doi 10.18699/bgrs2024-13-15

I'enernyeckoe U apMakoornyecKkoe moaaBjaenne Piwi
MOJYJIHPYET MPOI0LKUTEIbHOCTD JKH3HH
u paanoycroiiunBocth Drosophila melanogaster

[Mpomkuna E.*, Yismesa H., [Takmmna H., Kosains JI., FOmkosa E.,

ConoBbeéB ., [llanomunkoB M., MockaiieB A.
Hnemumym 6uonoeuu UL KomuHIL] YpO PAH, Cvikmuiekap, Poccus
* proshkina.e.n@ib.komisc.ru

Kuarouesnie ciosa: PIWI; Argonaute; mpoqomknTenbHOCTE KU3HH; PAAROyCTOHYHBOCTD; Y-H3IIyUeHHE,;
Drosophila melanogaster

Momusayuss u yenv: benku mnoncemeiictea PIWI cemeiictBa Argonaute u
B3aumoJeiicTBytomue ¢ HuMU piwiPHK wurparor pemaromryro ponb B moJaBieHHN
aKTUBHOCTH MOOMIILHBIX T€HETHYECKUX 3JeMeHTOB (MI'3D), KOTOpBIe ABISIOTCS OTHOMN
U3 SHAOTEHHBIX NPUYMH T'€HOMHOW HecTaOmwibHOCTH. C BO3PacTOM MPOUCXOIUT
cHIDKeHHe 3(QQEKTUBHOCTH JaHHOTO MEXaHW3Ma, B pe3ylbTaTe Yero H3MEHSeTCs
akTUBHOCTh MI'D 1 yacToTa TpaHCHO3HUINH, HAPYIIAIOTCA CTPYKTYpa U CTaOUIBHOCTH
reHomMa. Takue HM3MEHEHHs CBS3aHbl CO CTapeHHEM M pa3BUTHEM BO3PACTHBIX
3a0oneBaHuil. B To ke Bpemsi cTpeccoBble (aKTOphI, BKIOYAas HOHHU3UPYIOIINE
W3JTy4eHUs, MOTYT BIMATh Ha OanmaHc akTHMBHOCTH MI'D W ycuimBaTh BO3pacTHBIC
m3MeHeHus [1].

Kak npasuno, pyakuun 6enkos PIWI u piwiPHK onuceiBatoT B cBs3M ¢ moaaepkaHueM
KJIETOK 3apOJIbIIIEBOM JIMHUM M TOJOBBIX kene3. ONHAaKO B HACTOAIIEe BpeMs
pacmpsieTcss NOHMMaHuWe HMX (QYHKUMH B COMAaTHYECKUX TKAHSAX U PEryJsaLuH
npogomkutenbHocTn  km3HM  (IDK) oprammsma. Hampumep, piwi momaBusieT
BO3PACTHYIO SKCIIPECCUIO TPAHCIIO30HOB B CTBOJIOBBIX KJIETKAX KHIIEUHUKA APO30PHITBI
U TOJJIEP)KUBACT SIHUTEIHAIBHBIA romeoctas [2]. Myramms reHa PiwWi BbI3bIBAET
WCTOIIEHUE >KUPOBOrO Tejla, HapylIeHHE JHUIUOHOTO OOMEHa W HMMYHHTETA,
yBenuueHue ypoeHs nospexaeHuii JJTHK y myx [3]. Takxke y apo3odunuHoi Moaenu
TayMmaTHH TOKa3aHO CHIDKCHHUE aKTHBHOCTH PIWI u auddepeHranbHble n3MeHEHHS
skcrpeccuu piwiPHK B romosax [4]. B To e Bpems yCTaHOBIICHBI KaK OTpUIIATENbHBIE,
TaK ¥ MmoyioxuTesbHbie 3 dexThl MyTanuit Piwi Ha [DK nposoduist [3, 5].

B nmanHo#i paboTe M3yueH BKJIAJ aKTMBHOCTH I'eHa PIWI B pa3iHyYHbIX TKaHSX UMaro B
perymsito  IDK u paamoycroiunBoctr  Drosophila melanogaster. Kpome Toro,
MIPOBEJIEH MOKMCK MTOTEHIMAIBHBIX MPENApaToB, CIIOCOOHBIX MOAYIUPOBATH AKTUBHOCTh
6enxoB PIWI, 1 omieHeH UX TeponpOTEKTOPHBIN H PaJHONPOTEKTOPHBIN MOTEHIIHA.
Memoowl u aneopummer: ViccnenoBanrne MPOBOAMIN HA MOJIENH IUIOJOBOM MYIIKH
Drosophila melanogaster. [lins anann3a BO3pacTHOM JTUHAMHKH SKCIPECCHH TEHOB W
OIIEHKH TEepOIPOTEKTOPHBIX W  PaJUONPOTEKTOPHBIX CBOMCTB MOTEHIMAIBHBIX
uarnouropos PIWI ucnonszoBanu nunmto aukoro tuna Canton-S. B skcnepumenTtax
10 M3YYCHHIO BIIMSHUS HOKJayHa reHa Piwi ma IIDXK m paamoycroiiumBocTh ocobeit
MOJTy4asy myTeM ckperuBanus JuHud ¢ UAS- u GAL4- xonctpykuuamu. UAS-nuans
akcnpeccupyer asyuenodednyto PHK st PHK-unTepdepenimm Piwi mox KOHTposieM
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npomotopa UAS. GAL4-nuHuM HecyT KOHIWIHMOHHBIH (MH(ENpUCTOH-WHIyLHpYe-
mblit) npaiiBep GAL4-GeneSwitch B onpeneneHHbIX TKaHsaX (€lav — B HepBHOI cucteme,
S106 — B sxupoBoM Terne, TIGS-2 — B kumeuynnke, Mhc — B Mbimax). Tlomy4eHnsie B
pe3yibTaTe CKPEeIMBaHUs CaMLIbl U IEBCTBEHHBIE CAMKY ObUIN IIOMELIEHbI B IPOOUPKH
cO cpefoH, comepxainedt MHAYKTOp KoHaunmoHHoro GAL4 mudenpucron (RU486,
Sigma-Aldrich, CIITA). KonTtposbHbie 0c00M ObLIH TOIYYEHBI B PE3YJIbTATE TAKOTO XKE
CKpEITMBaHUs, HO COACPKAIKCH Ha cpee 0e3 MU(EnpHCTOHa.

[Tpu ananmuze [DK Myx cozmepaiy B CTAaHAApTHBIX YCIOBHAX [6] 10 KoHIA xu3Hu. [Ipn
W3yYeHHH YCTOHUMBOCTH K y-u3yuenuto (120, 700 umu 800 I'p) mpozodmnsr 15 cyt
HaxXOIWINCh B YCIIOBHMAX, aHaJOrM4HbIX skcnepumentam Ha IDK, mocnme uero
MOJBEPrajiCch BO3JCHCTBUIO HOHU3UPYIOIIETO H3IyYeHHS W OBbUIM IOMEIICHBI B
mpoOupku 06e3 MUDETPUCTOHA, 3TaHOJIA WU NMOTCHIMANBHBIX HHruoutopoB PIWI. Ha
OCHOBE IOJIyY€HHBIX TaHHBIX CTPOMJIM KPHUBBIC AOKUTHS, PACCUMTHIBATIN MEIUAHHYIO,
cpenntoro IDK u Bo3pact 90 % cmeptHOCTH. CTaTHCTUYECKYIO 3HAYMMOCTD Pa3IAUIHiA
OIICHHBAJIM C TIOMOINBIO HemapameTpuyeckux KpurepueB Koamoropoa—CmupHOBa,
Mantens—Koxkca, ['exana—bpecnoy—Bunkokcona, Mmetoga Baur—Amnmcona.

Ananu3 skcnpeccud TeHOB ¢ mnomouipto Mmertona IIP «B peanbHOM BpeMeHH»
MPOBOJMIIN Ha 15-€ CYyTKH KU3HU UMaro ¢ UCIONb30BaHUEM IIETIBIX Jp030(h It 100 UX
qacTeil (royoBbl, Topakcel win OpromkH). Beinenenne PHK, mposenenue obpatHoi
TpaHCKpHUIIIUK ¥ NocTaHOBKY [II[P BBINONHAIM C HCHONB30BAaHHEM PEAKTHBOB U IO
METOJIMKaM, ONHCAaHHBIM paHee [6]. Jlmsf OIGHKM CTaTHCTUYECKOH 3HAYUMOCTH
pa3In4yuil UCIOIb30BaNU KpUuTepuii MaHHa—YUTHH.

KoMIbrOTEpHBIA MOWCK MOTEHIMAIbHBIX JIMTaHI0B PiwWi apozodmmer u PIWIL1
YeJIOBEKa, MOJEIMPOBAHHE MEXMOJICKYSIPHBIX  B3aUMOJCHCTBUI u  moadop
KOHIICHTpAllMii ~ MPOBOAWJIM C  TOMOILIbI0  OHJAiH-uHCTpyMeHTOB  DockThor
(https://www.dockthor.Incc.br/v2) u AmDock (https://github.com/Valdes-Tresanco-
MS/AMDock).

Pezynomamer:  YcTaHOBIEHO, 4YTO C BO3pPAcTOM TPOUCXOIUT OJHOBPEMEHHOE
MOBBIIICHHE aKTUBHOCTH PETPOTPAHCIIO30HOB (B 2—12 pas, p < 0.05) u rena piwi (B 2—
7 pas, p < 0.05) B rosoBax, OpPIOIIKAX U BO BCEM TeJie Ipo30(ui. ITO MOXKET yKa3bIBaTh
Kak Ha geperyisiuuio OuoreHesa piwiPHK, Tak m Ha KoMmIeHcaTOpHBIH OTBET Ha
BO3pacTaIOIIYI0 C BO3PacTOM aKTHUBHOCTh MI'D u HapyIIeHne CTpyKTypbl XpOMaTHHA.
B To jxe BpeMsi HOKayH TeHa PiWi B )KHPOBOM Telie U HEPBHOW CHCTEME YBEITHYHMBAI
menuanayro IDK Ha 2-12 % (p < 0.05) mo cpaBHEHHIO ¢ KOHTPOJIbHBIME 0c00siMu. Ho
MO/IaBJIeHHE aKTUBHOCTH PIWI B KUIIIEUHHKE U MBIIIIAX, HAIIPOTHB, YKOPAYHUBAJIO KHU3Hb
Mmyx. Kak mpasuio, moBsimieHHass [IDK conpoBokgaeTcsi yCHICHHEM YCTOWYMBOCTH
OpraHu3Ma K MoBpeXJaroIuM GakTopaM, TAKHUM Kak y-u3iydenue. OHako y Apo3odut
C HOKJAyHOM pPIWi 3Ta CBA3b ObUla HEOJAHO3HA4YHA. Y 0c00el CO CHIKEHHON
AKTHBHOCTBIO PIWI B JKHPOBOM Tejie HAOJI0aid MOBBIIICHHYIO YCTOWYHBOCTh K Y-
m3nydennto B 1o3e 700 I'p, Torna kak HeMpOHABHBIN HOKAAYH 3TOr0 F€HAa YBEIUYHBAI
PaAMOPE3UCTEHTHOCTh MyX. Kpome TOro, HOKZayH PIWi B HEpBHOW cHCTeME H B
JKHPOBOM TeJIe TOBBIIIAI aKTUBHOCTH PETPOTPAHCIIO30HOB B 2—7 pa3 (P < 0.05) B
rojoBax M OpIONIKaxX COOTBETCTBEHHO. Bmecre ¢ 3TMM y HHMX Obla MOBBINICHA
AKCIIPECCHsl TEHOB aHTHOKCHAaHTHOU 3amuThl (S0d1, Prx5), oTBeta Ha MoOBpekKICHHE
JIHK (Gadd45, spn-B, Ku80) u mporeocrasza (Hsp27, Hsp68, Atgl) mo 8 pas (p < 0.05).
Ms1 npeanonoxuiay, 4yto (hapmakomorndueckoe mHrnompoBanne PIWI taxke moxer
okaspiBaTh BiausgHMEe Ha IDK um papmoycroiumBocTe opranusma. IIpoBeneHHBIM
KOMITbIOTEPHBIN TTOMCK MO3BOJIMII COCTABUTDH CIIMCOK (PapMaKOJIOTHUECKHUX MPETapaToB,
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KOTOpBIC MOTCHIMAIBHO MOTYT CBSI3BIBATHCS ¢ OenkoM Piwi mposodpumasr 1 PIWIL1
gyenoBeka. Cpeln JaHHBIX COCIMHEHUM ObUTH BHIOpaHBI MATH BEIIECTB VIl CKDUHHUHTA
TepPONPOTEKTOPHEIX CBOWCTB HAa MOJAENH JIpO30QMIBI — METONPOJION, AaTEHOJOM,
MH30TIPOCTOJI, WMHICHEM H ¢uHromumMon. Jms HHX OBUT MOZOOpaH CIIEKTP
koHueHTpanuii 1-5000 MKMOJIB/1I, OCHOBBIBAsICH HA KOMIIBIOTEPHOM aHAIIN3€ U AaHHBIX
auTepatypsl. Bce u3ydeHHBIE Ipemaparhl OKas3aiHd IOJOKHTEIbHOE BIHMSHHE Ha
nokazatenn [DK opranmsma, HO B HEKOTOPBIX CiIydasix 3TOT 3(dekT mpucyTcTBoBaiI
TONBKO MpPH OIpENeNICHHBIX KOHIEHTpauusx. Hambonee BbIpa)keHHOE M BOCIIPOU3-
Bonumoe yBenuueHue [1K BoI3biBamn MeTonposon B koHneHTpanusx 1-5000 MkMons/n
(3-9%, p < 0.0001) n mvmunenem B koHneHTpamusx 1-100 mxmons/1 (4-14 %,
p<0.0001) y camok. B TO e Bpems mNOTCHIMAIbHBbIE HHruoOuTOphl PIWI
MPEUMYIIECTBEHHO CHIKAIM YCTOHYMBOCTH APO30(MI K BO3ACHCTBUIO Y-U3ITYy4CHHUS.
3amuTHOE AericTBUE K 00mydeHnio B 1o3e 120 I'p okazpiBanm B-610KaTOPHI aTEHOIION U
MeTorponoia. OHH IOBBIIANKA BBEDKHBAeMOCTh Aposzodmn Ha 5-13% (p < 0.001).
@DUHrOIMMO/] TOBBIIIAT BRDKUBAEMOCTh CaMOK Jp0o30(HiI mociae OOJIydeHUs B J03€
800I'p na 18-32 % (p < 0.001). Kpome Toro, M3y4eHHbIC Mpenaparbl BHI3bIBAIH
nuddepeHnnanbHbIe U3MEHEHHS AKTUBHOCTH T'€HOB aHTHOKCHIaHTHOM 3armuThl (S0d1),
otseta Ha noBpexxaeHue JJHK (Gadd45, mus210, Brca2, Ku80) u nporeocrasza (Hsp27,
Hsp68, Atgl, Atg5, Ire) mo 5 pas (p < 0.05).

Bvi6oovr: Mbl BliepBbie MOKa3ajd, 4TO HOKJAyH TreHa PIWI B HEPBHOW CHCTEME H
JKHPOBOM TeJie BeI3bIBaeT yBenmdenue [1DK npo3odut u moBblmaeT akTHBHOCTD T'€HOB,
CBSI3aHHBIX CO CTPECC-OTBETOM U goiirosieTueM. [Ipu 3ToM noasieHue Piwi B )KHPOBOM
TeNle CTUMYJHUPYET YCTOMYMBOCTH OpraHM3Ma K Y-H3Iy4CHUIO, a HEHPOHAIbHBIN
HOKJIayH CHIDKaeT ee. Hamu naeHTH(UImpoBaHsl MOTCHIAIbHBIE HHTHONTOPHI OEIKOB
PIWI. [Ins msatu w3 HMX (aTeHOJIOJa, METOINPOJIOja, MMHIICHEMa, (PUHrOIMMOAA U
MU30IIPOCTONA) MOKa3aHbl TepONpPOTEKTOPHBIE CBOWCTBAa. Hambonee BhIpakeHHOE U
BOCHpon3BoarMoe yBenmueHne 1K BBI3BIBAIOT METOINPOJION W MMHIICHEM Y CaMOK.
Bnustnue notenuumansHeix narnoutopoB PIWI Ha pamnoycToifyMBoCTh HEOJHO3HAYHO,
3aBHUCHUT OT KOHLIEHTPAIINH MIPEnapara u J03bl O0IyUCHHS.

Qunancuposanue: ViccnenoBaHus BBIOJHEHBI B paMKaX rOCYIapCTBEHHOTO 331aHHS 110
teme  «['eHermueckne W (QYHKIMOHAIBHBIE  uccienoBanus  dddexro
repONpOTEeKTOPHBIX ~ HMHTEpBeHIMA Ha  Moxaenu  Drosophila  melanogaster»
(Ne 122040600022-1).
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Motivation and Aim: Proteins of the PIWI subfamily of the Argonaute family and their
interacting piwiRNAs play a crucial role in suppressing the activity of transposable
elements (TEs), which are one of the endogenous causes of genomic instability. With
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age, the effectiveness of this mechanism decreases, as a result of which the activity of
TEs and the frequency of transpositions change, and the genome structure and stability
is disrupted. Such changes are associated with aging and the development of age-related
diseases. At the same time, stress factors, including ionizing radiation, can affect the
balance of TE activity and enhance age-related changes [1].

Usually, the functions of PIWI proteins and piwiRNAs are described in relation to the
maintenance of germline and gonad cells. However, the understanding of their functions
in somatic tissues and the regulation of lifespan of an organism is currently expanding.
For example, piwi suppresses age-related transposon expression in Drosophila intestinal
stem cells and maintains epithelial homeostasis [2]. Mutation of the piwi gene causes
depletion of the fat body, impaired lipid metabolism and immunity, and an increase in
the level of DNA damage in flies [3]. Also, the Drosophila model of tauopathy showed
a decrease in piwi activity and differential changes in piwiRNA expression in heads [4].
At the same time, both negative and positive effects of piwi mutations on the lifespan of
Drosophila have been established [3, 5].

In this work, we studied the contribution of piwi gene activity in various imago tissues
to the regulation of lifespan and radioresistance of Drosophila melanogaster. In addition,
a search was carried out for potential drugs capable of modulating the activity of PIWI
proteins, and their geroprotective and radioprotective potential was assessed.

Methods and Algorithms: The study was carried out on a model of the fruit fly
Drosophila melanogaster. To analyze the age-related dynamics of gene expression and
evaluate the geroprotective and radioprotective properties of potential PIWI inhibitors,
the wild-type strain Canton-S was used. In experiments to study the effect of piwi gene
knockdown on lifespan and radioresistance, individuals were obtained by crossing flies
with UAS and GAL4 constructs. The UAS strain expresses double-stranded RNA for
piwi RNA-interference under the control of the UAS promoter. GAL4 strains carry the
conditional (mifepristone-inducible) GAL4-GeneSwitch driver in certain tissues (elav —
in the nervous system, S106 — in the fat body, TIGS-2 — in the intestines, Mhc — in
muscles). The resulting males and virgin females were placed in tubes containing
medium with the conditional GAL4 inducer mifepristone (RU486, Sigma-Aldrich).
Control individuals were obtained as a result of the same crossing, but were kept on
medium without mifepristone.

When analyzing the lifespan of flies, they were kept under standard conditions [6] until
the end of life. When studying resistance to y-radiation (120, 700, or 800 Gy),
Drosophila were kept for 15 days under conditions similar to the lifespan experiments,
after which they were exposed to radiation and were placed in tubes without
mifepristone, ethanol, or potential PIWI inhibitors. Based on the obtained data, survival
curves were constructed; median, average lifespan, and age of 90 % mortality were
calculated. The statistical significance of differences was assessed using nonparametric
Kolmogorov—-Smirnov, Mantel-Cox, Gehan-Breslow—Wilcoxon tests, and the Wang—
Allison method.

Analysis of gene expression using the real-time PCR method was carried out on the
15th day of adult life using whole flies or their parts (head, thorax or abdomen). RNA
isolation, reverse transcription, and PCR were performed using reagents and methods
described previously [6]. To assess the statistical significance of differences, the Mann—
Whitney test was used.

A computer search for potential ligands of Drosophila piwi and human PIWIL1,
modeling of intermolecular interactions and selection of concentrations were carried out
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using the online tools DockThor (https://www.dockthor.Incc.br/v2) and AmDock
(https://github.com/ Valdes-Tresanco-MS/AMDock).

Results: It has been established that there is an age-related simultaneous increase in the
activity of retrotransposons (2-12 times, p < 0.05) and the piwi gene (2-7 times,
p < 0.05) in the heads, abdomens, and whole body of fruit flies. This may indicate both
deregulation of piwiRNA biogenesis and a compensatory response to TE activity and
disruption of chromatin structure that increase with age.

At the same time, knockdown of the piwi gene in the fat body and nervous system
increased the median lifespan by 2-12 % (p < 0.05) compared to control individuals. But
suppression of piwi activity in the intestines and muscles, on the contrary, shortened the
lives of flies. As a rule, increased lifespan is accompanied by increased resistance to
damaging factors, such as y-radiation. However, in piwi knockdown fruit flies, this
association was ambiguous. In individuals with reduced piwi activity in the fat body,
increased resistance to y-radiation at a dose of 700 Gy was observed, while neuronal
knockdown of this gene increased the radioresistance of flies. In addition, knockdown
of piwi in the nervous system and fat body increased retrotransposon activity by 2—
7 times (p < 0.05) in the heads and abdomens, respectively. However, they had increased
expression of genes for antioxidant defense (Sodl, Prx5), DNA damage response
(Gadd45, spn-B, Ku80) and proteostasis (Hsp27, Hsp68, Atgl) up to 8 times (p < 0.05).
We hypothesized that pharmacological inhibition of PIWI may also have an effect on
lifespan and radioresistance of an organism. A computer search allowed us to compile a
list of pharmacological drugs that can potentially bind to the Drosophila piwi protein
and human PIWIL1. Among these compounds, five substances were selected to screen
for geroprotective properties in the Drosophila model — metoprolol, atenolol,
misoprostol, imipenem, and fingolimod. A concentration range of 1-5000 pmol/l was
selected for them, based on computer analysis and literature data. All the drugs studied
had a positive effect on the lifespan, but in some cases this effect was present only at
certain concentrations. The most pronounced and reproducible increase in lifespan was
caused by metoprolol at concentrations of 1-5000 pumol/l (3-9 %, p < 0.0001) and
imipenem at concentrations of 1-100 pmol/l (4-14 %, p < 0.0001) in females. At the
same time, potential PIWI inhibitors predominantly reduced the resistance of Drosophila
to y radiation. The B-blockers atenolol and metoprolol had a protective effect against
radiation at a dose of 120 Gy. They increased the survival rate of Drosophila by 5-13
(p <0.001). Fingolimod increased the survival of Drosophila females after irradiation at
a dose of 800 Gy by 18-32 % (p < 0.001). In addition, the studied drugs caused
differential changes in the activity of antioxidant defense genes (Sod1), response to DNA
damage (Gadd45, mus210, Brca2, Ku80) and proteostasis (Hsp27, Hsp68, Atgl, Atg5,
Ire) up to 5 times (p < 0.05).

Conclusion: We have shown for the first time that knockdown of the piwi gene in the
nervous system and fat body causes an increase in the lifespan of Drosophila and
increases the activity of genes associated with stress-response and longevity. In this case,
suppression of piwi in the fat body stimulates the resistance to y-radiation, and neuronal
knockdown reduces it. We have identified potential inhibitors of PIWI proteins. Five of
them (atenolol, metoprolol, imipenem, fingolimod and misoprostol) have shown
geroprotective properties. The most pronounced and reproducible increase in lifespan
cause by metoprolol and imipenem in females. The effect of potential PIWI inhibitors
on radioresistance is ambiguous and depends on the drug concentration and radiation
dose.

2268 BGRS/SB-2024



Funding: The study was carried out within the framework of the state task on the theme

“Genetic and functional studies of the effects of geroprotective interventions on the
Drosophila melanogaster model” (No. 122040600022-1).

Cnucoxk rumepamypuoi/References

1.

2.

3.

Yushkova E., Moskalev A. Transposable elements and their role in aging. Ageing Res Rev.
2023;86:101881. doi 10.1016/j.arr.2023.101881

Tang X. et al. Piwi maintains homeostasis in the Drosophila adult intestine. Stem Cell Rep.
2023;18(2):503-518. doi 10.1016/j.stemcr.2023.01.001

Jones B.C. et al. A somatic piRNA pathway in the Drosophila fat body ensures metabolic homeostasis
and normal lifespan. Nat Commun. 2016;7:13856. doi 10.1038/ncomms13856

Sun W. et al. Pathogenic tau-induced piRNA depletion promotes neuronal death through transposable
element dysregulation in neurodegenerative tauopathies. Nat Neurosci. 2018;21(8):1038-1048. doi
10.1038/s41593-018-0194-1

Ma Z. et al. Epigenetic drift of H3K27me3 in aging links glycolysis to healthy longevity in Drosophila.
Elife. 2018;7:€35368. doi 10.7554/eL ife.35368

Proshkina E. et al. Tissue-specific knockdown of genes of the Argonaute family modulates lifespan
and radioresistance in Drosophila melanogaster. Int J Mol Sci. 2021;22(5):2396. doi
10.3390/ijms22052396

BGRS/SB-2024 2269



