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OcTeoreHHbII ITOTEHIIMAI ME3eHXMMAaJIBHBIX CTpoMaJIbHBIX KiIeToK (MCK) MoxkeT onpenessiTh roMeocTas
u GU3NIEeCcKre XapaKTepPUCTUKKM KOCTE. YCIIOBUS MUKPOTIPABUTAIIMU CHUXKAIOT CIIOCOOHOCTH MAaHHBIX
KJIeToK nuddepeHLIMpoBaThCs B OCTEOreHHOM HaripaBieHuu. I1pu 3ToMm in vitro mokazaHo, 4TO 100aBie-
Hue K KynbType MCK remonosTrieckmx CTBOJIOBBIX U ITporeHUTOpHBIX Ki1eToK (I'CITK) MoxeT oka3pIBaTh
IIPOTUBOIIOJNIOXKHOE NelicTBre. 1lesbio TaHHOTO MCCeNOBaHMsI ObLIO BBISIBICHUE TPAHCKPUITIIMOHHBIX U3-
MeHeHuii 84 reHoB, acconunpoBaHHbIX ¢ Wnt-curHanuHaroMm, B MCK npu MmoaennpoBaHUM MUKPOTpaBU-
tauuu U B3aumoneiictsuu ¢ I'CIIK. ITosyyeHHBIe pe3yabTaThl yKa3blBalOT HA YCUJIEHUE aKTUBHOCTY HEKa-
HoHu4yeckoro Wnt-curHaiausra rpu cokyiabtruBupoBanu MCK ¢ I'CIIK, B To BpeMsi Kak MoeIMpOBaHUe
MMKPOTPaBUTALIMN CIIOCOOCTBOBAJIO €r0 OCiIabJeHUI0, YCUJINBAsi KAHOHUYECKYIO COCTABIISIIONIYIO 3TOTO
CUTHAJILHOTO MyTH. JIaHHbIE U3MEHEHUsI MOTYT JIeXKaTh B OCHOBE MOIYJISILIMA OCTEOT€HHOTO IMOTeHIIMaIa
MCK npu MeXKJI€TOYHOM B3aMMOAEMCTBUM B YCIOBUSIX MUKPOTrpaBUTALIMU.

Kniouesvie crosa: MeseHxMabHble cTpoMaibHble KieTku (MCK), MonenrpoBaHHasi MUKPOTpaBUTALIMS,

Wnt-cUrHaJIMHT
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B ycinoBusSIX IJIMTENbHBIX KOCMUYECKUX ITOJICTOB
BO3ICUCTBUE HEBECOMOCTHU/MUKPOTPABUTALIUN BbI-
3bIBA€T Y KOCMOHABTOB LIEJIbII Psii HEOJIArOMpusIT-
HBIX U3MEHEHMI1, BKJII0Uasl MMOTepI0 KOCTHOI MacCHI.
I[IpyyrHEI BO3HUKAIOIIMX OTKJIIOHEHUIT OOHApYyXKM-
BalOTCSl HAa KJIETOYHOM U MOJIEKYJISIPHOM YPOBHSIX.
OnmHo M3 BaXKHEMNINX KJIEeTOYHBIX TOIMYJISIIUMI, He-
00XOMVMBIX IJISI TTOAAePXKaHUsSI KOCTHOTO TOMEOCTa-
3a, SIBJISTIOTCSI ME3E€HXMMAaJIbHbIE CTPOMAaJIbHbIE/CTBO-
snoBele kieTku (MCK). MCK cnocoOGHbI JaBaTh Ha-
Yayo OONBIIMHCTBY CTPOMAIBHBIX KJIETOK KOCTHOTO
MO3ra, BKJIIOYasi OCTe00JacThl/0CTeOUTHI, (udpo-
0J1aCTBl U agUMOLUTHI. DKCIIepUMEHTaIbHBIE JaH-
HBIE YKa3bIBAIOT Ha TO, YTO MOJIEIMPOBaHHASI MUKPO-
rpaButanusd (MMI') unrubupyetr nuddepeHIIupoB-
Ky MCK B ocTteo0bacTHOM HarmpasjieHuu [1, 2].
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Henasnue uccienoBaHus 3M(PEKTOB COKYIbTH-
BupoBaHusi MCK ¢ reMonoaTu4ecKMMU CTBOJIOBBI-
MU 1 nporeHuTopHbeMU KiteTkamu (I'CITIK), npyrum
Ba>KHBIM 3JIEMEHTOM HUIIIM KOCTHOTO MO3ra, BbISIBU-
JIV TIPOTHUBOTIOJIOXKHBIE U3MeHeHUs. bbljio moka3aHo,
yro npu B3aumoneiictBum ¢ I'CIIK crpomanbHBIE
MPOTe€HUTOPHI YCUTIUBAIOT IKCIIPECCUIO TEHOB NUh-
depeHIUPOBKHU ocTeobacTHOro nyTtu [3, 4]. O0OHa-
pYyXeHHE MOJIEKYISIPHBIX MEXaHU3MOB, JIeXKallluX B
OCHOBE pPa3HOHAIPAaBJIEHHOCTU OCTEOT€HHOU Mpo-
rpaMMBbl, MOXET ITOMOYb B TOHUMaHUUY HeOJIaronpu-
SITHBIX W3MEHEHUM COCTOSIHUSI KOCTHO-MO3TOBOI
HUIIM B yCIOBUSIX KocMuueckoro moeta (KIT).

HMccnenoBaHust Ha TMHEMHBIX OCTEOIUTAX MOKa-
3ajlid, YTO MeXaHOpeUenlus 1 MeXaHOTPaHCIYKIIVS
MOTYT UTPaTh CYLIECTBEHHYIO POJIb B peaKIIN1 KOCTU
Ha MUKporpaBuTaiunio. OTHUM U3 Hanbdoiee BaxKHBIX
MOJIEKYISIPHBIX CUTHAIBHBIX ITyTeil, y4aCTBYIOILIMX B
MEXaHOTPAHCAYKIIWH, SIBISICTCS CUTHAJIBbHBIA IIyTh
Wnt/B-katenuH [5].

B Hacrosiiiee BpeMs1 BbIIEJISIIOT TPU CUTHATBHBIX
Kackana, aKTMBUPYEMEIX OeakamMm cemeiictBa Wnt:
KaHOHWYEeCKUIA ([3-KaTeHUHOBBII) U ABa HEKAHOHMU-
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yeckux — Wnt/Ca2+-curHaibHbIl IIyTh U
Wnt/PCP-niyts KileTOuHOII mossspusanuu (planar
cell polarity). HecMoTpsd Ha BaXHEHIIyl0 pOJb
Wnt-curHajunra, JaHHbIE, Kacalollruecs ero 3Have-
HUSI B PEryJsliMM OCHOBHBIX (PU3UOJOTUYECKUX
¢ynkiumit MCK, HEMHOTO4YMCI€HHbI U TTPOTUBOPE-
yuBbl. KaHoHMYecKkMii 1 HEKaHOHWYecKuil Wnt-1y-
TU Mepellayu CUrHajda UrparT BaXKHEHIylo pojib B
peryisiuuu npojaudepanunu, OCTEOTeHHOM U aauIio-
reHHoii muddepeHuuposku MCK, mnpuuem neii-
CTBHE 3TUX ITyTeil pa3HOHAIIpaBJIeHHO [6, 7].

Llenpio fTaHHOTO UCCIeTOBaHUS ObLIO BhISIBIICHUE
TPAaHCKPUITLIUOHHBIX M3MEHEHUI, acCOLMMPOBaH-
HBIX ¢ Wnt-curHanmHToM, B MCK 11pu MmomenmposBa-
HUM MuKporpasutannu u Bzanmogaeiicrsun ¢ 'CITK.
DKCIpeccro reHOB aHATU3UPOBAId B MOHOKYJIBTY-
pax MCK u B COKyJbType C IeMOMNO3TUYECKUMU
CTBOJIOBBIMU U  TIPOTEHUTOPHBIMU  KJIETKAMU
(I'CIIK) — BaxXHBIM 3J€MEHTOM TKaHEBOW HUIIN
KOCTHOTI'O MO3ra.

J1s1 5KCIepuMEHTOB KJIETKU BBIICISIINA U3 XKUPO-
BOM TKaHM 4YeJOBeKa 1 KYJbTUBUPOBAIU B Cpele
o-MEM (Gibco, CIIIA), conepxamueit 10% detann-
Hoit 6b1ubeit chiBopoTku (PBC) (HyClone, CIIIA),
50 en./mu meHULWIIMHA, S0 MKT/MJ CTPENTOMMIIU -
Ha (“ITan®ko”, Poccust). BoineneHHbIe KJIETKHU CO-
OTBETCTBOBAJII MUHUMAJILHBIM KPUTEPUSIM, IPEob-
aeisieMbiIM K MCK [8]. KpmokoHcepBupoBaHHBIC
o0Opa3lbl MOHOHYKJIEAapOB IIYIIOBUHHOW KpPOBU
(nkMHK) Obutn mpegoctaBieHbl OaHKOM CTBOJIO-
BBIX KJIeTOK “KpuoueHTp” (MockBa) B paMKax JI0ro-
BOpa 0 HAy4YHOM COTpyaHMYecTBe. KileTkKu KyJIbTuBH-
poBaJIM B CcTaHAApTHBIX ycioBusix CO,-UHKyOaTOpa
(5% CO,, 37°C, 100% BnaxHocTtb). UccienoBanue
onoopeHo Komuccueit mo 6uoatuke I'HL PO —
MMBII PAH (paspemenue Ne 550/MCK/22/07/20).
IIkMHK BHocumm k MCK B KoHIIeHTpauuud 2—
3miH/MI B RPMI 1640 (Gibco, Life Technologies,
Thermo Fisher Scientific, CIIIA), ¢ mobaBieHUEM
2 MM L-rnyramuna (“ITan3®ko”, Poccus), 50 en./mn
MeHULMIIMHA, 50 MKT/MJT CTpENTOMUIIMHA U UHAK-
tuBupoBaHHoi 10%-Hoit ®BC u KynbTUBUpPOBAIU
COBMECTHO B TedeHHMe 72 4, KaK oIMcaHo paHee [3].
Ilocne ymaneHwss HeaAre3MpPOBAaHHBIX K CTPOMAajlb-
HpIM KieTkamMm TKMHK ¢dmnakoHbBI, comepxaimue
MCK c aare3upoBanusiMu I'CITK, moaHOCTBIO 3a-
TOJIHSIJIM POCTOBOM Cpeloi M KyJbTUBUPOBAJIU B
tepMocTate (37°C) B cTaTHYEeCKOM MOJIOXKESHUHN (CTa-
TUYECKUI KOHTPOJIb) WM 3aKpeIJICHHBIMM Ha
YCTPOMCTBE CIIy4aifHOrO MO3ULMOHUPOBAHUS —
Gravity Controller “Gravite” (Space bio-laboratories,
Japan) B tepmocTtare (37°C) B TeueHue 14 cyT.

AnammsupoBamu 4 rpymisl cpaBHeHuss: MCK B
MOHOKYJbTYpe U B cokybType ¢ I'CIIK, B ctatuue-
CKUX YCJIOBUSIX Y TIPY MOJIEIMPOBAHUY MUKPOTPaBU-
tannu. Hus Beimeneangs MCK m3 acconmartoB C
I'CIIK ucronb3oBajii UMMYHOMAarHUTHYIO cellapa-

JOKJIAIBI POCCUMCKOW AKAJTEMUU HAYK. HAYKHW O XXKHU3HU

269

LIMIO C MOMOIIbIO MATHUTHBIX YaCTULI, CBIA3aHHBIX C
CD45, u LS-xononok (Miltenyi Biotec, 'epmanmust).

st onpeneneHusi ypoBHS 9KCIPECCUU FTEHOB BbI-
nensuiu TotanbHyo PHK ¢ momMorisio tusunpyroiiero
pearenTa ExtractRNA (Esporen, Poccus). st yna-
neHus npumeceir reHomHoil JIHK wucmonp3zoBanmm
Ambion RNase-free DNase I (Thermo Fisher,
CIIA), nmocnie yero ocyliiecTBJISIIA peakinio odbpar-
HOM TpaHCKPUIILIUU C ucnoiab3oBaHueM MMLV RT
kit (EBporeH, Poccusi) cormacHO MHCTPYKLMSIM HPO-
nzBoautensd. Ilomyyennyro kJ/JIHK wcnons3oBanmu
TSI IpoBeAeHUs KonndyectBeHHOM [T P Ha mpuGope
Mx3000P (Stratagene, CIIIA) ¢ mpuMeHeHEM KOM-
Mmepueckoro peareHira qPCRmix-HS SYBR (EBpo-
reH, Poccust) u ranmeros RT? Profiler™ WNT Sig-
naling Pathway PCR Array (Qiagen, I'epmanust). st
HOpMaJIM3aluy pe3yJabTaTOB UCCIEI0BaHUS UCTIOb-
30BaIM 5 TeHOB noMamrHero xo3stiictBa — ACTB,
B2M, GAPDH, HPRT1, RPL PO, BXOas1lI1MX B COCTaB
Habopa. YpoBeHb OTHOCUTEIBHOI SKCIPECCUM olle-
HUBAJIU C UCTIOJIb30BaHUEM MeTona 222 [10].

JocToBEPHOCTD pa3IMUMil MEXIY IPYIIIIaMU OLie-
HMBaJM Ha OCHOBe Kpurtepusi MaHHa—YutHu (mpu
p<0.05).

AHnanusupoBanu akcrpeccuto 84 renoB MCK, ac-
COLIMUPOBAHHBIX ¢ Wnt-CUTHAaJIMHIOM, IIPU COKYJIb-
tuBupoBanuu ¢ I'CITK u npu MMI. Bo Bcex rpym-
Iax cpaBHEHUsI Oblla OOHapyXKeHa BEIpaXKeHHasT 9KC-
npeccus 64 reHos (puc. 1).

I1pu paccmorpenun 3dpdpexkroB MMI Ha MoHO-
KyJapTypy MCK OoTMeYeHO CHUXEHME 3KCIpeccuu
8 reHoB. CTOUT MOAYEPKHYTh, UTO 7 U3 HUX TaKXKe
CHITDXKAJIMCH TIPU MOJAeIUpoBaHNU 3(P(PEeKTOB MUKPO-
rpaButaunu B MCK, cokynbTuBupyembix ¢ I'CITK.
KonuuecTBeHHbIE H3MEHEHUsI AKTMBHOCTU OOJb-
IIMHCTBA T€HOB ObLJIM CXOJHBIMU B 3TUX JIBYX IPYyII-
nax, 3a uckioueHueM FZD4. Ero skcnpeccust 3Ha-
yutenbHee cHKanach B MCK npu COKyJIbTUBUPO-
BaHMM. WM3BECTHO, 4YTO MPOAYKT JAaHHOTO TeHa
3a/IeiCTBOBAaH B MEXAHOTPAHCAYKIMU W TIOJIOXU-
TEAbHOI peryiasuuu ocreoreHesa [11].

B nemom mipu BozgeiictBun MMI™ MoxXHO oTMe-
TUTh CHIKEHHME 3KCIPECCUM HEKOTOPBHIX HeTraTUB-
HBIX PETryJISITOPOB KaHOHMYECKOTO Wnt-CUTHAIUHTA
(NFATCI1, VANGL2, FZD4) n TeHOB HEKaHOHUYE-
ckoro nytu (AXIN2, TLEI, KREMENI), 4To yKa3bl-
BaeT Ha yCWJIEHME POJIM KAaHOHMYECKOTO KacKaja
(puc. 1, puc. 2).

bonee Toro 3adukcupoBaHO yBEJIMUYEHUE DKC-
npeccun WNTI, Takke MO3UTUBHOIO peryssTopa
KaHOHWYecKoro  Wnt-CUTHaJMHIa. YBeJIWYeHUE
TPAHCKPUIILIMOHHON akTuBHOCTU WNTI ipuy MMT
ObLIO TIOKa3aHO M Ha ocTeouuTax [12]. M3BecTHO,
4TO aKTHBAIlMs KaHOHWYecKoro mytu Wnt/PB-karte-
HUHA C TIOMOIIbIO XJIOPUIIA JIMTUS WJIN DK30T€HHBIX
JIMTaHAOB, TakKMX Kak Wntl, criocoOCTByeT 3KCHaH-
cun MCK, HO CHIXKaeT OCTEOTeHHBII U aguIIOTeH-
HbIi noteHumaln [ 13]. Takum o6pa3zoM, MOXKHO BbIIE-

TOoM 510 2023



270

PATYILUHBIN u np.

Ten OKenpeccust
S WNTI 2.00
COKYJIBTUBUPOBAHUSI Bnusnue MMT:
KREMENI| 0.49
I'en Dkenpeccust VANGL?2 0.47
FZDS§ 6.87 WNT3A 0.39
FZD9 5.90 TCF7L1 0.38
CSNK2A41]  4.56 LRP5 0.37
MYC 4.47 c';ixbf;: TLEI 0.37
TCF7L1 |  4.00 SOX17 0.34
CCN4 3.73 — AXIN2 0.34
WNTSA 3.61 CCN4 0.30
NFATCI | 3.5 -na MCK DVL2 0.28
AXIN2 2.58 o MomomIRLyRe WNTS5B 0.26
WNTS5B 2.27 D> Ten Okenpecenst || RUVBL 1 0.25
- |VANGL2 0.48 F7ZD6 0.23
VANGL2 | 0.47 NFATCI 0.41 |[4ES 0.22
WNT94 0.40 TLEI 0.34  ||[WNTS84 0.22
NKDI 0.31 FZD4 0.33  ||FZD8 0.21
DVLI 0.31 [ e | |[RUVBLI 0.30 || NFATCI 0.18
EP300 030 | | TFZDS | INFATCKL  TLEl | [AXIN2 027 ||GSK3B 0.17
CCND2 024 | V TTCF7LIL T AXIN2| FZD4 1\ [FBXWII 021 |/cxxc4 0.11
JUN 024 | | TCONI L RUVBLI \ TKREMENI| 016 || FzD4 0.04
; YWNTS8Al VANGL2 KREMENI :

WNTSB

Puc. 1. OtHocuTenbHast akcrpeccust reHoB MCK, acconmmmpoBaHHBIX ¢ Wnt-CUTHAJIMHIOM, TIpU COKYbTiBUpoBaHum ¢ I'CITK
u 1ipu MoaenupoBaHuu 3¢dexro mukporpasutauuu (MMTI). [IpuBeneHsl reHsl, 3Kcpeccust KOTOpbix 3HaunMo (p < 0.05)

U3MEHsUIach Oosiee 4eM B 2 pasa.

— yBeJIMYeHUe dKcrpeccuu npu cokynbruBupoanuu ¢ 'CIIK,

npu MMI. laHHbIe peacTaBlIeHbI KaK CPpeIHUE 3HAYCHUSI, 1 > 3.

NFATCI

@ HeratusHble perynsitopbl KaHoHM4Yeckoro Wnt-curHaiunra (G0O:0090090)

. Hekanonnueckuit Wnt-curnaiauur (G0:0035567)

Puc. 2. Cetb rennbix B3anmoneiicteuit (STRING).
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JINTh HECKOJIBKO TMOTEHIIUAIbHBIX T€HOB, aCCOLIMU-
pOBaHHBIX C YCWJIEHMEM KaHOHWYECKOIo U
ocyabjaeHreM HeKaHOHMYecKoro Wnt-IryTeil, KOTo-
pbIe MOTYT OBITb OTBETCTBEHHBI 33 CHIDKEHUE OCTEO-
reHHbIX cBoiicTB MCK B ycimoBusix MMI.

Jamee MBI paccmoTpenu BimmstHue Ha MCK co-
kynbtuBupoBanus ¢ I'CIIK un Baumsgane MMI Ha
MCK B cokynbType ¢ 'CITK. Hame npeamnonoxeHue
0 pa3HoOHaIpaBleHHOCTU 3¢ (HEKTOB MOATBEPANIIOCH
Ha TPAHCKPUIILIMOHHOM YpoBHe. Tak, COKYJbTUBU-
poBaHue ¢ I'CITK npuBOoauIO K YBEIUUECHUIO DKC-
npeccuu 10 reHoB. B T0 ke Bpems Bo3nerictBue MMI
Ha COKYJIbTYPY HUBEJIUPOBAIO 3TO MOBbILIEHUE IS 7
u3 10 reHoB (puc. 1, puc. 2). Cpeau 3Tux 7 reHOB MOX-
HO BBIJIEJINTh HETaTUBHbIE PETYISATOPbl KAHOHUWYE-
ckoro Wnt-curHanunra (AXIN2, WNT5B), HekaHO-
Huueckuit Wnt-curHanuHr (NFATCI), a Takxke Kak
MUHUMYM 2 TeHa, KOTOpble MOTYT MO3UTUBHO pEry-
JuposBaTh octeoreHes (FZDS, CCN4). IToka3aHo, 4YTO
y MbllIei ¢ HemoctaTkoM Fzd8 pasBuBaercst octeo-
TEeHUs BCIEACTBUE MOBBIIIEHHOTO OCTEOKIIaCTOTeHEe-
3a [14], a cBepxakcnpeccuss CCN4 ycuauBaeT Npo-
ocreobsactHoe aelicteBue BMP-2 na MCK [14].

Takum obGpazom, cokyabTuBupoBaHue ¢ I'CITK
MPUBOAUT K MOBBIIIEHUIO 3KCIIPECCUN psifia TeHOB
(FZDS, FZD9, CSNK2Al, MYC, TCF7L1, CCN4,
WNTSA, NFATC1, AXIN2, WNTS5B), 4to cBUAeTEb-
CTBYET 00 YCWJIEHUU POJIM HEKOHUYecKoro Wnt-kac-
Kajga M TpoocTeoreHHoM JneiictBuu. BoapeiicTBue
MMI B 3HAYUTENILHONM CTENEHU OTMEHSIET 3(PPEeKT
B3anmozeiicteust MCK u I'CIIK. Tak, mpoucxonuiio
CHUXEeHUE [0 0a3aJbHOrO YpPOBHSI (MHTaKTHbIE
MCK) TpaHCKpPUIILIMOHHOW aKTUBHOCTU 7 TE€HOB
(FZDS, TCF7L1, CCN4, WNT8A, NFATCI, AXIN2,
WNT5B). Takke OTMEYEHO YCUJIEHME 3KCIIPECCUU
WNTI1. O6GHapyxXeHHble TPAaHCKPUINTOMHBIE U3MeE-
HEHUS yKa3bIBAlOT HA MOBBIIIIEHNE aKTUBHOCTHU Ka-
HoHMYecKoro Wnt-curHajaMHra, YTo MOXeT OKa3bl-
BaTh WHTUOMpYIOIllee NeliCTBME Ha OCTeOreHe3 B
YCJIOBUSIX MUKPOTPaBUTALIUU.

NCTOYHUK ®PMMHAHCUPOBAHUA

HccienoBaHue BBINMOJMHEHO IpU (PUHAHCOBOM ITOM-
nepxkke POD®U Ne 19-29-04026.

KOH®JIMWKT MHTEPECOB

ABTOpBI I€KJIapUpPYyIOT OTCYTCTBUE SIBHBIX U IOTEHIIM-
AJIbHBIX KOH(MIMKTOB MHTEPECOB, CBI3aHHBIX C ITyOJIMKa-
LMei TaHHOM CTaTbu.
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SIMULATED MICROGRAVITY AND COCULTURING
WITH HEMATOPOIETIIC CELLS OPPOSITELY MODULATE WNT
SIGNALING IN MESENCHYMAL STROMAL CELLS

A. Y. Ratushnyy’, E. A. Tyrina®, and Corresponding member of RAS L. B. Buravkova**
¢ Institute of Biomedical Problems, Russian Academy of Sciences, Moscow, Russian Federation
#e-mail: buravkova@imbp.ru

The osteogenic potential of mesenchymal stromal cells (MSCs) can determine the bone homeostasis and the
physical characteristics of bones. Microgravity reduces the ability of these cells to differentiate in osteogenic
direction. It has been shown that the addition of hematopoietic stem and progenitor cells (HSPCs) to MSC
culture in vitro can have the opposite effect. The aim of this study was to identify transcriptional changes in
84 genes associated with Wnt signaling in MSCs during microgravity simulation and interaction with HSPCs.
The results indicate an increase in the non-canonical Wnt signaling activity during MSCs and HSPCs cocul-
tivation, while simulated microgravity enhances the canonical component of this signaling pathway. These
changes may underlie the modulation of osteogenic potential of MSCs in hematopoietic niche under micro-
gravity.

Keywords: mesenchymal stromal cells (MSCs), simulated microgravity, Wnt signaling
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