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Momusayus u yenv: AKTUBHOCTb PETPOTPAHCIIO30HOB B KJIETKAaX MOBBILIEHA P MHO-
TMX BHJAX pakKa, IPX 9TOM Pa3BUTHUE OIyXOJIEH U APYTUX MATOJIOTHYECKUX MPOLECCOB
MOJKET OBITh CBSI3aHO C HAPYLICHHEM MEXaHH3MOB PETYISIIMU PETPOTPAHCIIO30HOB [1].
B T0 xe Bpems ucciiefoBaHusl METOJJ0B OOPHOBI ¢ PAKOM Ha MOJICJIbHBIX KHUBOTHBIX T10-
Ka3bIBAlOT BXKHYIO POJb PETPOTPAHCIIO30HOB B aKTUBALMM MPOTHBOOITYXOJIEBBIX 3a-
IIMTHBIX MeXxaHu3MOB [2]. [IpecTaBnenHas paboTa HalpaBiieHa Ha UCCIIEI0BaHHUEE BO3-
MOKHOCTH HCIOJIB30BaHMS PETPOTPAHCIIO30HOB IS 3allyCKa MEXaHU3MOB KJIETOYHOMN
CMEpTH B pe3ysbTaTe HapyIICHHs KICTOYHOTO YHEPIreTHYECKOTO OanaHca U CHIKCHUS
00111eT0 KOMHYeCTBa JOCTYIMHBIX Moekyn AT® B knerke. M3BecTHO, 4TO AaXke OTHOCH-
TeJNBHO HeOOobIoe CHIKeHUe ypoBHSI AT® 3amyckaetT HeoOpaTHMBbIE MTPOIIECCHI, TPH-
BOJISIIIME K HEKPO3y WK anonto3y Kietkd [3]. OnHuM u3 (HakTopoB, MPUBOSIMM K
CHIKEHHIO KOJIMYeCcTBa CBOOOAHBIX MOJIeKyT AT®D, MOXKET CITy>KUTb MOBBILIEHHBIH pac-
XOJ] SHEPTUH Ha IIPOLIECCHI, CBSI3aHHBIE C aHOMAJIBHBIM PAaCIIPOCTPaHEHUEM PETPOTPAHC-
MO30HOB B reHoMe. /1111 00pbOBI ¢ TOBPEKACHHBIMU M PAKOBBIMH KJIETKAMH U 3aITyCKa
aronTo3a MPEACTaBIAETCS LeNeco00pa3sHbIM BO3AEHCTBOBAT HA MEXaHU3MBI PEryIis-
UM PETPOTPAHCIIO30HOB, OKa3bIBaroOIIMe HauOoJbllee BIUsSHUE HA ypoBeHb ATD B
KIIETKE.

Memoowr u aneopummur: 151 Mcciae0BaHUs S3HEPIETUYECKOrO COCTOSIHUSA KIETKH pa3-
paboTaHa MaTeMaTH4eCKasi MOEIb, KOTOpask OTpaXkaeT AMHAMHYECKOE paclpeieieHIe
9HEpPro3arpaT Ha OCHOBHBIE KJIETOYHBIE NTPOLIECCHI, BKIIOYAs PACXO/bl HA aKTUBHOCTh
peTpoTpaHcno30HOB. IloydeHHas MoJienb MPEACTaBIAeT cO00H cucreMy OOBIKHOBEH-
HBIX JuddepeHInanbHbIX ypaBHEHHMH, ONMCBHIBAIOLIMX W3MEHEHHE KOHICHTPALUH
AT®, akTHBHBIX PETPOTPAHCIIO30HOB B TeHOME, a Takke MPHK 1 6enkoB, sBnstonmxcs
MPOAYKTaMHU 3KCIPECCUU PETPOTPAHCIIO30HOB M KOHCTUTYTHUBHBIX T€HOB. YpaBHEHUS
MoJIeNn c(pOPMYITHPOBAHBI C TTOMOIIBI0 METOJOB KHMHETHYECKOTO MOJICIMPOBAHHS U
BKITIOYAIOT B c€0s1 CKOPOCTH pacxojia SHEPTUU Ha OCHOBHBIE KJIETOYHBIE MPOLIECCHL: Pe-
mukanus JIHK, TpaHCKpUIILKS U TPAHCIIALINS, MUHTErPalUs HOBBIX KOIIMI pEeTPOTpaHC-
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MO30HOB B TEHOM U MPOLIECCHI, CBSI3aHHBIE C Aerpajanueil HIMEIOIINXCs B KJIETKE MOJe-
KyJI ¥ IeaKTUBAIMEl PeTPOTPAaHCIIO30HOB BCICACTBUE ACHCTBHS 3alIUTHBIX KIETOYHBIX
MeXaHU3MOB. B Monenu paccMaTtpuBaeTcs 1Ba BUla peTPOTPAHCIIO30HOB, aKTUBHBIX Ha
ceroAHsmHui neHp B renome yenoBeka, — LINE-1 u SINE. BzaumoneiicTBue atux pe-
TPOTPAHCIIO30HOB MEXIY COOOH MaTreMaTH4ecKd MPEACTaBHUMO B BHJE KIACCUYECKUX
YpaBHEHUH TUMA «XHITHUK-x)epTBa», TAe LINE-1 npousBoaut 6enox ORF2p, conepixa-
I 0OpaTHYIO TPAHCKPUNITA3y AJIST BCTPONKH HOBBIX KOITUH PETPOTPAHCIIO30HOB B Te-
HOM, M SIBIISIETCS <OKepTBOW», mockonbKy SINE ncnonb3yer sToT O€loK i CBOMX
BCTPOCK U TEM CaMBbIM SIBIISIETCS «XMIIHUKOM». B o0Iiem Buae MoJenb mpencTaBisieT
co0oit cuctemy 0000MIeHHBIX ypaBHeHHN JIOTKH—BOMBTEppHl M OTpaXkaeT TpH BUIA
KOHKYpEeHIUH: KOHKypeHInIo 32 AT® co CTOpOHBI peTpOTPaHCIO30HOB U KOHCTHUTY-
TUBHBIX T€HOB, KOHKypeHIHIo 3a pudocomsl co ctoposl MPHK LINE-1 u MPHK kon-
CTUTYTUBHBIX TeHOB W KoHKypeHuuio 3a ORF2p mexmy LINE-1 u SINE. 3nauenus
OoJplIeil YacTH MapaMeTpoB B MOJENU OLEHEHbI MO JHMTEPATYPHBIM JaHHBIM [4].
OcrasnbHas 4acTh apaMeTPOB MOATOHSIIACH TAKUM 00pa3oM, YTOOBI ITOTYYUTh CTalluO-
HapHOE pelIeHne, B KOTOPOM 3HAYCHHUSI AMHAMHYECKHUX IEPEMEHHBIX COOTBETCTBOBAIN
Obl OLICHKaM, UMEIOIIKMMCS B TuTeparype. KoMmneioTepHas peanu3anus MOAETH BBIION-
HeHa Ha si3bike Python.

Pezynomamur: TlonydeHHass MOJeNTb UIMEET €MHCTBEHHOE YCTOWYHMBOE CTAIlHOHAPHOE
pemrenue, pu KotopoM U LINE-1 u SINE coxpanstoT Hu3Kyto akTuBHOCTE. [Ipeamona-
raercsi, YTO JaHHBIA CLEHAPHH peaqu3yeTcsl B KIETKE B «HOPMAJbHBIX YCIOBUAX» U
MpeICTaBIsIeT co00H pedepeHcHoe penieHne. [TokazaHo CyIECTBOBAaHUE ABYX IPYTUX
CTaIlMOHAPHBIX PelIeHUH, COOTBETCTBYIOMUX ciry4dasM aeaktuBannu SINE B reHOME U
MOJIHOM eaKTHBALUHU PETPOTPAHCIO30HOB U X NPOLYKTOB B KJeTKe. Pexxum, npu Ko-
topoM SINE cTaHOBUTCS HEaKTUBHBIM, XapaKTepU3yeTCs TPEXKPATHBIM CHU)KEHHEM KO-
nnuectBa AT® B cTallMOHApHOM COCTOSIHUM M3-3a MOBBIIICHHOTO TOTPEOICHUS SHEp-
THH Ha TPOIIECCHI, CBs3aHHbIE ¢ pactpocTpaneHnem LINE-1.

Ji1s HaXOXKICHUS TapaMeTpPOB, U3MEHEHUE KOTOPBIX OKa3hIBaeT HAaUOOJbIlEe BIUSHIE
Ha ypoBeHb AT® B KJeTKe, IPOU3BEACH aHAJU3 YyBCTBUTEIHHOCTH MapaMeTpoB. s
napamMeTpoB ¢ HauOOJbLIEH YyBCTBUTEIBHOCTBIO, CBSI3aHHBIX C PETPOTPAHCIIO30HAMH,
ObLIN BBIYMCIICHBI HOBBIE 3HAYECHUS JUHAMUYECKUX IIEPEMEHHBIX B CTAIMOHAPE IPH U3-
MEHEHWH BEeJIMYMHBI MapaMeTpa. Haubonplnast npsiMas 3aBUCUMOCTh KOJIMYECTBA JI0-
ctynHbix AT® ot napameTpoB Obljia BeISIBICHA ISl KOHCTAHTBI CKOPOCTH JCaKTUBALIMN
LINE-1, a HanOoinbmias oOpaTHast 3aBUCUMOCTb — JUII MAKCUMAIIbHOW CKOPOCTH TPaH-
ckpuniyu LINE-1. MoaenupoBanue 1mokasajio, 4TO B3aMMHOE W3MEHEHHE 3TUX Mapa-
METPOB NPUBOJUT K KyMYyJISATHBHOMY 3 (DEKTy, U sl TPEXKPATHOTO CHUYKEHUS YPOBHS
AT® nocTaToYHO M3MEHEHUS 3THX [1apaMEeTPOB B TPH Paza OTHOCHTEIBHO pedepeHc-
HBIX 3HaueHuH. Toro xe 3¢ dexTa MOXKHO TOCTUYD MPH Pa3AeIbHOM ISITUKPATHOM H3-
MEHEHUH YKa3aHHBIX TapaMeTpPOB.

AHanu3 pacnpeaeeHus 3Hepro3aTpaT Ha pa3IMyHbIe MIPOLECCH B KIETKE OKa3al, YTo
B CIydae BO3MYILIECHHS IapaMeTPOB C LIENb0 CHIKEeHUs ypoBHA AT®D ocHOBHOII pacxon
AT® 3HaYNTENBEHO CMEIAETCS C TPAHCISIMHA KOHCTUTYTHBHBIX TEHOB B pe)epeHCHOM
pelIeHrN Ha TPAHCKPUIIIIHIO PETPOTPAHCIIO30HOB.

Mogenb no3BoJIMIIa UCCIIEA0BATh AMHAMUYECKHE 3P (PEKThl N3MEHEHNUS KOJIMYECTBA J10-
CcTymHBIX MOJIeKyJI AT®, cBs3aHHBIC C HAYATBHOU KOHIICHTPAIUEH pETPOTPAHCITO30HOB
B KJeTKe. TpexKkpaTHoe KpaTKOBpEMEHHOEe yMeHbIeHne ypoBHsI AT® B kieTke BO3-
MO>KHO IpH yBesnn4eHuH HauanbHoro kosmuectsa LINE-1 B 100 pa3. [Ipu yBennuenun
LINE-1 B 1000 pa3 cHmxeHue KoauuecTBa J0CTyMHBIX MosieKyll AT® B kietke Oonee
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4YeM B TPH pa3a JUIMTCS B TeueHue 13 MUHYT, a MakcuMmainbHoe cHikenne AT® Oyner
OoJiee yeM JeCATUKPATHBIM.

Buvisoowl: Pazpaborannas MaTeMaTHIEeCKass MOJETHh OTPaXKaeT YHEPTeTHUSCKUNA OataHc
B KJIETKE B YCJIOBHUSIX KOHKYPEHIIMH 32 KJICTOUHBIE PECYPCHI CO CTOPOHBI aKTHBHBIX pe-
tpoTtpancno3onos Tuma LINE-1 u SINE. B pe3ynbraTe viccieqoBaHus B paMKax MOACIIH
CIIEHapHeB TepepacpeeNieHns] SHepro3aTpar BHYTPH KIETKH IPU HapyIIEHHH MeXa-
HHU3MOB PETYJISILMN TPAHCIIO30HOB ITOKa3aHa BO3MOKHOCTh 3HAYUTEIIFHOTO BIMSHUS HA
KJIETOYHBIE PECYPCHI CO CTOPOHBI TPAHCIIO30HOB IPH MOJU(PHUKALINN UX CKOPOCTH TPaH-
CKPHIILUH U TIPH ACPETYISIINU MEXaHU3MOB caiiieHncunra. Onucanuslii 3pQeKT ymeHb-
IICHHS KOJIMYIECTBa CBOOOIHBIX MojeKyll AT® B KireTke mpy BO3MYIICHUH ITAPaMETPOB
B MOJZIETI MOYKET OBITh MCIIONB30BaH JIJIsl MHULIMAIIMK TPOrpaMM KJIETOYHOH rubenu pa-
KOBBIX KJIETOK. Pe3ymbTaTbl MOJETUpPOBAaHUSI CBUAETEIBCTBYIOT O NMPHHLUUIHATEHON
BO3MOKHOCTH PEaH3alli{ CIIEHAPHEB YHHUITOKEHHUS OIyXOJIEBBIX KJICTOK 3a CUET yBe-
JMYEHUS Harpy3KU Ha SHEPTeTHYECKU OalaHC CO CTOPOHBI aKTUBU3HPYIOIINXCSI TPAHC-
MO30HOB.

Qunancuposanue. PaboTta BbIIONHEHA NMpH (UHAHCOBOW mojanepkke Poccuiickoro
Hay4yHoro (onma, rpant Ne 23-24-00153.
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Motivation and aim: The retrotransposon activity in cells is increased in many types of
cancer, and the tumor development and other pathological processes may be associated
with disruption of the regulatory mechanisms of retrotransposons [1]. At the same time,
studies of cancer control methods in animal models show the important role of retrotrans-
posons in the activation of antitumor defense mechanisms [2]. The presented work is
aimed at studying the possibility of using retrotransposons to trigger cell death mecha-
nisms as a result of disruption of the cellular energy balance and a decrease in the total
amount of available ATP molecules in the cell. It is known that even a relatively small
decrease in ATP levels triggers irreversible processes leading to cell necrosis or apopto-
sis [3]. One of the factors leading to a decrease in the amount of free ATP molecules
may be the increased energy consumption by processes associated with the abnormal
activity of retrotransposons in the genome. Therefore, to trigger apoptosis in damaged
and cancer cells, it seems reasonable to alter the regulatory mechanisms of retrotrans-
posons that have the greatest impact on the ATP level in the cell.
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Methods and algorithms: We have modeled the energy state of the cell by developing a
mathematical model that reflects the dynamic distribution of energy costs for basic cel-
lular processes, including costs for the retrotransposon activity. The resulting model is a
system of ordinary differential equations that describe changes in the concentrations of
ATP, active retrotransposons in the genome, as well as mRNA and proteins that are
expression products of retrotransposons and constitutive genes. The model equations are
formulated using kinetic modeling methods and include the energy consumption rates
for basic cellular processes: DNA replication, transcription and translation, retrotrans-
poson integration into the genome, and processes associated with the degradation of
molecules present in the cell and the retrotransposon deactivation due to the action of
cellular protection mechanisms. The model considers two types of retrotransposons that
are currently active in the human genome: LINE-1 and SINE. The mutual interaction of
these retrotransposons is mathematically represented in the form of classical “predator-
prey” equations, where LINE-1 (considered as the “prey”’) produces the ORF2p protein,
which contains a reverse transcriptase to insert new copies of retrotransposons into the
genome, and SINE is considered as the “predator” since it uses LINE-1’s ORF2p for its
insertions. The model is a system of generalized Lotka-Volterra equations and reflects
three types of competition: competition for ATP between retrotransposons and constitu-
tive genes, competition for ribosomes between mRNAs of LINE-1 and constitutive
genes, and competition for ORF2p between LINE-1 and SINE. Most parameter values
in the model were estimated from the literature data [4]. The remaining part of the pa-
rameters were adjusted to obtain a stationary solution in which the values of the dynamic
variables would correspond to the known estimates [4]. The model was implemented
using Python.

Results: The resulting model has a stable stationary solution in which both LINE-1 and
SINE retain low activity. It is assumed that this scenario is implemented in a cell under
“normal conditions” and represents a reference solution. The existence of two other sta-
tionary solutions is shown, corresponding to the cases of SINE deactivation in the ge-
nome and complete deactivation of retrotransposons and their products in the cell. The
regime in which SINE becomes inactive is characterized by a threefold decrease in the
amount of ATP in the steady state due to increased energy consumption by the processes
associated with LINE-1.

To find the parameters whose changes have the greatest impact on the ATP level in the
cell, a parametric sensitivity analysis was performed. New values of the dynamic varia-
bles at the steady state were calculated when the most influential parameters associated
with the retrotransposons were changed. It was shown that, among the retrotransposon-
related parameters, the LINE-1 deactivation rate constant demonstrated the highest pos-
itive influence on the amount of available ATP molecules, and the LINE-1 maximum
transcription rate exhibited the highest negative influence. Simultaneous perturbations
in these parameters lead to a cumulative effect, so that a threefold change in these pa-
rameters relative to the reference values is sufficient for a threefold decrease in ATP
levels. The same effect can be achieved by a fivefold change in each parameter sepa-
rately. Under perturbation of these parameters, the leading source of ATP consumption
changes from the translation in the reference state to the retrotransposon transcription.
We investigated how the initial concentration of retrotransposons in the cell influenced
the instant level of free ATP molecules. A 100-fold increase in the initial amount of
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LINE-1 leads to a threefold short-term decrease in the ATP level. For a 1000-fold in-
crease in the initial amount of LINE-1, a more than threefold decrease in the ATP level
persists for 13 minutes, and the maximum ATP level reduction becomes tenfold.
Conclusions: The developed mathematical model reflects the energy balance in the cell
under conditions of competition for cellular resources under retrotransposon activity. We
showed the possibility of a significant influence on cellular resources by transposons
under modifications of their transcription rate and silencing mechanisms. The described
effect can be used to initiate programs of cell death in cancer cells. The modeling results
indicate the fundamental possibility of implementing scenarios for the destruction of tu-
mor cells by increasing the load on the energy balance from activated transposons.
Funding: The research was financially supported by the Russian Science Foundation
(project No. 23-24-00153).
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