBIM
CENIEKTUBHBIM OTOOPOM.

Bowisoowr: TIpoananusuposas myoiukamud PubMed, mbr cobpanu ganubie o 131 reny
KJIETOYHOTO IuKiIa. AHanu3 Bo3pactoB (uHaekc PAI) renoB cern KL moxaszam, uro
npecTaBuTeNn oCHOBHBIX cemeiicTB reHoB K1 E2F, RB, CDK u nukimnHOB MOSIBUITNCH
B OBOJIOLUH COBMECTHO C OOpa3OBaHMEM OIHOKIJICTOYHBIX WJIM MHOTOKJIETOYHBIX
sykapuoT. Toraa kak reHsl cemeiictBa CDI mosiBuiich HECKOJIBKO MO3KE B OCHOBHOM Y
MHOTOKJIETOUHBIX 9YKAPHOT H y TIO3BOHOYHBIX. ITO MOXKET OBITH CBSI3aHO ¢ HEOOXOIH-
MOCTBI0 Ooiee sxecTkoro KoHTpourst KL y MHOTOKIIETOYHBIX 9yKapuOT M TTO3BOHOYHBIX.
Qunancuposanue. VccrenoBanne mopnepxkaHo OromkeTHbIM mpoektoM Ne FWNR-
2022-0020.
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Motivation and Aim: The cell cycle (CC) is the period of a cell's existence from the
moment of its formation by division of the mother cell to its own division or death. The
mitotic (cellular) cycle includes four phases that the cell passes through sequentially: G1
(cell growth, preparation for the S phase), S (DNA synthesis), G2 (preparation for the
M phase), M (mitosis — separation of cell material and structures into two new cells and
their divergence). The mitotic cycle of the cell is controlled by the cell cycle gene
network, including the central transcription factor activating the transcription of a
significant group of CC genes — E2F (E2F1-5); Rb family (RB1, RBL1, RBL2) are best
known as a repressors of the E2F/DP family of transcription factors; cyclin/CDK
complexes that control the E2F/RB complex and through it the expression of CC genes,
as well as control other CC processes; CDK inhibitors (p21-CDKN1A, p27-CDKN1B
and etc.); proteins (JUN, FOS, MAP-kinases) that transmit signals from growth factors
to CC proteins [1]. To better understand how the CC network and the function of its
genes have changed in evolution, we analyzed the ages and variability of genes with
respect to the network connections between them.

Methods and Algorithms: Data on CC genes and their interactions were collected from
gene cards in NCBI's Gene and information in PubMed articles. Based on the collected
data, the gene network of the cell cycle was reconstructed using the Cytoscape computer
system [2]. The evolutionary characteristics of genes ((phylostratigraphic age index
(PAI) and divergence index (DI)) were calculated as described in [3], taking into account
the sequences of orthologous genes identical to the considered gene by 50 % or more.
Results: Data on 131 cell cycle genes were collected. More than half of them (72 genes)
are most involved in the cell cycle, 20 % (27 genes) in RNA transcription, 13 % in DNA
replication, 10 % in apoptosis, 5 % in DNA repair and 3 % in cell differentiation. Based
on this information, the CC gene network was reconstructed using the Cytoscape
computer system. The network includes 131 genes and 1034 interactions between these
genes: 664 activating and 370 repressing. In the resulting network, each gene interacts
with 13,847 genes on average. E2F1 (83 interactions), P53 (72), E2F3 (70), E2F2,4,5,6
(68 interactions each), CDK2 (49), c-MYC (48) genes have the highest number of
interactions with other genes from the CC network.

We analyzed PAI and DI in CC genes. The most ancient were 12 genes (9 % of CC
genes) originated in cellular organisms. The origin of 59 % of the genes of the CC
network corresponds to the appearance of unicellular eukaryotes. Another 27 % of genes
appeared with multicellular eukaryotes, one gene appeared in chordates (SMAD?2),
5 genes (4 % of CC genes) appeared in evolution in vertebrates and the appearance of
1 gene (NPAT) corresponds to the appearance of bony vertebrates (Euteleostomi).

The most ancient genes that appeared in cellular organisms were genes involved in DNA
replication, DNA repair, transcription, folate synthesis, and nucleotide synthesis. Of the
12 genes that have appeared in cellular organisms, only three are primarily involved in
the cell cycle: c-MYC, phosphatase PP2A, and SKP1. Genes of the E2F family of
transcription factors E2F2-6 appeared in evolution in unicellular eukaryotes and only
E2F1 appeared in multicellular eukaryotes. Genes of the RB family appeared in
evolution with the appearance of unicellular eukaryotes — RB1, RBL1, but the RBL2
gene — at the appearance of multicellular eukaryotes. Genes of the cyclin family mainly
appeared in unicellular eukaryotes and only 3 cyclins (cyclins D2, E1 and E2) appeared
in multicellular eukaryotes, as well as the youngest cyclin | appeared in evolution after
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the appearance of vertebrates. Almost all genes of the CDK (cyclin-dependent kinases)
family originated in unicellular eukaryotes, with the exception of CDK6 and CDK16,
which appeared a little later, in multicellular eukaryotes. Interestingly, genes of CDIs
(inhibitors of cyclin-dependent kinases) appear somewhat later in evolution. Only two
genes CDKN2D (p19-INK4D) and CDKN3 (KAP) occurred in unicellular eukaryotes,
genes CDKN1A, CDKN1B, CDKN1C, CDKN2C occurred in multicellular eukaryotes
and two genes CDKN2A (ARF), CDKN2B (p15-INK4b) occurred together with
formation in the evolution of vertebrates.

All young CC genes from chordates (chordates, vertebrates, and bony vertebrates) are
characterized by a low level of DI gene divergence (< 0.3). This indicates that these
genes are under high selective pressure.

Conclusion: Having analyzed Pubmed publications, we collected data on 131 cell cycle
genes. Analysis of the ages (PAI index) of the genes of the CC network showed that
representatives of the major CC gene families E2F, RB, CDK, and cyclins appeared in
evolution together with the formation of unicellular or multicellular eukaryotes. Whereas
CDI family genes appeared somewhat later mainly in multicellular eukaryotes and in
vertebrates. This may be due to the need for tighter control of CC in multicellular
eukaryotes and vertebrates.

Funding: The study is supported by the budget project No. FWNR-2022-0020.
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