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Momusayus u yeaw. B mponecce pa3BUTHS KOPBI TOJIOBHOTO MO3Ta, (ochOpHIUpOBaHUE
OEJIKOB UTpaeT 3HAYUTENLHYIO POJIb B CUTHAJIBHBIX MYTAX, KOHTPOJIUPYIOIINX MHOTHE
KJICTOUHBIE IPOLECCHI, BKJIIOYAs PEryJsIMI0 KIETOYHOro LHKIa, Hpoiudepauuro,
nuddepeHnpoBKy, METabOIM3M H AloNTo3. B mpeapIyImx sKcepuMenTax in vitro ¢
WCTIONIb30BaHUEM OMOTMOTEKH HMHTHOMTOPOB KHHA3, PEIENnTop TPOMOOIMTAPHOTO
¢aktopa pocra Oera (PDGFRP) 01 umaeHTHQHUIMpPOBAH KakK IMOTCHIIMATBHBIN
PETyIATOp KIETOYHOH CynbOBI pa3BUBarommxcs HelpoHOB [1]. B cBs3u ¢ 3TuM, Oblna
MpoBeeHa cepHsl SKCIIEPUMEHTOB ¢ MPUMEHEHHEM METOJa in utero AJIEKTPOIOpaIiu
(IUE) nyist m3yuenust ponn PDGFRp B pa3BUTHHU KOPBI TOJIOBHOTO MO3Ta M ONPEIeTICHUN
KIIETOYHOU CYBOBI.

Memoowt u aneopummut: IlepBas cepusi SKCIEPUMEHTOB JJISl H3YUYEHUS TOTCHIHATIBHOM
pomu PDGFR[P B HeliporeHese ObLia HampaBieHa Ha HCCJICIOBAHHE BIIMSHUS €r0
noBeIieHHON akcnpeccun  (OverExpression, OE) Ha mpomeccel Murpanmuud  u
ompezeNneHus KJIeTOYHOW cynbOsl HelpoHoB. C 3TOHM MHeibio, HAMH OBLI CO31MaH
renetndeckuii  KOHCTPYKT pCAG-PDGFRp-Flag-IRES-eGFP, Hecymmii OTKpBITYIO
pamky cumthiBanus reHa PDGFRP mist skcnpeccun B HepoHax, a TakKe OTKPHITYIO
paMKy cuuTbiBanus reHa eGFP BomonHsomero (yHKUUIO PENOPTHOIO CHUTHAJA.
Banmaanuio mosrydeHHOro KOHCTPYKTa IMPOBOAMIIH N VItr0 Ha NepBUYHBIX CMEIIAHHBIX
HEUPOHAIBHBIX KyJNbTypax mociie ex utero anekrpornopanuu (EUE) Ha ctagmm el4.5
smOpuoHanpHOro pasutusa. Ha 3DIV  mpoBoamnock WMMYyHOIIUTOXHMHUYECKOE
okpamuBanue npsMbiMu antuten antiFlag-Cy3. Hanuuue B kynbTypax ¢uyopodopa
Cy3 coBmectHo ¢ eGFP cBuzjerenscTBoBaI0 0 HakoruieHnn Oenka PDGFRP B
HEUpOHaX.

JlanbHeime SKCIepUMEHThI TIPOBOAMIIKCE IN VIVO ¢ mpumeHeHnem metozna IUE Ha
craauu ¢14.5 sMOpUOHAILHOTO Pa3BUTHS JO Haydajda CHelU(UKAIMK HEHPOHATBHBIX
KJIETOK BEPXHUX CIIOEB C MOCIECIYIONTUM aHAIM30M Ha cTaauu ¢18.5 Ha TWHUN MBIIIeH
BALB/c. B kadecTBe KOHTPOIS WCIOJB30BAIUCH KOHCTPYKTBI C PEHNOPTHBIMHU
¢dnyopecuentabiMu - Oenkamu:  pCAG-eGFP  u  pCAG-Venus. Ilocne cbopa
OMONIOTHYECKUX 00pa3loB TPOM3BOAWINCH (QUKCALUS W TOATOTOBKA TKaHEW C
MOCHEAYIOUMM  WMMYHOTHCTOXMMHMYECKMM  OKpPAIllMBaHUEM  C  IIOMOILBIO
crnenr(UUecKuX aHTUTEN MPOTHB MOJIEKYJSPHBIX MapkepoB Satb2 u Ctip2. Ananu3
mocioiHoro pactpenencHuss eGFP+ kimeTok, a Takke OIGHKa W3MEHEHHS [OJIH
Satb2+/eGFP+ wu Ctip2+/eGFP+ xieTok mNpOBOAMIM METOAOM KOH(OKaJIbHOU
MHUKPOCKOITUH.
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[peapiayimme SKCIEPUMEHTRI N Vitro mokassiBaiu, uto uHruouposanne PDGFRf
CYHUTHHUOOM NPUBOJUT K YBEIHUCHUIO a0yM Satb2+ xierok [1]. [ns yctaHOBICHWMS
MOTEHIIMANBHON pONM HWCCIeNyeMOl KWHAa3el B TIpoIleccax HeWporeHesa, OblIa
MPOBEICHA BTOpas cepHus 3KCcIepuMeHToB 1o wuHrHOMpoBanuio (Knockout, KO)
PDGFRPB wmerogom PHK wunrepdepenummun. C 3Toi menbro, Hamu OB CO3AaH
TeHETHYECKI KOHCTPYKT Ha OCHOBE IUIA3MUIHOTO BeKTopa pSuper.neo.retro+GFP,
komupyromuid  shPHK  («short-hairpin»)  cmemmdudeckmii &  Koampyromei
nocienoBatensHocT 3penoil MPHK uccnemyemoro rena. Bamupanuio moiy4eHHOTO
KOHCTPYKTa MOpPOBOIWIM IN Vitro Ha Kynbrype Kietok Neuro2A. Jlns aroro,
TpaHCHUIMPOBAIN KJIETKH OJHOBPEMEHHO IBYMS T'€HETHYECKMMH KOHCTPYKTaMH —
pCAG-PDGFRp-Flag-IRES-eGFP u pSuper-shRNA-PDGFRb, nociie 4ero oreHHBaIH
Hakorienue Flag-medennoro Oenka PDGFRp metomom Bectepn Gmorra. CHukeHHE
ypoBHsi oakcmpeccun PDGFRP  cBuperensctBoBao 00 3ddexktnBHON padboTe
CO31aHHOT'O TeHETUYECKOI0 KOHCTPYKTA.

DkcnepuMenTsI in Vivo ¢ mpuMenennem Metoaa IUE mist KO PDGFRJ ¢ momonsio PHK
uHTEepepeHnu OblIHN MpoBeaeHb! ananornyao skcrnepumentaMm mo OE. Cmecs JJHK
JUTsl TpaHC(EKIUK HeHpoHOB BKItoUana B ceost pSuper-ShRNA-PDGFRDb, pCAG-eGFP
n pCAG-Venus. B kauecTBe KOHTpOJISI HCIOJIB30BAJCS KOHCTPYKT, KOAMPYIOLIUH
OeccmbicnieHHbIi «scramble» shPHK, a Takxke KOHCTPYKTBHI ¢ (IyOpecleHTHBIMU
oenkamu: pPCAG-eGFP u pCAG-Venus.

Jnst uccnenoBanus Biausiang KO PDGFRP Ha pasBuTHE KOpPBI TOIOBHOTO MO3ra, Oblia
NpOBE/ICHA JIOTOJHHUTENIbHAS CepUsl IKCIIEPUMEHTOB IN VIVO MO MHAKTHBAIIMK TI'€HA
PDGFRp ¢ momompto Texnomorun CRISPR-Cas9. C 3Toit nenpio, ObLIN CO3/IaHBI IBA
TeHETUYECKNX KOHCTPYKTa, HA OCHOBE IUIa3MuAHOro BekTopa pX330-Cas9-hU6, mis
nenenyn 6omnbinoii mocnenosarenbHoctd JJHK rena PDGFRp. DddextnBHOCTS paboThI
CO3/IaHHBIX HAMU T€HETHYECKHX KOHCTPYKTOB ObIJia MPOBEpEHa C MOMOIIBIO KYJIBTYP
kimetok HEK293T. Ins storo, TpaHCchHUIMPOBANHM KIETKA OJHOBPEMEHHO IBYMS
TeHETHYECKHUMHU KOHCTPYKTaMH: pX330-gRNA-PDGFRDb HeCcyIuit
nocneaoBatenbHocTh TapretHoi JIHK mpoTuB rena umccnempyemol KMHA3bl, a TakkKe
PEGF-PDGFRDb-P Hecymuii KOAMPYIOLIYIO TMOCIEAOBATEILHOCTD (IIyOPECIICHTHOTO
6enxa eGFP, skcnpeccus KoToporo HapylieHa HaJMYlMeM BCTaBKH COOTBETCTBYIOIIEH
Koaupyrolel nocienoBareabHoctd reHa PDGFRP. Ilpu addextuBHol padore
komiuiekcoB Cas9-rPHK, npoucxoaut paspezanune pEGF-PDGFRb-P ¢ mocnenyromim
BoccTaHoBieHueM 3kcnpeccunt €GFP. PesynbTaTel BaMAMPYIOMIKMX SKCIEPUMEHTOB
OIIEHUBAJTU C TIOMOIIBIO METO/Ia TPOTOYHON IIUTOMETPHH.

DkcnepuMenThl in Vivo ¢ npumenernem metosna IUE mis KO PDGFRp ¢ nmomoribio
CRISPR-Cas9 cucremsbl ObUTH IPOBEECHBI aHAIOTHYHO 3KcniepuMenTaM 1o OE. Cmech
JHK mis tpancdekuuu HedpoHoB Bkiovana B ceds aBa pX330-gRNA-PDGFRD,
PCAG-eGFP u pCAG-Venus. B kauecTBe KOHTPOJIS KCIIOJIB30BANICS KOHCTPYKT pX330-
Cas9-hU6 a Taxke KOHCTPYKTHI ¢ hiyopecueHTHbIMU Oenkamu: pCAG-eGFP u pCAG-
Venus.

Pesynomamer: Pe3ynbraThl SKCIEPUMEHTOB ¢ MOBBIMICHHON 3kcnpeccueri PDGFR[
JEMOHCTPHUPYIOT WU3MEHEHUS B oTpeJieIIeHAN KJIETOYHOM CyIbOBI
3JIEKTPONIOPUPOBAHHBIX HeHpoHoB. Habmiomanoch 3HAUYMTENbHOE YMEHBILEHHE OJH
Satb2+/eGFP+ HelipoHoB napasuienbHo ¢ yBenuuenueM noiu Ctip2+/eGFP+ kietok.
AHaImM3 TOCIIOMHOTO pacrpeieNICHUs] IIEKTPOIIOPUPOBAHHBIX HEHPOHOB MOKa3all, Y4TO
6onpmas gonst PDGFRPB OFE knetok HaxoAwiach B HIDKHUX CIIOSX KOPBI, YTO MOXET
CBUJICTENILCTBOBATh O HAPYIICHUH MHUIPALMOHHBIX MEXaHHW3MOB. JlaHHBIE pe3ybTaThl
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MOJTBEPXKIAIOT TUIIOTE3Y O TOM, UTO HccieayeMasi KhHa3a MOXKET UTPaTh BXKHYIO POJIb
B OIIpEeNICHUN KIETOYHOM CyIb0bI pa3BUBAIOLINXCS HEHPOHOB.

Pesymprarer sxcnepumentoB IUE mo KO PDGFRp nemonctpuposamu uto PDGFRf
y49acTByeT B OTPUIATENFHOW PETryJSIIMHA DJKCrpeccuu Satb2 B pa3BUBAIOMIMXCS
Heiiponax. Ilpm moHmwxkenHoM ypoBHe »skcnpeccun PDGFRP  wabmogamock
3HaunTenpHOEe yBenmueHue Satb2+/eGFP+ mHelipoHoB. JTO KOppemupyer ¢
MOJTydYeHHBIMHU paHee pe3ylbTaTaMH in vitro, mpu KoTopeix nHrHOupoBanue PDGFRf
CYHUTHHHUOOM TMPHUBOJWIO K YBEIUYCHHUIO KoyimdecTBa kietok Satb2+ [1]. Ilpu
WHAKTHBAllUM HCCIEAYyeMOW KHWHa3bl, OJHAKO, HE ObUIM OOHApYy)KEHbI 3HAYUTEIbHBIC
mmeHeHus B gojie Ctip2+/eGFP+ knetok.

Pacnpenenenne PDGFRP KO kmerok  Xapakrepu3oBaloch  3HAYUTENBHBIM
yBEJIMUCHHEM KOJMYECTBA 3JIETPONOPUPOBAHHBIX KIETOK B HIKHUX CIIOSIX, & TaKXKe B
HEKOTOPBIX BEPXHUX CJIOSX KOPBI TOJOBHOTO Mo3ra. JlaHHBIE pe3yJbTaThbl
IeMoHCTpupyloT, dro wHaktuBamuss PDGFRP npuBogut k  HapymeHHro
[UTOAPXUTEKTYPbl KOPHI TOJOBHOTO MO3Ta, BEPOSTHO, MOCPEICTBOM HapyIICHHUS
MEXaHU3MOB MHUTPAIUH.

Buigoowi: [lomyueHnple pe3ynbTaThl YKa3bIBalOT HA BaKHYIO poiib kuHa3el PDGFRp B
MeXaHU3Max ONpEACICHUs] KICTOYHOW CyABOBl M MHUTPaldll HEHPOHOB BO BpeMs
pasBUTHSL KOpBI T'OJOBHOrO Mosra. [lodydeHHbIE pe3yiabTaThl MOATBEPKIAIOT POJIb
PDGFR B orpunarenpHO# perymsinun 3xcnpeccun Satb2.

QuHancuposanue. VccnenoBaHWe BBIIONHEHO TpH  (UHAHCOBOM  MOAJIEPIKKE
MuHHCTepCTBa HAyKH W Bbicuiero oOpaszoBaHus Poccuiickoir @enepanym (IpoekT
Ne FSWR-2023-0029).
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Motivation and Aim: During cortical development, protein phosphorylation plays a
significant role in the signaling pathways controlling many cellular processes, including
cell cycle regulation, proliferation, differentiation, metabolism, and apoptosis. In
previous in vitro experiments using a library of kinase inhibitors, platelet-derived growth
factor receptor beta (PDGFRp) was identified as a potential regulator of cell fate in
developing neurons [1]. In this regard, a series of experiments using in utero
electroporation (IUE) technique were carried out to study the role of PDGFRJ in cortical
development and cell fate determination.

Methods and Algorithms: The first series of experiments to study the potential role of
PDGFR in neurogenesis was aimed at studying the effect of its increased expression
(OverExpression, OE) on the processes of migration and determination of cell fate of
neurons. For this purpose, we created the genetic construct pPCAG-PDGFRf-Flag-IRES-
eGFP, which carries the open reading frame of the PDGFR[ gene for expression in
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neurons, as well as the open reading frame of the eGFP gene, which functions as a
reporter signal. Validation of the resulting construct was carried out in vitro on primary
mixed neuronal cultures after ex utero electroporation (EUE) at stage E14.5 of
embryonic development. At 3DIV, immunocytochemical staining with direct antiFlag-
Cy3 antibodies was performed. The presence of the Cy3 fluorophore together with eGFP
in the cultures indicated the accumulation of the PDGFRp protein in neurons.

Further experiments were carried out in vivo using the IUE method at stage e14.5 of
embryonic development before the start of the specification of neuronal cells of the upper
layers, followed by analysis at stage €18.5 in the BALB/c mouse line. Constructs with
reporter fluorescent proteins: pCAG-eGFP and pCAG-Venus were used as a control.
After collecting biological samples, tissues were fixed and prepared, followed by
immunohistochemical staining using specific antibodies against the molecular markers
Satbh2 and Ctip2. Analysis of the layer-by-layer distribution of eGFP+ cells, as well as
assessment of changes in the proportion of Satb2+/eGFP+ and Ctip2+/eGFP+ cells was
carried out using confocal microscopy.

Previous in vitro experiments have shown that inhibition of PDGFRp by sunitinib leads
to an increase in the proportion of Satb2+ cells [1]. To establish the potential role of the
kinase under study in the processes of neurogenesis, a second series of experiments on
inhibition (Knockout) of PDGFRB by RNA interference was carried out. For this
purpose, we created a genetic construct based on the plasmid vector
pSuper.neo.retro+GFP, encoding shRNA (“short-hairpin”) specific to the coding
sequence of the mature mRNA of the gene under study. Validation of the resulting
construct was carried out in vitro on Neuro2A cell culture. To do this, cells were
simultaneously transfected with two genetic constructs — pPCAG-PDGFR-Flag-IRES-
eGFP and pSuper-shRNA-PDGFRb, after which the accumulation of Flag-tagged
PDGFRp protein was assessed by Western blotting. A decrease in the level of PDGFRJ
expression indicated the effective operation of the created genetic construct.

In vivo experiments using the IUE method for KO PDGFRp using RNA interference
were performed similarly to the OE experiments. The DNA mixture for neuronal
transfection included pSuper-shRNA-PDGFRb, pCAG-eGFP, and pCAG-Venus. As a
control, we used a construct encoding a nonsense “scramble” shRNA, as well as
constructs with fluorescent proteins: pPCAG-eGFP and pCAG-Venus.

To study the effect of KO PDGFRp on the development of the cerebral cortex, an
additional series of in vivo experiments was conducted to inactivate the PDGFRf gene
using CRISPR-Cas9 technology. For this purpose, two genetic constructs were created,
based on the plasmid vector pX330-Cas9-hU6, to delete a large DNA sequence of the
PDGFRp gene. The efficiency of the genetic constructs we created was tested using
HEK?293T cell cultures. To do this, cells were simultaneously transfected with two
genetic constructs: pX330-gRNA-PDGFRb, which carries a target DNA sequence
against the gene of the kinase under study, and pEGF-PDGFRb-P, which carries the
coding sequence of the fluorescent protein eGFP, the expression of which is disrupted
by the presence of an insertion of the corresponding coding sequence of the PDGFRf
gene. When Cas9-gRNA complexes operate efficiently, pEGF-PDGFRb-P is cut,
followed by restoration of eGFP expression. The results of the validation experiments
were assessed using flow cytometry.

In vivo experiments using the IUE method for KO PDGFRJ using the CRISPR-Cas9
system were performed similarly to the OE experiments. The DNA mixture for neuronal
transfection included two pX330-gRNA-PDGFRb, pCAG-eGFP and pCAG-Venus. The
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pX330-Cas9-hU6 construct as well as constructs with fluorescent proteins: pCAG-eGFP
and pCAG-Venus were used as a control.

Results: Results from PDGFRP overexpression experiments demonstrate changes in cell
fate determination of electroporated neurons. There was a significant decrease in the
proportion of Satb2+/eGFP+ neurons in parallel with an increase in the proportion of
Ctip2+/eGFP+ cells. Analysis of the layer-by-layer distribution of electroporated
neurons showed that a large proportion of PDGFRJ OE cells were located in the lower
layers of the cortex, which may indicate a disruption of migratory mechanisms. These
results support the hypothesis that the kinase under study may play an important role in
determining the cell fate of developing neurons.

Results from IUE PDGFRP KO experiments demonstrated that PDGFR is involved in
the negative regulation of Satb2 expression in developing neurons. When PDGFRp
expression was reduced, a significant increase in Satb2+/eGFP+ neurons was observed.
This correlates with previous in vitro results in which inhibition of PDGFRf

sunitinib led to an increase in the number of Satb2+ cells [1]. Upon inactivation of the
kinase under study, however, no significant changes were detected in the proportion of
Ctip2+/eGFP+ cells.

The distribution of PDGFRP KO cells was characterized by a significant increase in the
number of eletroporated cells in the lower layers, as well as in some upper layers of the
cerebral cortex. These results demonstrate that inactivation of PDGFRf leads to
disruption of the cytoarchitecture of the cerebral cortex, likely through disruption of
migration mechanisms.

Conclusion: Our results indicate an important role for PDGFRp kinase in cell fate
determination and neuronal migration during cortical development. Our results support
the role of PDGFR} in the negative regulation of Satb2 expression.

Funding: The study was carried out with financial support from the Ministry of Science
and Higher Education of the Russian Federation (project No. FSWR-2023-0029).
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