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1 epeHPOBKH

Momusayusa u yens: COBpeMEHHbIE UCCIIEOBAHUS TTOKA3bIBAIOT, YTO MOJIOBBIE KIETKU
MOJIBEP)KEHbI BO3PAaCTHBIM H3MEHEHUSM: TaK, B CIEPMATO30MJaX HAKaIlJUBAIOTCS
MOBPEXICHUS, ACCOLMMPOBAHHBIE CO CTapeHHUEM, TaKhWe KaK OJIMTeHeTHYECKHUe
WU3MEHEHHUS ¥ MyTaluu [1], a snmureHeTHUecKuii BO3pacT raMeT M 3UTOThI COMIOCTABHM C
BO3pPacTOM COMATHYECKHX KJIETOK TOro ke opranusma [2]. B cBs3u ¢ 3tum Oblia
BBIJIBUHYTA THIIOTE3a, YTO MTOCTIE OIUIOAOTBOPEHUS, B TIpOLIeCCe IMOpUOTeHe3a, TOIKHO
MPOUCXOANTH OOpalieHne BO3PACTHBIX W3MEHEHWH, TO €eCTh OMOIIokeHue. B
MOATBEP)KJACHUE JTOM THUIOTE3bl B HEJABHUX MCCIEAOBAaHUAX C  IOMOIIBIO
SMHUICHETHUECKUX YacoB CTapeHHs ObLJI0 MPOAEMOHCTPUPOBAHO, YTO TOCIHE
OTIOIOTBOPEHHSI OMOJNIOTHYECKU BO3pAaCT DSMOPHOHOB MEBIIIEH JeHCTBUTEIHHO
camkaercss [2]. TIpy 3TOM KOHKpPETHBIC MEXaHHM3MbI, JISKAIHe B OCHOBE 3TOrO
nporiecca, U X YHUBEPCAILHOCTh ISl BCEX SYMOPHOHAIBHBIX KIETOYHBIX MOIYJISIIUN
OCTalOTCAd TPAKTHYECKH Hem3ydeHHBIMHU. Llenmpio Hamreld paboThl SBISLIOCH Oolee
JIETAIIbHOE M3YYEeHHE MEXaHU3MOB H3MEHEHHS OMOJOTHIECKOTO BO3PacTa B OTACIBHBIX
KIIETOYHBIX MOMYJISIAAX B MIPOIIECCE PAHHET0 SMOPHOTreHe3a MBIIIEH.

Memoowi u ancopummur: JIn1s aHanu3a Mbl HCIIOIB30BAJIN ITyOJIUYHO JOCTYTIHbIE JaHHBIE
cexkBeHnpoBanus 116312 oguHOYHBIX KIIeTOK 350 3MOPHOHOB MEIIIN, COOPAaHHBIX B
JIEBSITH  TIOCJICIOBATEIbHBIX BPEMEHHBIX TOYKax OT 6.5 mo 8.5 pgHeidt mocne
omtonoTBopenus [3]. Boccranopnenue Tpacktopuil nudGepeHIIMPOBKH MPOBOIUIN C
MOMOIIIBI0 MeTOIa onTuMaibHoro Tpancmopra Waddington-OT [4]. Buonoruveckuii u
XPOHOJIOTHYECKUN BO3PACT, a TAKXKE 0XKHIAEMBIH PUCK CMEPTHOCTH IMPECKA3BIBAIA C
MOMOIIIbIO MYJBTH-TKAHEBBIX TPAHCKPUIITOMHBIX YAaCOB CTapeHUsl, MPEACTABISAIOMINX
co00it Moienh TMHEWHON perpeccun, 00y4YeHHON MpeACcKa3biBaTh BO3PACT HA JTAHHBIX
cexBernpoBanus PHK. Taxke MBI MCTIOTB30BaI MOIYJIEHBIE TPAHCKPUIITOMHBIE YacHI,
MOCTPOCHHBIE Ha HAaOOpax KO-pPeryJIMpPYeMbIX T'€HOB, CBS3aHHBIX C OIpeesICHHBIMU
(YHKIMOHAIBHBIMH TPOIECCAMH KIIETOK.

Pesynomamesi: Mbl TIpoaHaM3UPOBAIN HM3MEHEHHE CYMMAapHOTO OWOIIOTHYECKOTO
BO3pacTa ’MOPHOHOB, N3MEPEHHOTO C TIOMOIIBIO TPAHCKPUITOMHBIX YacOB, B IPOIIECCE
racTpylsiqid ¥ paHHEro opraHoreHe3a. Mbl OOHApyXWJIH, YTO B 3TOT TIEPHOJ
SMOPHOHAJILHOTO Pa3BUTHA TPAHCKPHUIITOMHBIA BO3pacT MajaeT, TO €CTb MPOQUIIb
TEHHOM DJKCIPECCHUM MEHSETCS B CTOPOHY, IPOTHBOIOJOXHYIO H3MEHEHUSM,
aCCOLIMMPOBAHHBIM C BO3PACTOM M YBEIWYEHHEM CMEPTHOCTH. OTH Pe3yJbTaThl
COOTHOCSITCA C IAHHBIMU TIPEABIIYIINX UCCIeIOBaHU Ha ypoBHE MeTunupoBanus [JHK
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[2]. dns Toro 4YTOOBI pacIIMPUTh MOHMMAHHE TOTO, 3a CYET 4Yero HalmomaeTcs
noJ00HBIH 3(h(eKT, MBI MPOAHATU3UPOBATIH U3MEHEHNUE TPAHCKPUIITOMHOTO BO3pacTa
Ha YPOBHE OTAENBHBIX KIETOYHBIX MOMYISIIUANA. J[J1st 3TOT0 MBI UCIIONH30BANN TaHHBIE
SCRNA-seq W ¢ TOMONIBIO METOAa ONTHMAIBHOTO TPAHCIOPTAa BOCCTAHOBUIN
TPaeKTOPUH Pa3BUTHA KIETOYHBIX THMOB. MBI MOKa3and, 4YTO CHUXKEHHUE
OHMOJIOTHMYECKOT0 BO3pacTa MPOUCXOIUT B XOJE Pa3BUTHS BCEX KIIETOYHBIX THIIOB 3a
WCKITIOYCHHEM KIETOK TIEePBHYHOM  OJHTOJEPMBI, XOTA CKOPOCTh CHIDKEHUS
MOJIEKYJISIPHOTO BO3pacTa BapbUPYyeTCsl MEXKIY pasHbIMH HOMYJSIIUsAME. BricTpee Bcero
BO3PACT MaaeT y MNIOTOYHON ME30AEPMBI, MapaKCHaTIbHON Me301epMbl U sHAoTenHs. C
MTOMOIIIBIO MOAYJTHHBIX YaCOB MBI OIIEHIIIN, KaKkne (YHKIMOHAIBHBIE TIPOIIECCHl BHOCST
HanOOJNBIIMI BKJIaA B HaOJIOJaeMOe CHIKEHHE Bo3pacTa. B memom MonekynspHbIe
MyTH, OTBEYAIOIIHE 3a MajcHUE OUOJOTMYECKOr0 BO3pAacTa, OKA3alIHUCh CXOXKH Y
Pa3IMYHBIX KJIETOYHBIX momyrsanuid. Hambomee 3ameTHbIi 3(dexT HaOmromancs mis
MOJyJIeH, CBA3aHHBIX C METa0OJIM3MOM KCEHOOHMOTHKOB, KOAryJslueHd, KIEeTOYHOMH
aAre3uer, KIETOYHBIM WHUKJIOM H Moaudukanued xpomaTuHa. HHTepecHO, YTO
HEKOTOpBIE KJIETOYHBIE MPOLECCHI, TAKUE KaK METa0O0JIN3M KUPHBIX KUCIIOT U OTBET Ha
TEIUIOBOM CTpecc, HAPOTHUB, ITOKA3aJH YBEINICHUE BO3PACTa B MPOIIECCE TACTPYIISAIIUU
W paHHEro OopraHoreHe3a Ui OOJNBIIMHCTBA THUIIOB KJIETOK, YTO MOMKET YKa3bIBaTh Ha
OTCYTCTBHE YHU(PHUIIMPOBAHHOW BO3PACTHOW TUHAMHUKHU KIETOYHBIX MPOIECCOB B XO/E
SMOpHOTeHe3a MBITIEH.

Buv16o0si: TpaHCKpUIITOMHBIA BO3PacT CHMXKAETCS B XOJ€ Pa3BUTHS OOJNBIIMHCTBA
KJIETOYHBIX TUIIOB B MEPHO]I TaCTPYJIALMU U PAaHHET0 OpraHoreHe3a Mulie (¢ 6.5 mo
8.5 NleHb), TIPH STOM y Pa3NUYHBIX KJIETOYHBIX THUIIOB HAOIFOAeTCs pa3Has CKOPOCTh
CHIKEHHs Bo3pacta. CHIKEHHE TPaHCKPHUITOMHOTO BO3pPacTa B Pa3HBIX KIIETOYHBIX
MOMyJIANUAX IMPOUCXOAUT 3a CUET CXOKHUX MOJICKYJIAPHBIX HyTCﬁ, OOHAKO HECKOTOPLIC
KIICTOYHBIC IIPOUCCChl HAYMHAIOT IPOABJIATH IMPU3HAKKW CTAPCHUA YIKE Ha I[aHHOﬁ
cTaiud HSMOpHOTeHe3a, YTO MOXKET YKa3blBaTh HAa WHIUBUAYAIBHBI XapakTep
TPACKTOPUHN OMOJIOKCHUA U CTAPCHUA PA3JIMYHBIX KOMIIOHCHTOB KJIETOK B IIPOIICCCC
SMOPUOHATIBHOTO PA3BUTHS MJICKOIUTAIOIIHX.
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Motivation and Aim: Modern research shows that gametes are subject to age-related
changes. For instance, sperm cells accumulate aging-associated damages, such as
epigenetic changes and mutations [1], and the epigenetic age of gametes and zygotes
matches that of somatic cells of the same organism [2]. This observation has led to the
hypothesis that embryogenesis involves a reversal of age-related changes, essentially
resulting in rejuvenation. Supporting this hypothesis, recent studies using epigenetic
aging clocks have shown that the biological age of mouse embryos decreases after
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fertilization [2]. Nevertheless, the specific mechanisms underlying this process and their
universality across all embryonic cell populations are still poorly understood. The aim
of our study was to further investigate the mechanisms of biological age change in
individual cell populations during early mouse embryogenesis.

Methods and Algorithms: We analyzed publicly available sequencing data from 116312
single cells from 350 mouse embryos, collected at nine consecutive time points from 6.5
to 8.5 days post-fertilization [3]. We reconstructed differentiation trajectories using the
Waddington-OT optimal transport method [4]. Biological and chronological age, along
with expected mortality risk, were predicted using multi-tissue transcriptomic aging
clocks — a linear regression model trained on RNA sequencing data. We also employed
modular transcriptomic clocks based on sets of co-regulated genes linked to specific
cellular functions.

Results: Our analysis of changes in the total biological age of embryos, as measured by
transcriptomic clocks, during gastrulation and early organogenesis showed a decrease in
transcriptomic age. This suggests that the gene expression profile shifts away from age-
related changes and increased mortality. These findings are consistent with previous
DNA methylation studies [2]. To further explore the mechanisms behind this effect, we
analyzed changes in transcriptomic age at the level of individual cell populations using
SscCRNA-seq data and the Waddington-OT method to reconstruct cell type development
trajectories. We found that biological age decreases in all cell types except for the
extraembryonic endoderm cells, although the rate of decrease in transcriptomic age
varies among cell populations. The most substantial decreases occur in the pharyngeal
mesoderm, paraxial mesoderm, and endothelium. By using modular clocks, we
evaluated which functional processes contribute most significantly to age reduction. We
found that, overall, the molecular pathways responsible for decreasing biological age are
similar across cell populations. The most noticeable effect was observed in modules
associated with xenobiotic metabolism, coagulation, cell adhesion, cell cycle, and
chromatin modification. Interestingly, some cellular processes, such as fatty acid
metabolism and the heat stress response, showed an increase in age during gastrulation
and early organogenesis for most cell types, which may suggest a lack of uniform age
dynamics in cellular processes during mouse embryogenesis.

Conclusion: Transcriptomic age decreases during the development of most cell types
from day 6.5 to 8.5 of mouse embryogenesis. Various cell types experience different
rates of age reduction. The reduction in transcriptomic age in different cell populations
is driven by similar molecular pathways, however, some cellular processes begin to show
signs of aging at this stage of embryogenesis, which may indicate the individual
character of the rejuvenation and aging trajectories of various cell components during
the embryonic development of mammals.
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