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THIYKOBAHA IOJIILIOIIIA TA COPTYBAHHS ITOIIKOIKEHOI
JHK MIKPOHYKJ/IEALIIE€IO B PAITIOPESUCTEHTHHUX
EHNITEJIIAJIBHUX CTOBBYPOBUX KJIIITUHAX ITEYIHKH IITYPIB
3A BIUVIMBY PEHTTEHIBCbKHUX ITPOMEHIB

MeTa: BUBYEHHS 0COBMBOCTEN KNITUHHOTO LMKy ONPOMiHEHUX eniTeniabHUX CTOBOYPOBUX KNiTUH NEYiHKM WypiB
(kniTuHM niniT WB-F344) y npoueci BMXMBAHHSA, OLiHIOOYM pafialifnHo-iHAYKOBaHT 3MiHU saepHoi mopdonorii Ta
nnoigHocti HK i3 3acTocyBaHHAM aHanisy 3006paXeHb, OTPUMaHMX 32 AONOMOrOK ONTUYHOTO MiKpOCKONa.
Marepianu i metopu. WB-F344 KniTuHM, AKi BUpOLYBanuca y MoHowapi 6e3 [OCATHEHHA MOBHOrO MOKPUTTH, On-
pomiHioBanu y cycneHsii B go3ax 1,0; 5,0 1 10,0 [p peHTreHiBCbKMMU NpoMeHAMM NOTYHOCTI 2,0 Mp/XxB. AK iHTaKTHWMIA
KOHTPO/b BUKOPWUCTOBYBANM HEONPOMiHeHT KNiTUHU. [Ticna onpoMiHEHHA KNiTUHU BUCiBaNK y 25-cM2 DNaKOHU B KiNb-
KOCTI, O He A03BOJIAIE KOHTAKTHE raibMyBaHHA NPOTArOM KiflbKOX AHIB iX KyNnbTUBYBaHHSA. Ha 1, 2, 3 Ta 5-i1 fieHb nicas
ONpOMiHEHHA JOCNiIKYBanu afepHy Mopdonorito i NNoigHICTb KNiTUH, BUKOPUCTOBYIOUM CTEXIOMETPUYHY peakLiio 3
TONYiAMHOBMUM CUHIM i UMTOMETPit0 300paxeHb. Ha 7-i Ta 9-i1 AeHb Nicis oNpoMiHeHHs AOCAiAXYBANM TifIbKKU KNiTU-
HU, onpomiHeHi y Benukux fo3ax (10,0 Ip), B AKMX JOAATKOBO OLiHIOBaNW HasBHicTb nowkoaxeHb AHK (y-H2AX),
nponidepatusHmii ctaH (Ki-67), a TakoX HasBHiICTb (haKTOPiB CAMOOHOBJEHHS, MPUTAMAHHUX CTOBOYPOBUM KNiTUHAM
(OCT4 i NANOG).
Pe3ynbratu. PagiopesucteHTtHicte WB-F344 kniTuH Gyna goBefeHa pesynbraTamu, iKi BKa3ylTb Ha Te, WO Ui KNiTUHM
He NiafaloTbCs WBUAKINA Ta MACUBHi 3arnbeni, Mano CX0Xii Ha anonTo3 HaBiTb y CUIbHO ONPOMiHEHUX KNiTUHAX. Ha-
TOMICTb CnoCTepiranu 3aTpUMKy KNiTMHHOTO LMKNY, AKa CynpoBogxyBanaca noninnoigusauieto (yepes Ki-67-no3u-
TUBHE MiTOTUYHE NPOCAM3aHHA a0 NOPYLWEHNUIN LUTOKIHE3) i MIKPOHYKNeaLielo 3aNeXHO Bif [03M, NPOTE MiKPOHYK-
neauis fesKkoto Mipoto BUNepesKana noninnoigusadito. MoninnoigHi KNiTUHK, AKi 34aTHI N036aBAATUCSA NOWKOLKEHb
OHK, moxyTb genoninnoigusyeatucs yepe3 Mmito3. barato mikposgep mictunm y-H2AX knactepu, wo nepepbayae
BUAINEHHA CUAbHO nolkomkeHux dparmenTtie [JHK. 06uasa daktopu, 0CT4 i NANOG, 6ynu BUpaxeHi B iHTaKTHOMY
KOHTPONi, NpoTe iX eKcnpecis nocuatoBanacs nicas onpoMiHeHHs.
BucHoBKu. Xouya haKT MikpoHyKNeaLii cBiguMTb NPo HasBHICTb reHoTOKCUYHOTO edekTy, WB-F344 KniTHuM, IMOBipHO,
MOXYTb YHUKATK 3arnbeni wWwasxom copTyBaHHA nowkoaxeHoi JHK 3a gonomoroto mikposaep. IHAyKUis noninnoigii
B UMX KNiTMHAX MOXe OYTW afanTUBHOK ANA CNPUSHHA BUXWUBAHHIO KNiTUH i pereHepauii TKAaHUH 3 MOXIMUBUM 3any-
YeHHAM MexaHi3My CaMOOHOBJIEHHS.
KniouoBi cnosa: WB-F344 KniTuHU, peHTreHiBCbKE ONPOMiHEHHS, BUXMBAHHA KNiTUH, MONINA0ifM3aLis, MiKpoHyKne-
auis, CaMOOHOBNIEHHS.
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INDUCED POLYPLOIDY AND SORTING OF DAMAGED DNA
BY MICRONUCLEATION IN RADIORESISTANT RAT LIVER
EPITHELIAL STEM-LIKE CELLS EXPOSED TO X-RAYS

Objective. Rat liver stem-Llike epithelial cells (WB-F344) that under certain conditions may differentiate into hepa-
tocyte and biliary lineages were subjected to acute X-irradiation with the aim to examine cell cycle peculiarities dur-
ing the course of survival.
Materials and methods. Suspensions of WB-F344 cells that grew as a monolayer and reached sub-confluence were
irradiated with 1, 5, and 10 Gy of X-rays (2 Gy/min). As an intact control, sham-irradiated cells were used. After irra-
diation, cells were plated into 25-cm2 tissue culture flasks to culture them for over several days without reaching
contact inhibition. On days 1, 2, 3, and 5 post-irradiation, cells were harvested and examined for nuclear morpholo-
gy and DNA ploidy by stoichiometric toluidine blue reaction and image cytometry. On days 7 and 9 post-irradiation,
only heavily irradiated (10 Gy) cells were examined. Also, 10 Gy-irradiated cells were chosen for immunofluorescence
staining to monitor persistence of DNA lesions (y-H2AX), cell proliferation (Ki-67), and self-renewal factors charac-
teristic for stem cells (0CT4 and NANOG).
Results. Radioresistance of WB-F344 cells was evidenced by the findings that they do not undergo rapid and mas-
sive cell death that in fact was weakly manifested as apoptotic even in heavily irradiated cells. Instead, there was
cell cycle progression delay accompanied by polyploidization (via Ki-67-positive mitotic slippage or via impaired
cytokinesis) and micronucleation in a dose-dependent manner, although micronucleation to some extent went
ahead of polyploidization. Polyploid cells amenable for recovering from DNA damage can mitotically depolyploidize.
Many micronuclei contained y-H2AX clusters, suggesting isolation of severely damaged DNA fragments. Both factors,
0CT4 and NANOG, were expressed in the intact control, but became enhanced after irradiation.
Conclusions. Although the fact of micronucleation is indicative of genotoxic effect, WB-F344 cells can probably
escape cell death via sorting of damaged DNA by micronuclei. Induction of polyploidy in these cells can be adaptive
to promote cell survival and tissue regeneration with possible involvement of self-renewal mechanism.
Key words: WB-F344 cells, X-irradiation, cell survival, polyploidization, micronucleation, self-renewal.
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BCTYII

ITeuiHKOBI KIIITUHU-TIONEPEIHUKHU, SIKi BilirparOTh LIEHT-
pajibHY poJib Y PO3BUTKY Ta pereHepallii Ne4iHKu, MOTeH-
LilAHO € OIMOTeHTHUMM, OCKIiJIbKM 3a MEBHUX YMOB BOHU
MOXYTb IU(EpPEeHIIIOBATUCSI B TeNaTOUMTU Ta KJITUHU
JKOBYHMX MPOTOKIB (OiiapHi KIIITUHM), SIKi € TBOMA TUIIa-
MM eTliTeliaIbHUX KJIITUH Y 3pifiii nedinwi. i knituHu ta-
KOX 3[aTHi BUKOHYBAaTHU AEKiJbKa payHIiB MOIiTy HaBiTh
0e3 rmonepeaHbOro YIKOMKEHHS MNeYiHKW. Y HalIUX MO-
nepeaHiX eKCnepuMeHTax 3 MeYiHKOBUMU emiTelialbHU-
MM KJIiTMHaMU, $IKi MalOTh CTOBOYpPOBi XapaKTepPUCTUKU
(knituHHa naiHigs WB-F344 [1] 3 BUpaXXeHUM AUKUM TH-
nom p53 |2]), moka3aHa ix BimHOCHA pamiope3nMCTEeHTHICTb,
PO IO CBiZYMTH TecT popMyBaHHST KonoHiil [3]. LluTo-

0«J Bogdan 1. Gerashchenko, e-mail: biger63@yahoo.com

INTRODUCTION

Hepatic progenitor cells playing a central role in
liver development and regeneration are poten-
tially bipotent since under certain conditions
they can differentiate into hepatocytes and bile
duct cells, which are the two epithelial cell types
in adult liver. These cells can also perform multi-
ple rounds of cell division without a preceding
injury to the liver. In our previous experiments
with liver epithelial cells possessing stem-like
characteristics (rat liver derived WB-F344 cell
line [1] with apparently wild-type p53 [2]), it has
been shown that they are relatively radioresistant
as evidenced by a colony formation test [3]. Flow
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meTpuyHuil aHami3 Bmicty JJTHK B ximitnHax WB-F344,
SIKi MiIIaBaJIA BIUIMBY Pi3HUX 103 Y-TipoMeHiB (Bif 1,0 mo
10,0 Ip 3 kpokom ompomideHHS B 1,0 Ip), omHO3HAUHO
BUSIBUB 3aTPUMKY KJIIITUHHOTO LIMKJTY 3aJIEXKHO Bif 103U
Ta yacy [3]. XapakTep KiHeTMKHU 30iJIbILIEHHS YMCIa LIUX
KJIITMH, 0a3ylouyuch Ha iX IMigpaxyHKy 3a AOIOMOIOI0
npunany Koynrepa, CBiIuuTh IIpo Te, 1110 BOHU HE TUHYTh
IIBUJIKO Ta MAaCOBO HABITh MIiCJIsT OTIPOMiHEHHS Y BUCOKIl
no3i (10,0 Ip) [3]. IIpoTe MexaHi3Mu, SKi HOTEHILIIITHO
MOXYTb OYTU MOB’SI3aHi 3 PamiOpPe3UCTECHTHICTIO LIMX
KJIITWH, TOCi He Oyl 3’sICOBaHi.

META

IIs poboTa Mae 3a MeTy BUBYEHHSI OCOOJIMBOCTEM KJli-
TUHHOTO UKy onnpoMiHeHnx WB-F344 xiituH y mipo-
1eci BMXKMBAHHS, OILIHIOIOUM pamialliiiHO-iHAYKOBaHi
3MiHU siaepHOi Mopdoutorii Ta moigHocTi AHK i3 3a-
CTOCYBaHHSIM aHaJIi3y 300paxkeHb, OTPUMaHUX 3a JOIIO-
MOIOI0 ONTUYHOTO Mikpockorna. KpiMm Toro, B onpomi-
HEHHUX KJITHMHAX, 3aCTOCOBYIOUM iMyHODIyopecleHTHE
3a0apBJCHHS, OOCHIIXYyBall HAsIBHICTh JBOJAHILIIOIO-
Bux po3pusiB JJHK (y-H2AX), ekcrpecito pakTopis ca-
MOOHOBJIEHHSI, TIPUTaMaHHUX CTOBOYPOBUM KIIITMHAM
(OCT4 i NANOG), a takox niposnidepauiro (Ki-67).

MATEPIAJIN 1 METOJIN

Kiitunu Ta onpominenHs. B taHOMy TOCTiIKEHH] KIITUHA
WB-F344 xynbTuBYBaid B ITOKMBHOMY CepeIOBUILI
RPMI 1640 (Sigma-Aldrich, CILIA) 3 nomaHoto 7 % de-
TajgpHOO Tensyolo cupoBarkoro (FCS; Sigma-Aldrich) B
CO,-inkybaropi pu 37 °C. He mocsraioun MOBHOTO TI0-
KPUTTSI, MOHOILIIAp 32-TO Macaxy KJITUH, KyTbTUBOBAHUX Y
75-cM? (bnakoHi, MimmaBaaM TPUIICHHI3AIll HACTYITHUM
CIIOCOOOM: 0fIpasy X IicJIsI TOTO, SIK TTOXXMUBHE CEPeIOBUILEC
OyJ10 BUaJIeHe, MOHOLLIAP KJIITKH JABivi mpomuBainu 0,25 %
posunHoM Trypsin-EDTA (Sigma-Aldrich), a BimokpeM-
JICHI KJTITUHY CYCTIEHIyBaIN Y 263 MJI ITOXXUBHOTO CEPEIo-
Bulia. Ilepen onpoMiHEHHSIM CYCITEH3i10 KIIITUH PO3MAiJIsi-
JI Ha YOTUPU 65-MiTUTITpOBI MOPLi, IKUMHU TTOTIM 3arl0B-
HIOBaJIM 25-cM? KyasTypaibHi drakonu. Ilicas mporo g0-
JlaBajid 1lle cepenoBulla (3araibHUil 00’€M cepeaoBHUILA
CTaHOBUB 0J1M3bKO 70 MIT), 10O MiHiMi3yBaTU MPUCYTHICTb
noBiTps y ¢akoHax. Kiritmam onpomidioBamm mipu 37 °C
PEHTTeHIiBCbKMMU TTpoMeHsIMU (X-TipoMeHi) y mo3ax 1,0;
5,01 10,0 Ip. X-nmpoMeHi reHepyBaii BUCOKOEHEPreTHY-
HUM JiHiiHM npuckoproBadeM Clinac 600C (Varian Me-
dical Systems, CIIIA) 3a Haripyru 4 M B Ta rtoTy>kHOCTi 10-
3u 2,0 Ip/xB. SK iHTaKTHMI KOHTPOJIb, BAKOPUCTOBYBAJIU
HeomnpoMmineHi kiitnHu (0 Ip). Ilicisg onpoMiHeHHST Kiti-
TUHHI CyCIIeH3ii B pi3HUX PO3BEACHHSIX MOMIIIAIN Y 25-cM?
(makoHM, OCKIJIBKM OTPOMiHEHi KITITUHY 3aJIEXKHO BiJT OT-

cytometric DNA content analysis of WB-F344
cells exposed to various doses of y-rays (ranged
from 1 to 10 Gy with 1-Gy pace) clearly showed
the dose- and time-dependent cell cycle progres-
sion delay [3]. The character of their growth kinet-
ics based on Coulter cell counting suggests that
they do not undergo rapid and massive cell death
even after high-dose irradiation (10 Gy) [3].
However, the mechanisms that could potentially
be attributed to the radioresistance of these cells
remain to be clarified.

OBJECTIVE

The current work is aimed to examine during the
course of survival of irradiated WB-F344 cells their
cell cycle peculiarities based on the study of radia-
tion-induced alterations in nuclear morphology
and DNA ploidy using microscopy-based image
analysis. In addition, using immunofluorescence
staining, irradiated cells were monitored for per-
sistence of DNA double stand breaks (y-H2AX),
expression of self-renewal factors characteristic for
stem cells (OCT4 and NANOG), and prolifera-
tion (Ki-67).

MATERIALS AND METHODS

Cells and irradiation. In the present study, WB-
F344 cells were cultured in RPMI 1640 growth
medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 7 % fetal calf serum (FCS;
Sigma-Aldrich) in CO,-incubator at 37°C. A sub-
confluent monolayer of cells at passage 32 cul-
tured in 75-cm? tissue culture flask was trypsinized
as follows. Immediately after the growth medium
was removed, cells monolayer was rinsed twice
with 0.25 % Trypsin-EDTA (Sigma-Aldrich), and
detached cells were suspended in 263 ml of growth
medium. Before irradiation, cell suspension was
split into four 65-ml portions poured into 25-cm?
tissue culture flasks followed by adding some more
medium (the total volume of the medium was
about 70 ml) to minimize the presence of air in
the flasks. Cells were irradiated at 37 °C with X-rays
at doses of 1, 5, and 10 Gy. X-rays were delivered
by a high energy linear accelerator Clinac 600C
(Varian Medical Systems, Palo Alto, CA, USA)
operating at voltage of 4 MV and dose rate of
2 Gy/min. As an intact control, sham-irradiat-
ed (0 Gy) cells were used. After irradiation, cells
were seeded into 25-cm? flasks at different densi-
ties since irradiated cells depending on received
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pPYIMaHOI 03 MOXYTb PO3MHOXKYBAaTUCSI MOBUIBHIIIE, HiX
HeonpoMmiHeHi. ITepen moyaTkoM KyJbTMBYBaHHSI KiJIbKiCTb
HEOITPOMIHEHMX Ta KIIITUH, OIMpoMiHeHMX B 103i 1,0 Ip, Oymna
puon3HO 9 - 104, TOI SIK KiIbKICTb KJTITUH, OIIPOMiHEHUX B
no3ax 5,0 ta 10,0 Ip, 6yna mpubausHo 16 - 10* ta 25 - 104, Bia-
noBigHo. i po3paxyHKu I'PyHTYBaIMCs Ha OLIHILI BiIMiH-
HOCTEl KiHETUKM POCTY KJIITUH, SIKi OTPUMYBAJIU Pi3Hi 103U
Y-TIpOMeHiB [3], Tak 110 MPU 1UX KOHLEHTPALSIX KIITUH
KOHTaKTHE TraJibMyBaHHS He Bi0yBajoCs MPOTATOM IEKiTb-
KOX JHIB KyJIETUBYBaHHS. Yepe3 KOXKeH JIeHb ITiC/IsI TT0YaTKy
KynbTuByBaHHS 30 %-Hy HOPIIiIO cepenoBulla Y BCiX (Iako-
Hax 3aMiHIOBaJIM KOHIULiHHUM cepenoBuiiiemM. Ha 1, 2, 3 ta
5-11 IeHb TicIsd OMpOMiHEHHS KJIITMHU, SIKi OIPOMIHIOBAJIN B
no3ax 0; 1,0; 5,01 10,0 Ip, TpuncuHizyBaiu, MOTIM CyCIIeHIYy-
BaJIM Y TTIOXXVBHOMY CEPEIOBHIII Ta OCAIKyBaJId LIEHTPUQY-
ryBaHHsIM mpoTsiroM 5 xB. Ha 7-# ta 9-ii neHb miciis om-
POMIHEHHS 3 KYJIBTYp 30Mpay TiIbKU KITITUHU, OITPOMiHEHi
B 103i 10,0 Ip. ¥ Bcix 3pa3kax cynepHaTaHT BUAAISUIN CIIOCO-
0OOM iHBepTYBaHHS LEHTPUQPYKHIX TTPOOIPOK.

3a0apeaenna Ta anauiz saepuoi JHK. OcamkeHni kiiTu-
HU peTebHO (0e3 OyabpdalloK) CycreHayBalu IineTyBaH-
HSIM Yy 3a/IMIIKaxX cepeaoBuina (6au3pko 0,2 MiT) 3 moaaib-
IIIMM HaHECEHHSM 25-MKJI KIITUHHMX CYCIIEH3iil Ha I10-
KpUTi ToJ1i-L-1i3MHOM TNpeaMeTHi CKeJblsd I MiKpo-
ckomii (Thermo Fisher Scientific, CIITIA). ITicis Toro, s
3pa3KM OyJM IOBHIiCTIO BUCYILIEHi, 1X 3abapBiloBaiu
crexiomerpuuHuM JIHK-06apBHUKOM TONYIIMHOBUM CHU-
HiMm (TB; Thermo Fisher Scientific) 3rinHo i3 3armporoHo-
BaHUM MPOTOKOJOM [4, 5], CTUCIO MpeacTaBIeHUM HUXK-
ye. KiliTuHM Ha mMpeaMeTHUX CKeJbLSIX (PiKCyBaJlu Y CyMi-
i aetoH/etaHon (1 : 1) mpotsirom moHaiiMene 30 XB
npu 4 °C, miacyiuyBanu, oopoousiau 5-H. po3unHoMm HCI
npotsroM 20 XB MpM KiMHATHIW TeMmmepaTypi, a IMOTiM
NpPOMMBAIM B AWCTUIbOBaHIN Boai (5 pasiB mo 1 xB). 3a-
JIMILIKKA BOAW Ha MOBEPXHi MpeaMeTHUX CKeJlellb 00epex-
HO BUIAJISUIM MPOMOKAJIBHUM ITallepoM Bilpaszy X Mepen
10-xBUIMHHUM 3a0apBiieHHsIM 3paskiB B 0,05 % TB, pos-
yuHeHoro B 50 % uwutpar-docdarHomy Oydepi Mak
InBaiina (pH 4,0). Bigpasy x 1mmicisa 3abapBiaeHHS 3pa3Ku
IIBUIKO TIPOMUBAIN B IMCTUILOBaHI# Boai (3-pa3oBe 3a-
HYPEHHSI), TiCJIsg YOTO 3aJIMIIKKM BOAW HETraliHO BUAAISIIIN
MPOMOKAJILHUM ITallepOM 3 ITOHANIBIIOI0 ACTigpaTalli€lo
3paskiB y OyraHodi (2 pa3u no 3 xB nipu 37 °C). 3pa3kn
MOTiM 00pOoOASIAN KcuiojaoMm (2 pa3u 1o 3 XB IpHU
KiMHATHili TeMmepaTypi) Tmepela TUM, SIK iX MOKpUBaIU
MoOHTaxHo1o pinrnHoo DPX (Sigma-Aldrich) miast mikpoc-
KOITii. 3 KOXHOTO 3pa3ka IudpoBi 300pakeHHs IIOHaN-
MeHme 200 BMIMAAKOBO BMOpPaHUX HECIIOTBOPEHUX
KJIITUHHUX S/Iep 3alucyBalyd 3a 30iJbIIEHHS 00’€KTUBa
x100 3 BuKopucTtaHHAM Mikpockona Ergolux L03-10
(Leitz, HimeyunHa), ocHaIlIEHOTO KOJBOPOBOIO BileOKa-

dose were expected to grow slower than sham-
irradiated cells. The approximate numbers of
seeded 0 Gy- and 1 Gy-irradiated cells were 9 -
10%, while the numbers of 5 Gy- and 10 Gy-irra-
diated cells were about 16 - 10* and 25 - 10¢,
respectively (calculations were based on estima-
tion of the differences in growth kinetics of cells
that received various doses of y-rays [3]), so at
these plating densities the contact inhibition was
not achieved for over several days of cell cultur-
ing. Every other day after plating cells 30% of
medium in all flasks was replaced with condi-
tioned medium. On days 1, 2, 3, and 5 post-irra-
diation cells exposed to 0, 1, 5, and 10 Gy were
trypsinized, resuspended in growth medium,
and centrifuged for 5 min. On days 7 and 9 post-
irradiation only 10 Gy-irradiated cells were col-
lected. Supernatant in all samples was removed
by inverting centrifuge tubes.

Nuclear DNA staining and analysis. Deposited
cells were thoroughly (without air bubbles)
resuspended by pipetting in the remnants of
medium (about 0.2 ml) followed by careful
smearing of 25-ul cell suspensions on poly-L-
lysine-coated microscope slides (Thermo Fisher
Scientific, Waltham, MA, USA). After samples
were fully dried, they were stained with a stoi-
chiometric DNA dye toluidine blue (TB;
Thermo Fisher Scientific) as proposed [4, 5].
Briefly, cells on slides were fixed in aceto-
ne/ethanol mixture (1 : 1) for a least 30 min at
4 °C, dried, treated with SN HCI for 20 min at
room temperature, and then washed in distilled
water (5 x 1 min). The remnants of water on the
surface of slides were carefully removed with a
blotting paper followed by 10-min staining of
samples with 0.05 % TB in 50 % Mcllvain cit-
rate-phosphate buffer (pH 4.0). Immediately
after staining, samples were rapidly washed in
distilled water (3 times by dipping), and the rem-
nants of water were promptly removed with a
blotting paper followed by dehydration of sam-
ples in butanol (2 x 3 min at 37°C). Samples were
than immersed in xylene (2 x 3 min at room tem-
perature) and embedded in DPX mounting
medium (Sigma-Aldrich, St. Louis, MO, USA)
for microscopy. Digital images of at least 200
randomly selected and undistorted cell nuclei
from each sample were collected with x100
objective magnification using Ergolux L03-10
microscope (Leitz, Germany) equipped with
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meporo DXC-390P (Sony, AmnonHis), BigkaaiOpoBaHOIO
no 3eiaeHoMy KaHany. Bmict JIHK y kiiTuHHOMY s1api
BUMipIOBaJid 3a BEJUYMHOK iHTErpajibHOi ONTUYHOI
mineHOoCcTi (I0D) 3 BUKOpUCTAaHHSIM MPOrpaMHOrO 3a-
oesrneueHHst Image-Pro Plus 4.1 (Media Cybernetics,
CIIA). InaykoBaHy MOJIMUIOIAI0 OLIiHIOBAIM, MiApaxo-
BYIOUM KJTIITMHM 3 TIOIAHICTIO, 1Ka TtepeBuiye 5C.

ImyHodryopecuenTHe 3a0apsiennsa. Dikcaliio Ta iMy-
Ho(yopeclieHTHe 3a0apBIeHHST HEOITPOMiHEHUX Ta OI-
pomiHeHux B 103i 10,0 Ip kiiTuH, sKi Oya1u nmonepeaHbo
OCaJXeHi Ha IOKpUTI mnoJji-L-71i3uHOM TipeaMeTHi
ckenblig (Thermo Fisher Scientific), BukonyBamu, sik
ornucaHo y [5]. 3pa3ku iHKyOyBajau 3 MIEPBUHHUMMU aH-
tutinamu 10 Ki-67 (1 : 50, kpossui momikiaoHanbHi, PAS-
16785, Pierce), y-H2AX (1 : 200, xpossdi ToJiKio-
HajbHi, 4411-PC-100, Trevigen), OCT4 (1 : 200, kposui
nosiknoHanbHi, ChIP-ctynine, ab19857, Abcam) i
NANOG (1 : 50, mMumadyi MoHOKJOHanbHi, N3038,
Sigma) y 3BosoxXeHii1 Kamepi 1ipu 4 °C mpoTIroM HOYi.
Hai 3pa3ku iHKyOyBaiu npotsiroMm 40 XB y TeMpsIBi Tipu
KIMHaTHIill TeMmIiepaTypi 3 BiIMOBITHUMW BTOPUHHUMM
aHTUTLIaMM: Ko3guuii antumuinauuii IgG Alexa Fluor
488 (1:300, A31619, Invitrogen), a60 KO3s14Mii aHTUKPO-
Jsaumii IgG Alexa Fluor 488 a6o 594 (1 : 300, A11008 a6o
A31631, BimmosimHo, Invitrogen). g 4iTKilioi Bi3y-
ajlizallii KJIITUHHUX SIIep 3pa3Ku J0AaTKOBO 3a0apBiio-
B 4’,6-miamiguHo-2-deniningoaom (DAPI; Sigma-
Aldrich) y konuenTpatii 0,25 MKT/MJI TIpOTATOM 2 XB TIe-
pen MOKpUTTSIM (POTO3HEOAPBIIOIOUMM peareHTOM
ProLong Gold (Invitrogen).

PE3VYJIBTATU TA OBTTOBOPEHHA

KineTrka 10303a/IeXKHUX MPOLECIB MOMITUIOIIU3allii Ta
MiKpoHyKJealii B omnpoMmiHeHUX KiiTuHax WB-F344
npeacTaBieHa Ha pucyHkax 1A ta 1b BignosigHo. Xoua
Ha IepIIui MOrJsaa oOuaBa IPOLIECH 3Mal0ThCsl KOH-
KOpJAHTHUMMU, MIKpOHYKJIealisl TpOXWU BuUMepeakasa
MOMIIUIOIAM3alil0 He3aJIeKHO BiJ J03M ONPOMiHEHHS.
Hanpuxian, kinitnau, gxi otpumanu no3y 1,0 Ip, mpo-
JEeMOHCTpYBaJIM 3HAYHY MiKpOHYyKJeallilo Ha 2-ii 1eHb
nicast onpoMiHeHHs (puc. 1b), Tofi Sk moMiTHe 301/1b-
meHHs (pakuii noainaoiguux (PP) kiIiTuH 3 mioigHic-
TI0 > 5C B KJIiTUHAX, onmpoMiHeHnX B 103i 1,0 Ip, crroc-
Tepiraau TiJbKM Micis 3 THiB 3 MOMEHTY ONPOMiHEHHS
(HampuKkIiam, Ha S5-1 AeHb Micsl OMPOMiHEHHS; puc. 1A).
ITIpore Ha BimMiHy Bim MikpoHykiaeauii (puc. 1b),
noJjiiroigu3auisga Oyjaa Oidbll CTiiKOI0O, MpPO 11O
CBIiIYMTHL 3HAYHO MEHIN KpyTe 3HMXKeHHs ¢pakuii PP
(> 5C) kniTUH B 3pa3Kax, onpoMiHeHUuX B go3ax 5,0 ta
10,0 Ip, micnast 3 AHIB 3 MOMEHTY OPOMiHEHHSI (HaprK-
Jnan, Ha 5, 7 Ta 9-i1 oHi micasa onpoMiHeHHsS; puc. 1A).

DXC-390P color video camera (Sony, Tokyo,
Japan) calibrated in the green channel. DNA con-
tent per cell nucleus was measured as integral opti-
cal density (IOD) using Image-Pro Plus4.1 soft-
ware (Media Cybernetics, Rockville, MD, USA).
Induced polyploidy was evaluated by counting cells
of the ploidy exceeding 5C.

Immunofluorescence staining. Fixation and
immunofluorescence staining of sham- and 10 Gy-
irradiated cells that have been cytospinned on poly-
L-lysine-coated microscopy slides (Thermo Fisher
Scientific) were largely performed as described [5].
Samples were incubated with the primary antibo-
dies to Ki-67 (1 : 50, rabbit polyclonal, PA5-16785,
Pierce), v-H2AX (1 : 200, rabbit polyclonal, 4411-
PC-100, Trevigen), OCT4 (1 : 200, rabbit polyclo-
lal, ChIP grade, ab19857, Abcam), and NANOG
(1 : 50, mouse monoclonal, N3038, Sigma) in a
humidified chamber overnight at 4 °C. Samples
were then incubated for 40 min at room tempera-
ture in the dark with the appropriate secondary
antibodies: goat anti-mouse IgG Alexa Fluor 488
(1 : 300, A31619, Invitrogen) or goat anti-rabbit
IgG Alexa Fluor 488 or 594 (1 : 300, A11008 or
A31631, respectively, Invitrogen). To clearly visua-
lize cell nuclei, samples were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI; Sigma-
Aldrich) at concentration of 0.25 pg/ml for 2 min
followed by embedding them in the anti-fade
reagent ProLong Gold (Invitrogen).

RESULTS AND DISCUSSION

The kinetics of dose-dependent polyploidization and
micronucleation processes in irradiated WB-F344
cells is presented in Figures 1A and 1B, respectively.
Although at first sight both processes seem to be con-
cordant, micronucleation went slightly ahead of poly-
ploidization regardless of the dose delivered to cells.
For example, cells that received the dose as low as
1 Gy demonstrated considerable micronucleation on
the 2™ day post-irradiation (Fig. 1B), whereas a
marked increase of the fraction of polyploid (PP) cells
with the ploidy of > 5C in 1 Gy-irradiated sample was
observed only after passing 3 post-irradiation days (e.
g., on the 5™ day post-irradiation; Fig. 1A). However,
contrary to micronucleation (Fig. 1B), polyploidiza-
tion was more persistent as evidenced by much less
steep declining of the fraction of PP (> 5C) cells in
5 Gy- and 10 Gy-irradiated samples after passing 3
post-irradiation days (e. g., on the 5", 7" and 9™ days
post-irradiation; Fig. 1A). On the 7" and 9" days post-
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PucyHoK 1. Kinetuka noninnoigusauii (A) ta mikpoHykneauii (b) B knitunax WB-F344, onpomineHux

pisHumu po3amu X-npomenis (1,0; 5,0 i 10,0 Ip)
Bincotkun mikposaepHux (MN) i noninnoigHux (PP) knitnH 3 nnoigHicTio 6inbwe 5C BinobpaxaoTb HasiBHI NOPLi LIMX KNITUH
B Pi3HUIN Yac Nicnst ONPOMiHEHHS. IHTakTHUI KoHTponb (0 Mp), Skuii 6yB NpoaHanidoBaHui Ha 0 roa, sABAsie COOOIO Ti KINITUHW,

o 6ynu 3ibpaHi 3 KyneTypn 6esnocepenHbo nepen onpoMiHeHHsM. Y Libomy 3pasky PP (> 5C) kniTuHM He Bynu BUSIBNEHI,

Toai sk nonynsauis MN knitnH ctaHoBuna 6n13bko 0,5%.

Figure 1. The time course of polyploidization (A) and micronucleation (B) in WB-F344 cells irradiated with

various doses of X-rays (1, 5, and 10 Gy)

Percentages of micronucleated (MN) cells and polyploid (PP) cells of the ploidy of more than 5C represent persisting por-
tions of these cells at various time points post-irradiation.The intact control (0 Gy) that was analyzed at 0 h represents cells
collected from sub-confluent culture just before irradiations. In this sample, PP(>5C) cells were not found (0%), whereas

the population of MN cells was about 0.5%.

Ha 7-i1 Ta 9-i1 meHb micjisl ONMPOMIHEHHST MOITYJISILIisI
Mikposaepanx (MN) KIIITHH B 3pa3Ky, OIIPOMiHEHOMY B
no3i 10,0 Ip, 6yna Tpoxu MeHiue 5 %, ajne He HACTUIbKU
MaJlolo, sIK B HeonmpoMiHeHMX 3pa3kax (L 2%) (puc. 1b).

Toii dakr, 10 B onnpoMiHeHux 3paskax PP (> 5C) kiitu-
HU OyJIM TIPUCYTHI AoBlie, Hixk MN KJIIITUHU, MOBIPHO,
MOSICHIOETBCS 1X TIOCTIAHOIO TeHepalli€lo IIPOTIroM
JIEKIJTBKOX THIB 3 MOMEHTY OIPOMiHEHHS, X04a MicJIsl Oll-
poMiHeHHs y rtoMipHux go3ax (1,0 i 5,0 Ip) MN kJtiTuHu
yTBOpIoBamcs ckopite, Hixk PP (> 5C) ximitnam (puc. 1A
vs. puc. 1B). IIpote onpomineHHs y Bucokiit 1o3i (10,0 Ip)
MOXe TIPM3BECTU 10 TaJbMyBaHHS MiKpOHYKJIeallii, IO
MiITBEPIKYETbCS 3HAYHUM 3HMKEHHSM BiacoTKiB MN
KJIITUH MPOTSTOM MEPILINX JBOX JHIB ITiCJIsl OIPOMiHEHHS
MOpiBHSHO 3 BincotkaMu MN KIIITHH y 3pa3Ky, OIpOMiHe-
HoMmy B 103i 5,0 Ip (puc. 1b). Takox AesiKUii raabMyOUnit
BIUIMB Ha miponykiuiro PP (> 5C) xiiTuH cnocrepiraiu
micisg orpomineHHs B 1o3i 10,0 Ip, BpaxoByoun Te, 110
yacTKa IMX KJIITUH He Oysa Oiiblie, HixX TTicIs1 OIPOMiHEeH-
Hs B 103i 5,0 Ip (puc. 1A). Xoua niposnicdepalis ornpoMiHe-
Hux WB-F344 K1iTuH 4iTKO NpUTHidyBaiacs 3aJIe3KHO Bif
034 (Io0pe ommcaHuii pe3yJIbTaT HAIIOTO ITOIePEIHBOIO
nociikeHHst [3]), el mpoiiec He CyNpOBOIKYBaBCS
LLIBUAKOIO Ta MACUBHOIO 3arMOeJIII0 KJIITUH HaBiTh Y 3pa3-
Ky, onpoMiHeHoMy B 103i 10,0 Ip, rpyHTyrouMCh Ha MiKpo-
CKOMIYHMX CITOCTEPEXKEHHSX, 110 BUSBWIM HasIBHICTb

irradiation, the population of micronucleated (MN)
cells in 10 Gy-irradiated sample was slightly less than
5 %, but was not as small as in sham-irradiated ones
showing < 2 % (Fig. 1B).

The fact that in irradiated samples PP (> 5C) cells
persisted longer than MN cells is likely due to per-
sistent generation of the former ones for over seve-
ral days since irradiations were performed, although
after irradiations with moderate doses (1 and 5 Gy)
MN cells can be more readily produced than PP
(> 5C) cells (Fig. 1A vs. Fig. 1B). However, high-
dose irradiation (10 Gy) can inhibit micronucle-
ation as evidenced by a considerable drop of the
percentages of MN cells within the first 2 days post-
irradiation compared with those of MN cells in 5
Gy-irradiated sample (Fig. 1B). Some inhibitory
effect of high-dose irradiation (10 Gy) on the pro-
duction of PP (> 5C) cells was also observed taking
into account the fact that the fraction of these cells
was not larger than that after 5-Gy irradiation (Fig.
1A). Although cell growth of irradiated WB-F344
cells was strictly inhibited in a dose-dependent
manner (well-documented finding of our previous
study [3]), it was not accompanied by rapid and
massive cell death even in 10 Gy-irradiated sample
based on microscopic observation revealing the
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BiIHOCHO HEBEJIMKOTO YMCJIa MEPTBUX KJTITHUH 3i CIA0KUMU
nposiBamu anonTogy. [pote pagialiiHO-iHAYKOBaHE rajib-
MyBaHHS TIpoJtipeparlil KJIiTUH MOXe OyTH TOB’sI3aHe i3
3aTPUMKOIO MTPOrpecii KIIITUHHOTO LUKITY yepe3 3amyck G
i G2 KOHTPOJbHO-MPOITYCKHUX MEXaHi3MiB, BUKJIMKAIOUN
neBHi neptypobauii y mpodiasix smicty JIHK. Hanpukian,
Ha 2-1 AeHb ITicIIg ONMPOMIHEHHS BimMivamm 3ajieskHe Bif
no3u 3poctaHHs 4C saepHoi (ppakilii, TpUITyCKaouy Ha-
kormmueHHsT Gy/M kiiituH, B T. 4. PP ximituH y dasi G
(puc. 2A—T'). binb1i Toro, S-azosa ¢pakilisg B ONpoMiHe-
HUX KJIiTUHAX Oysa 3Ha9HO MeHInolo (puc. 2b—TI), HiX y
HeompoMiHeHuX KiaitmHax (puc. 2A). Lli crocrepexxeHHs
(pakTMUHO Y3rOMKYIOTECS 3 paHillle OMmy0IiKOBaHUMU J1a-
HumH [3]. He3Baxkaroun Ha 3aTPUMKY KJIITMHHOTO LIMKITY B
OINPOMiIHEHUX KJIITMHAX, COCTEPiraayd HeBEIUKY KiJIbKiCTh
MITOTUYHUX KIITHH (< 2 %), 1110 CBiIUUTB PO BiTHOBJICH-
Hsa JHK Big moikomkeHb HaBiTh IMiC/s OMPOMiHEHHS B
no3i 10,0 Ip (MetadasHi xpomocoMu, puc. 2€).

Ho mipodini Bmicty JIHK y gapax HeonmpomiHeHUX Ta
ornpoMiHeHMX KiIiTuH (puc. 2A—I') momaHo BigIOBiIHI
300pakeHHsT X saep, 3adapsieHux TB (puc. 2I—€).
ITicng onpomiHeHHS OiIbLIICT, Beaukux PP kiitTuH 3
mwioinHicTiIo 8C i 16C 3a3Buuail mictwiu 1, 2 Tta iHomi
oinpre gaep (puc. 2E i 2€). [lesaki Beauki ogHOsIAEpHI
PP xniTuHM MMOBipHO AiMMIMCH OIMOJSIPHUM MiTO30M
(puc. 3A—B), 110 piaKO CIOCTEePIiraeTbecs cepen KAiTUH-
HUX Tonyasitii ccasuiB. ITomiOHI MiTO3U TaKOX CHOC-
Tepiraay B iHTaKTHMX KJIITUHAX, ajie¢ 3HAYHO MEHILIOIO
Mipolo yepe3 MaJlourceNbHIcTh Bemukux PP kitituH. Toit
dakT, o PP xiiTuHM MOXyTb OyTH MpoJlihepyrournMu,
ninTBepaKyeThes no3utusHicTio Ki-67 (puc. 4). Llikaso,
o siapa Ki-67-nmo3utuBHux PP KJiTHH MOXYTh MiCTUTH
YyuclieHHI Ta sickpaBi y-H2AX ocepenku (MOXIMBO,
BHacainok nomkomkeHHs JJHK), sgKi iMOBipHO reHepy-
IOThCSI €HAOT€HHO ITiJl Yac MOTOYHUX payH/iB perulikKariii

presence of relatively low numbers of dead cells
weakly manifesting apoptotic features. Nevertheless,
radiation-induced cell growth inhibition can be
associated with cell cycle progression delay via G;
and G; checkpoint mechanisms causing certain
perturbations in DNA content profiles. For exam-
ple, there was dose-dependent elevation of 4C
fraction on the 2™ day after irradiations assuming
accumulation of Gy/M cells including PP cells in
G phase (Fig. 2A—D). Moreover, S-phase frac-
tion in irradiated cells was considerably smaller
(Fig. 2B—D) than that in sham-irradiated ones
(Fig. 2A). In fact, these findings are consistent with
the previously published data [3]. In spite of cell
cycle progression delay in irradiated cells, there was
a small amount of mitotic cells (< 2 %), suggesting
recovery from DNA damage even after 10-Gy irra-
diation (metaphase chromosomes, Fig. 2H).

DNA content profiles of the nuclei of sham-irra-
diated and irradiated cells (Fig. 2A—D) are supple-
mented with corresponding microphotographs of
these nuclei stained with TB (Fig. 2E—H). After
irradiations, most of the large PP cells having the
ploidy of 8C and 16C usually contained 1, 2, and
less often more nuclei (Figs. 2G and 2H). Some
large mononuclear PP cells seemingly divide by
bipolar mitosis (Fig. 3A—C), a rarely observed phe-
nomenon in mammalian cell populations. Similar
divisions were also seen in untreated cells but to a
much lesser extent, simply because of persisting low
numbers of large PP cells. The fact that PP cells can
be proliferative is supported by Ki-67 positive stai-
ning (Fig. 4). Curiously, these Ki-67-positive PP cells
may have numerous bright y-H2AX foci assuming
DNA lesions that are probably generated intrinsi-

PucyHoOK 2 (Ha niBii cTopiHui). Npodini emicty AHK (A-T) i apepHa mopdonoria (I'-€) knitun WB-F344,
AKi 36upanu 3 KynbTYp i 3a6apsnioBanu TB Ha 2-11 AeHb NicnA onpoMiHeHHA pisHUMK fo3amu X-npomeHiB (1,0;

5,0 10,0 Ip)

Maneni A i I': HeonpoMiHeHi kniTuHn (0 Ip), KyNbTypa SKUX iHiLiIOBaNacsa B TOM Xe 4ac, L0 i KyNbTypu ONPOMIHEHNX KAITUH
(To67T0 Bigpasy nicna onpomiHeHHs). Maneni b i [: kniTuHM, onpomiHeHi B 0o3i 1,0 I'p. MaHeni B i E: kNiTMHW, onpoMiHeHi B
003i 5,0 'p. Naneni I'i €: kniTHM, onpomiHeHi B 003i 10,0 'p. 3HayeHHs 10D nokasaHi B YMOBHUX OANHUUSAX. [TyHKTUPHI
NiHii ABNS10TL CO60I0 MEXI, LLIO BiAOKPEMIIIOTE KNiTUHHI aapa 3 nnoigHicTio AHK Ginblue 5C, BiACOTKM AKMX NOKa3aHi yep-
BOHVM KONbOPOM. YMCNOBI 3Ha4YeHHs, nokasaHi nopag, 3 aapamu, € |0D umx agep. CTpinku BKadyoTb HA O4E€BULHI MiKpPO-
aapa. NosHaveHHs: SPF — S-dasosa ¢pakuig; D — aapo 3arnbnoi knitnHu; M — ny4ok metadasHux xpomocom. Macwtab-

Ha cMyxka = 10 MKM.

Figure 2 (on the left page). DNA content profiles (A-D) and nuclear morphology (E-H) of WB-F344 cells

collected and stained with TB on the 2" day after irradiation with various doses of X-rays (1, 5, and 10 Gy)
Panels A and E: sham-irradiated cells (0 Gy) whose culture was initiated in the same time as the cultures of irradiated cells
(i.e., just after irradiations). Panels B and F: 1 Gy-irradiated cells. Panels C and G: 5 Gy-irradiated cells. Panels D and H: 10
Gy-irradiated cells. IOD values are shown in arbitrary units. Dashed lines represent boarders separating cell nuclei exceed-
ing 5C DNA ploidy whose percentages are shown in red. The numeric values shown next to the nuclei represent IODs of
these nuclei. Arrows show the apparent micronuclei. Denotations: SPF — S-phase fraction; D — the nucleus of a dead cell;

M - the bunch of metaphase chromosomes. Scale bar = 10 um.
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PucyHok 3. Bubpani 306paxenHs agep WB-F344 knituH, aki 36upanu 3 kynbtyp i 3a6apentoBanu TB Ha 5-i
AeHb nicna onpomineHHA B A03i 1,0 Ip (A), Ta Ha 2-# i 9-1 peHb nicna onpomiHeHHa B po3i 10,0 p (b i B, Bip-
NOBiAHO), AEMOHCTPYIOUM HAABHICTb BeNUKUX PP KNiTUH, 10 MOXYTb NOAiNATMCA 6inonapHUMmK miTozamm
Yucnoei 3HaYeHHS, NokazaHi nopsaa 3 aapamu, € 10D umx aaep. MacwtabHa cMmyxka = 10 MKM.

Figure 3. Selected images of the nuclei of WB-F344 cells collected and stained with TB on the 5" day after
1-Gy irradiation (A), and on the 2™ and 9" day after 10-Gy irradiation (B and C, respectively) demonstrating

persistence of large PP cells that may be dividing by bipolar mitoses
The numeric values shown next to the nuclei represent I0Ds of these nuclei. Scale bar = 10 um.

AHK (puc. 4). Taki xiniTHHN He 000OB’SI3KOBO 3a3HAIOTh
3aru6eri, skio nomkomkeHHs JJHK omeparuBHo Ta Ha-
JIEXXKHUM YMHOM JiKkBigytoThcs. IloTeHwian penapailii
JIHK oyeBHIHO iCHYE B €HIOMOMIILIOITHUX KJTITUHAX, SIKi
YTBOPIOIOTHCS MPU Ba’KKOMY F€HOTOKCUYHOMY MOIIKOI -
KeHHi [6]. binbur Toro, PP kiiTnHM 30aTHI 3amy4aTi Me-
xaHi3M BigHoBmMoBaHHA JIHK y BiamoBinb Ha 11 po3puBH,
OB’ s13aHi 3 perutikaiieto [7]. 3 iHmoro 60Ky, 1esdKi aBTO-
Y CTBEPIIKYIOTh, 1110 Y-H2AX ocepenku MOXYTb 3’ SIBJIsI-
THCA 3a BincyTHOCTI nomkomkeHHs JIHK (He3anexHe Bifa
nowmkomkeHHs1 JJHK wmito3-cnenudiude gocdopuiio-
BaHHsT H2AX) [8, 9]. OgHak, ITOTOYHI eTanmy pernTiKallii
JHK, 1110 BUKJIMKaIOTh €HAOMNOJIIIOIIII0, OUEBUIHO BU-
HUKAIOTh MiCJIsI TEHOTOKCUYHOIO CTPECY, SIKMI HE MOXe

cally during ongoing DNA replication rounds
(Fig. 4). Such cells may not necessarily undergo
cell death if DNA lesions are promptly and proper-
ly repaired. DNA repair potential appears to
remain in endopolyploid cells produced by severe
genotoxic damage [6]. Moreover, PP cells can
rewire DNA damage response networks to repair
replication-associated DNA breaks [7]. On the
other hand, some authors report that y-H2AX foci
may form in the absence of DNA damage (DNA
damage-independent mitosis-specific phosphory-
lation of H2AX) [8, 9]. Nevertheless, the ongoing
DNA replication rounds causing endopolyploidy
are likely to be preceded by genotoxic stress that

OyTHU 3HSATUIA OApa3y X MiCJsI ONIPOMiHEHHSI. cannot be tackled soon after irradiation.

PucyHok 4. ImyHodnyopecueHTHo 3a6apsneHi sapa WB-F344
KNiTUH Ha 5-# peHb nicna onpomiHeHHsa B po3i 10,0 p (Ki-67 -

yepBoHui; -H2AX - 3enenuin)

3 MEeTOI0 KOHTpacTyBaHHSA aaep BoHM 3abapsnioBanuncs DAPI, wo cneuundiyHo
3B’agyeTbesa 3 AHK (cuhint). Benvke PP aopo, MMOBipHO, Mae nnoigHicte 16C.
[Ba agpa, wo npunaratoTs OgViH A0 O4HOrO (ABosiAepHa KiTMHA), NOXoasThb 3
OJHOr0 3arasibHOro aapa i MoXyTb MiICTUTW 3arasnbHy nNnoigHicTb 4C. MNo3nTtus-
He Ha y-H2AX Mikposiapo, MMOBIPHO, HANEXUTb 40 MOHOHYKIEAPHOI KNITUHN 3
nnoigHicTio 4C, 9apo sKoi po3TalloBaHe BuLLe. MacwTtabHa cMmyxka = 10 MKM.

Figure 4. Immunofluorescence stained nuclei of 10 Gy-irradiated
WB-F344 cells on the 5" day post-irradiation (Ki-67 - red; y-H2AX -

green)

The nuclei were counterstained with DAPI for DNA (blue). The large PP nucleus
is likely possessing 16C ploidy. Two juxtaposed nuclei originated from the one
common nucleus may comprise the total ploidy of 4C as in binucleated cell.
The micronucleus positive for y-H2AX is likely to belong to mononucleated cell
of the ploidy of 4C, whose nucleus is located nearby. Scale bar = 10 um.

(1) 228



ISSN 2304-8336. pobnemu paniauiiinoi Meouunkm 1a pagiobionorii = Problems of Radiation Medicine and Radiobiology. 2019. Bun. 24.

EXPERIMENTAL

RESEARCH

IIIo crocyeTbcsl pamiauiiiHo-iHaAYKOBaHUX MN KiTi-
TUH, ¥ T. Y. TUX, SIKi MICTUJIM TIOJIMUIOIAHI sIpa, BOHU
3a3Buyail Manu 1—3 mikposiapa (pimmie > 3) i GIM3bKO
MOJIOBUHU 3 HUX OyJiv TO3UTUBHUMMU Ha Y-H2AX. T1o3u-
TUBHI Ha Y-H2AX Mikposipa repeBakHO CITOCTepiraaun
B PP wiitiHax. VIMOBipHO, 11i MiKposiIpa yTBOPIOIOTBCSI
LIJISIXOM €KCTpy3il MOIIKOAXEHOI (HepernapoBaHOI)
JHK sk B inTepdasnux kiituHax (puc. SAi 5b), Tak i B
MitotnyHux (puc. 5B i 5I'). HakonuyeHHsT KjacTepiB
nBosaHuorosux po3puBiB JJHK y mikposapax mig yac
MOJTITIIOIAHOT MeTada3n TaKOX BUSBIISITIOCS TTiCHIS TTO-
Ty>KHOTO onpoMmiHeHHs (30,0 Ip) KIiTMH MeTaHOMMU, SIKi
MaroTh aukuii Tii pS3 [10]. Mikposiapa 3 MOIIKOIKe-
Hoto JIHK Bpewti-pemiT MoXxyTh OyTU BUAAJEHi ayTo-
(ariero 3 uuTorutasmu [11, 12].

IToxazano, mo xiniTuHu WB-F344, gxi 3a3Buyaii Mic-
TTh poHOBI piBHI NANOG i OCT4, MOXYTb ITiCJIsI OI-
POMiHEHHS MOCWIIOBATH €KCIIpecilo Lux (akTopiB ca-
MOOHOBJIECHHS He3aJIeXXHO Bif a3y KIIITUMHHOTO IINKITY

As for radiation-induced MN cells, including
those with polyploid nuclei, they usually contained
1—3 micronuclei (rarely > 3), and about a half of
them were positive for y-H2AX. Micronuclei posi-
tive for »-H2AX were predominantly seen in PP
cells. They are likely to be formed by extrusion of
damaged (unrepaired) DNA either in interphase
cells (Figs. 5A and 5B) or mitotic cells (Figs. 5C
and 5D). Accumulation of the clusters of DNA
double strand breaks in micronuclei during poly-
ploid metaphase has been also observed in heavily
irradiated (30 Gy) melanoma cells bearing wild-
type p53 [10]. Micronuclei with damaged DNA
can eventually be removed by autophagy within the
cytoplasm [11, 12].

WB-F344 cells normally expressing background
levels of NANOG and OCT4 were found to express
these self-renewal factors to a greater extent after
irradiation regardless of the cell cycle phase posi-

PucyHoK 5. Ekctpy3ia nowkoaenoi AHK Ta mikpoHykneauis y WB-F344 knituHax, onpomiHeHnux B go3i 10,0 Ip
Maneni Ai B: agpa iHTepdasdHux kniTuH, 3abapeneHux Ha Y-H2AX i DAPI, BignoBigHO (2-1 AeHb NiCNs ONPOMIHEHHS).
Maneni B i I meTadasHa noninnoigHa knitnHa, 3abapeneHa Ha y-H2AX i DAPI, BignoBigHo (7-1 AeHb Nicns OonpoMiHEHHS).

MacwTtabHa cmyxka = 10 MKM.

Figure 5. Extrusion of damaged DNA and micronucleation in 10 Gy-irradiated WB-F344 cells
Panels A and B: y-H2AX- and DAPI-stained interphase cell nuclei, respectively (2" day post-irradiation). Panels C and D:
v-H2AX- and DAPI-stained metaphase polyploid cell, respectively (7" day post-irradiation). Scale bar = 10 um.
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(puc. 6A i 6b, BiIMoBiaHO), i TaKe TOCUJICHHST MOXKE TTPO-
JMOBXYBATUCSI MPOTATOM LIOHAWMMEHILe 5 AHIB, MPO IO
cBimyate gaHi OCT4 imyHoduyopecueHuii (puc. 6b).
Bapto 3aszHauuTH, 110 TCAST OMPOMiHEHHS 3 SIBUJIACS
KaTeropist KJIiTUH, SIKi B OCHOBHOMY IPeICTaBJISIIOTh CO-
6010 PP knitnHu 3 nigsuieHoro ekcrpeciero NANOG i
OCT4 (puc. 6A i 6b, BinnosigHo). Ilomirutoigu3ariis
KJIITUH i3 CYTIPOBOIXKEHHSIM ITiABUILIEHOI eKCIpecii hak-
TOpPiB CAMOOHOBJIEHHSI MOX€ CBiJUMTHU MpPO HASIBHICTb
nyJy HalOiabll PEe3UCTEHTHUX KJiTUH. PamianiiiHo-
iHIYKOBaHY ITOJIILIOIAM3allil0 pa30oM 3 aKTHUBali€l0 Me-
XaHi3My CaMOOHOBJIEHHsSI CHOCTEpiraJii B MyXJIUMHHUX

tion (Figs. 6A and 6B, respectively), and this ele-
vation of self-renewal factors may persist for at
least 5 days as evidenced from the data on OCT4
immunofluorescence (Fig. 6B). Notably, after
irradiation, there was a category of cells mainly
representing PP cells that expressed NANOG and
OCT4 to a highest degree (Figs. 6A and Fig. 6B,
respectively). Polyploidization of cells with ele-
vated expression of self-renewal factors may be
suggestive of the presence of the pool of most
resistant cells. Radiation-induced polyploidiza-
tion with up-regulated self-renewal network has
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PucyHoK 6. Niasuwena ekcnpecisa cakropie camooHoBneHHa (NANOG i 0CT4) B appax WB-F344 knituH, on-
pomiHeHux B Ao3i 10,0 Ip, Ha oCHOBi NOPiBHAHHA 3aranbHOT iIHTEHCMBHOCTI (hayopecueHuii 3 BiANOBiAHUX
MilweHei y onpomiHeHnx (4epBOHi TOUKM) i HeonpoMiHeHUX KNiTMHAX (YOPHi TOUKM)

3pasku Takox 3abapsnosanu DAPI s MOHITOPMHIY No3uuiii kNiTuH 3a dazamu knitmHHoro umkny i AHK nnoigHocrTi.
Manenb A: ~1,2-kpaTHe nocuneHHs ekcnpecii NANOG Ha 2-11 aeHb niicns onpoMiHeHHs (p < 0,001, 2-CTOpPOHHIN t-po3noain
CtbiopgeHTa). MNanenb B: ~1,7-kpatHe nocuneHHsa exkcnpecii OCT4 Ha 5-11 aeHb nicnsa onpoMiHeHHs (p < 0,001, 2-CTOPOHHIN
t-po3nogin CtblopeHTa). PP agpa, aki ekcnpecyioTb HanBuLli pisHi NANOG i OCT4, € Ti, wo matoTb |IOD 3HaveHHs GinbLue
8000 (A) i 10 000 (B), BignogigHO. 10D 3Ha4YeHHs1 NOKa3aHi B yMOBHUX OAUHULISIX.

Figure 6. Enhanced expression of self-renewal factors(NANOG and 0CT4) in the nuclei of 10 Gy irradiated
WB-F344 cells based on comparison of overall fluorescence intensities from corresponding targets in irradi-
ated cells (red dots) and unirradiated cells (black dots)

Samples were counterstained with DAPI to monitor cell cycle and DNA ploidy position. Panel A: ~1.2-fold increase in
NANOG expression on the 2"? day post-irradiation (p< 0.001, 2-sided Student’s t-test). Panel B: ~1.7-fold increase in OCT4
expression on the 5" day post-irradiation (p< 0.001, 2-sided Student’s t-test). PP nuclei expressing highest levels of NANOG
and OCT4 are those having IODs larger 8000 (A) and 10000 (B), respectively. IOD values are shown in arbitrary units.
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KJIITUHAX in vitro Ta in vivo |5, 13, 14], ajile He B HOpMaJib-
Hux kiaituHax. WB-F344 knitnHu, noaioHo 10 MyXJIMH-
HUX KJIITMH, MOXYTb eHaoperutikyBatu JHK, sk 3acio
BVDKMBAHHS TIiJ, Yac reHOTOKCUYHOro crpecy. OnmHak, 3
iHIIOrO OOKY, MOJIIJIOiAU3allis, sIKa BiIOYBAETHCS B HOP-
MaJibHili TKaHWHI (HampPUKJIaad, B MapeHXiMi MEYiHKM), SIK
MpaBUJIO, CYIIPOBOMXKYE audepeHIiamio KiaitnH [15].
LlikaBo, 110 migBUIIIEHA EKCITPECis 1€ OJHOTO BaXKINBO-
ro (pakTopa cToBOYpoBMX KJIiTHH ¢c-MYC HelrogaBHO Oy-
Jla BigMiueHa y PP renmaTonuTax 1o BigHOIIEHHIO 10 AWM -
JIOImHUX renatouuTiB [16]. deski p53-nediuuthi PP myx-
JIMHHI KJIITUHY 3[aTHi JaBaTy Tapa-IUTLIOiTHE MTOTOM-
CTBO Uepe3 ASMOIIIOiAU3aliiiHi MOAiIN Ta peryaboBaHy
ayrodariyHy Aerpagauiro (TUIbKKM Ti cy0’siapa, sIKi He
mictatb NANOG i OCT4 Ta He3maTHI perurikyBaTu
HHK, MoXyTh 3a3HaTU HIerpaaalilii Ta ejaiMiHallil yepe3
aytodariio) [17]. MoxnuBo, moaiobHi mpolecy BinOyBa-
10ThcA B KJTiTuHAax WB-F344, gki maoTs p53 AUKOTO THU-
ny, ajie MoJajblili JOCHIIKEHHSI € HeOOXiZHUMU OIS
pO3’sICHeHHS 1LIbOr0 MUTAHHS (Xo4a I pimlie, ajle BAHUK-
HeHHS cy0’saepHux PP KIiTUH TakoxX crocTepiraiun
micis onpoMiHeHHs1). BapTo 3ramatu, mo PP remaronu-
TU 3[JaTHi 3a3HaBaTU AEHOJIIUIOIAU3Allil, 4ACTO TeHEPYIO-
4y Tapa-AUIUIOiIHI JOYipHi KiIiTuHU [18], 1110 € MoTeH-
LiAHUM MeXaHi3MOM CTpec-iHAYKOBaHOI amamnTallii me-
YiHKKM Ha OCHOBI BigOOPY aHEYIUIOIAHUX, CTPECOCTIHKMX
¢enorumiB [19]. OnHak, mi3Hillle, 3a JOIIOMOTOIO CeKBE-
HyBaHHs JAHK iHauBinyanbHMX KIIiTUH Oysia BUSIBIEHA
He3HayHa aHeyIoinis y nmevinui [20].

Hapeiuri, moBigomMIsuioch, 110 iCHYE B3aEMO3B’SI30K MixX
MOJIIUIOIIIEI0 Ta EKCIIPECI€I0 TeHIB, SKi CIIPUSIIOTh BUXKU-
BaHHIO KJIITUH (Y4epe3 3aXUCT Bill artonTo3y, MOIIKOMKEHHS
JHK, rinokcii i okcMIaTUBHOTO CTpecy) Ta ix mpoJidepa-
wii [21]. 3 iHoro GOKY, TiMOKCisI Ta OKCUIATUBHUM CTpec
yepe3 peryssIiiio TIKOMITHIHNX (DEpMEHTIB MOXYTh aKTH-
ByBaTH aepOOHUIA TITIKOJIi3, 1110 CIIPUSIE CTIMKOCTI 10 TeHO-
ToKcu4yHoi Teparii [22]. Ha ekcnepumentax 3 WB-F344
KJiITUHAMU BCTAHOBJICHO, 1O K/IIOYOBUI TJiKOJITUYHMIA
(bepMeHT o-eHoJIa3a MOXKe OyTH 3aydeHUI B paialliiiHiii
BIATMOBIII, sIK 6e3nocepenHbo onpoMiHeHuX (5,0 Ip y-mipo-
MEHIB), TaK i MPUJIETIMX 10 HUX KIITUH-CBIAKIB, U SIKUX
XapakTepHa MifBuIilieHa npoJidepartis [23, 24].

BUCHOBKU

HezanexHo Bia Toro, 1110 3a3BU4aii MiKpoHYKJIeallisl BKa3ye
Ha HasBHICTh T'€HOTOKCHMYHOro edeKTy, MiKposapa B
WB-F344 xnitmHax MMOBIpHO BimirparoTh TIEBHY pPOJIb B
YHUKHEHHI 3aru0eJTi KJITUH IIJISIXOM COPTYBaHHSI MOIITKOI-
xeHoi JIHK. IHmykoBaHa OO WX KJTITHH, SIKa Yac-
TO CYNPOBOIXYETHCS MiKPOHYKJIEALli€l0, MOXe OyTU anamn-
TUBHOIO, CIIPUSIIOUM BIXKMBAHHIO KJIITHH 1 pereHepailii TKa-

been observed in tumor cells in vitro and in vivo [ 5,
13, 14], but not in normal cells. WB-F344 cells
like tumor cells may endoreplicate DNA as a
means of survival during genotoxic stress.
However, on the other hand, polyploidization that
occurs in the normal tissue (e. g., in liver
parenchyma) typically accompanies cell differen-
tiation [15]. Interestingly, an elevated expression
of another important stem cell factor c-MYC in
PP hepatocytes compared with diploid ones has
been recently reported [16]. Some p53-deficient
PP tumor cells have been found to elicit near-
diploid progeny through de-polyploidizing divi-
sions and regulated autophagic degradation (only
sub-nuclei lacking NANOG and OCT4 with
inability to replicate DNA may undergo degrada-
tion and elimination through autophagy) [17].
Perhaps, similar processes occur in WB-F344
cells bearing wild-type p53, but further investiga-
tions are needed to clarify this issue (in fact,
although more rarely, sub-nucleated PP cells were
also seen after irradiations). It should be men-
tioned that PP hepatocytes can de-polyploidize,
often generating near-diploid daughter cells [18],
a potential mechanism for stress-induced liver
adaptation based on selection of aneuploid,
stress-resistant phenotypes [19]. However, more
recently, single cell DNA sequencing revealed the
rare occurrence of aneuploidy in the liver [20].

Finally, a clear link between polyploidy and
gene expression network promoting cell survival
(via protection from apoptosis, DNA damage,
hypoxia, and oxidative stress) and proliferation
has been reported [21]. On the other hand,
hypoxia and oxidative stress by regulating gly-
colytic enzymes can activate aerobic glycolysis
that promotes resistance to genotoxic treatment
[22]. A key glycolytic enzyme a-enolase has been
found to be involved in radiation responses of
directly irradiated (5 Gy of y-rays) as well as adja-
cent bystander WB-F344 cells characterized by
enhanced proliferation [23, 24].

CONCLUSIONS

Regardless of the fact that micronucleation is
indicative of genotoxic effect the micronuclei
in WB-F344 cells can probably play a definite
role in escaping cell death via sorting of dam-
aged DNA. Induced polyploidy of these cells
that is often coupled with micronucleation
can be adaptive for promoting the cell sur-
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HUH i3 3aJlydeHHSIM MeEXaHi3My CaMOOHOBJIEHHS, Xoya
OPUIAHATO BBAXATH, 1110 MOJIIUIOIAIS cama 1o coOi iHillito-
€ThCS B pe3yJIbTaTi He3aBePIIIeHOTO IINTOKIHE3Y Ta 1e(heKTiB
B KOHTPOJIBHO-TTPOITYCKHUX MeXaHi3MaX KJIITUHHOTO LIUK-
JIy, SIKi TOBUHHI aKTUBYBaTUCS B pasi momkomkeHHs JJHK.

BUCJIOBJIEHHA BAAYHOCTI
Mu Boguni nokropy T. Xasci 3a HananHsg WB-F344 ki-
THH, a TakoxX TaHi I. boka 3a ompoMiHeHHS KJTiTHH.
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vival and tissue regeneration with involvement
of self-renewal mechanism, though polyploidy
itself is thought to be initiated by the failure in
cytokinesis and defects in DNA damage
checkpoints.
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