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XPOMOCOMA 2018

B asrycre 2018 r. B HOBOCcHOMpPCKOM AKazeM-
ropojiKe Mpoljia opraHu3oBaHHas MHcTutyToM
MOJIEKYIIIpHOH 1 KiieTouHoi 6nonorun CO PAH u
HoBocnbupcknm rocyaapcTBeHHBIM YHUBEPCHTE-
TOM MeXAyHapoHas KoHdepeHius «Xpomocoma
2018y, mocasIeHHas BOPOCAaM OpTaHHU3AINH,
(DYHKIMOHMPOBAHHUS M 3BOJIIONHUU XPOMOCOM H
reHoMoB. OHa MpOOJDKIIIA CepHio KOH(DepeH-
Ui, HayaJo0 KOTOPBIM OBIIO ITOJIOKEHO €IIe B
1968 r. Anekcannpoit AnexceeBHoil [Ipokodne-
BOIi-beIbroBCKoil ¥ KOTOPBIE CTaIM CBOCOOpa3HOI
TUTOIIAIKOM AJIs1 OOIIEHNs IIUTOI€HETHKOB U MO-
JEKYISIPHBIX 6rooroB. B 1990-¢ romsr Tpagumus
XPOMOCOMHBIX KOH(epeHIHH Obula IpepBaHa, U
B0300HOBWIMCEH OHU aulh B 2009 1., xorma 8 Hoso-
cubupcke ObuTa ipoBesieHa « Xpomocoma 2009», a
3areM «Xpomocoma 2012» 1 «Xpomocoma 2015x.
Hememnsas kordepernus «Xpomocoma 2018»
BHOBb COOpajia MHOXECTBO 3aWHTEPECOBAHHBIX
Y4aCTHHUKOB, 4YTO IOATBEPAUIIO HeO6XOIlI/IMOCTl)
Hay4YHbIX BCTPEY Takoro (hopmara.

B pabore xoH(pepeHIINN NPUHSIIN ydacTHe
207 uccnenopareneii u3 42 opraHuzaiyii OnMHHA -
naru crpad (Poccus, Kasaxcran, CILIA, Bennko-
Opuranus, Utamust, [epmanus, benbrus, Benws,
®paHuus, U BIEpBble yueHble U3 bpasunuu u
SAnonun). ['eorpadus pocCUHCKUX yIaCTHUKOB
OXBaThIBaJla BCIO CTpaHy — oT Kanmuunrpana mo
BnaguBocrtoka. 3aciymano 82 pokiaaa, HEKOTO-
pbl€ U3 HUX BOLUIM B HAacTOAIMN HOMEp «BaBu-
JIOBCKOTO JKypHajla TeHEeTHKN M CeJeKIum». [l
myOIMKaIy ObUTH OTOOPAHBI CTaThU 110 OCHOBHBIM
mpobiemam, 00CyKTaBIIAMCS Ha KOH(DEPEHITHH.

[lepBblit paznen mocesieH npodiaeMaTHKe opra-
HU3a1uu I/IHTep(baZSHbIX XpOMOCOM, XpOoMaTrvHa U
OpraHM3aIii TeHOMA B COCTaBE XPOMOCOM JPYTUX
tunos. B 0630pe 1.0O. Boromo6oBoii ¢ coasr. kpar-
KO 00CYX/al0TCsi 0COOCHHOCTH MOJIEKYJISIPHOTO
COCTaBa TeTEPOXPOMATHHA, ACCOIMUPOBAHHOTO C
MIPOSAPBIIIKAMH SMOPHUOHOB MBIIIN. AKTYaJIbHBIM
BOIPOCAM OpraHM3alUK [EHTPOMEPHOTIO TUCTO-
Ha H3 Ha npumepe prku, KOTOpast BXOAUT B TPYTIITY
9KOHOMHWYECKH BayKHBIX 3JIAKOB, NOCBSIIECHO OPH-
ruHaibHoe uccaenosanue C.C. Iaukoii u E.B. EB-
TymeHko «IlarTepHbl HyKJICOTHAHOTO pa3HOOOpa-
3Ms pa3IMYHBIX JIOMEHOB T'€Ha IIEHTPOMEPHOTO
ructona H3 (CENH3) y Secale L.». B 0630pHOi#t
crarbe T.JI. KonecHukoBoii ¢ coast. «IIpocTpan-
CTBEHHO-BPEMEHHAsI OPTaHU3aLUS PETITHNKAINN
y IpOo30(pHIIbI U €€ OCOOCHHOCTH B MOJUTEHHBIX
XPOMOCOMAax» aHAIN3UPYIOTCS TOCIIEAHUE JaH-
HBIC O NPOIECCaX PEIUIMKAIlMK B WHTEP(a3HbIX
MOJINTEHHBIX XPOMOCOMaX, a TAK)KE PACCMOTPEHBI
3aKOHOMEPHOCTH B OpPraHU3aIIH IPOIECCa PETIIn-
Kallu¥ 1 COCTOSTHUI XpomarnHa. M3 AByX J0KI1a/10B

OT PEOAKTOPA / FROM THE EDITOR

00 opranu3anuy NoIUTeHHBIX XpomocoM (11.®. XKumynes n
T.1O. 3bikoBa), a Tarke nocrepa J[.C. Cunoperko chopmupo-
BaH ouH o6t 0630p .C. Cumopenko ¢ coant. («I[lomuren-
HBIE XPOMOCOMBI OTPXKAIOT (DYHKIIMOHAIIBHYIO OPTaHU3aIHIO
reHoma Drosophilay), B KOTOPOM CBEJICHBI B €JUHYIO MOJICIIb
JIaHHBIE 00 OpraHU3aLK FeHOMa Ha TEHHOM M XPOMOCOMHOM
yposae. B crarse M.B. llIBapn (bepkaeBoif) ¢ coaBT. «Xpo-
maruHOBbIe Oenku ADF1 u BEAF-32 BnusitoT Ha mO3UIIHO-
HUpOBaHHUE HyKsIeocoM 1 yrakoBKy JJTHK mexmucka 61C7/C8
MIOJIMTEHHBIX XpoMocoM Drosophila melanogaster» nponon-
JKCHBI UCCIICIOBAHUS MEXaHU3MOB U (HepeHIIUPOBAHHOCTH
CTPYKTYpBI XpOMaTHHa B HHTEP(Ha3HBIX XPOMOCOMAX.

B crnenyromem pasjene mpencTaBieHbl CBEACHUS, OTHO-
cslIrecs K HanboJiee akTUBHO Pa3padaThiBAEMOM B HACTOSIIICE
BpeMsI 00JTaCTH SITUTEHETHIECKIX nccienoBannii. O630pHas
crathd FO.A. Unsunoii u A .1O. KoneBa rmocssieHa mocien-
HUM JaHHBIM 0 QyHKIMsIX AT®-3aBUCHMBIX XpOMaTHH-PEMO-
JIEMUPYIOMUX (GaKTOpoB B COOPKE HYKIEOCOM, PEMOICITHPO-
BaHWM XpOMaTHHA M OOMEHE TUCTOHOB in vivo. O0cyxaaercs
POJIB 3THX OEJIKOB (COBMECTHO C TUIIEPOHOBBIMH IIAIIEPOHAMH
1 MOAM(DHUIMPYIOMUMHA XpOMaTHH (hepMeHTamMHu) B oOpa-
30BaHNU CETH (PaKTOPOB, 0OECIEUNBAIOMINX TOJICPKAHUE
LesocTHocTH XpoMaruHa. B 063ope JI.C. MenbHHKOBOI €
coaBT. «PyHKIIMOHATHHBIE cBolicTBa Su(Hw)-3aBrucnMoO-
'O KOMIUTEKCA OTIPEICIISFOTCSI €0 PETYISITOPHBIM OKPY>KEHHEM
Y MHO>KECTBEHHBIMHU B3aUMOJICHCTBUAMH Ha OSIIKOBOH T11at-
¢opme Su(Hw)» ycraHoBIeHO, KaK MHOKECTBEHHBIC B3aW-
MOJICHCTBHSI MEX/y OCHOBHBIMH KoMmoHeHTamu Su(Hw)-
3apucumMoro komiuiekca (Su(Hw)/Mod(mdg4)-67.2/CP190)
BIUSAIOT Ha ero akTuBHOCTE. M.C. Ocagunii ¢ COaBT. B CTAThE
«Mneatnduxanust 6IKOB, YIaCTBYIOMINX B MPHUBICUCHUN
Ttk69 x renomubiM caiitam Drosophila melanogastery
yCcTaHaBIMBAIOT, 9yTo Oeok Ttk69 crocoben ogHOBpeMEeHHO
B3anmoericTsoBarsk ¢ MEP1 u Oenkamu ¢ «IIMHKOBLIMU I1aJIb-
naMu». Borpocsl perynsuuy reHHOU aKTUBHOCTH B COCTaBE
XpoMaTHHA paccMoTpeHsl B pabotax E.H. Habupoukumoii ¢
coasT. («Poib SAGA koMIuIekca B TpPaHCKPUIIIIUH 1 3KCIIOPTE
MPHK») u A.A. IlleitnoBa ¢ coaBT. («DyHkimu u3odopm
PHF10 — cyopequaniiel PBAF-koMIuiekca, peMoaenupyro-
IIETO XPOMATHH).

Cepust cTareil ocpsiiieHa BOIpocaM I'eHeTHUeCKOM perysis-
MU Ha YPOBHE '€HOB U TeHoMOB. B wactHocTH, E.H. Annpe-
€BOI C COaBT. BIIEPBbIE OXapaKTepu30BaHa (QyHKIMs rena Non3
(Novel nucleolar protein 3) npo30¢uiibl, KOTOPBIH KOTUPYET
romornor Brix momen-comepskamiero Oemka gemoBeka Rpf2,
ydacTBylo1ero B mporeccuare pudocomuoir PHK. B 0030pe
O.B. Annpeenxosa u ap. «MccnenoBanust peryasTOpHOM 30HbI
reHa Notch'y Drosophila melanogaster ¢ ncTiors30BaHAEM HO-
BBIX ITOJIXO/IOB HAIIPABJICHHOTO TEHOMHOTO PEIaKTHPOBAHHS)
NPEAJIOKEHBI MEPBLIC TaHHBIC O MOJYYCHUU XPOMOCOMHBIX
TIEPECTPOEK B PEryISATOPHOI 0bmacTu reHa Notch n obparHon
TpaHC(OpMalUK OTPEAAKTHPOBAHHOTO (hparMeHTa B TEHOM
opranm3ma. M.O. JlebeneB ¢ COaBT. MPEACTaBUIN PabOTy
«Co3ganne MTPUXKOANPOBAHHBIX TUTA3MUIHBIX OMOIHOTEK
JUTSI MHO’)KECTBEHHOTO OTHOBPEMEHHOTO0 aHaim3a 3¢ dekTa rno-



JIOKEHUS TeHa, B KOTOPOH OHU CKOHCTPYHPOBAIIH
1 TIPOTECTHPOBAIIN KaUECTBO ITPUXKOJUPOBAHHBIX
TUTA3MUTHBIX OMOIIMOTEK, KOTOPBIE MOKHO HCIIOITb-
30BaTh Ui BBHICOKOIIPOM3BOIUTEIHHOTO aHAIN3a
s eKTa MmoJgoKeHHUs IPOMOTOPOB Pa3HBIX TCHOB B
kierkax apo3odwmisl. M.FO. Masuna u H.E. Bopo-
OBeBa MOATOTOBUIM 0030p Ha TeMy «MeXaHH3MbI
PETYIALIN TPAHCKPHITLIMH IO ACHCTBHEM IKAN30-
Hay. E.C. Omenuna u A.B. [Tun10puH NOCBITUIN
CBOM 0030p «OnTOreHeTH4YeCcKas peryJsiiys TpaH-
CKPHIIIINN 3HAOTCHHBIX T€HOB MJICKOIIMTAIOIIIX)
00CYKIEHHUIO TIPEUMYIIECTB U HEIOCTATKOB CHC-
TeM, OCHOBAHHBIX Ha HCIOJb30BaHUHU OEIIKOB
THUIIA «IIUHKOBLIN maneny, TALEs u TexHojornu
CRISPR/Cas9, ni1st onToreHeTHuecKoi peryisiium
AKTUBHOCTH T'CHOB.

B nByx nocieannx HeOOIBIINX pa3zienax Mmpea-
CTaBJICHBI pabOTHI, B KOTOPBIX 3aTPOHYTHI OT/IEITh-
HBIE ACTIEKTHI BOJTFOIIIH TCHOMOB U METUITMHCKON
reHetuku. B craresax H.I. AnapeeHkoBo ¢ COaBT.
«IIpobnemMbl reHeTHYecKOoro 000CHOBaHMUS BbIJIE-

JIGHUsI TIOJIBUJIOB YepHOTO KopiryHa (Milvus migrans)» u
A.I1. KprokoBa «®@wmoreorpadus 1 THOPHII3AINS BPAHOBBIX
ntun [TaneapkTuku» paccMOTPEHbI BO3MOKHOCTH HCTIONB30-
BaHUS MapképoB muToxoHnpuansHoil JJHK B cuctemarnke
U TeHeTHnke momyisimuid y ntut. B.I. TamOoBIeBa ¢ coaBr.
U3Yy4UIIT 0COOEHHOCTH Meii03a y SKCIIepHUMEHTaIbHBIX THOPH-
IoB ciienyioHok Ellobius tancrei (Mammalia, Rodentia) u
CIeNay TIPEITIONIOKEHHE, YTO MEHOTHIECKHUH IPaiiB SBISCTCS
OCHOBHBIM MEXaHHM3MOM, 00€CIICYMBAIOIINM JIHBEPCUPHKa-
U0 U OBICTPYIO (PUKCAITMIO BO3HUKAIOIIUX XPOMOCOMHBIX
hopm B mipupoze.

H.A. CkpsiOuH c coaBT. B CBOEM OpPHUI'MHAJIILHOM HCCIe-
noBaHUH «PallOHBI TOMO3UTOTHOCTH B TKaHSIX abOpPTyCOB
U3 CeMEH C MMPUBBHIYHBIM HEBBIHAIIMBAHIEM OEPEMEHHOCTI
paccMOTpeu BONIPOCHI O CBSA3U CYILIECTBOBaHMS NMPOTSIKEH-
HBIX TOMO3UTOTHBIX PAaOHOB C ATHOJIOTHEH TPUBBIYHON He-
BEIHAIITIBAEMOCTH OCPEMEHHOCTH Y MAIIEHTOK C HOPMalhb-
HBIM KapHOTHUIIOM M CIENIaIH MPEANOoNIoKEeHHEe, YTO OAHUM
13 MEXaHU3MOB PEATN3AIMU TTaTOJIOTHIECKOTO TPOSBICHHUS
MOTYT SIBJISITHCS aHOMAJIMK UMIIPHHTHHTA OTPEICIICHHBIX
T'€HOB.

U ®. )Kumynés, 0-p buon. nayk, akademux PAH,
C.A. lemaxos, 0-p 6uon. Hayk, oupexmop

Hucmumyma monexynapuou u kiemounoui ouonoeuu CO PAH, Hoéocubupck
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Peculiarities of the molecular composition
of heterochromatin associated with pronucleoli
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The nucleus of pre-implantation mammalian embryos is characterized by peculiar structural organization. At the
initial stages of cleavage, the nucleus of the embryo contains the so-called nucleolus precursor bodies (NPBs)
or pronucleoli rather than functionally active nucleoli. The NPBs are fibrillar electron-dense structures inactive
in RNA synthesis. The vast majority of NPBs are surrounded by a ring-shaped zone of transcriptionally inactive
heterochromatin. Intriguingly, these zones contain not only tri-methylated histone H3K9me3 as an epigenetic
mark of repressed chromatin but also acetylated histone H4K5ac, a well-known marker of active chromatin. Im-
munocytochemical data suggest that the molecular composition of this ring heterochromatin’in mouse embryos
changes during the realization of embryonic genome activation events, as well as during artificial suppression of
transcription. In zygotes, some factors of mRNA biogenesis including splicing factor SC35 (SRSF2) and basal trans-
cription factor TFIID are detectable in the ring chromatin. At later stages of development, other nuclear proteins
such as Y14, a core component of the exon-exon junction complex (EJC), as well as the proteins involved in chro-
matin remodeling (ATRX, Daxx) are also detectable in this area. A typical component of the ring heterochromatin’
is actin. Anti-actin immunocytochemical labeling is most expressed at the two-cell cleavage stage after activation
of the embryonic genome. Indicatively, the molecular composition of the ring heterochromatin’ associated with
different NPBs may differ significantly even in the same nucleus. This seems to reflect the functional heteroge-
neity of morphologically similar NPBs according to their competence to the process of nucleologenesis. Here,
we discuss briefly some peculiarities of the molecular composition and possible functions of the NPB-associated
heterochromatin in mouse early embryos.

Key words: heterochromatin; pre-implantation mouse embryos; immunocytochemistry.
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OcoO6eHHOCTY MOJIEKV/ISIPHOIO COCTaBa reTepoxXpoMaTiHa,
aCCOLMMPOBAHHOTO C ITPOSIAPHIIIKAMI B 9SMOPMOHAX MbILIN

1.0. Boroaw6osal @, XK.K. Caitaay?, A.C. Boroaw60os!

! MHCTUTYT umTonormum Poccminckon akagemnn Hayk, CankT-MNetep6ypr, Poccus
2 CaHkT-MeTepbyprckuii rocyfapcTBeHHbI yHuBepcuTeT, CaHKT-MeTepbypr, Poccus
&) e-mail: ibogol@mail.ru

AlApo AovMMNaHTaLMOHHbBIX SMOPMOHOB MSIEKOMMTAIOLWMX XapaKTepU3yeTca CBOeobpasHo CTPYKTYPHOW opra-
HM3aumein. Ha HauanbHbIX CTagnsax Apo6neHna BMecTo GyHKLMOHANbHO akTUBHbIX ApPbILEK B AApe SMOPrOHa
NPUCYTCTBYIOT TaK Ha3blBaeMble NPOAAPbLIWKY — GUOPUANAPHBIE SNEKTPOHHO-TIOTHbIE CTPYKTYPbl, HEAaKTUBHbIE
B OTHowWeHUn cuHTe3a PHK. MopasnatoLee 60MbIUINMHCTBO NPOAAPLILIEK OKPY>KEHO KOJMbLEOOOPa3HOW 30HOM
TPaHCKPUMLNOHHO HEAKTVBHOMO reTepoXpPOMaThHa, KOTOPbIN, OfHAKO, COAEPXKUT HE TONbKO SMUreHeTUYECKYIo
METKY PenpeccMpoBaHHOrO XpOMaTHa — TPUMETUANPOBaHHBIN rMcToH H3K9me3, HO 1 MeTKy aKTUBHOrO Xpo-
MaTUHa — aueTUANPOoBaHHbIN rncToH H4K5ac. Mo pesynbTataM HENPAMOro UMMYHOMEYEHWSA, MONEKYNAPHbBIN CO-
CTaB KOJIbLIEBOrO reTepOXpPOMaTIHa B SMOPUOHAX MbILUN N3MEHAETCA B XOA4e peanu3aLym NpoLeccoB akTUBaLmm
3MOPUOHANBbHOIO reHOMA, a TaKXe NPW NCKYCCTBEHHOM NOAABNEHNM TPAHCKPUMLMOHHOW akTBHOCTU. Ha cTagnm
3UroTbl B COCTaBE KOJIbLIEBOIO reTEPOXPOMATHHA BbIABNAITCA HEKOTOPble dakTopbl MeTabonusma MPHK, Hanpu-
mep SR-6enok ¢aktop cnnancrHra SC35 (SRSF2) n 6asanbHblii dakTop TpaHckpunuum TFIID. Ha 6onee nosgHux
CTapuAX pPa3BUTUA B 3TOM 06M1acTU HAYMHAKOT BbIABAATLCA ApYyrue agepHble 6enku, Hanpumep Y14 — KOpoBbIi
KOMMOHEHT KOMMJeKca CBA3M 3k30HOB (EJC), a TakxKe 6enKu, BOBNEYEHHbIe B PeMOZENUHT XpoMaThHa — ATRX n
Daxx. TMNMYHbIM KOMMOHEHTOM KOJIbLIEBOrO reTepoxXpomMaThHa ABIAETCA aKTUH, MMMYHOLIMTOXMMUYECKOe Meye-
HMe KOTOPOro Hanboree BbIpaXXeHO Ha ABYXKNETOYHON CTaauny ApobreHuns, nocsie akTuBaumum SMOpUoHanbHOro
reHoma. XapakTepHo, YTO MONEKYIAPHbIN COCTaB reTepOXPOMaTrHA, aCCOLUMMPOBAHHOTO C Pa3HbIMY NPOAAPbILL-

© Bogolyubova 1.0, Sailau Z.K., Bogolyubov D.S., 2019
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Peculiarities of the molecular composition of heterochromatin
associated with pronucleoli in mouse embryos

KaMuy B O4HOM AA4pe, MOXKET pa3jinyaTbCA, YTO, BO3MOXKHO, OTPaKaeT d)yHKLlVIOHaJ'IbHle reTeporeHHOCTb MOpd)O-
JIOrM4YeCckn CXOo4HbIX npoAafpbIleK MO NX KOMNETEHTHOCTU K NpoLueccy HyKeosioreHesa. B HacToALlem 0630pe
KpaTKko o6cy>K,qa10Tc;1 HEKOTOopble 0COBEeHHOCTY MONEKYJNTAPHOIo COCTaBa reTepoxpomMaTtmHa, acCcoynmnpoBaHHOro

¢ NPBs, 11 ero BO3MOXHble QYHKLMN.

KnioueBble cnosa: reTepoxpomMaTuH; AOMIMJIaHTaUNOHHDbIE 3M6pVIOHbI MbIWW; UMMYHOLUTOXUMWA.

Introduction

The combination of maternal and paternal gametes upon fer-
tilization forms a totipotent embryo that will give rise to over
200 different cell types in a fully differentiated organism. The
cardinal changes in the potency of cells to differentiate, as well
as the integration of the parental genomes, are accompanied
by pronounced rearrangements of the 3D-organization of the
nucleus in zygotes and early embryos. Correspondingly, the
structure and organization of chromatin regions during early
embryonic development differs fundamentally compared to
somatic cells, reflecting the peculiar plasticity and potency of
the genomes (Burton, Torres-Padilla, 2010). Global rearrange-
ments of chromatin and major specific changes in DNA me-
thylation, histone modifications as well as the incorporation of
histone variants (Li, 2002; reviewed in Burton, Torres-Padilla,
2010; Mason et al., 2012) are the crucial reprogramming pro-
cesses during the early steps of mammalian pre-implantation
development (Lanctdt et al., 2007). In this review, some as-
pects of heterochromatin organization during the beginning
stages of mouse development are briefly discussed.

Nucleolus precursor bodies and surrounding
heterochromatin are the unique nuclear structures
of mammalian early embryos

The unique feature of the nucleus of early mammalian em-
bryos is the absence of functionally active nucleoli at the
initial stages of embryonic development. Instead, the nucleus
contains prominent electron-dense structures of perfectly

round shape, called the nucleolus precursor bodies (NPBs)
or pronucleoli (Fig. 1). A number of early autoradiographical
studies (Geuskens, Alexandre, 1984; Tesatik et al., 1986a, b;
Kopecny et al., 1989; etc.) has shown that NPBs are func-
tionally linked with transcriptionally active nucleoli that are
gradually formed later at species-specific embryonic stages.
Unlike typical nucleoli of somatic cells, the pronucleoli
(NPBs) of embryos consist only of a finely fibrillar and densely
packed material of still unknown nature and do not contain
typical nucleolar structural constituents such as dense fibrillar
and granular components.

The vast majority of NPBs are surrounded by a characteris-
tic ring-like zone of heterochromatin that is stained intensely
with DAPI (see Fig. 1, &', b"). Significantly, these peculiar
zones are enriched in centromeric and pericentric satellite
DNA in male and female pronuclei of zygotes. Later, this
centromeric and pericentric heterochromatin re-localizes
from the NPB periphery to the nucleoplasm at the two-cell
stage, forming new structures called the ‘pro-chromocenters’
(Martin et al., 2006; Probst et al., 2007). The pericentric hete-
rochromatin is enriched in HP1 (Heterochromatin Protein-1),
and the HP1f isoform is prevalent in the NPB-surrounding
heterochromatin in both male and female pronuclei of zygotes.
HP1p is constitutively found in these heterochromatin areas
until the blastocyst stage (Meglicki et al., 2012). In the mouse
embryo, NPB-associated heterochromatin formation was
found to require the histone variant H3.3, in particular di- and
tri-methylation of lysine 27 residues (Santenard et al., 2010).

Fig. 1. Morphology of mouse zygotic pronuclei (a) and two-cell embryo nucleus (b).

a, b - electron microscopy; a, b’ DAPI staining; NPB — pronucleolus. Large white arrows in a’ indicate male (on the right) and female (on the
left) pronuclei; small white arrows in a’and b’ indicate some NPBs. Black arrows in a and b show heterochromatin clumps at the periphery

of NPBs.

a, b - from (Bogolyubova, Bogolyubov, 2013), open access; a, b’ - from (Sailau et al., 2017), with permission from Elsevier.
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H3.3 is associated with paternal pericentric heterochromatin
during the first S-phase and plays a role in the transcription of
pericentric repeats and subsequent tethering of HP1p.

NPB-surrounding heterochromatin areas contains
the epigenetic marks of both transcriptionally
repressed and active chromatin

The NPB-associated ring-like heterochromatin structures
do not incorporate BrUTP (Fig. 2, a), suggesting their tran-
scriptionally inert state (Bogolyubova, 2011; Bogolyubova,
Bogolyubov, 2018). Surprisingly, these NPB-associated
heterochromatin areas contain the markers of both repressed
and active chromatin, e. g., the modified histones H3K9me3
and H4K5ac (see Fig. 2, b, ¢).

H3K9me3 domains are linked with transcriptional regula-
tion and intracellular functions in pre-implantation mouse
embryos. These domains are formed temporarily after fer-
tilization, then increase dramatically in the number at the
two-cell stage and diminish after the morula stage (Wang et
al., 2018). A comprehensive analysis of H3K9me3-dependent
heterochromatin dynamics in pre-implantation mouse em-
bryos has shown that this heterochromatin undergoes the
dramatic reprogramming during early embryonic develop-
ment. Intriguingly, H3K9me3 domains are highly enriched
in long terminal repeats (LTRs) that are hypomethylated and
transcribed (Wang et al., 2018). Besides, RNA sequencing
throughout early mouse embryogenesis revealed that expres-
sion of the repetitive-elements including LINE-1 and IAP
retrotransposons is dynamic and stage specific, with most
repetitive elements becoming repressed before implantation
(Fadloun et al., 2013).

Molecular composition dynamics

of NPB-surrounding heterochromatin

The data obtain by indirect immunofluorescent microscopy
(Table) suggest that the molecular composition of the NPB-

Male

pronucleus ‘
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Fig. 2. Localization of BrUTP incorporation sites (a), H3K9me3 (b) and
H4K5ac (c) in the nuclei of late two-cell mouse embryos.

Note: the ring-like chromatin surrounding NPBs does not incorporate BrUTP
but contains both H3K9me3 and H4K5ac. Original.

surrounding heterochromatin including some chromatin-
associated proteins, changes significantly during realization
of the major events of embryonic genome activation as well
as after artificial suppression of transcription. For example,
some factors involved in mRNA metabolism including the
spicing factor SC35 and basal transcription factor TFIID are
revealed in the NPB-associated chromatin at transcriptionally
inert stages (Bogolyubova, Bogolyubov, 2013) (Fig. 3). At
later stages, however, other nuclear proteins (e. g., Y14, a core
component of the exon-exon junction complex (EJC), the

Fig. 3. Immunolocalization of the S/R-rich splicing factor SC35/SRSF2 in NPB-associated chromatin at an early stage (transcription-
ally inert, 24 h post-hGG) of mouse development.

Arrows indicate anti-SC35 labeling in the vicinity of NPBs. Original; inset is from (Bogolyubova, Bogolyubov, 2013), open access.

OPFAHM3ALNA XPOMOCOM / CHROMOSOME ORGANIZATION

131



1.0. Bogolyubova, Z.K. Sailau
D.S. Bogolyubov

Peculiarities of the molecular composition of heterochromatin
associated with pronucleoli in mouse embryos

Immunocytochemical localization of some nuclear antigens in the NPB-associated heterochromatin in early mouse embryos

Protein studied

Early zygote (20-24 h)

Artificial inhibition
of transcription

Late two-cell
stage (46-48 h)

Late zygote (27-28 h)

f m f m
H3K9me3 ++ -/+ ++ -/+ +/++ N/A
H4K5ac - + - + +/++ N/A
Actin - + - + ++ 1
SC35 splicing factor + + - - - _
Basal transcription factor TFIID + + - - - _
Chromatin-remodeling protein ATRX - - + + T+ +
Daxx, a chaperone of the modified histone H3K9me3 + + ++ ++ ++ N/A
Y14, an EJC core component - - - - + 1
Note: “-" - no labeling; “+" — weak labeling; “++" - strong labeling, “1"- increased labeling intensity and/or the appearance of additional zones of labeling;

N/A - not available; f — female pronucleus; m — male pronucleus.

Control two-cell
embryo

Fig. 4. Immunofluorescent localization of actin in the nuclei of two-cell mouse embryos.

Note: the prominent staining around NPBs (arrows), which becomes weaker after DNase treatment and enhances after inhibition of transcription by DRB.

From (Bogolyubova, 2013), with permission from Tsitologiya.

chromatin-remodeling protein ATRX and Daxx, a chaperone
of H3K9me3) begin to appear in the given area (see Table).
Also intriguing is the fact that the NPB-associated chroma-
tin co-localizes with nuclear actin, and the anti-actin staining
is most expressed at the transcriptionally active two-cell stage
(Bogolyubova, Bogolyubova, 2009). When transcription was
suppressed pharmacologically, actin continues to be revealed
around the NPBs. Moreover, additional zones of its localiza-
tion appear. The intensity of labeling decreases significantly
after DNase treatment. This may suggest that actin is able
to interact with DNA directly (Bogolyubova, 2013) (Fig. 4).

Molecular composition of different

NPB-associated heterochromatin areas may

differ one from another within the same nucleus
This point is well illustrated by the peculiarities of the distribu-
tion of ATRX protein being detectable at the periphery of only
several NPBs (Sailau et al., 2017) (Fig. 5). The peculiarities
of the molecular composition of NBP-associated chromatin
may reflect the functional heterogeneity of NPBs themselves.
The change in the number of NPBs during embryo develop-
ment, initially much higher than the number of active nucleoli
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that function at later stages of cleavage, allows us to believe
that this heterogeneity is the reflection of the competence of
individual NPBs to nucleologenesis.

The ideas concerning the heterogeneity of NPBs in rela-
tion to nucleologenesis were previously expressed by other
authors. For example, L. Romanova et al. (2006) using the
method of highly sensitive FISH, have shown that one or
more NPBs are not associated with rDNA in the nucleus of
early mouse embryos. In this regard, the authors speak about
the heterogeneity of NPBs with the respect to their ability to
bind rDNA and, therefore, about their different contributions
to the formation of functionally mature nucleoli.

What stage of embryogenesis this heterogeneity is formed
at? It is difficult to answer this question at the present time,
since the molecular mechanisms of the assembly of NPBs
remain virtually unexplored. There are only a few data
concerning the molecular mechanisms of assembly and/or
maintenance of the NPB structure. For example, both NPBs
and NPB-associated heterochromatin were found to exhibit
some abnormalities in the embryos of mice, knocked-out in
the gene encoding the nucleolar transcription factor UBF
(Hamdane et al., 2017). At the moment there are no data on
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differences in the morphology and/or
molecular composition of the NPBs, as-
sociated and non-associated with rDNA.
Therefore, it cannot be excluded that the
formation of NPBs after fertilization and
first division of cleavage occurs accord-
ing to the mechanism of macromolecular
crowding, and the local concentration of
the constituent molecules plays a crucial
role in this process. According to modern
concepts, the macromolecular crowding
is a general principle of the formation
of nuclear organelles not surrounded by
physical boundaries, such as the mem-
branes (Richter et al., 2008; Rajendra et
al., 2010; Cho, Kim, 2012). These non-
membrane organelles, also mentioned as
the biomolecular condensates (Banani et
al., 2017), are formed according to the
laws of colloidal physical chemistry due
to the concentration of the molecules in
the process of liquid-liquid phase separa-
tion (LLPS) (Zhu, Brangwynne, 2015;
Courchaine et al., 2016; Stan¢k, Fox,
2017; Gomes, Shorter, 2018; Sawyer et
al., 2018a, b). It is possible that the as-
sociation of individual NPBs with TDNA
may be random at the initial stages of the
formation of pronuclei.

From our point of view, despite the
possible role of stochastic processes at
the beginning steps of the formation
of the NPB-heterochromatin complex,
this complex can be regarded to as a
multifunctional provisional domain of
early embryos during embryonic genome
activation, both components of which
largely function as a whole. However,
the mechanisms leading to the forma-
tion of this complex structure as well
as the functional heterogeneity of NPBs
require further studies, which have to
combine classical morphological me-
thods with modern molecular biological
approaches.

Conclusions

Our observations generally show that
the NPB-associated heterochromatin
in one- to two-cell mouse embryos has
a peculiar molecular composition, dif-
ferent from that of canonical peripheral
heterochromatin. Since the nucleus of
mammalian blastomeres represents a
unique dynamic system at the early
stages of cleavage (Bogolyubova, Bo-
golyubov, 2014), one can assume that in
early embryos, a number of functional
nuclear domains including the peculiar
heterochromatin rims around NPBs have
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Zygote

Two-cell embryo

Fig. 5. Immunolocalization of the chromatin-remodeling protein ATRX in the nuclei of zygote (a)
and two-cell embryo (b).

a - pronuclei are encircled, asterisks indicate NPBs. Note that ATRX is detectable in NPB-associated
chromatin (arrows) only at the two-cell stage, and anti-ATRX staining is associated not with all NPBs.
From (Sailau et al., 2017), with permission from Elsevier.

a wider range of functions than in somatic cells. For instance, a close relationship
between the NPBs and NBP-associated heterochromatin with newly assembling
Cajal bodies has already been shown (Ferreira, Carmo-Fonseca, 1995; Zatsepina et
al., 2003). At the initial stages of mouse embryogenesis, pericentric and centromeric
heterochromatin was shown to localize around the NPBs (Probst et al., 2007). All
these data allows assuming that the NPB-associated heterochromatin represents not
just an area of repressed chromatin at the beginning of mouse development, but could
be a structural scaffold to form a definitive 3D architectonics of the cell nucleus.
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Rye (Secale) is among staple cereals along with other members of the Triticeae tribe: wheat and barley. The ge-
nus Secale includes perennial and annual, cross-pollinating and self-pollinating species, and they can be donors
of valuable genes in wheat and rye breeding programs. Studies of the structure of the gene for centromeric
histone H3 (CENH3), essential for centromere functions, are relevant to the breeding of agronomically impor-
tant crops. We have investigated the nucleotide diversity of sequences of two variants of the rye CENH3 gene
inside the N-terminal tail (NTT) and the conservative HFD (histone fold domain) domain in the genus Secale.
The mean values of nucleotide diversity in the NTT and HFD of wild cross- and self-pollinating taxa are close
in aCENH3: o, = 0.0176-0.0090 and 0.0136-0. 0052, respectively. In the case of BCENH3, the mean values for
NTT (., = 0.0168-0.0062) are lower than for HFD (m,., = 0.0259-0.084). The estimates of nucleotide and hap-
lotype diversity per site for the CENH3 domains are considerably lower in taxa with narrow geographic ranges:
S. cereale subsp. dighoricum and S. strictum subsp. kuprijanovii. Commercial breeding reduces the nucleotide
sequence variability in aCENH3 and BCENH3. Cultivated rye varieties have m values within 0.0122-0.0014. The
nucleotide and haplotype diversity values in aCENH3 and BCENH3 are close in S. sylvestre, which is believed to
be the oldest rye species. The results of this study prove that the frequency of single nucleotide polymorphisms
and nucleotide diversity of sequences in genes for CENH3 in Secale species are influenced by numerous factors,
including reproduction habits, the geographic isolation of taxa, breeding, and the evolutionary age of species.
Key words: Secale L.; centromeric histone CENH3; nucleotide diversity; single nucleotide polymorphism.
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ITaTTepHbI HYKJIEOTUIHOIO pa3HooOpa3us
pa3JIMYHbIX JOMEHOB reHa IIeHTPOMEPHOTIO I'MCTOHA
H3 (CENH3) y Secale L.

C.C. Tankas, E.B. Esrymenko ®

WHCTUTYT MOneKynapHOM 1 KneTouHoi buonorun Cubupckoro otaenenmns Poccuinickoin akagemmn Hayk, HoBocnbupck, Poccusa
® e-mail: evt@mcb.nsc.ru

Poxb (Secale) BxoouT B rpynmny SKOHOMUYECKM Ba)KHbIX 3M1aKOB HapAZy C TakMMW NpeacTaBuTENAMU TpUObI
Triticeae, Kak mweHunua 1 AumeHb. Pop Secale BKknouaeT MHOroneTHMeE, OfHONETHNE, NePEKPECTHOOMbINAD-
LMeca n caMoonbINALWMNeCca BUAbl, KOTOPble NCMOMNb3YTCA Kak NCTOYHUK LIEHHbIX TeHOB /1A ynyylleHna Cy-
L EeCTBYIOLLMX COPTOB MNLeHULbI U pXu. iccnegoBaHna CTPYKTYpPbl reHa LeHTpomepHoro rmctoHa H3 (CENH3),
onpeaensaiowero GpyHKUMOHaNbHYI0 LLIeHTPOMEPY, Ceivac CTaHOBUTCA aKTyaslbHbIM ANA arpOHOMUYECKN BaXK-
HbIX PacTeHUA. Mbl U3yuymnum HyKneotTugHoe pasHoobpasme MocCiefoBaTeNlbHOCTEN ABYX BapuaHTOB reHa
CENH3 pxwu BHYTpr N-TepmuHanbHoro paiioHa (NTT) n KoHcepBatuHoro gomeHa (HFD) reHa B pope Secale.
CpepHuie 3HaYeH A HYKIeOTUAHOMO Pa3HOO6Pa3unA y AUKMX NePeKPECTHO- 1 CaMOOTbINAIOLLMXCA TAKCOHOB AN1A
fomeHoB aCENH3 6binn 6nmsku gna NTT (., = 0.0176-0.0090) n HFD (m,,, = 0.0136-0.0052), a ana BCENH3
cpefHvie 3HayeHusa 6bin meHblue B NTT (m,, = 0.0168-0.0062), yem B HFD (1, = 0.0259-0.084). 3HaueHun
HYKNIEOTUHOIO Y ranjoTUMHOro pa3Hoobpasms ana gomeHoB CENH3 6bliun CylecTBEHHO MeHbLUE Y TaKCo-
HOB, 3aHMMaIOLLNX Y3KYI0 reorpaduyeckyto Huwy, S. cereale subsp. dighoricum wn S. strictum subsp. kuprijanovii.
K CHVXXEHMI0 U3MEHUMBOCTM HYKNEOTUAHbIX nocnepoBaTenbHocTel gomeHoB aCENH3 n BCENH3 npuBogmt
[eNncTBue cenekunmn: y COpToB KyNbTUBUPYEMOW PXKK 3HaUYeHuA T BapbupytoT oT 0.0122 go 0. 0014. 3HaueHuA
HYKNeOTUIHOrO 1 ranioTUIHOrO pa3Hoobpa3ns NoAAePKUBAOTCA Ha O4HOM YPOBHE B NMOCeJ0BaTeNIbHOCTAX
AaCENH3 n BCENH3y S. sylvestre, cuuTatolerocsi Hanbonee apeBHUM BUAOM pXu. [lonyyeHHble pe3ynbTaTbl Nog-
TBEPXKAAIOT, YTO Ha YaCTOTY OAHOHYKNIEOTUAHBIX MOAMMOPGU3MOB 1 HYKNeOTUAHOE pa3sHoobpasne nocseno-
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BaTenbHocTen BapmaHToB CENH3 y BupoB Secale BnuseT pag ¢akTopoB, BKoYas CNocobbl pasMHOXKEHUS, CTe-
neHb reorpaduyeckom N301ALMN TaKCOHa, AeNCTBUE CeNeKLu, SBOMOLIMOHHDBIN BO3pacT BUAOB.
KnioueBble cnosa: Secale L.; ueHTpomepHbiin ructoH H3 (CENH3); HykneoTuaHoe pa3Hoob6pasue; OfHOHYKIEeOo-

TUAHBIA NoAUMOPOU3M.

Introduction

Rye (Secale) belongs to the tribe Triticeae along with other
grain crops, such as wheat (7riticum spp.) and barley (Hor-
deum spp.) According to the taxonomy proposed by S. Fre-
deriksen and G. Petersen (1998) on the base of morphometrical
analysis of rye species, the genus consists of three botanical
species: the cross-pollinating perennial species Secale stric-
tum Presl., cross-pollinating annual species S. cereale L.,
and self-pollinating annual species S. sylvestre Host. The
cross-pollinating species S. cereale L. and S. strictum Presl.
include self-pollinating subspecies S. vavilovii and S. africa-
num, respectively.

Cultivated and wild rye varieties can be donors of valuable
traits, such as winter hardiness, high protein content, and
disease resistance. They are used for improvement of exist-
ing rye and wheat cultivars and in interspecies crosses of rye
and wheat (Tang et al., 2011). Interspecies hybridization is
often accompanied by elimination of whole chromosomes or
their parts. The incompatibility between centromeres and the
centromere-specific histone H3 variant (CENH3) of parents
may be one of the causes of chromosome elimination from
interspecies hybrids (Sanei et al., 2011). Conversely, close
similarity between CENH3 proteins of distant parents can
secure the normal function of centromeres and formation of
true hybrid plants bearing genomes of both parents (Ishii et
al., 2015). The structure of CENH3 includes two domains:
the variable N-terminal tail (NTT) and the more conserva-
tive C-terminal histone fold domain (HFD) (Roach et al.,
2012). The latter interacts with centromeric DNA, whereas
NTT is not required for localization on centromeric DNA but
is essential for correct chromosome segregation in mitosis
and meiosis (Maheshwari et al., 2015). Nevertheless, the
segregating polymorphism of CENH3 genes in grass species
is poorly investigated. The multitude of rye species, includ-
ing annual, perennial, self-pollinating, and cross-pollinating
forms, allows assessment of the action of various factors on
the genetic variation of CENH3.

The objectives of this study were: (1) estimation of the
nucleotide and haplotype diversity of CENH3 domains in
three Secale species and (2) assessment of the influence of
taxonomic and geographic factors and mating systems on
nucleotide polymorphisms within the domains in two variants
of the CENH3 gene.

Materials and methods

Plant material and RNA isolation. Experiments were done
with ten wild and cultivated rye accessions of three Secale
species. Seeds of Secale cereale subsp. cereale (cvs. Otello,
Imperial), S. cereale subsp. vavilovii, S. cereale subsp. dig-
horicum, S. cereale subsp. afghanicum, S. strictum subsp.
kuprijanovii, S. strictum subsp. strictum, S. strictum subsp.
anatolicum, S. strictum subsp. africanum, and S. sylvestre were
supplied by the Leibniz Institute of Plant Genetics and Crop
Plant Research (Germany), the US Department of Agriculture
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(United States), and the N.I. Vavilov Research Institute of
Plant Industry (Russia) from their germplasm collections.
Total RNA isolation, synthesis of first-strand cDNA, and PCR
were conducted as in (Evtushenko et al., 2017). Amplification
primers specific to NTTs and HFDs of aCENH3 and BCENH3
genes from rye cDNA had been chosen in (Evtushenko et al.,
2017). The amplification products were cloned and sequenced
using BigDye Terminator Cycle Sequencing chemistry (v. 3.1)
on an ABI3100 Genetic Analyzer (Applied Biosystems, CA,
USA).

Sequence analysis. Alignments of CENH3 coding se-
quences were performed using online Clustal Omega (Sievers
et al., 2011) at http://www.ebi.ac.uk/Tools/msa/clustalo. The
DnaSP version 5.10.01 (Librado, Rozas, 2009) was used to
estimate the levels of nucleotide diversity for each domain
individually in all subspecies with regard to different functions
of CENH3 domains. The levels of genetic variation within
CENH3 were estimated as nucleotide diversity m, haplotype
diversity H, and 0y, the last index being the relationship be-
tween segregating sites and alleles. The Watterson estimator
0,y is based on the number of polymorphic sites in a sample
of sequences drawn at random from a population (Watterson,
1975), whereas nucleotide diversity m represents the average
sequence divergence of all homologous sequences among
all individuals in a given set for comparison (Nei, Li, 1979).

Results

We sequenced the NTT and HFD domains of CENH3 from 10
to 25 samples per domain for each accession. Formerly, we
had shown that the main forms of rye aCENH3 are BCENH3
were 501- and 456-bp long, respectively, in all Secale species
and subspecies (Evtushenko et al., 2017). The lengths of NTTs
and HFDs in aCENH3 and BCENH3 analyzed in this study
are shown in Table 1.

In aCENH3, 1 to 21 single-nucleotide polymorphisms
(SNPs), or segregating sites, were found inside the domains
(Table 2). In the perennial S. strictum Presl. subspecies, the
number of SNPs in HFD was greater than in NTT, whereas
in annual S. cereale L. subspecies NTTs had more segregat-
ing sites. Among perennial subspecies, the highest genetic
variation in the CENH3 domains was detected in wild cross-
pollinating forms: S. strictum ssp. strictum, hereafter referred
to as S. strictum and S. strictum ssp. anatolicum (hereafter
S. anatolicum). There, w ranged from 0.0131 t0 0.0140 in NTT

Table 1. Lengths of coding sequences (CDS) of CENH3 genes
in Secale

Full gene/domain aCENH3 BCENH3
Fu|||engthCDs(bp) ................. 5 01456 ........................
Nterm,na| ta,| ........................... 2 13 ........................... 1 65 ........................
HFD ............................................ 2 88291 .........................
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Table 2. Estimates of nucleotide diversity in the NTT and HFD of aCENH3

CENH3 S
domain

Growth
habit

Species and subspecies n

Hy+SD

Polymorphism (x 1072)

m

nonsyn

Note: O - open-pollinated; S - self-pollinated; A — annual; P — perennial; W — wild/weedy; Cv - cultivar; S, - number of segregating sites; Hy — haplotype diversity;

6,, — Watterson estimator; SD - standard deviation.

Average nucleotide pairwise diversity: m, ., — total (synonymous, nonsynonymous); ,

and from 0.0116 to 0.0136 in HFD. Similarly, the estimates
of nucleotide diversity for wild annual cross-pollinating
S. cereale ssp. afghanicum (hereafter S. afghanicum) in both
aCENH3 domains were higher than in annual rye cultivars.
High nucleotide diversity levels were found in all the three
self-pollinating rye accessions studied: S. cereale ssp. africa-
num (hereafter S. africanum), S. cereale ssp. vavilovii (here-
after S. vavilovii), and S. sylvestre Host., regardless of their
belonging to annual or perennial Secale species. The overall
number of segregating sites in both c CENH3 domains of self-
pollinating subspecies varied from 21 in in S. africanum to 27
in S. vavilovii, and the 1 values for these subspecies ranged
from 0.0128 to 0.0176 in NTT (see Table 2). The estimates
of nucleotide diversity for the self-pollinating rye species
S. sylvestre were somewhat lower, but the overall number of
segregating sites was 25 for both domains. The 0y, values in
S. sylvestre were also higher than in some cross-pollinating
subspecies: 1.31 (NTT) and 2.03 (HFD), and the n values
for NTT and HFD were close: 0.0090 and 0.0086. Thus, the
nucleotide diversity of CENH3 is equally high in rye acces-
sions from wild cross- and self-pollinating populations.
Perennial S. strictum ssp. kuprijanovii (S. kuprijanovii) and
annual S. cereale ssp. dighoricum (S. dighoricum) showed

OPFAHM3ALNA XPOMOCOM / CHROMOSOME ORGANIZATION

syn ~ SYNONYMOUS; Tl 506, = NONSYNONyMoUS.

the lowest nucleotide and haplotype diversities of aCENH3
among the subspecies: 0.0065 to 0.0039 in NTT and 0.0019
to 0.005 in HFD. Accessions of these subspecies may have
originated from a small geographic range, where they had
higher inbreeding coefficients to limit geneflow within the
taxa (Hagenblad et al., 2016). The comparison of nucleotide
diversity values (m,,) for aCENH3 domains of two rye cul-
tivars and wild rye subspecies showed that the estimates of
diversity were low in cultivated rye, which might have resulted
from specific breeding features. Haplotype diversity values
(H,) were uniform across all domains of rye aCENH3, rang-
ing from 0.972 (S. strictum) to 0.736 (S. cereale cv. Otello) in
NTT and from 0.942 (S. anatolicum) to 0.727 (S. afghanicum)
in HFD with the exception of low H, values in S. kuprijanovii
and S. dighoricum.

The average estimates of nucleotide diversity © for BCENH3
were no lower than for «CENH3 (Table 3). High r values were
observed for the wild cross-pollinating subspecies S. strictum
(NTT, 0.0137; HFD, 0.0120) and S. afghanicum (NTT, 0.0134;
HFD, 0.0112). In the self-pollinating subspecies S. africanum
and S. vavilovii, we also noted large numbers of segregating
sites (21 and 15 in both CENH3 domains) and high nucleotide
diversity (0.0168 and 0.0095 in NTT, 0.0295 and 0.0084 in

137



S.S. Gatzkaya
E.V. Evtushenko

Patterns of nucleotide diversity for different domains
of centromeric histone H3 (CENH3) gene in Secale L.

Table 3. Estimates of nucleotide diversity in the NTT and HFD of BCENH3

Species and subspecies Growth  CENH3 Sn Hy+SD Polymorphism (x 1072)
habit domain e e
e UESD MatSD . Mo ... Tnonsy
S. strictum ssp. strictum O,PW NTT 10 0.790+0.105 1.83+£0.85 1.37+0.36 2.22 1.06
HFD ............. 10 ........... 0 786i0151 .......... 1351069 .............. 1201035386 ........... 0 34 .........

. 5 Smctum Ssp a f,,canum ................. S . P W .......... N TT .............. 11 ............ 0 933 i 0 0 77 ......... 2 35 i 1 14 ............. 168 i 0 3 5 e 2 0 9 ........... 1 53 .........

HFD ............. 10 ........... 1000i0045 ......... 3 69i160 .............. 2 59i0596” ........... 139 .........

. 5 Smctum Ssp k u pnjanov ” .............. O . PW ......... N TT ................ 6 ........... 0 731 i 0 1 33 ......... 115 i 0 61 .............. 0 69 i O 1 7 e 0 6 9 ........... 0 68 .........

HFD ............... 8 ........... 0 80010 0 10 ......... 10110 5 2 .............. 0 95i0 17 .............. 16 7 ........... 0 74 .........
S.cerealessp. cereale Otello)  O,A,Cw  NTT 11 0956£0045  205£095 1224022 125 120
HFD ............... 9 ........... 0 93310 0 77 ......... 11110 5 6 .............. 0 8710 0 3 .............. 10 9 ........... 0 80 .........
5. cereale ssp. cereale (mperial)  O,A,Cw  NTT 7 0657:0.138  159%063 054016 089 042
HFD ............... 3 ........... 0 25710142 ......... 0 311020 .............. 0 14100800() ........... 0 18 .........

5 Ce,ea/e Ssp afghan ,Cu m ............... O A W ........ N -|--|- .............. 15 ........... 0 87510 0 81 .......... 2 0510 88 .............. 134i0 2 7 .............. 16 7 ........... 122 .........

HFD ............... 8 ........... 0 90010161 .......... 1341078 .............. 1121033289 ........... 0 55 .........

5 Ce,ea/e Ssp Vaw /Ov , , ...................... S . AW ......... N -|--|- ................ 9 ........... 0 69910 1 17 ......... 15510 7 2 .............. 0 95i0 2 8 .............. 116 ........... 0 87 .........

HFD ............. 11 ............ 0 694i0021 .......... 141i060 .............. 0 841017 .............. 196 ........... 0 46 .........

Ssy/vestre ......................................... S AW ......... N TT ................ 6 ........... 0 571i0014 ......... 1”i058 .............. 0 62i021056 ........... 0 64 .........

HFD ............. 15 ........... 0 857i0090 ......... 160i069 .............. 0 90i016261 ........... 0 37 .........

Note: Designations follow Table 2.

HFD). In most accessions, the levels of nucleotide poly-
morphism were high in both BCENH3 domains. In the HFD
domains of S. africanum and S. sylvestre, the indices S, (the
number of segregating sites), 0y, @, and H; were higher than in
NTTs. Of the two paralogous CENH3 genes of rye, BCENH3
appears to be the younger (Evtushenko et al., 2017), and this
younger age may be responsible for the high genetic variation
in HFD, the more conservative CENH3 region. Both cCENH3
and BCENH3 show higher nucleotide diversities at synony-
mous sites than at nonsynonymous except for the nucleotide
diversity values in NTT and HFD of aCENH3 in S. strictum
and two cases with Ty, = 0.0000: aCENH3 of S. dighoricum
and BCENH3 of S. cereale cv. Imperial. These estimates
confirm the effect of purifying selection on rye CENH3 and
the possibility of adaptive selection for individual codons,
formerly demonstrated by E.V. Evtushenko et al. (2017).

Discussion

We compare nucleotide diversity patterns in domains of the
coding sequence of the gene encoding centromeric histone
H3 (CENH3), which is one of the epigenetic tags of an active
centromere. Centromeres, to which microtubules are attached,
define the proper cell segregation in mitosis and meiosis
(Comai et al., 2017). Nucleotide diversity comparisons are
performed within the genus Secale, whose accessions repre-
sent annual, perennial, cross-pollinating, and self-pollinating
forms; subspecies that experienced geographic isolation; and
cultivated varieties. Levels of genetic diversity assessed as
the numbers of segregating sites S, the Watterson estimator
0y, nucleotide diversity n, and haplotype diversity H, in the
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sequences of the aCENH3 and BCENH3 domains are higher
in wild cross-pollinating subspecies, be they perennial or an-
nual. However, the cross-pollinating reproductive habit is by
no means the only factor increasing nucleotide diversity in
rye CENH3. The same trend is observed in self-pollinating
perennial S. africanum and in the annual subspecies S. vavilo-
vii and S. sylvestre. In contrast, significantly lower nucleotide
diversities © and numbers of segregating sites S, are found
in cross-pollinating subspecies populating small geographic
ranges: S. dighoricum and S. kuprijanovii. The lower CENH3
nucleotide diversity in rye cultivars in comparison to wild ac-
cessions may be related to the effects of different genotypes
involved in breeding and the breeding process itself. The es-
timates of nucleotide diversity for rye CENH3 are higher than
for the ScVrnl gene, which controls vernalization sensitivity
in rye (Li et al., 2011), but are close to estimates for HTR12
(CENH3 analog) in Arabidopsis lyrata and Arabidopsis lyrata
ssp. petraea (Kawabe et al., 2006).

Conclusion
The nucleotide variation, or sequence diversity, inrye CENH3
is elevated by both cross-pollination and self-pollination in
large natural populations. Geographic isolation of cross-pol-
linating rye forms, as well as breeding processes in case of
cultivated rye reduce the nucleotide diversity of CENH3.
Nowadays, operations with the CENH3 structure are in
broad use in breeding programs for production of haploid lines
in important crops, capture of heterosis (Karimi-Ashtiyani et
al., 2015). Further advance in this field demands identification
and knowledge of CENH3 features in commercially important
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species. Data on the nucleotide diversity of rye CENH3 may
be useful in choosing parents for crosses between wild and
cultivated species.
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Replication timing in Drosophila
and its peculiarities in polytene chromosomes
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Drosophila melanogaster is one of the popular model organisms in DNA replication studies. Since the 1960s, DNA
replication of polytene chromosomes has been extensively studied by cytological methods. In the recent two de-
cades, the progress in our understanding of DNA replication was associated with new techniques. Use of fluores-
cent dyes increased the resolution of cytological methods significantly. High-throughput methods allowed analysis
of DNA replication on a genome scale, as well as its correlation with chromatin structure and gene activity. Precise
mapping of the cytological structures of polytene chromosomes to the genome assembly allowed comparison of
replication between polytene chromosomes and chromosomes of diploid cells. New features of replication charac-
teristic for D. melanogaster were described for both diploid and polytene chromosomes. Comparison of genomic
replication profiles revealed a significant similarity between Drosophila and other well-studied eukaryotic species,
such as human. Early replication is often confined to intensely transcribed gene-dense regions characterized by
multiple replication initiation sites. Features of DNA replication in Drosophila might be explained by a compact
genome. The organization of replication in polytene chromosomes has much in common with the organization of
replication in chromosomes in diploid cells. The most important feature of replication in polytene chromosomes is
its low rate and the dependence of S-phase duration on many factors: external and internal, local and global. The
speed of replication forks in D. melanogaster polytene chromosomes is affected by SUUR and Rif1 proteins. It is
not known yet how universal the mechanisms associated with these factors are, but their study is very promising.
Key words: Drosophila melanogaster; replication timing; replication origins; replication initiation zone; polytene
chromosome; endocycle; Supressor of UnderReplication; SUUR; Rif1.
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[IpocTpaHCTBEHHO-BPEMEHHAasI OpraHM3anus periMKanumu
V Ip030@IIbl I ee 0COOEHHOCTHU B IMOJAUTEHHBIX XPOMOCOMAaX

T.A. Koaecunkosal> 2@, O.B. Auronenko!, 11.B. Makyuunl 3

! VHCTUTYT MoneKynapHo 1 KneTouHoi 6uonorun Cnbupckoro otaeneHms Poccuiickon akagemmm Hayk, HoBocmbupck, Poccus
2 HoBocrbrpCKmMii HaLMoHaNbHbI KCCNefoBaTeNbCKNA FOCYAAPCTBEHHDIN yHUBepcuTeT, HoBOCMOMpCK, Poccms

3 MccnepoBatenbCKuii BbIUMCAUTENbHbIN LeHTP, KBUHCNeHACKnI yHuBepcuteT, CeHT-Jllocna, KBuncnen, Asctpanusa
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Drosophila melanogaster — oguH 13 NONYNAPHbIX MOLAENbHbIX OPraHN3MoB A usyyeHus pennukauyun JHK. Ha-
unHasA ¢ 1960-x rogoB pennunKaLmio MOMUTEHHbBIX XPOMOCOM aKTUBHO M3y4asivi C MOMOLLbIO LIUTONTIOrMYECKNX METO-
noB. B nocnegHve aBaguatb neT Nporpecc B M3yYeHUn pennkauum onpegenanca npumeHeHnem HoBbIX METOAOB.
Mcnonb3oBaHue $pnyopecLeHTHbIX KpacuTenen 3HaUUTENIbHO YAYYLLUIO Pa3peLLEHNE LUTONOrMYECKUX MOAXOLOB.
Hannuvne reHomHOIN mocnefoBaTeNbHOCTU MO3BOAWIIO U3YUNTb U COOTHeCTU pennuvkauuio OHK co ctpyktypon
XPOMaTVHa 1 aKTUBHOCTbIO FEHOB AN SYXPOMaTUHOBbIX PalioHOB B MacliTabe reHoma. KapTrpoBaHume rpaHuny Ln-
TONIOMMYECKNX CTPYKTYP MONUTEHHbBIX XPOMOCOM Ha NOC/efA0BaTeNIbHOCTM reHOMa Aafnio BO3MOXKHOCTb CPaBHUTb
BPEeMEHHbIe XapaKTepPUCTUKIN PenivKaLnum parioHOB XPOMOCOM B KJTIETOUHbBIX KYJIbTypax U KNeTKax C/TIIOHHOW »ene-
3bl. BblnM onvcaHbl HOBblE 0COBEHHOCTY pPennKaLumn Kak ajsa XpoOMOCOM ANMIOVAHBIX KNETOK, TaK 1 Ans NONNTEH-
HbIX XPOMOCOM ApP030dusibl. AHanM3 BpemMeHHbIX Npodurnen pennvkauuy nokasas, 4To opraHmsauna penankaumum
VIMEeT B CBOEl OCHOBE Te K& 3aKOHOMEPHOCTU, YTO U Yy APYTMX XOPOLLUO N3YUYEHHbIX C TOUKWN 3peHUA pennvKkaumnm
BVAOB, B YaCTHOCTM YenoBeKa. PaHHAA pennukauus, Kak NpaBuio, NprypoyeHa K paioHaMm, XxapakTepusyoLwmnmca
BbICOKMM YPOBHEM TPaHCKPUMNLW, BbICOKOW MAIOTHOCTbIO FTEHOB 1 NPUCYTCTBMEM MHOMXECTBEHHbIX CaiTOB MOTEH-
UManbHOM MHULMauuy pennmkauun. KomnaktHocTb reHoma D. melanogaster BHOCMT HEKOTOPblE OCOBEHHOCTY B
opraHusauuio ee pernnikayun. locnegoBatenbHOCTb penavKauMmy reHoma B MOSIMTEHHbBIX XPOMOCOMAaX 1 XPOMO-
COMax AUMMOUAHbBIX KNeTOK MMeeT MHOTO 06LLero: MHMLMaLMA pennrKkauuy npuypoyeHa K O4HUM 1 TeM e paiio-
HaM, Mexay KOTOpbIMU fiexaT NPOTAXKEHHbIE YYaCTK/ reHOMa, rAe penankauma NponcxoanT NpenmyLLecTBeHHO
OT KpaeB K cepeaunHe. BaxkHeNWwWmnmm oco6eHHOCTAMMN pernikaumm B NOIMTEHHBIX XPOMOCOMAX ABMATCA HU3KanA

© Kolesnikova T.D., Antonenko O.V., Makunin L.V., 2019
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MpoCTpaHCTBEHHO-BPEMEHHAA OpraHm3aums peninKaumm
y 8po30dusibl U ee 0CO6eHHOCTY B MOSITEHHBIX XPOMOCOMaX

CKOPOCTb PerIMKaLMOHHbIX BUNIOK 1 3aBUCUMOCTb MPOTAXKEHHOCTU S-pa3bl OT MHOXKECTBa Kak BHYTPEHHMX, TaK 1
BHeLWHMX $aKTopoB. B nonmTeHHbIX xpomocomax D. melanogaster CcKopocTb ABUMKEHNA PenIMKaLNOHHbIX BUNOK
3aBUCUT OT NPUCYTCTBUA B XpomaTuHe 6enkos SUUR un Rif1.

KntoueBble cnoBa: Drosophila melanogaster; pennKauvoHHbIN TalMUHT; CalT Havana pennunkauuy; NoanTeHHble
Xpomocombl; sHZouukn; Supressor of UnderReplication; SUUR; Rif1.

Introduction

The development of high-throughput methods facilitated the
genome-scale analysis of many biological phenomena. By
now, detailed replication timing profiles have been described
for genomes of many model organisms. As a rule, these
profiles were created by pulse labeling of fluorescent DNA
precursors in nonsynchronized cell cultures followed by auto-
matic cell sorting by amount of DNA, which reflects cell cycle
stages. Generally, two or three fractions corresponding to the
early, middle, and late S-phases were isolated (Gilbert, Cohen,
1987; Schiibeler et al., 2002; Schwaiger et al., 2009). Replica-
tion profiles are calculated as log2-transformed ratios of prob-
abilities of replication in the early and late S-phase (Schiibeler
etal., 2002). Negative values correspond to replication in early
S-phase, and positive values point to late replication.

Replication timing profiles reflect nonuniform chromatin
organization, which is in turn associated with the nonuni-
form organization of the genome. Generally, regions with
transcriptionally active chromatin replicate in the first half of
the S-phase, while regions with silenced chromatin replicate
later (Gilbert, 2002; Hiratani, Gilbert, 2009; Schwaiger et al.,
2009; Gilbert et al., 2010; Hansen et al., 2010). Both in mam-
mals and Drosophila early replication correlates with high
gene density and high transcription level. Borders of early
replicating domains match borders of topological domains.
Late replicating regions coincide with domains of silenced
chromatin and lamina-associated domains (Pickersgill et
al., 2006; Belyakin et al., 2010; Peric-Hupkes et al., 2010;
Rhind, Gilbert, 2013; Pope et al., 2014; Boulos et al., 2015;
Prioleau, MacAlpine, 2016). Replication profiles may vary
among different cell types, reflecting different chromatin
states in particular genomic regions (Hiratani et al., 2008,
2010; Schwaiger et al., 2009; Pope et al., 2010). Aberration
of replication timing may cause genome instability, defects
of chromatin condensation, and, as a consequence, oncogenic
transformation of cells (Hiratani, Gilbert, 2009).

Replication timing is regulated at the level of extended chro-
mosomal domains (Berezney et al., 2000; Hiratani, Gilbert,
2009; Gillespie, Blow, 2010). In human and mouse genomic
regions of a megabase scale demonstrate nearly synchronous
initiation of DNA replication and borders between early and
late replicating regions coincide with borders of open and
closed chromatin (Jackson, Pombo, 1998; Ma et al., 1998;
Julienne et al., 2013). Activation of origins and initiation of
replication play a key role in the determination of replication
timing (Jackson et al., 2006; Gillespie, Blow, 2010). Recent
studies demonstrated that topological domains played an im-
portant role in the establishment of replication domains, or re-
gions with coordinated regulation of DNA replication (Pope et
al., 2014). In addition, it was shown that some genomic regions
have no active replication initiation sites. These regions repli-
cate late by very long replicons initiated in adjacent early rep-
licating regions (Norio et al., 2005; Durkin, Glover, 2007; Ca-
doret et al., 2008; Letessier et al., 2011; Debatisse et al., 2012).
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Replication timing in Drosophila cell cultures

D. melanogaster was one of the first organisms for which
whole-genome replication timing profiles were obtained and
extended (> 100 kb) domains of early and late replication
were identified (Schiibeler et al., 2002; MacAlpine D.M.
et al., 2004; Schwaiger et al., 2009; MacAlpine H.K. et al.,
2010; Lubelsky et al., 2014). According to D.M. MacAlpine
et al. (2004) and M. Schwaiger et al. (2009), the average size
of replication domains in Drosophila (i.e., extended zones
of similar replication timings where replication initiation is
coordinated) is estimated to be 180 kb, much smaller than
megabase-sized domains in mammals (White et al., 2004;
Woodfine et al., 2005; Hiratani et al., 2008). The distribu-
tion of the Origin Recognition Complex (ORC) is the most
important determinant of the replication-timing program
in D. melanogaster chromosomes (MacAlpine D.M. et al.,
2004; MacAlpine H.K. et al., 2010; Lubelsky et al., 2014).
Early replication domains are characterized by high density
of ORC-binding sites, presence of active chromatin marks,
high gene density, and elevated transcriptional activity. On the
contrary, late replicating domains demonstrate the absence of
active chromatin marks, low gene density, weak ORC binding,
and presence of H3K27me2/3 or H3K9me2/3 (MacAlpine et
al., 2010; Lubelsky et al., 2014).

Comparison of replication timing in two cell types revealed
changes in 21 % of autosomal regions (Schwaiger et al., 2009).
Changes in replication timing on autosomes correlate with dif-
ference in gene expression. An elevated level of H4K 16ac was
detected in early replicating regions, including nontranscribed
regions on the male X chromosome (Schwaiger et al., 2009).
Y. Lubelsky et al. (2014) analyzed replication profiles in three
D. melanogaster cell cultures by high-throughput sequencing
and concluded that the majority of early and late replicating
domains, covering 60 % of the genome, demonstrated similar
replication timing patterns in the cell lines. The highest density
of ORC-binding sites was observed in domains replicating
early in the cell lines. In dynamic domains with variable
replication timing, the density of ORC binding sites was low
regardless of the replication time (Lubelsky et al., 2014).

Work on cell cultures revealed general patterns of replica-
tion in Drosophila, but no criteria were suggested for borders
of replication domains. The understanding of the subdivision
of Drosophila genome into replication domains came from
analysis of replication in polytene chromosomes.

Cytological studies of replication timing

in polytene chromosomes

Polytene chromosomes are interphase chromosomes compri-
sing multiple DNA copies stacked together. Their giant size
makes it possible to visualize molecular processes, such as
gene expression or replication, at the cytological level at a
very high resolution. Characteristic polytene chromosome
patterns of alternating dark bands and light interbands have
been used for many years for fine mapping of various cyto-
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genetic markers. There are two types of bands in Drosophila
polytene chromosomes. The most pronounced black bands
contain DNA in a very compact state, whereas gray bands
are less condensed. The DNA of interbands is significantly
decompacted (Spierer A., Spierer P., 1984; Kozlova et al.,
1994; Vatolina et al., 2011; Zhimulev et al., 2014).

Since the 1960s, replication in polytene chromosomes of
Drosophila and other Diptera has been extensively studied
by cytological methods. A detailed cytological analysis of
replication in polytene chromosomes of D. melanogaster,
Rhynchosciara angelae (=Rhynchosciara americana), Chi-
ronomus thummi, Anopheles stephensi and some other species
showed similar patterns of 3H thymidine incorporation in dif-
ferent polyploid tissues (for references see (Zhimulev, 1999)).
A stage of continuous labeling, when entire chromosomes
were covered with *H thymidine was followed by a stage of
discrete labeling, when only the compact bands were labeled.
In addition, a stage of inverse discrete labeling was detected,
when some interbands, puffs, and decondensed bands were
labeled (for review see (Zhimulev, 1999)). This stage cor-
responds to the very early S-phase. To determine the order of
replication for different regions, various elegant methods were
employed, such as double radioactive labeling, determination
of the DNA amount in replicating bands, and analysis of pat-
terns after natural or artificial synchronization of endocycles
(Keyl, Pelling, 1963; Plaut et al., 1966; Danieli, Rodino, 1967;
Mulder et al., 1968; Amabis, 1974; Stocker, Pavan, 1974,
Achary et al., 1981; Redfern, 1981). In different species, the
replication time of a band correlates with the amount of DNA
in it (Keyl, 1965; Mulder et al., 1968; Hégele, 1976; Bedo,
1982). Big bands replicate late and complete replication in a
similar temporal order in different polytene tissues of Dro-
sophila (Sinha et al., 1987; Koryakov, Zhimulev, 2015) and
mosquito Anopheles stephensi (Redfern, 1981).

The use of fluorescence detection increased the resolution
of the method. Back in 1985, the replication of larval salivary
gland polytene chromosomes of Chironomus tummi was in-
vestigated by BrdU incorporation followed by fluorescence
detection (Allison et al., 1985). D. Koryakov and . Zhimulev
(2015) used BrdU to study replication in polytene chromo-
somes from nurse cells of D. melanogaster otu mutants. In
recent years, replication detection with PCNA antibodies has
been extensively used (Gibert, Karch, 2011; Kolesnikova et
al., 2013, 2018; Andreyeva et al., 2017). The high resolution
of the method revealed that at the continuous labeling stage,
when replication was seen almost everywhere along the
chromosome arms, large black bands had not even started
replication, whereas some regions of loosely packed chromatin
had already completed it (Kolesnikova et al., 2013; Koryakov,
Zhimulev, 2015).

Similarity of replication timing

in polytene chromosomes

and chromosomes of diploid cells

Despite a great amount of papers devoted to cytological studi-
es of replication in polytene chromosomes, until recently, it
was difficult to compare these results with data obtained on
diploid cells because morphological structures of polytene
chromosome were mapped to the Drosophila genome as-
sembly at insufficient resolution. Invoking cytological and
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molecular data, T.D. Kolesnikova et al. (2018) mapped borders
of all 159 prominent black bands on chromosome 2R to the
Drosophila genome assembly with a high accuracy. These
159 bands are characterized by the presence of silent chromatin
ruby (Zhimulev et al., 2014) and hence were named rb-bands
(Kolesnikova et al., 2018). The rb-bands demonstrate low gene
density, low gene expression level in individual tissues, and
enrichment in transcriptionally inactive types of chromatin.
The INTervals between rb-bands, or INTs, comprised from
gray bands and interbands, are characterized by high gene
density, high proportion of actively transcribed genes, and
open chromatin in different cell types. The rb-bands contain
predominantly tissue-specific genes, the INTs are enriched in
genes expressed at high levels in many tissues. The rb-bands
correspond to 60 % of the euchromatic part of chromosome
2R. Their sizes vary within 15-500 kb, the median size being
~50 kb. INTs are generally smaller, the median size ~30 kb.
Border regions between rb-bands and INTs often coincide with
borders of topological domains. The borders are characterized
by a dramatic difference in the presence of multiple epigenetics
markers such as H3K27me3, Lamin, SUUR, and histone H1
(Kolesnikova et al., 2018). INTs and rb-bands split chromo-
some 2R into two types of domains with contrasting properties,
which are conservative in different tissues (Kolesnikova et al.,
2018). Analysis of rb-bands from another chromosome arm
shows similar features (Kolesnikova, unpublished results).

Analysis of replication in polytene chromosomes using
anti-PCNA immunostaining demonstrated that INTs repli-
cate before rb-bands (Kolesnikova et al., 2018). Completion
of replication in rb-bands correlates with the size of the re-
gions. Comparison of publicly available replication data for
Drosophila cell cultures (Schwaiger et al., 2009) revealed
that regions corresponding to the rb-bands showed a similar
replication timing in diploid Kc and CI8 cells; that is, replica-
tion starts and complete later in these regions, and replication
time correlates with the size of the region. INTs replicate early
in the salivary glands and cell cultures (Kolesnikova et al.,
2018).

Analysis of ORC distribution data for salivary glands and
cell cultures (Sher et al., 2013) revealed that INTs are enriched
with ORC binding sites in polytene chromosomes and a cell
culture and serve as initiation zones of early replication in dif-
ferent cell types. The rb-bands are practically devoid of ORC
binding sites and presumably replicated by forks entering from
early replication zones. A negative correlation —0.6 between
the size of a region and time of replication completion in the
cell culture (a minimal replication score for a region) supports
this assumption. M. Schwaiger et al. (2009) found that in
Drosophila cell cultures average length of replicons originated
from early and late origins are 80 and 30 kb, respectively and
suggested that replication forks originated from early replica-
tion origins enter late replicating regions. Indeed, the size of
early replicons (80 kb) exceeds that of early replicating INT
regions (30 kb).

Finding early and late replication origins:
challenges and obstacles

While early replication origins are well defined in the Dro-
sophila and human genomes, the locations and the very nature
of the late replication origins remain somewhat obscure.
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Replication profiles are produced by analysis of a cell
population. Comparison of replication initiation sites identi-
fied by different techniques in mammals shows that origins
are often present in clusters, named replication initiation zones
(Borowiec, Schildkraut, 2011; Cayrou et al., 2011; Mesner et
al., 2011). Every replication initiation zone contains multiple
replication origins. It is postulated that origins have low ef-
ficiency (probability of activation in a cell cycle). Replication
initiates stochastically at any origin within the zone. Initiation
of replication inactivates neighboring origins by ‘interference’
(Lebofsky et al., 2006; Petryk et al., 2016; Prioleau, MacAl-
pine, 2016). In humans, the median size of early replication
zones is 150 kb (Petryk et al., 2016). Multiple ORC binding
sites identified within these zones serve as potential replication
origins. These origins are confined to particular regions and
easily detected by different experimental techniques (Petryk
et al., 2016). In Drosophila, INTs presumably act as early
replication initiation zones and contain multiple ORC bind-
ing sites. Both in Drosophila and humans, early replication
initiation zones are interwoven with late replicating regions
characterized by U-shaped replication profiles. Replication
origins in late replicating regions are less confined to spe-
cific sites, and they do not necessarily correspond to ORC
binding sites; hence, they can escape detection by traditional
approaches (Petryk et al., 2016). A ‘cascade’ model for se-
quential activation of internal origins by moving replication
forks was proposed for late replicating regions (Chagin et al.,
2010; Guilbaud et al., 2011; Petryk et al., 2016).

M. Schwaiger et al. (2009) identified two peaks of replica-
tion initiation events in Drosophila cell cultures. Analysis of
data from different sources on replicon size, size of candidate
replication initiation zones, and domains depleted of ORC
binding sites suggests that a major proportion of the euchro-
matic part of the Drosophila genome is replicated by forks
originating in early S-phase in INTs (Kolesnikova et al., 2018).
Size of the rb-bands located between INTs rarely exceeds
hundreds of kbs, and these regions often complete replication
by forks entering from adjacent INTs before activation of the
late origins. Only the longest rb-bands represented by regions
of intercalary heterochromatin and pericentric heterochroma-
tin regions initiate replication in the late S-phase in diploid
cells. It is hypothesized that late origins never fire in polytene
chromosomes (Lilly, Duronio, 2005; Lee et al., 2009).

Activation of origins occurs throughout all S-phase. How-
ever, origins can be divided in two classes according to their
response to the system of DNA damage control, intra-S-
phase checkpoint. Treatment of cells with hydroxyurea (HU)
activates the intra-S-phase checkpoint. Origins capable of
activation in the presence of HU are considered as early ori-
gins (Shirahige et al., 1998; Willis, Rhind, 2009). MacAlpine
et al. (2010) mapped origins active in Kc167 cells after HU
treatment. All identified HU-insensitive origins coincide with
ORC binding sites. However, only 30 % of the ORC binding
sites overlap HU-insensitive origins. It is unclear whether
the remaining ORC binding sites correspond to late replica-
tion initiation sites or represent weak origins, which may be
activated in a stochastic manner in a limited number of cells.
In addition, any manipulations with the cell cycle and the
inter-S-phase checkpoint can have a profound effect on the
pattern of active origins (Kolesnikova et al., 2013).
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Distinct properties of replication

in Drosophila polytene chromosomes

Polytene chromosomes emerge in a modified cell cycle called
endocycle. An endocycle lacks all steps of mitosis. Different
tissues attain different ploidies. In D. melanogaster salivary
gland cells typically achieve ~1,300C, whereas fat body cells
~256C and midgut enterocytes 32C (Shu et al., 2018). In
salivary glands, the exit from the S-phase happens before the
completion of the entire genome replication and approximately
30 % of the genome are underreplicated in polytene chromo-
somes (Lilly, Spradling, 1996; Royzman, Orr-Weaver, 1998;
Doronkin et al., 2003; Lee et al., 2009; Zielke et al., 2013;
Edgar et al., 2014; Shu et al., 2018). The underreplication
points to a change in the system of DNA damage control. It
is plausible that the intra S-phase checkpoint and activation
of late origins are absent in polytene nuclei (Lilly, Duronio,
2005; Lee et al., 2009). The apoptosis mechanism is turned
off in these cells (Hassel et al., 2014). Genes associated with
DNA replication are expressed at relatively low levels in
endocycling cells (Magbool et al., 2010).

The Drosophila endocycle is driven by oscillation of
Cyclin E/Cdk2 activity. Different levels of Cyclin E/Cdk2
activity control initiation and termination of endoreplication,
as well as the origins reset (Lilly, Spradling, 1996; Edgar,
Orr-Weaver, 2001; Lilly, Duronio, 2005; Edgar et al., 2014;
Shu et al., 2018). Ectopic expression of Cyclin E under con-
trol of the Asp70 promoter induces S-phase in salivary gland
cells (Duronio, O’Farrell, 1995; Su, O’Farrell, 1998). The
oscillation of Cyclin E-Cdk2 activity is controlled at many
levels, including the transcriptional induction of the Cyclin E
gene by E2F1 (Duronio, O’Farrell, 1995), the destruction of
Cyclin E protein by SCFAgo E3 ubiquitin ligase (Moberg et
al., 2001; Shcherbata et al., 2004; Zielke et al., 2011), and
the oscillation of cyclin-dependent kinase inhibitor Dacapo
(Hong et al., 2007; Swanson et al., 2015). The oscillation of
Cyclin E-Cdk?2 activity and, hence, endocycle regulation are
sensitive to external factors, such as nutrient levels (Britton,
Edgar, 1998). External factors act via a network of signaling
and transcription factors. Well-studied upstream regulators of
the endocycle include growth factors, in particular, insulin-
like peptides, and epidermal growth factor (EGF) signaling.
The downstream effectors in these pathways are PI3K, AKT,
target of rapamycin (TOR), forkhead box O (FOXO), RAS,
and MAPK (Britton et al., 2002; Saucedo et al., 2003; Pierce
et al., 2004; Grewal et al., 2005; Demontis, Perrimon, 2009;
Edgar et al., 2014). The nonuniform distribution of external
factors can asynchronously induce endoreplication in cells
within an organ. Nuclei in salivary gland are not synchro-
nized, but the distribution of endocycle stages is not random
(Rudkin, 1973; Smith, Orr-Weaver, 1991; Kolesnikova et al.,
2013). For example, nuclei in proximal and distal ends of the
D. melanogaster salivary gland differ by one or two rounds
of endoreplication. Some of these differences are mediated by
transcription factor Sunspot (Ssp). It promotes the expression
of E2F1 and PCNA in D. melanogaster salivary glands. In the
proximal region of the gland, the sunspot gene activity is in-
hibited by wingless (Wnt) signaling, resulting in reduced E2F 1
expression, a longer endocycle, and decreased ploidy (Taniue
et al., 2010). Ssp is negatively regulated by Arm (Taniue et
al., 2010). The arm-GAL4 driver induces mosaic expression
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of the reporter gene LacZ in salivary glands of Drosophila
third instar larvae (Kolesnikova et al., 2005). Perhaps the Arm
mosaic expression contributes to the asynchrony of endocycles
in salivary gland. In D. melanogaster ovarian follicle cells,
differentiation-associated endocycle exit is regulated through
a combination of Notch signaling, Ecdysone receptor, and
transcriptional repressor Tramtrack (Sun et al., 2008).

It has been shown in Drosophila that the duration of endo-
cycles and, presumably, the S-phase increases with increase
of ploidy (Rudkin, 1972, 1973). The speed of replication forks
in salivary gland polytene chromosomes of Drosophila and
Rhynchosciara is significantly lower than in diploid cells,
especially during the late S-phase (Meneghini, Cordeiro, 1972;
Cordeiro, Meneghini, 1973; Steinemann, 1981a, b; Lakhotia,
Sinha, 1983). Studies of underreplication profiles in different
Drosophila tissues have shown that underreplication zones can
be tissue-specific, but they correspond to repressive chromatin
areas lacking origins in other polytene tissues where they are
completely replicated. The authors suggest that the difference
in underreplication is caused by tissue-specific variation of
replication rates in these regions (Hua et al., 2018).

The speed of replication forks in Drosophila polytene
chromosomes depends on SUUR protein (Sher et al., 2012;
Nordman et al., 2014). In SuURES polytene chromosomes the
late replicating regions complete replication earlier (Zhimulev
et al., 2003). Both in salivary glands and in diploid cells, all
chromosome regions corresponding to rb-bands are enriched
in SUUR protein (Kolesnikova et al., 2018). Targeting of
SUUR protein to an early replication region on a polytene
chromosome leads to the late completion of replication in
this site (Pokholkova et al., 2015). It can be assumed that
SUUR plays an important role in the replication delay asso-
ciated with rb-bands at least in salivary gland chromosomes
(Kolesnikova et al., 2018). Continuous SuUR overexpression
in salivary glands starting from early embryogenesis leads to
a miniature gland, indicative of a strong suppression of DNA
replication in the cells (Volkova et al., 2003; Zhimulev et al.,
2003). Overexpression of SuUR in the middle of the third lar-
val instar under the salivary gland specific Sgs3-GAL4 driver
leads to disappearance of nuclei at G-phase and accumulation
of nuclei at early S-phase, when labelling is observed only in
early replicating regions (Kolesnikova et al., 2011). The SuUR
overexpression does not abolish incorporation of 5-ethynyl-
2'-deoxyuridine (EdU) into the polytene chromosomes, hence
DNA replication continues, albeit at a very low rate.

SuUR overexpression exerts a significantly less pronounced
effect in diploid cells. There is no obvious effect on eye forma-
tion, but apoptosis was observed in the wing disc, and the wing
shape was distorted. The effect is enhanced by mutations in
the genes encoding E2F and PCNA proteins, suggesting that
ectopic SUUR affects replication in diploid cells (Volkova et
al., 2003). The cause of the more pronounced effect of SUUR
on DNA replication in polytene chromosomes compared with
diploid cells remains to be found out.

O.V. Posukh et al. (2015) suggests that the SUUR-depen-
dent replication delay is important for a proper post-replication
chromatin assembly. The SuUR mutation changes levels of
H3K27me3 and H3K9me3 in late replicating regions of poly-
tene chromosomes of salivary glands and pseudonurse cells of
otu'! mutants (Koryakov etal., 2011; Sher et al., 2012; Posukh
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et al., 2017). According to O.V. Posukh et al. (2017), SUUR
in Drosophila chromosomes is involved in the epigenetic
inheritance of H3K27me3 in those regions where Polycomb
complexes only establish, but do not maintain H3K27me3
silencing (Posukh et al., 2015, 2017).

The Rifl protein, a candidate repressor of replication, is
another important factor involved in the regulation of replica-
tion timing in D. melanogaster. Rif1 recruits phosphatase PP1
to multiple chromosomal sites, where the latter can dephos-
phorylate replicative helicase and block premature replication
of heterochromatin sequences (Sreesankar et al., 2015; Seller,
O’Farrell, 2018). During amplification of chorion genes in
ovarian follicle cells, Rifl is localized in active replication
forks in a partially SUUR-dependent manner, where it directly
regulates replication fork progression (Munden et al., 2018).
It appears that in polytene chromosomes SUUR protein binds
to chromatin domains where histone H1 is accumulated dur-
ing the S-phase (Andreyeva et al., 2017). SUUR binds to the
components of replication forks (Kolesnikova et al., 2013;
Nordman et al., 2014) and attracts Rif1 protein (Munden et al.,
2018). In turn, Rifl protein attracts PP1 phosphatase, which
dephosphorylates replicative helicase, thereby controlling
the activation time of the origins and the replication fork rate
(Sreesankar et al., 2015; Seller, O’Farrell, 2018).

Conclusion

In the last twenty years, the progress in understanding of
replication was associated with advances in high-throughput
techniques. Comparison of genomic replication profiles
revealed significant similarity between Drosophila and other
well-studied eukaryotic organisms, such as humans. Early
replication is often confined to intensely transcribed gene-
dense regions characterized by multiple replication initiation
sites. Features of DNA replication in Drosophila may be
explained by the compact genome (Petrov, 2002). The most
important feature of replication in polytene chromosomes
is their low replication rate and the dependence of S-phase
duration on many factors: external and internal, local and
global. In D. melanogaster polytene chromosomes, the speed
of replication forks is affected by SUUR and Rifl proteins.
It is not known yet how universal the mechanisms associated
with these factors are, but their study is very promising.
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Polytene chromosomes reflect functional organization
of the Drosophila genome
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Polytene chromosomes of Drosophila melanogaster are a convenient model for studying interphase chromo-
somes of eukaryotes. They are giant in size in comparison with diploid cell chromosomes and have a pattern of
cross stripes resulting from the ordered chromatid arrangement. Each region of polytene chromosomes has a
unique banding pattern. Using the model of four chromatin types that reveals domains of varying compaction
degrees, we were able to correlate the physical and cytological maps of some polytene chromosome regions and
to show the main properties of genetic and molecular organization of bands and interbands, that we describe in
this review. On the molecular map of the genome, the interbands correspond to decompacted aquamarine chro-
matin and 5’ ends of ubiquitously active genes. Gray bands contain lazurite and malachite chromatin, intermedi-
atein the level of compaction, and, mainly, coding parts of genes. Dense black transcriptionally inactive bands are
enriched in ruby chromatin. Localization of several dozens of interbands on the genome molecular map allowed
us to study in detail their architecture according to the data of whole genome projects. The distribution of pro-
teins and regulatory elements of the genome in the promoter regions of genes localized in the interbands shows
that these parts of interbands are probably responsible for the formation of open chromatin that is visualized in
polytene chromosomes as interbands. Thus, the permanent genetic activity of interbands and gray bands and the
inactivity of genes in black bands are the basis of the universal banding pattern in the chromosomes of all Dro-
sophila tissues. The smallest fourth chromosome of Drosophila with an atypical protein composition of chromatin
is a special case. Using the model of four chromatin states and fluorescent in situ hybridization, its cytological map
was refined and the genomic coordinates of all bands and interbands were determined. It was shown that, in spite
of the peculiarities of this chromosome, its band organization in general corresponds to the rest of the genome.
Extremely long genes of different Drosophila chromosomes do not fit the common scheme, since they can occupy
a series of alternating bands and interbands (up to nine chromosomal structures) formed by parts of these genes.
Key words: Drosophila melanogaster; polytene chromosomes; interphase chromosomes; four chromatin state
model; fluorescent in situ hybridization; genetic organization; bands and interbands of chromosomes.
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MonuTteHHble xpomocombl Drosophila melanogaster — ynobHas mogens Ana nsydeHns UHTEPGA3HbIX XPOMOCOM
3yKapwoT. /IM CBONCTBEHHbI TMIaHTCKME pa3Mepbl B CPAaBHEHU C XPOMOCOMaMK AUMIOUAHbIX KITETOK 1 ronepey-
Has MCYEePUYEHHOCTb, BO3HUKAIOLLAs B CBA3M C YNOPAAOUEHHBIM PACToNoXeHneM Xpomating. Kaxabli paioH no-
JINTEHHBIX XPOMOCOM 06M1afaeT YHMKaNbHbIM AUCKOBBIM PUCYHKOM. C MCMONb30BaHNEM MOAENN YeTbipex TUMOB
XpOMaTvHa, KOTOpas BbIABMAET JOMEHbI Pa3IMUHON CTENEHN KOMMAKTA3aLUMUK, YOaN0Ch COOTHECTU GU3NYECKYIo
1 LUMTONOIMYECKYIo KapTbl HEKOTOPbIX PaiOHOB MOJIMTEHHBIX XPOMOCOM U MOKa3aTb OCHOBHbIE CBOWCTBA reHe-
TUYECKOW 1 MONEKYNAPHOW OpraHn3aLmnm QUCKOB 1 MeXAMCKOB, OMMCAHUI0 KOTOPbIX MOCBALLEH AdaHHbIN 0630p.
MeXpanckam Ha MONEKYNAPHOI KapTe reHOMa COOTBETCTBYIOT A€KOMMAKTHbBI aquamarine XpoMaThH U 5'-KOHLbI
NMOBCEMECTHO aKTVBHbIX reHoB. Cepble ANCKM CoAepKaT MPOMEKYTOUHbIN N0 YPOBHIO KOMMaKTu3auwmu lazurite n
malachite XxpomaTuH 1 B OCHOBHOM KOAMPYIOLME YacTW reHOB. YepHble MIOTHbIE TPAHCKPUMNLMOHHO HeaKTyB-
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MoNUTEHHbIE XPOMOCOMbI OTpaXKatoT
byHKLUMOHanbHyo opraHusaumio reHoma Drosophila

Hble ANCKM oboralleHbl ruby xpomaTuHOM. JToKanmsaumsa HeCKONbKMX JECATKOB MEXAMCKOB Ha MOJNIEKYSISAPHON
KapTe reHoma no3Bosivsa no AaHHbIM MOSIHOrEHOMHbIX NMPOEKTOB NOAPOOHO NCCNefoBaTh NX apXUTEKTYpY. Pac-
npepeneHvie 6enkoB 1 PerynaaTOPHbIX S71eMEHTOB FreHOMa B MPOMOTOPHbBIX PallOHaX FeHOB, TOKANM30BaHHbIX B
MEeX[MCKaX, MOKa3bIBAET, UTO 3TV YaCTU MEXIUCKOB, BEPOATHO, OTBEUAIOT 338 GOpMMUPOBaHME XPOMATVHA OTKPbI-
TOrO TUMa, KOTOPbI BU3yanv3npyeTcs B NMONMTEHHbBIX XPOMOCOMaX Kak MEXANCKI. Takm 06pa3om, MOCTOsAHHasA
reHeTnyecKasn akTYBHOCTb MEXANCKOB U CEPbIX AUCKOB 1 HEAaKTUBHOCTb FEHOB B YePHbIX JUCKaX JieXaT B OCHOBE
YHUBEPCaNIbHOrO AUCKOBOTO PUCYHKa B XPOMOCOMaXx Bcex TKaHel Apo3odunbl. Ocobbilt cnyyaid npefcraBnset
camas ManeHbKas — yeTBepTas — XpOMOCOMa Ap030dusibl C HETUMNYHON GENKOBOV KOMMNO3WLUMEN XPOMaTrHa.
Mpwv nomoLLm Mofenu YeTbipex COCTOAHMI XPOMaThHa 1 GITyOpPeCLEHTHO in situ rMbpuan3sauum bbina yTouHeHa
ee UMTONOrMYyeckas KapTa 1 onpeaeneHbl FeHOMHbIE KOOPAMHATHI BCEX AVNCKOB M MeXAMCKOB. [okasaHo, uTo,
HeCMOTpPs Ha OCOGEHHOCTM 3TON XPOMOCOMbI, e AVMCKOBas OpPraHu3aLus B LeJIOM COOTBETCTBYET OCTaIbHOMY
reHomy. Bbl61BalOTCA 13 06LWeln cxemMbl 0CO60 AJIMHHbIE TeHbl Pa3HbIX XPOMOCOM APO030dWIbl, KOTOpble MOTYT
3aHUMATb LieNlylo Cepuiio Yepenyowmxcs ANCKOB Y MeXANCKOB ([O AEBATU CTPYKTYpP), 06pa3oBaHHbIX YacTAMU
3TUX FEHOB.

Kniouesble cnoBa: Drosophila melanogaster; NnonuteHHble XPOMOCOMbI; MHTepda3Hble XPOMOCOMbI; MOLENb CO-
CTOAHMNI XpoMaTUHa; byopecueHTHas in situ rMbpran3aLus; reHeTNYecKan opraHM3auns; OUCKN N MeXOUCKU
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Introduction

The Drosophila melanogaster polytene chromosomes have
been used as a model for studying interphase chromosomes
for many years, since this is the only type of chromosomes that
can be visualized along their entire length in the interphase
nucleus. These giant chromosomes are formed in specialized
cells (e. g. salivary gland cells and nurse cells) due to numerous
replication cycles without subsequent segregation of daughter
chromatids, which remain closely connected to each other. The
chromomeric pattern of interphase chromosomes, therefore,
becomes contrastingly expressed in the form of alternating
dark and light transverse stripes. Densely packed chromatin
in polytene chromosomes forms black bands, moderately con-
densed regions form loose gray bands, and light decondensed
regions are interbands.

The model of four chromatin states

In recent years, a large amount of whole genome data on
the distribution of various histone modifications, chromatin
proteins, and regulatory elements of the Drosophila genome
has been accumulated (modENCODE Consortium..., 2010).
These data have a marking corresponding to the physical
genomic coordinates. To analyze the interrelation of the
functional domains formed by these characteristics, with the
structural, morphological, and genetic organization of Dro-
sophila chromosomes, it is necessary to know the correspon-
dence of polytene chromosome cytological structures (bands
and interbands) to their genomic coordinates. To achieve this
goal, we developed a computer model of four chromatin states,
which has a good correspondence to the cytological structures
of polytene chromosomes (Zhimulev et al., 2014).

Earlier, about 30 interbands have been localized on the
physical map of the Drosophila genome using different
methods. Using modENCODE data, a set of proteins asso-
ciated with DNA sequences, corresponding to these inter-
bands in cell cultures, was determined (Demakov et al., 1993,
2011; Semeshin et al., 2008; Vatolina et al., 2011a, b; Zhimu-
lev et al., 2014). Based on the distribution of these proteins,
using a computer algorithm, our model of four chromatin
states, conventionally named as colors, was developed (Zhi-
mulev etal., 2014). Further, in order to avoid intersections with
other works, the colors of chromatin states were renamed ac-
cording to the names of the minerals (Boldyreva etal., 2017).

OPFAHM3ALNA XPOMOCOM / CHROMOSOME ORGANIZATION

Aquamarine chromatin (former cyan) contains maximum
amount of open chromatin proteins, that are the basis of the
model, and occupies about 13 % of the genome. This chro-
matin state corresponds to 5" UTRs of ubiquitously active
genes (Zhimulev et al., 2014; Zykova et al., 2018). All the
interbands with determined genomic coordinates contain
this chromatin type (Zhimulev et al., 2014). Ruby chromatin
(former magenta) occupies about 50 % of the genome and it
lacks proteins characteristic of open chromatin (Zhimulev et
al., 2014). It is localized in black transcriptionally inactive
bands, mainly containing tissue- and stage-specific genes,
including the largest bands of intercalary heterochromatin
(Khoroshko et al., 2016; Kolesnikova et al., 2018). Lazurite
(former blue) and malachite (former green) chromatin states
have an intermediate degree of compaction and mainly cor-
respond to gray bands and transition zones between the inter-
bands and black bands (Zhimulev et al., 2014; Boldyreva et al.,
2017; Khoroshko et al., 2018). Lazurite chromatin is enriched
with coding parts of genes, and malachite — with introns and
intergenic spacers (Zykova et al., 2018). Thus, the model of
four chromatin types confirms the identity of the organization
of polytene chromosomes and chromosomes of diploid cells.
This review shows examples of successful application of this
model in determining the localization of bands and interbands
on the physical map of the Drosophila genome.

The interbands are decompacted

structures containing promoters

of ubiquitously active genes

As mentioned above, aquamarine chromatin mainly corre-
sponds to the interbands of polytene chromosomes containing
promoters of ubiquitously active genes (Zhimulev et al., 2014).
In the recent study by T.Yu. Zykova and co-authors (2019), the
molecular and genetic organization of 33 interband sequences
located on the physical map of the Drosophila genome was
studied in detail. It turned out that the interbands have diverse
genetic structure. The majority of the interbands studied
contain one gene with one transcription start site, and the re-
maining interbands contain one gene with several alternative
promoters, two or more unidirectional genes and genes with
“head-to-head” orientation. In addition, there are complexly
organized interbands with three or more genes having unidi-
rectional or bidirectional orientation (Zykova et al., 2019).

149



D.S. Sidorenko, T.Yu. Zykova, V.A. Khoroshko, G.V. Pokholkova
S.A. Demakoy, J. Larsson, E.S. Belyaeva, I.F. Zhimulev

Interbands containing unidirectional and bidirectional
genes were studied in detail. The distribution of various fac-
tors that may influence the formation of open chromatin in
the interbands is of particular interest. In this work, using
modENCODE data, it was shown that in the interband se-
quences containing a single gene, the peak of CHRIZ and
BEAF-32 insulator protein localization (Vogelmann et al.,
2014) is located at the transcription start site, and the peak of
RNA polymerase I lies 200 bp upstream of this site. In the in-
terbands containing promoters localized “head-to-head”, these
insulator proteins lie between the transcription initiation sites,
and the peaks of RNA polymerase II correspond to these two
gene promoters (Zykova et al., 2019). Short noncoding RNAs,
the products of the paused RNA polymerase II (Nechaev et
al., 2010), replication complex protein ORC2 (Eaton et al.,
2011), DNAse I hypersensitive sites (Kharchenko et al., 2011),
P-element insertions (FlyBase 1.5.57), and “broad” promoters
(Hoskins et al., 2011) in the interbands under study are located
in the regions of transcription start sites. Thus, they have one
peak in the interbands with one gene, and two peaks in the
interbands containing two opposite directed genes (Zykova
etal., 2019).

Despite the fact that the average interband size is about
3.5 kb, it was shown that various open chromatin elements,
characteristic of interbands, do not occupy the entire sequence
of aquamarine chromatin fragments corresponding to these
structures. They have narrow localization in regulatory regions
of genes beginning in the interbands (Zykova et al., 2019).
In addition, the location of 5’ gene ends with ubiquitous ex-
pression in aquamarine chromatin and its high enrichment in
ORC?2 protein (Zhimulev et al., 2014; Zykova et al., 2018)
confirms the fact that the interbands combine the processes of
transcription initiation and replication. The authors conclude
that regulatory region of an active gene is apparently criti-
cal for the formation of an open chromatin domain, which
is visualized as a light interband in polytene chromosomes
(Zykova et al., 2019).

Atypical cases of gene localization

in the structures of polytene chromosomes

To sum up, it has been shown that the banding pattern is a
universal principle of both polytene chromosome and diploid
cell chromosome organization, and housekeeping genes are
embedded in two interphase chromosome structures: their
promoters are localized in the interbands, and the structural
parts lie in adjacent loose bands (Zhimulev et al., 2014). In
addition, it has recently been discovered that long D. melano-
gaster genes can occupy several morphological structures of
polytene chromosomes (Zhimulev et al., 2016; Khoroshko et
al., 2019). For example, using fluorescent in situ hybridization
(FISH), it was shown that long introns of the ubiquitous active
genes dlgl (~18 kb) and CG43867 (~106 kb), interrupted by
short rare exons, form loose gray bands 10B8-9 and 1D1-2,
respectively, and their 5" and 3’ regulatory regions lie in the
decompacted interbands of the X chromosome (Zhimulev et
al.,2016). Thus, it has been found that in some cases polytene
chromosome bands can be formed from the material of only
one part of a gene, namely, long non-coding introns of actively
transcribed genes, which allowed the authors to conclude that
there is a differential pattern of chromatin condensation of
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gene parts during its activation (Zhimulev et al., 2016). A spe-
cial case in studying gene localization in the morphological
structures of polytene chromosomes is the dunce (dnc) gene,
the size of which (167.3 kb) is 25-fold longer than the average
length of'a D. melanogaster gene (Khoroshko et al., 2019). The
dnc gene has 17 transcripts responsible for various biological
functions. About 94 % of the dnc transcript is occupied by
introns, in which eight short genes are localized. The gene is
mostly represented by inactive ruby and malachite chromatin
states (93 %), which is consistent with the total size of introns.
The majority of gene transcript 5’ ends corresponds to open
aquamarine chromatin. To determine the localization of the
dnc gene on polytene chromosome preparations, the authors
performed FISH analysis using three probes from aquamarine
chromatin corresponding to the 5" and 3' UTRs of the longest
transcript of this gene and an alternative promoter of a group
of transcripts. According to the hybridization results, the dnc
gene is localized within nine cytological structures, namely,
five interbands and four bands (3C7/C8-3D1 —2/D3-4). The
results do not correspond with the previously dominated ideas
about the localization of genes in only one structure (Kho-
roshko et al., 2019). The material of introns, which constitute
the largest part of the dnc gene length, forms not only loose
gray and dense dark bands, but also interbands, in which
chromatin is open for replication (Khoroshko et al., 2019).

The fourth chromosome is a specific domain

of Drosophila chromatin

Mapping of the fourth chromosome, the smallest chromo-
some in the D. melanogaster genome, is of particular interest
due to its unusual organization. The euchromatic arm of this
chromosome, which looks like a dot on metaphase spreads,
becomes visible after numerous endocycles in salivary gland
cells. On the map by C.B. Bridges (1935), it corresponds to
cytological sections 101 and 102, but there is no detailed cy-
tological map. This Drosophila chromatin domain is unusual
since it has high gene density and, at the same time, possesses
heterochromatin characteristics (Riddle et al., 2009). Absence
of recombination under normal conditions in the fourth chro-
mosome of D. melanogaster leads to the accumulation of
repeated sequences and mobile genome elements (Slawson
et al., 2006). Chromatin in this domain shows high H3K9me
enrichment (Riddle, Elgin, 2006), and this modification is
mainly catalyzed by dSETDBI histone methyltransferase
specific for this chromosome (Seum et al., 2007; Figueiredo
et al., 2012). The protein HP1a, which recognizes this mark
and binds to typical heterochromatin regions, is also associated
with the polytenised part of the fourth chromosome (James et
al., 1989). A unique property of the D. melanogaster fourth
chromosome is the protein POF (painting of fourth) that is
localized mainly in the interbands (Larsson et al., 2001). Here
we show the localization of POF on the fourth chromosome
of'the SuUR Su(var)3-9 double mutant D. melanogaster larval
salivary glands (Figure).

It was shown that POF and HP1a bind to the fourth chromo-
some interdependently and there is a mechanism balancing
the action of POF and HP1 proteins, which provides fine-
tuning of gene expression on this chromosome (Johansson
et al., 2007a, b). It has been hypothesized that HP1a initially
binds active gene promoters with high affinity regardless of
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POF localization on the polytene fourth chromosome of D. melanogaster.

We used SuURE Su(var)3-9% double mutant flies because of suppressed un-
derreplication for better spreading of the Drosophila fourth polytene chro-
mosome on preparations (Andreyeva et al., 2007; Demakova et al., 2007). The
preparations were made according to B. Czermin et al. (2002).

a - phase contrast image of the fourth chromosome; b - DAPI staining;
¢ — merged phase contrast and POF staining; d - merged DAPI and POF stain-
ing; e, f — POF staining. Antibodies are the same as in J. Larsson et al. (2004).
POF decorates predominantly the interbands and gray bands of the fourth
chromosome.

H3K9me, and then it propagates through H3K9 methyla-
tion and loop contacts with chromatin containing this mark
(Figueiredo et al., 2012). Recently, an optimal autonomous
POF target has been identified. It consists of a gene and a block
of X chromosome-specific 1.688 satellites downstream of the
gene. The fourth chromosome seems to interact with POF
due to the cooperative effect of a large number of suboptimal
combinations of genes with repeats (Kim et al., 2018).

The study of the fourth chromosome at the cytological
level is complicated by its small size, a large number of gray
bands with an intermediate level of compaction, and frequent
ectopic contacts of its distal end with the chromocenter. In
our recent work, a fine mapping of all bands and interbands
of this chromosome on the physical map of the Drosophila
genome was carried out using the four chromatin state model
(Zhimulev et al., 2014) and FISH (Sidorenko et al., 2018). In
this study, to obtain preparations with good morphology of
the fourth chromosome, we used a fly stock with suppressed
underreplication, containing mutations in the SuUR and
Su(var)3-9 genes and linked X and Y chromosomes. Due to
the matching of the fourth chromosome cytological map to
the genomic coordinates, the distribution of various chromatin
properties in bands and interbands was investigated using data
from whole genome projects. It was shown that the interbands
contain aquamarine chromatin and 5’ UTRs of ubiquitously
active genes, gray bands contain lazurite chromatin and coding
parts of these genes, and black bands contain ruby chromatin
and are polygenic, or also contain coding parts of genes (Sido-
renko et al., 2018). The distribution of various characteristics
in the domains of active and repressed chromatin of the fourth

OPFAHM3ALNA XPOMOCOM / CHROMOSOME ORGANIZATION

2019
23-2

[onnTeHHble XPOMOCOMbI OTpaKatoT
byHKLUMOHanbHyo opraHusaumio reHoma Drosophila

chromosome was studied. POF (modENCODE data; Lundberg
etal.,2013) and HP1a (modENCODE data) proteins, provid-
ing a special organization of this chromosome, are predomi-
nantly localized in aquamarine (interbands) and lazurite (gray
bands) chromatin states (Sidorenko et al., 2018). Only ruby
chromatin is enriched in the modified histone H3K27me3
(Sher et al., 2012), which corresponds to the data on other
chromosomes (Sidorenko et al., 2018). DNase I hypersensitive
sites, ORC2 protein and P-elements (modENCODE data) are
predominantly located in open aquamarine chromatin, while
the fourth chromosome-specific element /360 (Kholodilov
et al., 1988) occupies the band chromatin types (Sidorenko
et al., 2018). Compared to the rest of the genome, the fourth
chromosome contains half the size of compact ruby chromatin,
which is associated with a large number of loose gray bands
and the absence of intercalary heterochromatin bands. Notably,
despite the peculiarities of the fourth chromosome, its band
organization corresponds to the organization of the rest of the
D. melanogaster genome (Sidorenko et al., 2018).

Conclusion

Thus, D. melanogaster polytene chromosomes together with
the four chromatin state model (Zhimulev et al., 2014; Boldy-
revaetal.,2017; Zykova et al., 2018) provide a good model for
studying the organization of interphase chromosomes. Using
this system, we confirmed that the banding pattern is the
general principle of interphase chromosome organization
(Zhimulev et al., 2014). The model of four chromatin states
in combination with FISH allows matching the morphological
chromosome structures to the genomic coordinates to inves-
tigate them further using the data of genome-wide projects.
The general regularity of molecular and genetic organization
of interphase chromosome cytological structures is that the
interbands contain mainly open aquamarine chromatin and
5" UTRs of housekeeping genes, gray bands are enriched in
lazurite and malachite chromatin states and coding parts of
genes, black bands and intercalary heterochromatin bands
contain compact ruby chromatin and tissue- and stage-specific
genes (Zhimulev et al., 2014; Khoroshko et al., 2016; Zykova
et al., 2018). This rule holds true for the organization of the
fourth chromosome of Drosophila (Sidorenko et al., 2018). In
addition, there are some atypical cases of band and interband
genetic organization, with one long gene occupying up to nine
cytological structures (Zhimulev et al., 2016; Khoroshko et
al., 2019).
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ADF1 and BEAF-32 chromatin proteins affect nucleosome
positioning and DNA decompaction in 61C7/C8 interband region
of Drosophila melanogaster polytene chromosomes
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The formation of interphase chromosomes is a multi-level process in which DNA is compacted several thousand-
fold by association with histones and non-histone proteins. The first step of compaction includes the formation of
nucleosomes - the basic repeating units of chromatin. Further packaging occurs due to DNA binding to histone H1
and non-histone proteins involved in enhancer-promoter and insulator interactions. Under these conditions, the
genome retains its functionality due to the dynamic and uneven DNA compaction along the chromatin fiber. Since
the DNA compaction level affects the transcription activity of a certain genomic region, it is important to under-
stand the interplay between the factors acting at different levels of the packaging process. Drosophila polytene
chromosomes are an excellent model system for studying the molecular mechanisms that determine DNA compac-
tion degree. The unevenness of DNA packaging along the chromatin fiber is easily observed along these chromo-
somes due to their large size and specific banding pattern. The purpose of this study was to figure out the role of
two non-histone regulatory proteins, ADF1 and BEAF-32, in the DNA packaging process from nucleosome position-
ing to the establishment of the final chromosome structure. We studied the impact of mutations that affect ADF1
and BEAF-32 binding sites on the formation of 61C7/C8 interband - one of the decompacted regions of Drosophila
polytene chromosomes. We show that such mutations led to the collapse of an interband, which was accompanied
with increased nucleosome stability. We also find that ADF1 and BEAF-32 binding sites are essential for the rescue
of lethality caused by the null allele of bantam microRNA gene located in the region 61C7/C8.
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XpoMmaTtuHOBbIe 6enku ADF1 u BEAF-32

BAVSIIOT Ha IIO3UIIMOHMPOBaHME HYKJIEOCOM

u yviiakoBKy JTHK mesxxkancka 61C7/C8
IIOJINTEHHBIX XpOMOCOM Drosophila melanogaster

M.B. llIBapy (Bepkaera), T.E. ITankosa, C.A. AeMaKOB@

WHCTUTYT MOneKynapHo 1 KnetouHon 6uonorun Cnbupckoro otaenexnms Poccuiickon akagemmn Hayk, HoBocmbupck, Poccus
& e-mail: demakov@mcb.nsc.ru

DopmmpoBaHme NHTepda3HON XPOMOCOMbI MPeACTaBAAeT co60 MHOFOYPOBHEBBIV NMPOLECC, B pe3yfibTaTe KOTo-
poro IHK ynakoBbIBaeTcs B Tbicsium pa3. Ha nepBoM 3Tane yrnakoBKM 06pasytoTca HyKNeocombl — 6a3oBble MOBTO-
pALWwmecs egnHNLbI XpoMaTuHa. anbHenwasn ynakoBka NPoNCXOAnT 3a cyeT ceasbiBaHnA JHK ¢ ructoHom H1 m
HEermcTOHOBbIMM H6efikaMu, y4acCTBYIOLMMU B ONVXKHUX 1 JanbHUX SHXaHCEP-MPOMOTOPHbBIX Y MHCYIATOPHbIX B3au-
MogfencTBumax. Mpy 3TomM GYHKLMOHANbHOCTb FEHOMa COXPaHAETCA 3a CYeT AMHAMWUYHOW N HepaBHOMEpPHON yna-
KoBkM [IHK BAOSIb XPOMOCOMbI, YUTO NMPOABNAETCA y»Ke Ha HYKIeOCOMHOM YPOBHe. HecMoTpA Ha JONryio UCTopuio
n3yyeHus npouecca ynakoskn [HK B nHtepdasHom agpe, 4O CUX MOP A0 KOHLA HE ACHO, OT Yero 3aBUCUT CTereHb
yMaKkoBKM pasHbix yyacTkoB [IHK 1 Kakoe BNvAHMe OKa3blBalOT APYr Ha Apyra pasHble ypOBHM ynakoBKu. MpeBoc-
XOLHOW MOAENbHOWN CMCTEMON ANA U3YYEHUs MOMEKYNSAPHbIX MEXaHV3MOB, ONpefensAloWnxX CTENEHb YNaKoBKM
[HK, ABNAIOTCA NONUTEHHbIE XPOMOCOMbI CIIIOHHBIX Xemne3 IMYMHOK Apo3oduibl. 3a cyeT 60MbLIMX Pa3MepoB 1
XapaKTePHOro ANCK/MEXANCKOBOIO PUCYHKa OHU MO3BONAIOT Nerko HabnoaaTb HepaBHOMEPHOCTb ynakosku JHK
BAO/b XPOMOCOM. B HacTosALw el paboTe Mbl NCCIeAoBany, Kakyo posib UrPatoT HErMCTOHOBbIE PEryATOPHble 6en-
K ADF1 1 BEAF-32 B NO3MLMOHNPOBAHUN HYKNeocom 1 GopmrpoBaHnn Mexamncka 61C7/C8 — ogHOro 13 Aekom-
NaKTHbIX PAOHOB NOMNTEHHBIX XpomocoM. ADF1 — cneumndunuecknin TpaHCKpUNUUOHHbIN dakTop, a BEAF-32 — nk-
CYNATOPHbI 6eNIOK, aCCOLMMPOBAHHBIN ¢ MexancKamu. C MICMONb30BaHNEM TPAHCTEHHbIX IMHWIA Mbl MOKa3asnu, 4to
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Benku ADF1 n BEAF-32 BnuAioT Ha GopMUpOBaHmME MeXANCKa
61C7/C8 B nonuteHHbIX Xpomocomax D. melanogaster

MyTaumm cantos cBasbiBaHUA ADF1 nnun BEAF-32 nprBogAT K TOMy, UTO TpaHCreH TepsAeT cnocobHOCTb dopmupo-
BaTb MEXJMCK B HOBOM reHeTUYeCKOM OKpPY»KeHUW. Kpome TOro, MyTaLmm HapyLUatoT HyKI€OCOMHY0 OpraHu13aLmio
TPaHCreHa, XapakTepu3yoLLyoCs MOBbILLEHNEM CTabUIbHOCTM HyKNeocoM. Mbl 0GHapYXWnu, YTO CaiiTbl CBA3bIBa-
HuA ADF1 1 BEAF-32 Heobxoaumbl Anst CriaceHna Hynb-annensa bantam — *XU3HeHHO BaxHoro reHa mukpoPHK, pac-
NonoXeHHoro B paroHe 61C7/C8. Takm 06pa3om, Mbl MOXKeM NPOCeAnTb CBA3b MeXAY cTeneHblo ynakosku JHK,
HYKJIEOCOMHOW OpraHm3aLumen n pyHKUMe KOHKPETHOrO yyacTka MHTepdasHON XPOMOCOMbI.

KnioueBble cnioBa: apo3oduna; HyKNeocoma; NoNMTEHHAA XPOMOCOMa; MEXANCK; TPAHCKPUMLMA.

Introduction

Eukaryotic DNA is organized in a compact nucleoprotein
complex called chromatin. Nucleosomes is the basic unit of
chromatin and consists of 147 bp of DNA wrapped around a
histone octamere. Nucleosome arrays form a so-called “10-nm
fibril” which is further folded into higher order chromatin
structures by histone H1 and a large number of functionally
different non-histone proteins. The resulting structure con-
stitutes an eukaryotic chromosome. Despite the long history
of chromosome formation, mutual influence between the
different DNA compaction levels is still unclear. On the one
hand, nucleosome positioning determines the availability of
DNA for the binding of non-histone proteins that regulate
transcription and replication. On the other hand, non-histone
proteins affect nucleosome positioning: they can destroy a
nucleosome by displacing histone octamer or recruit ATP-de-
pendent remodeling complexes that move the nucleosomes
along the chromosomes. Moreover, nucleosome arrays are
thought to self-organize against the potential barrier intro-
duced by DNA-bound non-histone protein complexes due to
the steric exclusions between adjacent nucleosome particles
(Chereji et al., 2016; Chereji, Clark, 2018).

Drosophila polytene chromosomes provide a convenient
model of interphase chromatin and allow to study the interplay
between DNA compaction, chromatin structure, and transcrip-
tion activity. Polytene chromosomes are formed in salivary
glands of third instar larvae in the process of endoreplication
and display a characteristic repetitive pattern of densely com-
pacted bands interleaving with decompacted regions, called
interbands. The compaction level of a given DNA region is
determined by its function and the corresponding chromatin
state. Interbands are formed by open chromatin and usually
contain gene promoters, enhancers and insulators. Further-
more, interbands coincide with the nucleosome-free regions
or contain weakly positioned nucleosomes (Zhimulev et al.,
2014). These features make interbands a unique tool for study-
ing the role of non-histone regulatory proteins in nucleosome
positioning and the formation of chromomeric pattern of
interphase chromosomes.

Here, we study the role of two regulatory non-histone pro-
teins — ADF1 and BEAF-32 — in the nucleosome positioning
and interband formation in the region 61C7/C8 of polytene
chromosomes. This region was chosen because the DNA
sequence sufficient to establish and maintain the decom-
pacted state of the 61C7/C8 interband was determined earlier
(Semeshin et al., 2008). Interband 61C7/C8 encompasses a
bantam miRNA gene and regulatory elements controlling
its expression, including ADF1 and BEAF-32 binding sites
(Brennecke et al., 2003). ADF1 is a transcription factor and
BEAF-32 is an insulator protein that is also associated with
the transcription activation. Both of the proteins are involved
in the establishment and maintenance of local chromatin state
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(Jiang et al., 2009; Orsi et al., 2014). Previously, we showed
that ADF1 and BEAF-32 localized to the 61C7/C8 interband
in salivary gland polytene chromosomes (Berkaeva et al.,
2009). BEAF-32 is known as an interband-specific protein
(Zhimulev et al., 2014) and its binding to DNA is crucial
for the polytene chromosome structure (Gilbert et al., 2006).
Mapping of nucleosomes in Drosophila cell cultures suggests
that binding of BEAF-32 to DNA causes the formation of po-
tential barriers that determine the positioning of neighboring
nucleosomes (Chereji et al., 2016).

We found that ADF1 and BEAF-32 binding sites were in-
dispensable for 61C7/C8 interband formation. Although the
mutations of both binding sites caused the interband disap-
pearance, the associated changes in nucleosomal organization
were distinct. Therefore, different molecular mechanisms
underlying those changes were proposed. Additionally, we
report here that ADF1 and BEAF-32 play an essential role in
the regulation of hantam expression.

Materials and methods

Fly stocks. To obtain transgenic flies, we used a stock with an
attP-site located in the 10A1-2 region of the X chromosome
(Andreenkov et al., 2016). Transgenic stock “4.7” carried
an insertion of the original unmutated “4.7” fragment, stock
“ADF” contained the insertion of the “4.7” fragment with
mutated ADF-1 binding site, and “BEAF” contained the in-
sertion of the “4.7” fragment with mutated BEAF-32 binding
site.

All transgenic flies had y! and Df{1)w%7¢23 mutations in the
X chromosome and a lethal deletion ban®! maintained against
TM6B balancer.

Control “yw” flies had wild-type chromosomes except for
the X which carried y/ and Df(1)w?7¢23 mutations.

Mutations in protein binding sites. The DNA fragment
sufficient to form the 61C7/C8 interband was 4709 bp in length
(3L: 637635-642343, release = r6.23) and was named as the
“4.7” fragment. It encompassed ADF1 and BEAF-32 binding
sites, bantam miRNA hairpin and two putative promoters of
the bantam gene (Fig. 1).

ADF1 binding site in the “4.7” fragment consisted of three
motifs which corresponded to the consensus (England et al.,
1992). Two overlapping motifs were removed by Sa/l-Sphl
excision and the third one was disrupted by replacing 7 nu-
cleotides with a stretch of As. Shown below is a portion of the
“4.7” fragment that includes the ADF1 binding site:
...ATGcgacttcaaacatagttcggcatcgaaactttctagcacaccga
cacacatacgaacgcgatccagecgacacacacacacacacgeacgeage
cacacacttaagcgactttcgaaaggtacaactttttacgaagtcgetgect
cggecegetgtgcagecgacgcecactgecgetgecgetgtegetgectcetg
TCGACTTCGAATTCCAACGCCAAGATGAAAGATC
GGCGCAAAAGAAAAGAAATATTCATTCAGTA
AAATTTGATAGCTGCAAAAAAAAGCCGCATGG...
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Fig. 1. Molecular and genetic organization of the 61C7/C8 region of
3L-chromosome.

Position of the “4.7" fragment on the genetic map is marked with a dark gray
rectangle. Ovals “A” and “B” indicate ADF1 and BEAF-32 binding sites, respec-
tively. Curved arrows denote putative promoters of the bantam gene (Bren-
necke et al.,, 2003; Qian et al., 2011). A thick black arrow indicates the position
of bantam miRNA hairpin. White rectangle in the upper part of the figure in-
dicates ban?' deletion.

The first nucleotide of the sequence above is 3L: 639461
(Drosophila genome release r6.23). The nucleotides included
in the consensus motifs are underlined, deleted nucleotides
are shown in lowercase, and inserted nucleotides are shown
in bold.

BEAF-32 binding sites are characterized by the presence
of CGATA motifs that are positioned in a certain way (Jiang
et al., 2009). Two CGATA motifs on the forward and reverse
DNA strands were deleted by Clal excision:

GAATATCGATatgatatcgat GGGA

The first nucleotide of the sequence above is 3L: 641006
(release 16.23). Only forward DNA strand is presented. For-
ward and reverse CGATA motifs are underlined and deleted
nucleotides are shown in lowercase.

Original “4.7” fragment and the mutated variants were
cloned into pUni-mod vector (Andreenkov et al., 2016) using
Kpnl and NotI restriction sites. The constructs obtained were
used to create transgenic flies.

Cytology. Squashed preparations of the salivary gland
polytene chromosomes were made by the standard technique
and analyzed by phase-contrast microscopy, as described
earlier (Zhimulev et al., 1982).

Nucleosome profiling. To study the nucleosome posi-
tioning, 100 pairs of salivary glands of third-instar larvae were
extracted in PBS and then treated with 700 units of MNase
(BioLabs; M0247S) at +25 °C for 3 min. Under those condi-
tions, mono-, di- and tri-nucleosomes were obtained. Thus,
the nucleosomes with different sensitivity to MNase hydro-
lysis (Chereji et al., 2016) were in our nucleosomal profile.
Nucleosomal DNA was isolated by phenol extraction. Mono-
nucleosomal DNA was eluted from 1.5 % agarose gel using a
DNA gel extraction kit (BioSilica) and analyzed by Real-Time
PCR with a set of primers spanning the entire “4.7” fragment.
The concentration of DNA was determined using the method
of calibration curves. To establish calibration curves, genomic
DNA was isolated from the brain ganglia of the same larvae
that were used for salivary gland isolation. The copy number
of DNA along the entire chromosome is the same in diploid
brain ganglia, while in salivary glands different parts of the
same chromosome can be polytenized to a different extent. An
amplicon from the Zsp26 locus corresponding to a precisely
positioned nucleosome (Thomas, Elgin, 1988) was used as
an internal control to take into account the pipetting errors.
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Nucleosome stability was assessed as the ratio of nucleosomal
DNA to the genomic DNA isolated from salivary glands not
treated with MNase.

Real-Time PCR data were quantified as follows. The con-
centrations of mononucleosomal (Myppiicon) @and untreated
DNA (Upmpiicon) for each amplicon were normalized by the
concentrations of the Asp26 amplicon in mononucleosomal
(Mj,526) and untreated DNA (Uj,,56), respectively:

MAmpliconl _ . UAmpliconl

=M. ai; =U AL
hsp26 hsp26
The normalized concentration data for mono-nucleosomes
were divided by the normalized concentration for untreated
DNA to determine the representation of the amplicon in mono-
nucleosome fraction:

Mjy26 Upsp2s

M 4
hsp26

U Al
hsp26

M.

Some of the amplicons demonstrated nearly zero representa-
tion (for example, see Fig. 3, amplicons # 8, 9). This indicated
that the underlying sequence was not fully protected from
MNase hydrolysis. However, it cannot be excluded that the
nucleosome is only slightly shifted relative to the amplicon,
therefore one of the primers does not fit into the nucleosomal
DNA.

All experiments were performed as two biological repeats,
each consisted of three technical replicas. The representation
data obtained in different transgenic flies were compared
separately for each amplicon. The significance of differences
was assessed using Student’s criterion. The nucleosomal pro-
files of transgenes were studied in ban®! deletion background
to eliminate the possible contribution of the native 61C7/C8
interband in the 3L chromosome (Brennecke et al., 2003).

Results and discussion

ADF1 and BEAF-32 binding sites are important for
interband formation. The 4.7 kb DNA fragment from the
61C7/C8 region (hereinafter referred to as the “4.7” frag-
ment) is able to form the interband when relocated into a
new genomic position (Semeshin et al., 2008). This means
that all the factors determining the interband formation are
within this piece of DNA. We propose that the initial step
of the interband formation involves DNA binding by some
regulatory proteins which further recruit chromatin remodel-
ing complexes capable of establishing and maintening the
“open” chromatin structure. Putative binding sites for several
proteins were identified within the “4.7” sequence, but only
ADF1 and BEAF-32 were precisely mapped to the 61C7/C8
interband in salivary glands (Berkaeva et al., 2009). Therefore
we asked whether these proteins may have a role in interband
formation. We used transgenic assays to answer this ques-
tion. The original “4.7” fragment and its modifications with
disrupted ADF1 and BEAF-32 binding sites were inserted in
the10A1-2 region which forms a thick band in the X polytene
chromosome (Fig. 2, upper panel). All the transgenes were
inserted exactly in the same position using phiC3 1-mediated
attP-attB recombination system. In doing so, we were able
distinguish the effects of mutations from the influence of
genomic environment.
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Cytological analysis of polytene chromosome squashed
preparations showed that insertion of the original “4.7” frag-
ment caused the formation of an ectopic interband that split the
10A1-2 band (see Fig. 2). It is worth noting that the insertion
of the transgene was located on the very edge of the thick
10A1-2 band. Thus, the observed splitting of a thin gray band
from the distal part of the original 10A1-2 band indicated that
the ectopic interband was formed by the transgene material. It
should be noted that no 10A 1-2 band splitting was observed in
the polytene chromosomes of original flies with the attP site in
10A1-2 region (see Fig. 2). Similarly, the mutated variants of
the “4.7” fragment with disrupted ADF1 or BEAF-32 binding
sites were unable to split the 10A1-2 band (see Fig. 2).

The absence of ectopic interband in 10A1-2 region of the
polytene chromosomes of “ADF” and “BEAF” flies could be
caused by a disturbance of the nucleosome positioning in the
transgenes. It was shown previously that binding of ADF1 to
the target promoters contributes to the subsequent binding of
the transcription factor GAGA (GAF) (Talamillo et al., 2004;
Orsi et al., 2014), which recruits NURF remodeling complex
(Tsukiyama et al., 1994). It was also shown that depletion
of NURF subunits leads to a large-scale redistribution of
nucleosomes and disruption of the chromosome organization
in Drosophila S2 cells (Moshkin et al., 2012). It was shown
that BEAF-32 physically interacts with the insulator protein
CP190 (Vogelmann et al., 2014), which functionally interacts
with NURF301, a subunit of the NURF complex (Kwon et
al., 2016). It should be noted that GAF, CP190, NURF, and
BEAF-32 have been shown to bind the native 6 1C7/C8 region
in Drosophila S2 cells (www.modencode.org).

Mutations in the ADF1 and BEAF-32 binding sites lead
to disturbance of nucleosomal organization. To understand
the role of nucleosomal organization in the formation of ec-
topic interband, we studied nucleosome profiles of all trans-
genes in larval salivary glands. First of all, we asked whether
the transposition of “4.7” fragment into the new genomic
locus was accompanied with perturbation in nucleosomal
organization. We compared nucleosome profile of the “4.7”
transgene with the profile of native 61C7/C8 region in the 3L
chromosome of “yw” larvae. We found that the stability of
nucleosomes increased in the “4.7” transgene compared to the
native 61C7/C8 interband (Fig. 3). That was unexpected since
the ““4.7” transgene formed an interband visually indistinguish-
able from the native one (see Fig. 2). Genetic environment
likely affects the nucleosome positioning in the inserted “4.7”
fragment, although this impact is not visually manifested at
the level of DNA packaging.

Next, we compared the nucleosome profile in the “ADF”
transgene with the profile obtained for the “4.7” fragment.
Deletion in the “ADF” transgene affects the area overlapped by
the amplicons 9, 10, 11, so the data for them were unavailable.
We found that the stability of nucleosomes between the ampli-
cons 12 and 21 increased while the stability of nucleosomes
at the edges of “ADF” transgene decreased in comparison
with the “4.7” (see Fig. 3). This is consistent with our idea
that NURF binding is disrupted in the “ADF” transgene. It
was previously shown that depletion of NURF subunits in the
cultured Drosophila cells led to increased nucleosome stabil-
ity at the center of the areas occupied by the complex and to
decreased nucleosome stability at the edges of those areas. The
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Fig. 2. Morphology of the X chromosome 10A1-2 region in transgenic
larvae.

Stock names are indicated at the right upper corner of each panel. The top
panel shows the chromosome of the original stock with the attP site in 10A1-2
region. Arrows on the “4.7” panel mark the ectopic interband. Scale bar cor-
responds to 5 pum.

nucleosomes from the periphery seemed to gather at the place
freed from the NURF complex (Moshkin et al., 2012). This
is exactly was what we observed for the “ADF” transgene.

Nucleosome stability also increased in the “BEAF” trans-
gene compared with “4.7” (see Fig. 3), however there was no
shift of the nucleosomes from the periphery to the center, like
in “ADF”. Apparently the increase in nucleosome stability in
this case was caused by the other factors than altered NURF
binding. One of the explanation is based on the fact that
BEAF-32 interacts with Chromator protein (Vogelmann et
al., 2014) which attracts JIL-1 kinase that phosphorylates the
S10 residue of histone H3. Depletion of JIL-1 or Chromator
leads to the specific condensation of polytene chromosome
interbands (Rath et al., 2006). We proposed that mutation of
BEAF-32 binding site in “BEAF” transgene indirectly caused
the displacement of JIL-1 and the corresponding decrease in
H3S10 phosphorylation which might cause perturbation of
nucleosomal organization. It is important to note that nucleo-
some stability around the mutated BEAF-32 binding site did
not decrease. Apparently, at least in this case BEAF-32 does
not set a potential barrier that delimits the phasing of sur-
rounding nucleosomes.

ADF1 and BEAF-32 binding sites in bantam regulatory
region are important for the viability of flies. The nucleo-
somal profile of transgenes was studied at ban?! background.
We noticed that adult flies homozygous for the ban?! deletion
were only recovered in the “4.7” stock. “ADF” and “BEAF”
flies homozygous for the deletion died at the late pupal stage
similarly to the flies containing the deletion without any rescue
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ADF1 and BEAF-32 proteins affect 61C7/C8 interband
formation in D. melanogaster polytene chromosomes

yw?
m"47"

m “BEAF"
= "ADF"

13 14 15 16 17 18 19 20 21 22 23 24 25

Amplicons
@ @r
Amplicon| 1 2 3 4 5 6 7 8 9 [ 10| 11 [ 12|13 | 14|15 |16 | 17 [ 18 | 19 | 20 | 21 | 22 [ 23 | 24 | 25
“yw” |0.006|0.204(0.014[0.177|0.491(0.273 | 0.033| 0.405 | 0.438(0.012{0.001 [ 0.022 [ 0.436| 0.457 | 0.145 | 0.114|0.110|0.368 [ 0.217 [ 0.229 0.042 | 0.171{ 0.402 | 0.006 | 0.472
“BEAF” [0.036(0.4490.030(0.063|0.143|0.390|0.035|0.462 | 0.222 | 0.024 [ 0.001|0.036 | 0.390| 0.273|0.092| 0.061 | 0.140 [ 0.040 | 0.034 | 0.008 | 0.040| 0.034 [ 0.269 | 0.007 | 0.178
“ADF” |0.046|0.078(0.041[0.253|0.369|0.487 [0.048|0.097| NA | NA | NA [0.037(0.035|0.055|0.078|0.012|0.010{0.013(0.038(0.027| 0.014|0.158{0.105| 0.0210.116

Fig. 3. Comparison of the nucleosome profile of 61C7/C8 interband in the control “yw” and transgenic flies.

Bars indicate the representation of the corresponding amplicon in the nucleosomal DNA. Yellow bars show the nucleosomal profile of the native 61C7/C8
interband of “yw” flies; gray bars — in the “4.7" transgene, blue bars - in the “BEAF” transgene, and green bars — in “ADF” transgene. The table below the diagram
contains the probability of a random difference in the representation of amplicons in the indicated genotypes compared to the “4.7” stock. Red color highlights

the probabilities < 0.05; NA - data not available.

transgenes. It was shown that despite the large size of ban?!
deletion (20 kb), the only essential gene within this deletion
is bantam. Expression of bantam hairpin under the ubiquitous
driver control was enough to rescue the lethality (Brennecke et
al., 2003). The rest of the sequence deleted by ban?! seems to
contain regulatory elements important for spatial and tissue-
specific control of bantam expression (Brennecke et al., 2003;
Martin et al., 2004; Peng et al., 2009; Oh, Irvine, 2011). The
late pupal lethality of “ADF” and “BEAF” flies suggested that
mutations of ADF1 and BEAF-2 binding sites led to bantam
inactivation in the tissues important for adult fly development.

We would like to dwell in more detail on the mutation of
the ADF1-binding site. The thing is that the mutation is not a
point replacement but quite a big deletion which could remove
more than only ADF-binding site. So we can not exclude the
possibility that disruption of some other regulatory elements
could cause hantam inactivation. However it is important to
mention that our mutation does not destroy the core elements
of the neighboring DPE-containing promotor (Berkaeva et
al., 2009). Further experiments with point replacement in
consensus sequences are needed to assert with the confidence
that the ADF1-binding disruption is responsible for the effects
we observe in “ADF” transgenic flies.

Interestingly, bantam was shown to be transcriptionally in-
active in salivary glands (Kwon et al., 2011) — the tissue where
the disappearance of the interband was observed. Previous
studies (Zhimulev et al., 2014) suggest that polytene chro-
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mosome organization reflects the organization of interphase
chromosomes in various cell types. So, we hypothesize that
bantam inactivation caused by mutations in the ADFI and
BEAF-32 binding sites is accompanied by altered nucleo-
some positioning and chromatin structure not only in salivary
glands but also in diploid tissues that are essential for the fly
viability.

Conclusions

In this study, we investigated the role of non-histone regula-
tory proteins ADF1 and BEAF-32 in the positioning of nu-
cleosomes and formation of 61C7/C8 interband — one of the
decompacted regions of Drosophila polytene chromosomes.
ADFTI is a specific transcription factor and BEAF-32 is an
insulator protein associated with interbands. Using transgenic
flies, we showed that ADF1 and BEAF-32 binding sites were
indispensable for DNA decompaction in 61C7/C8 interband
region. In addition, mutations of ADF1 and BEAF-32 bind-
ing sites disrupted nucleosome positioning in the transgenes,
characterized by an increase of nucleosome stability. We also
found that ADF1 and BEAF-32 binding sites were required for
the rescue of null-allele hantam — an essential miRNA gene
located in 61C7/C8 region. We hope that our findings will be
useful for further understanding the mechanisms of intercon-
nection between the degree of DNA packing, nucleosome
organization and genomic functions of the particular regions
of interphase chromosome.
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The role of ATP-dependent chromatin remodeling factors
in chromatin assembly in vivo

Iuw.A. Il'ina, A.Y. Konev®

Petersburg Nuclear Physics Institute named by B.P. Konstantinov of National Research Centre “Kurchatov Institute’, Gatchina, Russia
® e-mail: konev_ay@pnpi.nrcki.ru

Chromatin assembly is a fundamental process essential for chromosome duplication subsequent to DNA replica-
tion. In addition, histone removal and incorporation take place constantly throughout the cell cycle in the course of
DNA-utilizing processes, such as transcription, damage repair or recombination. In vitro studies have revealed that
nucleosome assembly relies on the combined action of core histone chaperones and ATP-utilizing molecular motor
proteins such as ACF or CHD1. Despite extensive biochemical characterization of ATP-dependent chromatin as-
sembly and remodeling factors, it has remained unclear to what extent nucleosome assembly is an ATP-dependent
process in vivo. Our original and published data about the functions of ATP-dependent chromatin assembly and
remodeling factors clearly demonstrated that these proteins are important for nucleosome assembly and histone
exchange in vivo. During male pronucleus reorganization after fertilization CHD1 has a critical role in the genome-
scale, replication-independent nucleosome assembly involving the histone variant H3.3. Thus, the molecular motor
proteins, such as CHD1, function not only in the remodeling of existing nucleosomes but also in de novo nucleo-
some assembly from DNA and histones in vivo. ATP-dependent chromatin assembly and remodeling factors have
been implicated in the process of histone exchange during transcription and DNA repair, in the maintenance of
centromeric chromatin and in the loading and remodeling of nucleosomes behind a replication fork. Thus, chroma-
tin remodeling factors are involved in the processes of both replication-dependent and replication-independent
chromatin assembly. The role of these proteins is especially prominent in the processes of large-scale chromatin
reorganization; for example, during male pronucleus formation or in DNA repair. Together, ATP-dependent chroma-
tin assembly factors, histone chaperones and chromatin modifying enzymes form a “chromatin integrity network”
to ensure proper maintenance and propagation of chromatin landscape.

Key words: chromatin; chromatin assembly; ATP-dependent remodeling factors.
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Poib AT®-3aBUICMMbIX XPOMAaTUH-PEMOIENNPVIONINX (PAKTOPOB
B ITpollecce COOpPKM XpoMaTIHa in vivo

FO.A. Viabuna, A.1O. Kones @

MeTepbyprcknin MHCTUTYT agepHoin Gprsnkn um. b.M. KoHcTaHTMHOBa HauMoHanbHOMo NccnenoBaTenbCckoro LeHTpa «KypuaToBCKMUiA MHCTUTY T,
laTumHa, Poccma
® e-mail: konev_ay@pnpi.nrcki.ru

C6opka xpomaTrHa — yHAaMeHTaNbHbIA MPOoLecc, HEOOXOANMBIN ANA AYMIMKaLMM XPOMOCOM B MpoLiecce pennun-
Kauum OHK. Kpome Toro, yaaneHve rMcTOHOB 1 MX MHKOPNOPUPOBaHME NOCTOAHHO MPOUCXOAAT B TEUEeHMe Kie-
TOYHOTO LKA B XoAe npoueccoB metabonusma [IHK, Taknx Kak TpaHCKPUMLMA, BOCCTAHOBIEHNE NOBPEXAEHNI
1nm pekombuHauua. MiccnepgosaHusa in vitro nokasanu, 4to cbopka xpomaTuHa TpebyeT COBMECTHOrO AeiCTBUA -
CTOHOBbIX LANEPOHOB 1 UCMOSb3YoWKX SHepruio ATO xpomaTuH-pemogenmpylowmnx paktopos — ACF nnm CHD1.
HecmoTps 1o, uto ATD-3aBUCKMbIe GpakTopbl COOPKY U PpeMOAENNPOBAHUA XPOMATNHA XOPOLLIO OXapaKTepr30BaHbl
OGUOXVIMMNYECKN, OCTAaBaANIOCh HEACHBIM, IO Kakol cTeneHn cbopKa Hykneocom asnsetca ATD-3aBMCMMbIM NpoLiec-
com in vivo. Haww cobcTBeHHbIe 1 0ny6MKoBaHHble B inTepaType faHHble 0 ¢yHKUMAX ATO-3aBUCUMbIX XpOMa-
TUH-pemofenvpyoLmnx GakTopoB NMOKasbiBaloT, YTO 3TV GENIKU CyLLeCTBeHHbI AnA CO0PKU HYKNeocom 1 obmeHa
rMCTOHOB 1 in vivo. CHD1 — KpUTNYeCKM BaxkHblii GakTop Npu peopraHn3aLmm My»CcKoro NpoHyKIeyca nocsie ono-
[LOTBOPEHNA, B MpoLiecce KOTOPOW NMPONCXOAMT He3aBUCUMMas OT perninkaumm cbopka XpomaTriHa, copepKallero
BapuWaHTHbIN ructoH H3.3. CnegoBaTenibHO, MONEKYNsApHble MOTOPHbIe 6enky, Takne Kak CHD1, dyHKUMOHNPYOT
in vivo He TONbKO B peMOoAenpoBaHny CyLLEeCTBYIOLMX HYKNEOCOM, HO Takxe 1 B COOpKe HyKneocom de novo n3
OHK n ructoHos. AT®-3aBrcumMble hakTopbl COOPKM 1 PEMOLENNPOBaHNA XPOMaT/IHa y4acTBYIOT B NpoLecce 06-
MeHa rMCTOHOB BO BpemsA TpaHcKpunuum 1 penapauun JHK, B noaaepxaHnmn LEeHTpOMepPHOro xpomaTuHa 1 obpa-
30BaHNN 11 PEMOAENIMPOBAHMN HYKIEOCOM MO3aAN NPOXOXKAEHUA PEMIMKAaLNOHHON BUNKN. TaknM 06pa3om, Xpo-
MaTUH-pemofenvpyolme GakTopbl y4acTBYIOT B NpoLeccax Kak 3aBUCKMMON, Tak U He 3aBUCUMON OT penankauum
cO60pKM XpoMaThHa. VX ponb 0co6eHHO 3aMeTHa B mpoLeccax KpynHOMaclTabHoM peopraHmn3aumm XpomaTurHa,
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Ponb ATD-3aBUCUMMBIX XPOMaTUH-PEMOAENNPYIOLMX
$aKTopOoB B NpoLiecce cOOPKM XpomaTuHa in vivo

Hanpumep Npu peopraHn3auny XpoMaTHa MYXCKOro MPOHYKNeyca WM Npu BOCCTAHOBSIEHWW MOBPEXAEHNI
[OHK. MnepoHoBble WanepoHbl, Moanduumpyowme xpoMatuH depmeHTbl 1 ATO-3aBrCUMblE hakTOpbl COOPKM
XpOMaT/Ha COBMECTHO 06pasyioT ceTb paKTOPOB, obecneunBatoLLmx NogaepKaHve LLenoCTHOCTY XpoMaTHHa.
KnioueBble cioBa: XpomaTuH; cbopka xpomaTrHa; ATD-3aBUCKMbIe XPOMaTUH-pemogenupyoLime dbakTopsbl.

Itroduction

Chromatin assembly is a fundamentally important process,
which is essential for chromosome duplication subsequent to
DNA replication (Krude, Keller, 2001; Vincent et al., 2008),
but also take place constantly throughout the cell cycle in
the course of DNA-utilizing processes, such as transcription,
damage repair or recombination (Venkatesh, Workman, 2015;
Hauer, Gasser, 2017; Serra-Cardona, Zhang, 2018). Replica-
tion-independent chromatin assembly generally involves his-
tone variants (e.g. H3.3, H2A.Z), while the so-called canonical
histones (H2A, H2B, H3.1, H3.2, H4) are incorporated in the
course of replication (Henikoff, Ahmad, 2005).

In vitro studies suggest that nucleosome assembly relies
on the combined action of core histone chaperones and
ATP-utilizing molecular motor proteins (Tyler, 2002; Haus-
halter, Kadonaga, 2003). The histone chaperones mediate
the stepwise processes of disassembly and reassembly of
nucleosomes and shield histones from promiscuous interac-
tions and aggregation to ensure their proper storage, transport,
post-translational modification, nucleosome assembly and
turnover (Hammond et al., 2017). Various chaperones have
been identified that specifically interact with certain histone
variants driving nucleosome assembly and disassembly during
replication-independent and replication-dependent processes.
For example, H3.1 is found in a complex containing histone
chaperones Asfl and CAF-1, whereas H3.3 forms a complex
with HIRA and Asfl or with the DAXX chaperone (Tagami
et al., 2004; Elsasser et al., 2012).

Biochemical evidence, however, has revealed that nucleo-
some assembly is an ATP-dependent process and requires the
action of ATP-hydrolyzing molecular motor proteins such as
ACF or CHDI1 (Ito et al., 1997; Haushalter, Kadonaga, 2003;
Lusser et al., 2005). These evolutionarily conserved factors
promote the efficiency of core histone deposition as well as
mediate the spacing of nucleosome arrays. ATP-utilizing
molecular machines modify chromatin structure by modulat-
ing histone-DNA contacts, resulting in the repositioning or
disruption of the nucleosome, changing the conformation of
nucleosomal DNA or changing the composition of the histone
octamer (Morettini et al., 2008; Narlikar et al., 2013; Clapier et
al., 2017). Chromatin remodeling factors are compositionally
and functionally diverse multi-protein complexes, yet they
share the presence of a motor subunit that belongs to the SNF2-
family of ATPases. The DNA-translocating core of SNF2-type
proteins consists of two paired RecA-like domains or lobes,
capable of rearranging during the ATP hydrolysis cycle to cre-
ate a ratchet-like motion along DNA in single base increments
(Clapier et al., 2017). Recent studies provided mechanistic
insights into nucleosome assembly by the combined action
of histone chaperones and ATP-dependent molecular motors.

These studies revealed the rapid formation of a stable non-
nucleosomal histone-DNA intermediate, a prenucleosome, due
to histone deposition by chaperones; this intermediate is then
converted into nucleosomes by a motor protein such as ACF

(Torigoe et al., 2011). The prenucleosome is a stable confor-
mational isomer of the nucleosome, which consists of a histone
octamer associated with 80 base pairs of DNA located at a
position that corresponds to the central 80 bp of a nucleosome
core particle (Fei et al., 2015). Monomeric prenucleosomes
with free flanking DNA do not spontaneously fold into nucleo-
somes, but can be converted into canonical nucleosomes by
ATP-dependent chromatin remodelers such as ACF or Chdl
(Torigoe et al., 2013). Analyses of the remodeling-defective
Chd1 motor protein revealed a functional distinction between
ATP-dependent nucleosome assembly and chromatin remodel-
ing, and proposed a model for chromatin assembly in which
randomly distributed nucleosomes are formed by the nucleo-
some assembly function of Chdl, and then regularly spaced
nucleosome arrays are generated by the chromatin remodeling
activity (Torigoe et al., 2013).

To date, the ATP-dependent assembly of extended, periodic
arrays of nucleosomes has been observed in vitro with the Dro-
sophila ACF, CHRAC (Ito et al., 1999; Fyodorov, Kadonaga,
2003; Kukimoto et al., 2004) and ToRC (Emelyanov et al.,
2012) complexes as well as with the human RSF complex
(Loyola et al., 2003). The catalytic subunit of each of these
complexes belongs to the ISWI subfamily of the SNF2-like
family of ATPases. ISWI by itself in conjunction with histone
chaperone dNLP has a chromatin assembly activity (Khuong
etal.,2017). Activity in an ATP-dependent chromatin assem-
bly reaction was demonstrated for chromodomain-containing
proteins of the CHD family: the Drosophila, yeast and mouse
CHDI protein (Robinson, Schultz, 2003; Lusser et al., 2005;
Piatti et al., 2015) and human CHD2 (Liu et al., 2015). Un-
like ACF, CHD1 cannot assemble chromatin containing the
linker histone H1 (Lusser et al., 2005). Finally, the mam-
malian ATRX-DAXX complex catalyzes the deposition and
remodeling of H3.3-containing nucleosomes (Drane et al.,
2010; Lewis et al., 2010). ISWI and CHD1 remodelers share
some structural and functional similarities (Narlikar et al.,
2013; Clapier et al., 2017). Both ISWI and CHD1 proteins
reposition nucleosomes to locations close to the center of short
DNA fragments. The directionality and rate of nucleosome
mobilization are determined in ISWI and CHDI1 proteins by
the SANT-SLIDE DNA binding domain (DBD), structurally
similar between two proteins. DBD binds DNA at the nu-
cleosomal entry site and in the adjacent linker anchoring the
remodeler to the nucleosome. Although the N-terminal regions
of ISWI and CHD1 are not related at the sequence level, they
carry out similar functions. Drosophila ISWI protein contains
two conserved regulatory regions, termed AutoN and NegC,
which negatively regulate ATP hydrolysis (AutoN) or the
coupling of ATP hydrolysis to DNA translocation (NegC).
In CHDI protein, a similar negative regulatory function is
performed by the double chromodomain unit of the CHD1
remodeler, which can pack against the DNA-binding surface
of the ATPase motor. Double chromodomains of mamma-
lian CHD1 protein recognize the trimethylated histone H3
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lysine 4, but chromodomains of yeast and Drosophila CHD1
and of mammalian CHD2 do not have such specificity. In
yeast chromodomain mutations result in dissociation of Chd1
from chromatin. By contrast, in Drosophila melanogaster the
chromodomains do not play an important role in its localiza-
tion to chromatin; however, mutations in Drosophila CHD1
chromodomains negatively affect the chromatin assembly
activities of CHD1 in vitro (Morettini et al., 2011). Similar
biochemical characteristics probably determine the role of
these two subfamilies of SNF2-type remodelers in chromatin
assembly reaction as well as partial redundancy of these fac-
tors in vivo. The translocase domains of ATRX proteins have
diverged from those of ISWI, and CHD1, suggesting another
mechanism for histone exchange (Narlikar et al., 2013). The
ATRX protein associates with the DAXX chaperone to couple
chromatin dissociation with the reassembly of nucleosomes
enriched for the histone variant H3.3 (Lewis et al., 2010).

Despite extensive biochemical characterization of ATP-de-
pendent nucleosome loading and remodeling, it has remained
unclear to what extent nucleosome assembly is an ATP-de-
pendent process in vivo. We provided the first clear confir-
mation of the requirement of an ATP-utilizing motor protein
(CHD1) in chromatin assembly in vivo (Konev et al., 2007).
We generated Chdl null alleles and found that Chd ] mutants
are subviable but sterile. When maternal CHD1 is eliminated,
the paternal genome does not undergo the first zygotic mitosis,
leading to the development of haploid embryos. In contrast,
CHDI1 does not appear to affect the organization of maternal
chromatin. It has been shown in Drosophila and mice that H3.3
is specifically present in the male pronucleus (Loppin et al.,
2005; Torres-Padilla et al., 2006). Histones are deposited in
decondensing sperm DNA by replication-independent mecha-
nisms involving the HIRA chaperone complex, which use the
histone variant H3.3, but not canonical H3 (Loppin et al., 2005;
Orsi etal., 2013). Using the FLAG-tagged H3.3 transgene we
demonstrated that, in contrast to wild-type animals, in Chd1-
null embryos the H3.3-FLAG signal in the male pronucleus
did not co-localize with the DNA and remained constrained
to the nuclear periphery (Konev et al., 2007). We have found
that CHD1 physically interacts with the H3.3-specific histone
chaperone HIRA, which delivers histones H3.3-H4 to the male
pronucleus. CHD is dispensable for protamine removal. This
work established that CHDI1 is a major factor in replacement
histone metabolism and revealed a critical role for CHD1 in the
genome-scale, replication-independent nucleosome assembly
involving the histone variant H3.3. Thus, the molecular motor
proteins, such as CHDI, function not only in remodeling of
existing nucleosomes but also in de novo nucleosome assem-
bly from DNA and histones in vivo.

Nevertheless, the results of the further studies of the ISWI-
and CHDI1-type remodelers’ role in chromatin assembly
in vivo are somewhat controversial. In yeasts Saccharomyces
cerevisiae Iswi complexes (yeasts have two ISWI proteins:
Iswlp and Isw2p) and Chdl have partially redundant roles
in nucleosome assembly and positioning (Xella et al., 2006;
Gkikopoulos et al., 2011; Smolle et al., 2012; Yadav, White-
house, 2016). While individual iswl, isw2 and chdl mutants
are viable, only the isw/ isw2 chd| triple mutant combination
results in severe growth defects as well as in wide-spread
disruption of nucleosome positioning throughout the yeast
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genome (Vary et al., 2003; Gkikopoulos et al., 2011). Very
similar results were obtained for the fission yeast Schizosac-
charomyces pombe, which lacks ISWI-type remodelers, but
has two CHD1-type ATPases, Hrpl and Hrp3 (Hennig et al.,
2012; Pointner et al., 2012). It was shown that de novo nu-
cleosome assembly after DNA replication is altered in yeast
S. cerevisiae mutants lacking histone chaperones (CAF-1) or
chromatin remodelers Iswl and Chdl (Yadav, Whitehouse,
2016). ATP-dependent chromatin-remodeling enzymes Isw1
and Chdl collaborate with histone chaperones to assemble and
remodel nucleosomes as they are loaded behind a replication
fork, allowing for rapid organization of chromatin during
S phase. Chd1 is known to associate with elongating RNAPII
through interaction with the PAF complex and other RNAPII-
associated proteins (Simic et al., 2003). Some evidence has
suggested a role for Chdl in replication-independent histone
exchange or assembly in the process of active transcription
(Radman-Livaja et al., 2012; Smolle et al., 2012). Genome-
wide analysis of H3 histone exchange in S. cerevisiae Chd1-
deficient strains has shown that promoter and 5’ histone turn-
over are slower in chd 14 cells, while maximal H3 replacement
is instead observed at the 3’ ends of genes (Radman-Livaja
et al., 2012). Thus, Chdl accelerates H3 replacement at the
5" ends of genes, while protecting the 3’ ends of genes from
excessive H3 turnover, and specifically stabilizes nucleosomes
over the 3’ ends of longer genes. Studies of H3 histone turn-
over in an Isw1b and Chdl double mutant revealed that these
chromatin remodeling factors both prevent co-transcriptional
trans-histone exchange at largely overlapping, yet somewhat
distinct groups of genes (Smolle et al., 2012). It is proposed,
that yeast Iswl and Chd1 may prevent histone exchange and
promote chromatin integrity at lowly and highly transcribed
genes respectively: Iswl in the form of the Iswlb complex
by remodeling nucleosomes that were retained on the DNA in
spite of transcription, and Chd1 by reassembling nucleosomes
in cis in the wake of RNAPII (Smolle et al., 2012). Still, it
is clear that nucleosomes can be assembled without both
Iswlb and Chdl. Analyses of nucleosome organization in the
wild-type H2BK123A strain, incapable to monoubiquitinate
histone H2B on Lys 123, and the chd 4 strain indicate that in
the absence of H2B monoubiquitination or Chdl, genes that
are positively regulated by histone H2B monoubiquitination
or Chdl fail to adequately assemble nucleosomes +2, +3, and
+4 in coding regions (Lee et al., 2012).

We have shown that in Drosophila CHD1 functions in H3.3
deposition during later stages of embryonic development,
possibly in a processes associated with transcription (Konev
etal., 2007). Analyses of polytene chromosomes revealed that
the null mutations in Drosophila Chdl cause a decondensa-
tion of the male X chromosome, similar to that observed for
the ISWI mutations (Konev et al., 2016). An effect of Chdl
null mutations is increased by deficiency of one of two genes
encoding the histone variant H3.3, His3.3B, suggesting that
the role of CHDI1 in the male X chromosome organization
can be mediated by CHD1 activity in H3.3 histone deposition
and exchange.

Mammals have two orthologs of yeast and Drosophila
CHDI1, Chd1 and Chd2. It was shown that in muscle develop-
ment, transcriptional activation of the myogenic transcription
factor MyoD is mediated by replication-independent histone
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deposition (Yang et al., 2011). In this process, HIRA and
Asfla, but not CHDI or Asflb, mediate H3.3 incorporation
in the promoter and the critical upstream regulatory regions
of the MyoD gene. However, MyoD interacts with Chd2
and recruits it to downstream myogenic gene promoters,
but not to housekeeping or silent gene promoters both in
myoblasts and in differentiated cells (Harada et al., 2012).
Genome-wide analysis of endogenous H3.3 incorporation
demonstrates that knockdown of Chd2 prevents H3.3 de-
position at differentiation-dependent, but not housekeeping,
genes and inhibits myogenic gene activation. Thus, MyoD
determines cell fate and facilitates differentiation-dependent
gene expression through Chd2-dependent deposition of H3.3
at myogenic loci prior to differentiation (Harada et al., 2012).
Chd2 is also required to maintain the differentiation potential
of mouse embryonic stem cells (ESC). Chd2-depleted ESCs
showed suppressed expression of developmentally regulated
genes upon differentiation and alterations in the nucleosome
occupancy of the histone variant H3.3 for developmentally
regulated genes (Semba et al., 2017). Chdl is also essential
for open chromatin and pluripotency of embryonic stem cells,
and for somatic cell reprogramming; downregulation of Chd1
leads to accumulation of heterochromatin (Gaspar-Maia et al.,
2009). It is not known yet, whether or not effects of Chdl in
ESC are associated with changes in histone deposition. Analy-
ses of genome-wide nucleosome specificity and function of
chromatin remodelers in ES cells revealed that, while Chd1
is present near the 5’ ends of genes, the Chd2-nucleosome
enrichment pattern encompassed the entire transcription unit
and shared a high correlation with H3K36me3 (de Dieuleveult
et al., 2016). This is consistent with how yeast Chd1 works,
and thus yeast Chd1 may be functionally equivalent rather to
mammalian Chd2.

ISWI protein is a catalytic subunit of four complexes, ca-
pable to assemble extended, periodic arrays of nucleosomes
in vitro: ACF, CHRAC, Torch and RSF. In Drosophila, ISWI
is an essential gene, and loss of ISWI function results in
global structural alteration of the chromosomes, specifically
the male X-chromosome (Deuring et al., 2000). It was found
that ISWT s involved in the incorporation of the linker histone
H1 into chromatin in vivo (Corona et al., 2007; Siriaco et al.,
2009). Our work had shown that ISWI is unable to substitute
for CHDI1 in the deposition of H3.3 (Konev et al., 2007).
However, at fertilization, maternal ISWI targets the paternal
genome and drives its repackaging into de-condensed nu-
cleosomal chromatin (Doyen et al., 2015). In embryos from
ISWI' mothers, the male pronucleus remained abnormally
condensed, but core histones were deposited efficiently onto
the condensed paternal genome in the absence of ISWI. These
observations suggest that ISWI is not required for the incor-
poration of histones into the male pronucleus but is crucial
for the formation of an open chromatin structure. As in the
case of Chdl mutants (Konev et al., 2007; Podhraski et al.,
2010), failure of proper transition from sperm chromatin to
nucleosomal chromatin in iswi mutant embryos is followed by
mitotic defects, aneuploidy, and haploid embryonic divisions
(Doyen et al., 2015). ACF (ATP-utilizing chromatin assembly
and remodeling factor) (Ito et al., 1999; Fyodorov, Kadonaga,
2003) and CHRAC (chromatin-accessibility-complex) (Ku-
kimoto et al., 2004) contain one common subunit, termed
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Acfl, which stimulates and modulates the intrinsic chromatin
assembly and remodeling activities of ISWI(Ito et al., 1999;
Eberharter et al., 2001; Fyodorov, Kadonaga, 2002). In addi-
tion, CHRAC comprises two small, developmentally regulated
subunits (CHRAC14, CHRAC16) which facilitate nucleosome
sliding (Corona et al., 2000; Hartlepp et al., 2005). Expression
of the signature subunit ACF1 is restricted during embryonic
development, but remains high in primordial germ cells.
Therefore, we explored roles for ACF1 during Drosophila
oogenesis (Borner et al., 2016). We have isolated the novel
loss — of function allele Acf7(7) which leads to defective egg
chambers and their elimination through apoptosis. Two-fold
overexpression of CHRAC (ACF1 and CHRAC-16) leads to
increased apoptosis and packaging defects in egg chambers.
Thus, finely tuned CHRAC levels are required for proper
oogenesis. The mutant acf! fly line displays defects in hete-
rochromatic silencing and exhibits reduced ATP-dependent
chromatin assembly activity in embryonic cell extracts (Fyo-
dorov et al., 2004). ACF/CHRAC contribute to establishing
the repressive ground state of chromatin through organiza-
tion of regular nucleosome arrays (Scacchetti et al., 2018).
Surprisingly, despite the fact that ACF is the first discovered
ATP-dependent chromatin assembly complex, direct evidence
of its role in chromatin assembly in vivo is lacking. The human
two-subunit complex RSF (Remodeling and Spacing Factor)
contains, in addition to the ISWI homolog hSNFH, the p325
(Rsf-1) polypeptide, which is similar but not homologous to
Drosophila Acfl (Loyola et al., 2003). In Drosophila RSF
contributes to histone H2Av replacement in the pathway of
silent chromatin formation (Hanai et al., 2008).

We described a novel, evolutionarily conserved, ISWI-
containing complex, ToRC (Toutatis-containing chromatin
remodeling complex), which consist of ISWI, Toutatis/TIP5
and the transcriptional corepressor CtBP (Emelyanov et al.,
2012). Toutatis (Tou) is the Drosophila ortholog of TIPS, a
large subunit of a nucleolar-specific, SNF2H-containing chro-
matin remodeling factor, NoRC (Strohner et al., 2001). Tou
exhibits strong similarity to Acfl and shares with it a number
of domains that are important for the chromatin assembly
activity of ACF. ToRC facilitates ATP-dependent nucleosome
assembly in vitro and all three subunits are required for its
maximal biochemical activity. By contrast with NoRC, the
ToRC complex is excluded from the nucleolus. ToRC tethering
to its nuclear targets is dependent on the transcriptional core-
pressor CtBP. ToRC is involved in CtBP-mediated regulation
of transcription by RNA polymerase Il in vivo. However, na-
tive C-terminally truncated Toutatis isoforms do not associate
with CtBP and localize predominantly to the nucleolus. Thus,
Toutatis forms two alternative complexes, TORC and dNoRC,
comprising of Tou and ISWI, that have differential distribu-
tion and can participate in distinct aspects of nuclear DNA
metabolism. It is remained to be determined whether or not
ToRC or NoRC is involved in histone incorporation in vivo.

ATRX is a chromatin remodeler that together with its
chaperone DAXX in mammalian cells deposits the histone
variant H3.3 in pericentric and telomeric regions (Drane et
al., 2010; Goldberg et al., 2010; Lewis et al., 2010; Wong et
al., 2010). We performed biochemical and genetic analyses
of the Drosophila melanogaster ortholog of ATRX (Xnp)
(Emelyanov et al., 2010). Drosophila ATRX is expressed

SMUTEHETUKA / EPIGENETICS 163



Iu.A. ll'ina
A.Y. Konev

throughout development in two isoforms, p185 and p125,
which form distinct multisubunit complexes in fly embryos.
The ATRX185 complex comprises p185 and heterochromatin
protein HP1a. Consistently, ATRX185 but not ATRX125 in
polytene chromosomes is highly concentrated in the pericen-
tric beta-heterochromatin of the X chromosome, where it is
required for HP1a deposition. The loss-of-function allele of
the Drosophila ATRX/Xnp gene is semilethal and alleles of
the ATRX/XNP gene that do not express p185 are strong sup-
pressors of position effect variegation. In another study it was
shown that the ATRX/XNP focus near the heterochromatin of
the X chromosome corresponds to an unusual decondensed
satellite DNA block, and both active genes and the XNP fo-
cus are sites of ongoing H3 to H3.3 nucleosome replacement
(Schneiderman et al., 2009). Using an inducible system that
produces nucleosome-depleted chromatin at the Hsp70 genes
in Drosophila it was found that the ATRX/XNP chromatin
remodeler and the Hira histone chaperone independently bind
nucleosome-depleted chromatin (Schneiderman et al., 2012).
H3.3 deposition assays reveal that Xnp and Hira are required
for efficient nucleosome replacement, and double-mutants
are lethal. Thus, the function of ATRX in H3.3 deposition is
conserved in evolution.

ATP-dependent chromatin assembly and remodeling factors
have also been implicated in the maintenance of centromeric
chromatin, which is epigenetically specified in most eukaryo-
tes by the centromere-specific histone H3 variant, CENP-A.
Human RSF1 localizes to centromeres and promotes the stable
association of CENP-A with centromeres (Perpelescu et al.,
2009). Tethering RSF1 to an ectopic non-centromeric alphoid
DNA array is sufficient to stimulate histone exchange, and this
reaction was coupled with new H3.3 or CENP-A assembly
(Ohzeki etal., 2016). CHD1 was found to stimulate the depo-
sition of CENP-A at centromeres in fission yeast and humans
(Walfridsson et al., 2005; Okada et al., 2009), however, it is
dispensable for CID (Drosophila CENP-A) deposition in flies
(Podhraski et al., 2010).

Chromatin dynamics plays a very important role during
DNA repair (Hauer, Gasser, 2017). ATRX-deficient cells
exhibit a defect in repairing exogenously induced DNA
double-strand breaks (DSBs) by homologous recombination
(HR) (Juhasz et al., 2018). DAXX- and H3.3-depleted cells
exhibit identical HR defects as ATRX-depleted cells, and both
ATRX and DAXX function to deposit H3.3 during DNA repair
synthesis. This suggests that ATRX facilitates the chromatin
reconstitution required for extended DNA repair synthesis and
sister chromatid exchange during HR (Elbakry et al., 2018;
Juhasz et al., 2018). Human CHD2 plays a crucial role in regu-
lating non-homologous end-joining (NHEJ), a dominant DSB
repair pathway in human cells (Luijsterburg et al., 2016). This
mechanism is initiated by DNA damage-associated poly(ADP-
ribose) polymerase 1 (PARP1), which recruits CHD2 through
a poly(ADP-ribose)-binding domain; CHD?2 in turn triggers
rapid deposition of histone variant H3.3 at sites of DNA dam-
age. PARP1, CHD2, and H3.3 regulate the assembly of NHEJ
complexes at broken chromosomes to promote efficient DNA
repair (Luijsterburg et al., 2016). Targeted disruption of the
CHDI1 gene in human cells leads to a defect in DSB repair
via homologous recombination, resulting in hypersensitivity
to ionizing radiation and in increased error-prone NHEJ repair
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for DSB repair (Kari et al., 2016; Shenoy et al., 2017; Zhou et
al., 2018). We have shown that null mutations of Drosophila
Chdl cause hypersensitivity to ionizing radiation at the third
instar larval stage, suggesting that Drosophila CHDI1 is also
involved in DSB repair. Considering that Drosophila has only
a single ortholog of human CHD1 and CHD2, it will be inte-
resting to determine which of the two major pathways of DSB
repair is affected and whether or not this effect is associated
with the role of fly CHD1 in H3.3 deposition.

Conclusion

The studies of in vivo functions of ATP-dependent chromatin
assembly and remodeling factors clearly demonstrated that
these factors do participate in nucleosome assembly and
histone exchange in vivo. Most of the evidence concerning
the role of ATP-dependent chromatin assembly and remodel-
ing factors in the process of chromatin assembly in vivo was
obtained for recombination independent assembly processes,
involving histone variants such as H3.3. Yet it was shown that
ATP-dependent chromatin-remodeling enzymes Iswl and
Chdl in collaboration with histone chaperones assemble and
remodel nucleosomes as they are loaded behind a replica-
tion fork (Yadav, Whitehouse, 2016), suggesting a common
mechanism for both types for chromatin assembly. Their role is
especially prominent in the processes of large-scale chromatin
reorganization, for example during male pronucleus forma-
tion or DNA repair. Analysis of effects of individual factors
is hampered by a high level of redundancy in the function
of ATP-dependent chromatin assembly and remodeling fac-
tors. Interpretations of the role of chromatin remodelers in
chromatin assembly in vivo is further complicated by the fact
that mutations in the ATP-dependent chromatin assembly and
remodeling factors, such as Chd1, may affect the distribution
of histone modifications known to affect nucleosome stabil-
ity (Lee J.S. et al., 2012; Radman-Livaja et al., 2012; Lee Y.
et al., 2017). Together, ATP-dependent chromatin assembly
and remodeling factors, histone chaperones and chromatin
modifying enzymes form a “chromatin integrity network” to
ensure proper maintenance and propagation of the chromatin
landscape as well as regulation of genetic processes. All iden-
tified ATP-dependent chromatin assembly factors are linked
to cancer. Thus, dissecting a chromatin integrity network
should not only provide further insight into the fundamental
organization of the eukaryotic genome but also contribute to
human health.

References

Borner K., Jain D., Vazquez-Pianzola P., Vengadasalam S., Steffen N.,
Fyodorov D.V., Tomancak P., Konev A., Suter B., Becker P.B. A role
for tuned levels of nucleosome remodeler subunit ACF1 during Dro-
sophila oogenesis. Dev. Biol. 2016;411(2):217-230. DOI 10.1016/j.
ydbio.2016.01.039.

Clapier C.R., Iwasa J., Cairns B.R., Peterson C.L. Mechanisms of
action and regulation of ATP-dependent chromatin-remodelling
complexes. Nat. Rev. Mol. Cell. Biol. 2017;18(7):407-422. DOI
10.1038/nrm.2017.26.

Corona D.F., Eberharter A., Budde A., Deuring R., Ferrari S., Varga-
Weisz P., Wilm M., Tamkun J., Becker P.B. Two histone fold pro-
teins, CHRAC-14 and CHRAC-16, are developmentally regulated
subunits of chromatin accessibility complex (CHRAC). EMBO J.
2000;19(12):3049-3059. DOI 10.1093/emboj/19.12.3049.

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2019 - 23 - 2



10.A. UnbuHa
A.lO0. KoHeB

Corona D.F., Siriaco G., Armstrong J.A., Snarskaya N., McCly-
mont S.A., Scott M.P., Tamkun J.W. ISWI regulates higher-order
chromatin structure and histone H1 assembly in vivo. PLoS Biol.
2007;5(9):¢232. DOI 10.1371/journal.pbio.0050232.

de Dieuleveult M., Yen K., Hmitou I., Depaux A., Boussouar F., Bou
Dargham D., Jounier S., Humbertclaude H., Ribierre F., Baulard C.,
Farrell N.P., Park B., Keime C., Carriere L., Berlivet S., Gut M.,
Gut I., Werner M., Deleuze J.F., Olaso R., Aude J.C., Chanta-
lat S., Pugh B.F., Gerard M. Genome-wide nucleosome specificity
and function of chromatin remodellers in ES cells. Nature. 2016;
530(7588):113-116. DOI 10.1038/nature16505.

Deuring R., Fanti L., Armstrong J.A., Sarte M., Papoulas O., Prestel M.,
Daubresse G., Verardo M., Moseley S.L., Berloco M., Tsukiyama T.,
Wu C., Pimpinelli S., Tamkun J.W. The ISWI chromatin-remodeling
protein is required for gene expression and the maintenance of high-
er order chromatin structure in vivo. Mol. Cell. 2000;5(2):355-365.

Doyen C.M., Chalkley G.E., Voets O., Bezstarosti K., Demmers J.A.,
Moshkin Y.M., Verrijzer C.P. A Testis-specific chaperone and the
chromatin remodeler ISWI mediate repackaging of the paternal ge-
nome. Cell Rep. 2015;13(7):1310-1318. DOI 10.1016/j.celrep.2015.
10.010.

Drane P., Ouararhni K., Depaux A., Shuaib M., Hamiche A. The death-
associated protein DAXX is a novel histone chaperone involved in
the replication-independent deposition of H3.3. Genes Dev. 2010;
13(7):1310-1318. DOI 10.1101/gad.566910.

Eberharter A., Ferrari S., Langst G., Straub T., Imhof A., Varga-
Weisz P., Wilm M., Becker P.B. Acf1, the largest subunit of CHRAC,
regulates ISWI-induced nucleosome remodelling. EMBO J. 2001;
20(14):3781-3788.

Elbakry A., Juhasz S., Mathes A., Lobrich M. DNA repair synthesis and
histone deposition partner during homologous recombination. Mol.
Cell. Oncol. 2018;5(5):e1511210. DOI 10.1080/23723556.2018.
1511210.

Elsasser S.J., Huang H., Lewis P.W., Chin J.W., Allis C.D., Patel D.J.
DAXX envelops a histone H3.3-H4 dimer for H3.3-specific recogni-
tion. Nature. 2012;491(7425):560-565. DOI 10.1038/nature11608.

Emelyanov A.V., Konev A.Y., Vershilova E., Fyodorov D.V. Protein
complex of Drosophila ATRX/XNP and HPla is required for the
formation of pericentric beta-heterochromatin in vivo. J. Biol. Chem.
2010;285(20):15027-15037. DOI 10.1074/jbc.M109.064790.

Emelyanov A.V., Vershilova E., Ignatyeva M.A., Pokrovsky D.K.,
Lu X., Konev A.Y., Fyodorov D.V. Identification and characteriza-
tion of ToRC, a novel ISWI-containing ATP-dependent chromatin
assembly complex. Genes Dev. 2012;26(6):603-614. DOI 10.1101/
2ad.180604.111.

Fei J., Torigoe S.E., Brown C.R., Khuong M.T., Kassavetis G.A.,
Boeger H., Kadonaga J.T. The prenucleosome, a stable conforma-
tional isomer of the nucleosome. Genes Dev. 2015;29(24):2563-
2575.DOI 10.1101/gad.272633.115.

Fyodorov D.V., Blower M.D., Karpen G.H., Kadonaga J.T. Acf1 confers
unique activities to ACF/CHRAC and promotes the formation rather
than disruption of chromatin in vivo. Genes Dev. 2004;18(2):170-183.

Fyodorov D.V., Kadonaga J.T. Binding of Acfl to DNA involves a
WAC motif and is important for ACF-mediated chromatin assembly.
Mol. Cell. Biol. 2002;22(18):6344-6353.

Fyodorov D.V., Kadonaga J.T. Chromatin assembly in vitro with pu-
rified recombinant ACF and NAP-1. Methods Enzymol. 2003;371:
499-515.

Gaspar-Maia A., Alajem A., Polesso F., Sridharan R., Mason M.J.,
Heidersbach A., Ramalho-Santos J., McManus M.T., Plath K., Me-
shorer E., Ramalho-Santos M. Chd1 regulates open chromatin and
pluripotency of embryonic stem cells. Nature. 2009;460(7257):863-
868. DOI 10.1038/nature08212.

Gkikopoulos T., Schofield P., Singh V., Pinskaya M., Mellor J.,
Smolle M., Workman J.L., Barton G.J., Owen-Hughes T. A role
for Snf2-related nucleosome-spacing enzymes in genome-wide nu-
cleosome organization. Science. 2011;333(6050):1758-1760. DOI
10.1126/science.1206097.

2019
23.2

Ponb ATD-3aBUCUMMBIX XPOMaTUH-PEMOAENNPYIOLMX
$aKTopOoB B NpoLiecce cOOPKM XpomaTuHa in vivo

Goldberg A.D., Banaszynski L.A., Noh K.M., Lewis P.W., Elsaes-
ser S.J., Stadler S., Dewell S., Law M., Guo X., Li X., Wen D.,
Chapgier A., DeKelver R.C., Miller J.C., Lee Y.L., Boydston E.A.,
Holmes M.C., Gregory P.D., Greally J.M., Rafii S., Yang C.,
Scambler P.J., Garrick D., Gibbons R.J., Higgs D.R., Cristea .M.,
Urnov E.D., Zheng D., Allis C.D. Distinct factors control histone
variant H3.3 localization at specific genomic regions. Cell. 2010;
140(5):678-691. DOI 10.1016/.cell.2010.01.003.

Hammond C.M., Stromme C.B., Huang H., Patel D.J., Groth A. His-
tone chaperone networks shaping chromatin function. Nat. Rev.
Mol. Cell. Biol. 2017;18(3):141-158. DOI 10.1038/nrm.2016.159.

Hanai K., Furuhashi H., Yamamoto T., Akasaka K., Hirose S. RSF
governs silent chromatin formation via histone H2Av replace-
ment. PLoS Genet. 2008;4(2):¢1000011. DOI 10.1371/journal.pgen.
1000011.

Harada A., Okada S., Konno D., Odawara J., Yoshimi T., Yoshimura S.,
Kumamaru H., Saiwai H., Tsubota T., Kurumizaka H., Akashi K.,
Tachibana T., Imbalzano A.N., Ohkawa Y. Chd2 interacts with H3.3
to determine myogenic cell fate. EMBO J. 2012;31(13):2994-3007.
DOI 10.1038/emboj.2012.136.

Hartlepp K.F., Fernandez-Tornero C., Eberharter A., Grune T., Mul-
ler C.W., Becker P.B. The histone fold subunits of Drosophila
CHRAC facilitate nucleosome sliding through dynamic DNA inter-
actions. Mol. Cell. Biol. 2005;25(22):9886-9896.

Hauer M.H., Gasser S.M. Chromatin and nucleosome dynamics in
DNA damage and repair. Genes Dev. 2017;31(22):2204-2221. DOI
10.1101/gad.307702.117.

Haushalter K.A., Kadonaga J.T. Chromatin assembly by DNA-translo-
cating motors. Nat. Rev. Mol. Cell. Biol. 2003;4(8):613-620.

Henikoff S., Ahmad K. Assembly of variant histones into chromatin.
Annu. Rev. Cell Dev. Biol. 2005;21:133-153.

Hennig B.P., Bendrin K., Zhou Y., Fischer T. Chdl chromatin remodel-
ers maintain nucleosome organization and repress cryptic transcrip-
tion. EMBO Rep. 2012;13(11):997-1003. DOI 10.1038/embor.
2012.146.

Ito T., Bulger M., Pazin M.J., Kobayashi R., Kadonaga J.T. ACF, an
ISWI-containing and ATP-utilizing chromatin assembly and re-
modeling factor. Cell. 1997;90(1):145-155.

Ito T., Levenstein M.E., Fyodorov D.V., Kutach A.K., Kobayashi R.,
Kadonaga J.T. ACF consists of two subunits, Acfl and ISWI, that
function cooperatively in the ATP-dependent catalysis of chromatin
assembly. Genes Dev. 1999;15;13(12):1529-1539.

Juhasz S., Elbakry A., Mathes A., Lobrich M. ATRX promotes DNA
repair synthesis and sister chromatid exchange during homologous
recombination. Mol. Cell. 2018;71(1):11-24 ¢7. DOI 10.1016/j.
molcel.2018.05.014.

Kari V., Mansour W.Y., Raul S.K., Baumgart S.J., Mund A., Grade M.,
Sirma H., Simon R., Will H., Dobbelstein M., Dikomey E., John-
sen S.A. Loss of CHD1 causes DNA repair defects and enhances
prostate cancer therapeutic responsiveness. EMBO Rep. 2016;
19(10):pii: e46783. DOI 10.15252/embr.201846783.

Khuong M.T., Fei J., Cruz-Becerra G., Kadonaga J.T. A simple and ver-
satile system for the ATP-dependent assembly of chromatin. J. Biol.
Chem. 2017;292(47):19478-19490. DOI 10.1074/jbc.M117.815365.

Konev A.Y., Tiutiunnik A.A., Baranovskaya I.L. The influence of the
Chdl chromatin assembly and remodeling factor mutations on Dro-
sophila polythene chromosome organization. Tsitologiia. 2016;
58(4):281-284. (in Russian)

Konev A.Y., Tribus M., Park S.Y., Podhraski V., Lim C.Y., Emelya-
nov A.V., Vershilova E., Pirrotta V., Kadonaga J.T., Lusser A., Fyo-
dorov D.V. CHD1 motor protein is required for deposition of his-
tone variant H3.3 into chromatin in vivo. Science. 2007;317(5841):
1087-1090.

Krude T., Keller C. Chromatin assembly during S phase: contributions
from histone deposition, DNA replication and the cell division cycle.
Cell. Mol. Life Sci. 2001;58(5-6):665-672.

Kukimoto I., Elderkin S., Grimaldi M., Oelgeschlager T., Varga-
Weisz P.D. The histone-fold protein complex CHRAC-15/17 en-

SMUTEHETUKA / EPIGENETICS 165



Iu.A. ll'ina
A.Y. Konev

hances nucleosome sliding and assembly mediated by ACF. Mol.
Cell. 2004;13(2):265-277.

Lee J.S., Garrett A.S., Yen K., Takahashi Y.H., Hu D., Jackson J., Sei-
del C., Pugh B.F., Shilatifard A. Codependency of H2B monoubi-
quitination and nucleosome reassembly on Chd1. Genes Dev. 2012;
26(9):914-919. DOI 10.1101/gad.186841.112.

Lee Y., Park D., Iyer V.R. The ATP-dependent chromatin remodeler
Chdl is recruited by transcription elongation factors and maintains
H3K4me3/H3K36me3 domains at actively transcribed and spliced
genes. Nucleic Acids Res. 2017;45(12):7180-7190. DOI 10.1093/
nar/gkx321.

Lewis P.W., Elsaesser S.J., Noh K.M., Stadler S.C., Allis C.D. Daxx
is an H3.3-specific histone chaperone and cooperates with ATRX
in replication-independent chromatin assembly at telomeres. Proc.
Natl. Acad. Sci. USA. 2010;107(32):14075-14080. DOI 10.1073/
pnas.1008850107.

Liu J.C., Ferreira C.G., Yusufzai T. Human CHD2 is a chromatin as-
sembly ATPase regulated by its chromo- and DNA-binding domains.
J. Biol. Chem. 2015;290(1):25-34. DOI 10.1074/jbc.M114.609156.

Loppin B., Bonnefoy E., Anselme C., Laurencon A., Karr T.L., Coub-
le P. The histone H3.3 chaperone HIRA is essential for chromatin
assembly in the male pronucleus. Nature. 2005;4437(7063):1386-
1390.

Loyola A., Huang J.Y., LeRoy G., Hu S., Wang Y.H., Donnelly R.J.,
Lane W.S., Lee S.C., Reinberg D. Functional analysis of the sub-
units of the chromatin assembly factor RSF. Mol. Cell. Biol. 2003;
23(19):6759-6768.

Luijsterburg M.S., de Krijger I., Wiegant W.W., Shah R.G., Smeenk G.,
de Groot A.J., Pines A., Vertegaal A.C., Jacobs J.J., Shah G.M., van
Attikum H. PARP1 links CHD2-mediated chromatin expansion and
H3.3 deposition to DNA repair by non-homologous end-joining.
Mol. Cell. 2016;61(4):547-562. DOI 10.1016/j.molcel.2016.01.019.

Lusser A., Urwin D.L., Kadonaga J.T. Distinct activities of CHD1 and
ACF in ATP-dependent chromatin assembly. Nat. Struct. Mol. Biol.
2005;12(2):160-166.

Morettini S., Podhraski V., Lusser A. ATP-dependent chromatin re-
modeling enzymes and their various roles in cell cycle control.
Front. Biosci. 2008;13:5522-5532.

Morettini S., Tribus M., Zeilner A., Sebald J., Campo-Fernandez B.,
Scheran G., Worle H., Podhraski V., Fyodorov D.V., Lusser A. The
chromodomains of CHDI are critical for enzymatic activity but
less important for chromatin localization. Nucleic Acids Res. 2011;
39(8):3103-3115. DOI 10.1093/nar/gkq1298.

Narlikar G.J., Sundaramoorthy R., Owen-Hughes T. Mechanisms and
functions of ATP-dependent chromatin-remodeling enzymes. Cell.
2013;54(3):490-503. DOI 10.1016/j.cell.2013.07.011.

Ohzeki J., Shono N., Otake K., Martins N.M., Kugou K., Kimura H.,
Nagase T., Larionov V., Earnshaw W.C., Masumoto H. KAT7/
HBO1/MYST2 regulates CENP-A chromatin assembly by antago-
nizing Suv39hl-mediated centromere inactivation. Dev. Cell. 2016;
37(5):413-427. DOI 10.1016/j.devcel.2016.05.006.

Okada M., Okawa K., Isobe T., Fukagawa T. CENP-H-containing com-
plex facilitates centromere deposition of CENP-A in cooperation
with FACT and CHDI. Mol. Biol. Cell. 2009;20(18):3986-3995.
DOI 10.1091/mbc.E09-01-0065.

Orsi G.A., Algazeery A., Meyer R.E., Capri M., Sapey-Triomphe L.M.,
Horard B., Gruffat H., Couble P., Ait-Ahmed O., Loppin B. Dro-
sophila Yemanuclein and HIRA cooperate for de novo assembly of
H3.3-containing nucleosomes in the male pronucleus. PLoS Genet.
2013;9(2):e1003285. DOI 10.1371/journal.pgen.1003285.

Perpelescu M., Nozaki N., Obuse C., Yang H., Yoda K. Active es-
tablishment of centromeric CENP-A chromatin by RSF complex.
J. Cell Biol. 2009;185(3):397-407. DOI 10.1083/jcb.200903088.

Piatti P, Lim C.Y., NatR., Villunger A., Geley S., Shue Y.T., Soratroi C.,
Moser M., Lusser A. Embryonic stem cell differentiation requires
full length Chdl. Sci. Rep. 2015;5:8007. DOI 10.1038/srep0800.

Podhraski V., Campo-Fernandez B., Worle H., Piatti P., Niederegger H.,
Bock G., Fyodorov D.V.,, Lusser A. CenH3/CID incorporation is not

166

The role of ATP-dependent chromatin remodeling
factors in chromatin assembly in vivo

dependent on the chromatin assembly factor CHD1 in Drosophila.
PLoS One. 2010;5(4):¢10120. DOI 10.1371/journal.pone.0010120.

Pointner J., Persson J., Prasad P., Norman-Axelsson U., Stralfors A.,
Khorosjutina O., Krietenstein N., Svensson J.P., Ekwall K., Kor-
ber P. CHD1 remodelers regulate nucleosome spacing in vitro and
align nucleosomal arrays over gene coding regions in S. pombe.
EMBO J. 2012;31(23):4388-4403. DOI 10.1038/embo;j.2012.289.

Radman-Livaja M., Quan T.K., Valenzuela L., Armstrong J.A., van Wel-
sem T., Kim T., Lee L.J., Buratowski S., van Leeuwen F., Rando O.J.,
Hartzog G.A. A key role for Chdl in histone H3 dynamics at the 3’
ends of long genes in yeast. PLoS Genet. 2012;8(7):¢1002811. DOI
10.1371/journal.pgen.1002811.

Robinson K.M., Schultz M.C. Replication-independent assembly of
nucleosome arrays in a novel yeast chromatin reconstitution sys-
tem involves antisilencing factor Asflp and chromodomain protein
Chdlp. Mol. Cell. Biol. 2003;23(22):7937-7946.

Scacchetti A., Brueckner L., Jain D., Schauer T., Zhang X., Schnor-
rer F., van Steensel B., Straub T., Becker P.B. CHRAC/ACF contri-
bute to the repressive ground state of chromatin. Life Sci. Alliance.
2018;1(1):¢201800024. DOI 10.26508/1s2.201800024.

Schneiderman J.I., Orsi G.A., Hughes K.T., Loppin B., Ahmad K.
Nucleosome-depleted chromatin gaps recruit assembly factors for
the H3.3 histone variant. Proc. Natl. Acad. Sci. USA. 2012;109(48):
19721-19726. DOI 10.1073/pnas.1206629109.

Schneiderman J.1., Sakai A., Goldstein S., Ahmad K. The XNP remodel-
er targets dynamic chromatin in Drosophila. Proc. Natl. Acad. Sci.
USA. 2009;106(34):14472-14477. DOI 10.1073/pnas. 0905816106.

Semba Y., Harada A., Maechara K., Oki S., Meno C., Ueda J., Yama-
gata K., Suzuki A., Onimaru M., Nogami J., Okada S., Akashi K.,
Ohkawa Y. Chd2 regulates chromatin for proper gene expression to-
ward differentiation in mouse embryonic stem cells. Nucleic Acids
Res. 2017;6;45(15):8758-8772. DOI 10.1093/nar/gkx475.

Serra-Cardona A., Zhang Z. Replication-coupled nucleosome assembly
in the passage of epigenetic information and cell identity. Trends
Biochem. Sci. 2018;43(2):136-148. DOI1 10.1016/j.tibs.2017.12.003.

Shenoy T.R., Boysen G., Wang M.Y., Xu Q.Z., Guo W., Koh FM.,
Wang C., Zhang L.Z., Wang Y., Gil V., Aziz S., Christova R., Rod-
rigues D.N., Crespo M., Rescigno P., Tunariu N., Riisnaes R., Zafei-
riou Z., Flohr P., Yuan W., Knight E., Swain A., Ramalho-Santos M.,
Xu D.Y., de Bono J., Wu H. CHD1 loss sensitizes prostate cancer
to DNA damaging therapy by promoting error-prone double-strand
break repair. Ann. Oncol. 2017;28(7):1495-1507. DOI 10.1093/
annonc/mdx165.

Simic R., Lindstrom D.L., Tran H.G., Roinick K.L., Costa P.J., John-
son A.D., Hartzog G.A., Arndt K.M. Chromatin remodeling protein
Chdl interacts with transcription elongation factors and localizes to
transcribed genes. EMBO J. 2003;22(8):1846-1856.

Siriaco G., Deuring R., Chioda M., Becker P.B., Tamkun J.W. Dro-
sophila ISWI regulates the association of histone H1 with inter-
phase chromosomes in vivo. Genetics. 2009;182(3):661-669. DOI
10.1534/genetics.109.10205.

Smolle M., Venkatesh S., Gogol M.M., Li H., Zhang Y., Florens L.,
Washburn M.P., Workman J.L. Chromatin remodelers Iswl and
Chdl maintain chromatin structure during transcription by prevent-
ing histone exchange. Nat. Struct. Mol. Biol. 2012;19(9):884-892.
DOI 10.1038/nsmb.2312.

Strohner R., Nemeth A., Jansa P., Hofmann-Rohrer U., Santoro R.,
Langst G., Grummt I. NoRC-a novel member of mammalian ISWI-
containing chromatin remodeling machines. EMBO J. 2001;20(17):
4892-4900.

Tagami H., Ray-Gallet D., Almouzni G., Nakatani Y. Histone H3.1 and
H3.3 complexes mediate nucleosome assembly pathways dependent
or independent of DNA synthesis. Cell. 2004;1116(1):51-61.

Torigoe S.E., Patel A., Khuong M.T.,Bowman G.D.,KadonagaJ.T. ATP-
dependent chromatin assembly is functionally distinct from chro-
matin remodeling. Elife. 2013;2:¢00863. DOI 10.7554/eLife.00863.

Torigoe S.E., Urwin D.L., Ishii H., Smith D.E., Kadonaga J.T. Iden-
tification of a rapidly formed nonnucleosomal histone-DNA inter-

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2019 - 23 - 2



10.A. UnbuHa
A.lO0. KoHeB

mediate that is converted into chromatin by ACF. Mol. Cell. 2011;
43(4):638-648. DOI 10.1016/j.molcel.2011.07.017.

Torres-Padilla M.E., Bannister A.J., Hurd P.J., Kouzarides T., Zernicka-
Goetz M. Dynamic distribution of the replacement histone variant
H3.3 in the mouse oocyte and preimplantation embryos. Int. J. Dev.
Biol. 2006;50(5):455-461.

Tyler J.K. Chromatin assembly. Cooperation between histone chaper-
ones and ATP-dependent nucleosome remodeling machines. Eur. J.
Biochem. 2002;269(9):2268-2274.

Vary J.C. Jr., Gangaraju V.K., Qin J., Landel C.C., Kooperberg C., Bar-
tholomew B., Tsukiyama T. Yeast Iswlp forms two separable com-
plexes in vivo. Mol. Cell. Biol. 2003;23(1):80-91.

Venkatesh S., Workman J.L. Histone exchange, chromatin structure
and the regulation of transcription. Nat. Rev. Mol. Cell Biol. 2015;
16(3):178-189. DOI 10.1038/nrm3941.

Vincent J.A., Kwong T.J., Tsukiyama T. ATP-dependent chromatin re-
modeling shapes the DNA replication landscape. Nat. Struct. Mol.
Biol. 2008;15(5):477-484. DOI 10.1038/nsmb.1419.

Walfridsson J., Bjerling P., Thalen M., Yoo E.J., Park S.D., Ekwall K.
The CHD remodeling factor Hrpl stimulates CENP-A loading to
centromeres. Nucleic Acids Res. 2005;33(9):2868-2879.

2019
23.2

Ponb ATD-3aBUCUMMBIX XPOMaTUH-PEMOAENNPYIOLMX
$aKTopOoB B NpoLiecce cOOPKM XpomaTuHa in vivo

Wong L.H., McGhie J.D., Sim M., Anderson M.A., Ahn S., Han-
nan R.D., George A.J., Morgan K.A., Mann J.R., Choo K.H. ATRX
interacts with H3.3 in maintaining telomere structural integrity in
pluripotent embryonic stem cells. Genome Res. 2010;20(3):351-
360. DOI 10.1101/gr.101477.109.

Xella B., Goding C., Agricola E., Di Mauro E., Caserta M. The ISWI
and CHDI1 chromatin remodelling activities influence ADH2 ex-
pression and chromatin organization. Mol. Microbiol. 2006;59(5):
1531-1541.

Yadav T., Whitehouse I. Replication-coupled nucleosome assembly and
positioning by ATP-dependent chromatin-remodeling enzymes. Cell
Rep. 2016;15(4):715-723. DOI 10.1016/j.celrep.2016.03.059.

Yang J.H., Song Y., Seol J.H., Park J.Y., Yang Y.J., Han J.W., Youn H.D.,
Cho E.J. Myogenic transcriptional activation of MyoD mediated by
replication-independent histone deposition. Proc. Natl. Acad. Sci.
USA. 2011;108(1):85-90. DOI 10.1073/pnas.1009830108.

Zhou J., Li J., Serafim R.B., Ketchum S., Ferreira C.G., Liu J.C.,
Coe K.A., Price B.D., Yusufzai T. Human CHDI is required for early
DNA-damage signaling and is uniquely regulated by its N termi-
nus. Nucleic Acids Res. 2018;46(8):3891-3905. DOI 10.1093/nar/
gky128.

Acknowledgements. This work was partially supported by RFBR, grant 15-04-99583.

Conflict of interest. The authors declare no conflict of interest.

Received November 22, 2018. Revised December 25, 2018. Accepted December 25, 2018.

SMUTEHETUKA / EPIGENETICS 167



SMUrEHETUKA BaBnnoBcKuUim XXypHan reHeTUKK n cenekuymm. 2019;23(2):168-173

0630p / Review DOI 10.18699/VJ19.477

Functional properties of the Su(Hw) complex
are determined by its regulatory environment
and multiple interactions on the Su(Hw) protein platform
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The Su(Hw) protein was first identified as a DNA-binding component of an insulator complex in Drosophila. Insula-
tors are regulatory elements that can block the enhancer-promoter communication and exhibit boundary activi-
ty. Some insulator complexes contribute to the higher-order organization of chromatin in topologically associ-
ated domains that are fundamental elements of the eukaryotic genomic structure. The Su(Hw)-dependent protein
complex is a uniqgue model for studying the insulator, since its basic structural components affecting its activity
are already known. However, the mechanisms involving this complex in various regulatory processes and the pre-
cise interaction between the components of the Su(Hw) insulators remain poorly understood. Our recent studi-
es reveal the fine mechanism of formation and function of the Su(Hw) insulator. Our results provide, for the first
time, an example of a high complexity of interactions between the insulator proteins that are required to form the
(Su(Hw)/Mod(mdg4)-67.2/CP190) complex. All interactions between the proteins are to a greater or lesser extent
redundant, which increases the reliability of the complex formation. We conclude that both association with CP190
and Mod(mdg4)-67.2 partners and the proper organization of the DNA binding site are essential for the efficient
recruitment of the Su(Hw) complex to chromatin insulators. In this review, we demonstrate the role of multiple
interactions between the major components of the Su(Hw) insulator complex (Su(Hw)/Mod(mdg4)-67.2/CP190) in
its activity. It was shown that Su(Hw) may regulate the enhancer-promoter communication via the newly described
insulator neutralization mechanism. Moreover, Su(Hw) participates in direct regulation of activity of vicinity pro-
moters. Finally, we demonstrate the mechanism of organization of “insulator bodies” and suggest a model describ-
ing their role in proper binding of the Su(Hw) complex to chromatin.

Key words: Su(Hw); Mod(mdg4)-67.2; CP190; transcription regulation; insulation; insulator bodies; protein-protein
interactions.
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DOVYHKIMOHAJIbHbIE CBOiCcCTBAa SU(HwW)-3aBUCMOro KOMIIJIEKCA
OIIpeNeIaI0OTCA ero peryJasasTOPHbIM OKpPYXeHVeM

I MHOXEeCTBEHHBIMI B3aMOeCTBUSAMMU

Ha 6enKoBoii TtaT@opme Su(Hw)

A.C. Meabnukosa @&, M.B. Kocriouenko, B.B. Moaoanna, IT.T. Teoprues, A.K. [oAoBHMH

MHCTUTYT 6rionormum reHa Poccuiickoin akagemmn Hayk, Mocksa, Poccus
® e-mail: sm73@mail.ru

Benok Su(Hw) 6bin Bnepsble naeHTUOULNPOBaH Kak JHK-cBA3bIBAIOLWNA KOMMNOHEHT UHCYNATOPHOrO KOMMeKca.
NHcynatopbl NpeacTaBnAaioT CO60N PErynaTopHble 3feMeHTbl, KOTopble MOFyT 6/IOKMPOBaTb SHXaHCep-MpPoOMo-
TOPHble B3aVIMOAENCTBUA 1 paboTaTb Kak rpaHnLbl Mexay akTUBHbIM U PernpeccrBHbIM XPOMaTMHOM. Su(Hw)-3a-
BUCHMBI GENKOBBIN KOMMIEKC — YHMKabHaA MOAeNb AN U3yYeHUs NMHCYNATOPOB, NOCKONIbKY OCHOBHbIE CTPYK-
TYPHble KOMMOHEHTbI, BAVAIOLME Ha ero akTMBHOCTb, Y>Ke U3BeCTHbl. OAHaKO MexaHU3Mbl, BOBMEKalowme 3ToT
KOMMNEKC B pasfinyHble PEerynaTopHble MPOLecchl, U AeTany B3aUMOAENCTBUIA MeXay KomnoHeHTamu Su(Hw)
VNHCYNATOPOB OCTAlOTCA HEAOCTaTOYHO M3yUYeHHbIMWU. Hawmn HefaBHMe paboTbl BbIABUAWN AeTaNbHbli MEXaHN3M
dopmmpoBaHMA 1 GYHKLMOHNPOBaHUA MHCynATopa Su(Hw). B npeactaBneHHOM 0630pe Mbl AEMOHCTPUPYEM, Kak
MHOXeCTBEHHble B3aMMOLENCTBMA MeXAY OCHOBHbIMU KOMMoHeHTamu Su(Hw)-3aBucumoro komnnekca (Su(Hw)/
Mod(mdg4)-67.2/CP190) BAMAIOT Ha ero akTMBHOCTb. [1oKa3biBaem, UTo Su(Hw) MOXeT perynnpoBaTb SHXaHcep-
NPOMOTOpPHbIE B3aUMOAENCTBMA Yepes HOBbI MEXaHN3M HeNTpanu3auny NHCynAaTopa 1, KOpMe Toro, y4acTByeT B
NPAMON perynauum akTMBHOCTN BiM3NeXalynx MPoMoTOPOB. HaKoHeL, Mbl ONMCbIBaEM MexaHn3m GopmMrpoBaHuA
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CpoiictBa Su(Hw)-komnnekca onpenenaTca MHOXECTBEHHbIMU
B3aUMOAeNCTBMAMM Ha 6enkoBol nnatdopme Su(Hw)

«VHCYNATOPHbIX Tenewl» 1 npeasiaraeM Mofesb, OObACHAILLYIO NX POJib B peKpyTrpoBaHun Su(Hw)-3aBucumoro

KOMMNieKca Ha XpoMaTuH.

Kntouesble cniosa: Su(Hw); Mod(mdg4)-67.2; CP190; perynsaums TpaHCKPUNUUW; UHCYNALNA; UHCYNATOPHbIE TeNbLa;

6enok-6enkoBble B3aMMOAENCTBYA.

Multiple interactions between

the components of the Su(Hw) complex

The best-studied Drosophila insulator complex consists of two
proteins, the Mod(mdg4)-67.2 and CP190, which are recruited
to chromatin through interactions with the DNA-binding
Su(Hw) protein. The Su(Hw) protein contains the N-terminal
region, an array of 12 C,H,-type zinc finger domains (ZF), and
the C-terminal region (aa 716—892) responsible for enhancer
blocking activity (Harrison et al., 1993). Thus far, little is
known about the precise mechanism of organization of the
Su(Hw) complex. Mod(mdg4)-67.2 is one of the isoforms
produced by the mod(mdg4) locus, which encodes a large set
of proteins with common N- and different C-terminal parts
(Dorn, Krauss, 2003). The common part contains the BTB
domain that functions as a protein interaction domain facili-
tating oligomer formation (Golovnin et al., 2007; Bonchuk
et al., 2011). In its specific part, each Mod(mdg4) isoform
includes the degenerative FLYWCH domain presumably
employed in protein-protein interaction. Mod(mdg4)-67.2
has an additional C-terminal acidic domain (SID), which in-
teracts with the region of the Su(Hw) protein responsible for
the enhancer-blocking effect (Golovnin et al., 2007). Another
Su(Hw) binding protein CP190 also contains the N-terminal
BTB/POZ domain, which forms stable homodimers that may
be involved in protein-protein interactions (Bonchuk et al.,
2011, 2015). The CP190 is a shuttle protein, since it locali-
zes to centrioles via its M domain during the mitotic stage
(Plevock et al., 2015), while being recruited to chromatin
via its interaction with the Su(Hw) and many other insulator
proteins during the interphase (Melnikova et al., 2018a). An
array of four ZF domains is probably involved in protein-
protein interactions, since no interaction between DNA and
CP190 protein has been identified thus far despite the large
number of studies conducted.The available data have been
expanded and summarized in our recent studies. CP190 was
shown to interact with the N-terminal part of the Su(Hw)
protein located between aa 88 and 202 via its BTB domain
(Melnikova et al., 2018a). Interestingly, some other known
architectural/insulator proteins, such as dCTCF and Pita,
also interact with CP190 via its BTB domain (Bonchuk et al.,
2015; Maksimenko et al., 2015). Therefore, it is possible that
specificity of CP190 interactions with DNA-binding proteins
is determined by additional components. In the case of Su(Hw)
insulator, this role can be played by Mod(mdg4)-67.2 as we
have identified that the BTB domain of Mod(mdg4)-67.2
directly interacts with the M domain of CP190 (Golovnin et
al., 2007). The results of yeast two-hybrid assay show that the
FLYWCH domain improves the interaction between the BTB
domain of Mod(mdg4)-67.2 and the M domain of CP190.
Both CP190 and Mod(mdg4)-67.2 participate in recruitment
of Su(Hw) to chromatin as the knock-down of each of them
reduces Su(Hw) binding to the genomic sites (Melnikova et
al., 2017a, 2018a). According to our results, it appears that
the specificity of organization of the Su(Hw) complex and
its recruitment to chromatin is achieved by complex inter-

actions of the Mod(mdg4)-67.2 SID, FLYWCH, and BTB
domains with CP190/Su(Hw) proteins. It seems likely that
Mod(mdg4)-67.2 is recruited to the Su(Hw) sites in complex
with CP190 (Fig. 1).

Identification of the first endogenous
Su(Hw)-dependent insulators
The Drosophila gypsy insulator including a set of twelve de-
generative binding sites for Su(Hw) protein was found in the
5" region of the gypsy retrotransposon (Parkhurst et al., 1988).
This insulator exhibiting enhancer blocking and boundary
activities. For example, the gypsy insulator blocks enhancer-
promoter interactions when placed between the enhancers and
a promoter in the model system of the yellow gene.
However, many endogenous Su(Hw) binding sites observed
in polytene chromosomes are not associated with gypsy retro-
transposon. The functional Su(Hw) insulator between the
yellow gene and AS-C, which was able to block the enhancer-
promotor communication of the scufe gene over significant
distances was first described using in vivo and in vitro assays
(Golovnin et al., 1999, 2003; Parnell et al., 2003). This in-
sulator site (later named the 1A2 insulator), unlike the gypsy
retrotransposone insulator, includes only two Su(Hw) binding
sites. Interestingly, in transgenic lines, the small 126 bp frag-
ment that includes only two Su(Hw) binding sites can only

Mod-67.2

Fig. 1. Scheme of protein-protein interactions involved in formation of
the (Su(Hw)/Mod(mdg4)-67.2/CP190) complex.

The CP190 domains are shown as yellow ovals and four zinc fingers, as yellow
parallelepipeds; the Mod(mdg4)-67.2 domains are shown as green ovals; the
Su(Hw) domains, as purple parallelepipeds. Bold capital letters indicate the
Su(Hw) binding site. Domain abbreviations: Ac - acidic domains; Zn - zinc-fin-
ger domains; LZ - leucine zipper motif; BTB - BTB/POZ domain; Q - glutamine-
rich (Q-rich) region; DD - dimerization domain; FLYWCH - FLYWCH-type zinc
finger domain; SID - Su(Hw) interaction domain; D - aspartic acid-rich (D-rich)
domain; M- centrosomal targeting domain.
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Strong blocking

00
?

Weak blocking

Fig. 2. The scheme of blocking the enhancer-promoter interactions with
different fragments of 1A2 insulator in the model system of the yellow
gene.

The boxes indicate the yellow promoter (Pr) and the wing (En-w) and body
(En-b) enhancers. The 1A2 insertions are shown as triangles in which the pur-
ple ovals (Su) are the binding sites of the Su(Hw) protein and different figures
with the question mark in them are unidentified proteins. The arrow indicates
the direction of yellow gene transcription.

partially block the strong yellow enhancer, while the larger 454
bp fragment that includes the same Su(Hw) sites and neigh-
boring sequences, completely blocks yellow enhancers. Thus,
additional proteins binding to these sequences are required for
strong insulator activity of the 1A2 insulator (Fig. 2).

It seems possible that in endogenous insulators, Su(Hw)
cooperates with additional DNA-binding proteins to support
insulator activity. Many endogenous Su(Hw)-dependent insu-
lators were later identified and described (Parnell et al., 2006;
Soshnev et al., 2011; Schwartz et al., 2012), suggesting that
they play a significant role in gene regulation. Most of them
have 2—4 binding sites for the Su(Hw) protein. They show
different blocking activities, which do not directly correlate
with the number of Su(Hw)-binding sites (Kuhn-Parnell et al.,
2008). This fact is in line with the hypothesis that functionality
ofthe Su(Hw) complex depends on the regulatory environment
of Su(Hw) binding sites.

The mechanism of recruiting

the Su(Hw) complexes to chromatin

As it follows from the limited experimental data, only some of
the C,H, domains of the Su(Hw) protein are usually involved
in DNA binding, while the rest are involved in interactions
with proteins or RNAs (Kim et al., 1996; Lei, Corces, 20006).
Most of the genomic Su(Hw) binding regions have 2—4 con-
sensus sites, while studies on transgenic lines have shown
that only four reiterated binding sites for Su(Hw) can function
effectively (Scott et al., 1999). Recent investigations suggest
that the affinity of Su(Hw) for DNA and organization of the
Su(Hw) complex may be dependent on the nature of the con-
sensus site (Baxley et al., 2017). This model was described
as the “Su(Hw) code”, which assumed that Su(Hw) binds to a
compound consensus sequence (approximately 26 nucleotide-
long) consisting of three modules: the ZF6—ZF9 cluster binds
to the main, central module; the ZF2—ZF4 cluster, to the down-
stream CG-rich module; and the ZF10-ZF12 cluster, to the
upstream AT-rich module. The “Su(Hw) code” model predicts
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that the consensus site determines which of the Su(Hw) ZF do-
mains are not involved in DNA binding and, hence, are free
to interact with other proteins and/or complexes. In our recent
study, we compared the influence of two mutations affecting
the same tenth ZF (ZF10) of Su(Hw) protein on properties of
gypsy insulator (Melnikova et al., 2018b). According to the
“Su(Hw) code” model, gypsy insulator was mainly organized
by the upstream and central modules (Baxley et al., 2017).
We used the su(Hw)/ mutation involving a point substitution
that affects the critical Zn-coordinating residue and thereby
dramatically alters the structure of the C,H, domain and
leads to full deletion of ZF10 (Su(Hw)A19). It was found that
Su(Hw)! becomes unable to interact with CP190 in the ab-
sence of DNA, while Su(Hw)A19 restores the CP190-Su(Hw)
interaction. These results suggest that the point mutation in
ZF10 influencing the Su(Hw)! conformation results in loss of
interaction with CP190. The Su(Hw)A!? mutant binds to the
gypsy insulator better than Su(Hw)f does and partially restores
its enhancer-blocking activity but, in contrast to the wild-type
“Su(Hw) protein”, fails to interact with the gypsy insulator in
the absence of Mod(mdg4)-67.2 protein (mod(mdg4)*! mutant
background) (Melnikova et al., 2018b). These results suggest
that CP190 and Mod(mdg4)-67.2 are critical for binding of
the mutant Su(Hw)21° to the gypsy insulator. Based on these
findings we can draw a conclusion that both association with
CP190 and Mod(mdg4)-67.2 partners and proper organization
of DNA binding site are essential for efficient recruitment of
the Su(Hw) complex.

Looping model describes the neutralization effect
However, in the transgenic experiments action of Su(Hw)
insulator failed when two insulator sites were introduced at a
distance from one another in the region between the enhancer
and the promoter (Muravyova et al., 2001). The loss of insu-
lator activity results from pairing between the two insulator
complexes. “Looping out” of the sequences between the
insulators brings the enhancer and promoter closer and may
stimulate expression (Fig 3, a).

The insulator neutralization effects were observed only for
the same type of insulators (Su(Hw)-Su(Hw)) but not for hete-
rologous pairs (dCTCF-Su(Hw)) (Kyrchanova et al., 2008;
Krivega et al., 2010). Such selectivity in insulator interac-
tion implicates the existence of exclusive protein complexes
organized on different insulator types. It is likely that these
different complexes (despite the fact that all of them share the
CP190 protein) are unable to interact with each other. Thus,
restriction of interaction between the insulator elements may
determinate the specificity of particular enhancer-promoter
interaction.

The neutralization effect partially depends on tandem or
opposite orientation of the tested insulator sites (Kyrchanova
et al., 2008). Testing of the composite insulator fragment
containing both dCTCF and Su(Hw) binding sites displayed
strong dependence on orientation. Strong promoter stimula-
tion was observed in the case of opposite orientation, while
enhancer blocking was preserved in tandem orientation. These
results demonstrate that loops having two different configura-
tions and thus exhibiting different effects on enhancer activity
can be formed depending on orientation of the insulator site
(see Fig. 3, b). However, functional interaction between the
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L Transcription activation
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Su(Hw)/dCTCF
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Transcription
blocking

Su(Hw)/dCTCF

Fig. 3. The models of pairing between the insulators.

a - pairing of insulators (Su(Hw)) can provide the long-distance enhancer
(En)—promoter (Pr) interactions; b — two models of pairing between the com-
posed insulators (Su(Hw)/dCTCF) having either an opposite or the same orien-
tation with respect to each other.

fragments containing only the Su(Hw) binding sites is less
dependent on their relative orientation. It seems likely that
the complex that can be formed on the Su(Hw) protein by
Mod(mdg4)-67.2 and CP190 proteins is not sufficient to
determine the long-range loop configuration. Thereby, in the
context of endogenous Su(Hw) insulators, additional proteins
located in the vicinity of the insulator site may determine the
orientation-dependent interaction between insulators. Thus,
the action of a particular insulator cannot be considered apart
from its regulatory environment.

Direct regulation of gene expression

by Su(Hw) insulators

Besides spatial organization of local enhancer-promoter com-
munication, Su(Hw) insulator protein can behave as either a
direct activator or repressor of transcription. It was shown that
the yellow promoter weakened by deletion of the upstream
regulatory region can be stimulated by the Su(Hw) protein in a
distance-dependent manner. (Golovnin et al., 2005). Introduc-
tion of su(Hw)~ background (su(Hw)"/su(Hw)/) completely
abolishes the stimulation effect. This effect depends neither
on the repression activity of neighboring regulatory elements
nor on the boundary activity of Su(Hw) insulator as promoter
stimulation was observed when the insulator was placed either
upstream or downstream from the ye/low promoter. This find-
ing is in line with further studies that reported the stimulator
effect of Su(Hw) on alcohol dehydrogenase promoter (Wei,
Brennan, 2001) and weak gypsy promoter (Parkhurst, Corces,
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Insulator body

Release

Replication

;X Mod(mdg4)-67.2
U CP190

“
P

Fig. 4. The model describing the organization of insulator bodies (repro-
duced from (Golovnin et al.,, 2012)).

The circle, asterisk, and pentagon represent Mod(mdg4)-67.2, Su(Hw), and
CP190 proteins, respectively; the black ovals are SUMO molecules; and the
curve shows a chromatin fibril with insulators.

1986; Smith, Corces, 1995). On the other hand, Su(Hw) may
repress transcription of neural genes in ovaries in a tissue-
specific manner (Soshnev et al., 2013). Hence, Su(Hw) protein
may represent a platform that organizes the specific regulatory
complex to provide particular activities.

“Maturation” of the insulator complex
in the nucleus and it targeting to chromatin
The Su(Hw), Mod(mdg4)-67.2, and CP190 proteins in the
interphase cell nucleus co-localize in discrete foci/speckles
named “the insulator bodies” (Golovnin et al., 2007, 2008,
2012). It has been assumed that the “insulator bodies” arise
via association of individual Su(Hw)-containing nucleoprotein
complexes located at distant chromosomal sites, owing to
interactions between the BTB domains of insulator proteins
Mod(mdg4)-67.2 and CP190. Thus, it was supposed that the
“insulator bodies” are responsible for insulator activity (Gera-
simova et al., 1995). However, our results show that insulator
bodies are rather aggregates of insulator proteins that com-
prise many unrelated proteins (Golovnin et al., 2008, 2012,
2015). Moreover, it was shown that the assembly of “insulator
bodies” is determined by CP190 protein and sumolyation of
Mod(mdg4)-67.2 (Golovnin et al., 2012). Sumolyation of
Mod(mdg4)-67.2 is essential for incorporation of this protein
and Su(Hw) into the “insulator bodies” but is dispensable for
the stability of CP190-dependent speckles (Golovnin et al.,
2012). The sumoylated Mod(mdg4)-67.2 and CP190 proteins
interact with Su(Hw) and recruit it to the “insulator bodies”.
This protects the insulator complex from degradation. More-
over, the “insulator bodies” possibly facilitate the formation
of complexes between Su(Hw)/Mod(mdg4)-67.2/CP190 and
other transcription factors. “Mature” Su(Hw)-dependenent
complexes may then transiently interact with chromatin
fibril and be detached from the “insulator bodies” by means
of desumoylation (Golovnin et al., 2008) (Fig. 4). Thus, the
formation of “insulator bodies” does not directly correlate
with insulator activity.

This model was confirmed by additional experiments with
the EAST protein, which may serve as a structural basis for the
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nuclear extrachromosomal compartment (Wasser, Chia, 2000).
Altering EAST expression (overexpression or inactivation)
affects the enhancer-blocking activity of the gypsy insulator,
which, in its turn, directly correlates with the efficiency of
Mod(mdg4)-67.2 and CP190 binding to the insulators (Mel-
nikova et al., 2017b). There is no evidence that EAST directly
binds to chromatin and to Su(Hw) insulators in particular
under normal physiological conditions. However, by direct
interacting with Mod(mdg4)-67.2 and CP190, EAST may also
be directly involved in nucleation of “insulator bodies”. The
overexpression of EAST leads to segregation of the CP190
protein in independent speckles, thus inhibiting formation of
“mature” insulator complexes (Golovnin et al., 2015). As a
result, reduction of Mod(mdg4)-67.2 and CP190 proteins on
the Su(Hw) binding sites and an increase in repression activity
of Su(Hw) insulators were observed.

Conclusions

This review has summarized the results of the recent studies
aimed to identify the mechanism of assembly and function of
the Su(Hw)-dependent complex, one of the insulator/archi-
tectural complexes in Drosophila. We have demonstrated that
activity of the Su(Hw) complex strongly depends regulatory
elements in its vicinity and complex protein organization (tis-
sues and stage of development in particular).
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SAGA/TFTC, which is a histone acetyltransferase complex, plays an important role in the regulation of transcription.
We have identified that the metazoan TFTC/STAGA complexes had histone H2A and H2B deubiquitinase activity that
is carried out by a DUBm (deubiquitination module). We studied the DUBm of SAGA in Drosophila melanogaster and
identified Drosophila homologs of yeast DUBm components. Two subunits of DUBm (Sus1/ENY2 and Sgf11) were
shown to have functions separate from DUBm function. Thus, Sus1/ENY2 was shown to be present in several differ-
ent complexes. Sgf11 was found to be associated with the cap-binding complex (CBC) and recruited onto growing
messenger ribonucleic acid (mRNA). Also, we have shown that Sgf11 interacted with the TREX-2/AMEX mRNA export
complex and was essential for mRNA export from the nucleus. Immunostaining of the polytene chromosomes of
Drosophila larvae revealed that Sgf11 is present at the sites of localization of snRNA genes. It was also found in im-
munostaining experiments that dPbp45, the subunit of the PBP complex, the key player in the snRNA transcription
process, is associated not only with the snRNA gene localization sites, but with other sites of active transcription by
Polll. We also revealed that Sgf11 was present at many active transcription sites in interbands and puffs on polytene
chromosomes, Sgf11 was localized at all Brf1 (the component of the RNA polymerase Ill basal transcription complex)
sites. We concluded that SAGA coactivated transcription of both the Polll and Pollll-dependent snRNA genes.

Key words: transcription; SAGA; DUB module; AMEX; Sgf11; ENY2; snRNA genes; Polll-dependent transcription;
Pollll-dependent transcription.
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Posib SAGA KOMIIJIEKCa B TPAHCKPUIILUM U 3Kcrmopte MPHK
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McToH-auetnn TpaHcdepasHblii komnneke SAGA/TFTC urpaet BaxKkHyto posib B perynaumm TpaHckpunyum. Hamm 610
obHapyeHo, uto TFTC/STAGA KoMnneKcbl MeTa3oa fieyOuKBUTMHMPYIOT rmcToHbl H2An H2B. Bbin onpefieneH mogynb
TFTC/STAGA komnnekca, KoTopblii obnagaeT feyOorKBUTMHa3HOWM akTUBHOCTbIO (DUBM). Mbl uccnegosanv DUBm y
Drosophila melanogaster n ngeHTnéduLumnpoBany romonorn — KomnoHeHTol DUBmM gpoxkeit. Hamn 6bino nokasaHo,
yTo 6enok Sgf11, oanH 13 komnoHeHtos DUBmM y Drosophila, obnagaeT gpyroin, otnnyHon ot DUBm dyHKumein. benok
Sgf11 accoummnpoaH c CAP-cofiepKallmm KOMMIIEKCOM 1 PEKPYTUPYETCA Ha PaCcTYLLYy0 MaTPUUHYI0 PUBOHYKIIENHO-
Byto Kucnoty (MPHK). Kpome Toro, mbl o6Hapyxunu, uto Sgf11 B3ammopeiicteyeT ¢ TREX-2/AMEX KoMnneKkcom 3Kc-
nopta MPHK, 1 3T10T 6enok Heobxoaum ans akcnopta MPHK u3 sppa. Opyrue ase cy6begunmusl DUBm Drosophila
Takxe obnagaloT GyHKUMAMM, OTANYHBIMK OT dyHKUMM DUBmM. Tak, BbisBneHo, uto Sus1/ENY2 npucyTtcTByeT B He-
CKOMbKMUX Pas3fIMYHbIX KOMIIeKcax. JKCMEPUMEHTbI MO MMMYHOOKPALUMBAHMIO MOJIMTEHHBIX XPOMOCOM JINUYMHOK
Drosophila nokasanu, uto Sgf11 npucyTcTBYeT Ha BCex canTax nokanusauuu reHos, Koaupyowmx MaPHK, n uto Tak
xe, Kak hSNAPC1, dPbp45, cy6beanHnLa PBP komnnekca, nrpatoLias Kiodesyto posb B TpaHcKkpunumm maPHK, npu-
CYTCTBYET He TONbKO B canTax reHoB MAPHK, HO 1 B apyrux cantax akTMBHON TpaHCKpunuun, ocywectenaemon PHK-
nonumepasoii Il (Polll). Mbl npoBenu Konokann3auumio Ha MONUTEHHbIX Xpomocomax 6enkos Sgf11 v Brfl (komnoHeHTa
komnnekca PHK-nonmumepasbi 1) n o6Hapyxumnu, uto Sgf11 HaxogmTca BO MHOTMUX caiiTax akTVBHOW TPAHCKPUMLUN 1
NPUCYTCTBYET B TeX Xe cainTax, uto Brf1. Taknum o6pa3om, Mbl mokasanu, 4to SAGA KOaKTUBUPYET TPAHCKPUMLMIO Kak
PHK-nonumepasbl ll-3aBrcumbix, Tak 1 PHK-nonumepasbl lll-3aBrcrmbix reHoB manbix agepHbix PHK.

KnioueBble cnioBa: TpaHckpunuumsa; SAGA; DUB mogynb; AMEX; Sgf11; ENY2; reHbl maPHK; Polll-3aBucumasn TpaHckpun-
uus; Pollll-3aBrcuman TpaHcKpmnuus.

Introduction

A large number of coactivator complexes are organized into
transcription systems to provide accurate and precise function-
ing of the RNA polymerase II (RNAP II) machine. Coactiva-
tors are multisubunits complexes that are recruited to chro-
matin to promote transcription initiation by direct interaction

© Nabirochkina E.N., Kurshakova M.M., Georgieva S.G., Kopytova D.V., 2019

with general transcription factors (GTFs) or RNAPII. They
also may act indirectly through modification of chromatin
structure (Li et al., 2007).

The yeast SAGA histone acetyltransferase (HAT) complex
and its Drosophila and human homologs STAGA (the SPT3/
TAF9/GCNS5 acetyltransferase complex)/TFTC (the TBP-free
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TAF complex) are multisubunits complexes that facilitate access of GTFs to DNA
through histone acetylation mediated by the catalytic activity of the GCN5 subunit
(Martinez, 2002). Human homologs of most SAGA subunits have been identified in
TFTC/STAGA; biochemical and functional characterization demonstrated that the
described human complexes are almost identical (hereafter called TFTC/STAGA)
(Wu et al., 2004; Nagy, Tora, 2007).

The new components of the yeast SAGA complex were identified in biochemi-
cal studies bringing in additional functions to the complex (Powell et al., 2004;
Rodriguez-Navarro et al., 2004). Ubp8 is a ubiquitin-specific protease, which has
a histone H2B ubiquitin protease activity in this complex and is incorporated into
SAGA through interaction with Sgf11 (Lee et al., 2005). H2B ubiquitination plays
an important role in gene silencing and in activation of specific genes. Both ubiq-
uitination and deubiquitination of H2B are required for optimal gene activation
(Henry et al., 2003; Daniel et al., 2004). In higher eukaryotes, histone H2A is also
monoubiquitinated (H2Aubl). It is interesting that Sus1, which is the component of
both SAGA and the Sac3-Thpl mRNA export complex in yeast (Rodriguez-Navarro
et al., 2004), interacts with Sgfll and Ubp8 and regulates the deubiquitination
activity of the complex (Kohler et al., 20006).

TFTC/STAGA complex has a modular organization

that links the deubiquitination function to HAT and DUBm

We analyzed a highly purified human TFTC fraction by MS-MS mass spectrometry
and identified three additional subunits of TFTC/STAGA (USP22, ATXN7L3 and
ENY2). Human USP22 is the homolog of yeast Ubp8; human ATXN7L3 is the
homolog of the yeast Sgfll protein; and ENY2, a 101 amino acid protein, is ho-
mologous to yeast Sus1. We showed that the ubiquitin protease USP22 together with
ATXN7L3 and ENY?2 forms a deubiquitination module (DUBm). Also, we revealed
that two different TFTC/STAGA subunits, TAF5L and ATXN?7, interact with this
module and may mediate its association with TFTC/STAGA (Zhao et al., 2008).

Then, we studied the DUBm of SAGA in Drosophila melanogaster. Drosophila
homologs of yeast DUBm components have been identified. Nonstop, Sgfll and
ENY2 are homologous to yeast Ubp8, Sgf11 and Sus|, respectively, and were shown
to be components of SAGA (Weake et al., 2008). Drosophila Nonstop and Sgfl1
have a role in H2B deubiquitination (Weake et al., 2008). A putative Drosophila
ortholog of yeast Sgf73 was also identified (Weake et al., 2009). However, the exis-
tence of an integrated DUBm in Drosophila has not been shown. We demonstrated
that endogenous Drosophila ENY?2, Sgfl1 and Nonstop form an integrated DUBm
associated with SAGA.

First, we raised antibodies against Sgf11 and Nonstop (subunits of DUBm) in rab-
bits, antibodies against the ENY2 component were described previously (Georgieva
et al., 2001) and performed immunoprecipitation experiments. Antibodies against
Sgfll co-precipitated Nonstop from the nuclear extract of Drosophila embryos.
Moreover, antibodies against either Sgfl1 or Nonstop co-immunoprecipitated not
only ENY2, but also the Gen5 subunit of SAGA (Fig. 1). Thus, we confirmed the
existence of a SAGA-associated DUBm in Drosophila melanogaster. It should be
noted that a certain amount of Sgfl1 remained in the extract after treatment with
antibodies against Nonstop or ENY2. Hence Sgfl1 also may perform their function
in a complex other than SAGA DUBm.

Our previous data showed that the SAGA complex participates in the transcription
of the Drosophila heat-shock protein 70 (hsp70) gene during heat shock (Lebedeva
et al., 2005). So, we analyzed the function of Sgfl1 in gene expression using the
hsp70 gene model. The antibodies against Sgfl1 strongly stained 4sp70 puffs on
Drosophila larval polytene chromosomes after heat shock, indicating that Sgf11
participates in the transcription of 4sp70. Then we used a chromatin immunopre-
cipitation (ChIP) assay to study the occupancy of the Asp70 promoter by Sgfll and
other DUBm subunits before and after gene activation. Sgfll was detected on the
hsp70 promoter, its association with the promoter turned out to be RNA-dependent
unlike that of ENY?2 or Nonstop.

Earlier we demonstrated an interaction between E(y)2/ENY2 and the nuclear
pore complex (NPC) and showed that SAGA/TFTC also contacts the NPC at the
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Fig. 1. Sgf11 interacts with DUBm subunits
and the Gen5 component of SAGA in nuclear
extract from Drosophila embryos in co-immu-
noprecipitation experiments (IP).

Antibodies against Sgf11, Nonstop, ENY2 and
Gcen5 or preimmune serum (Pl) were used. Bands
indicated with an asterisk correspond to antibod-
ies (adapted from (Gurskiy et al., 2012)).

RNA lamin merge

Xmas-2
RNAI

Fig. 2. E(y)2 and Xmas-2 are required for mRNA
export from the nucleus. E(y)2 and Xmas-2
are required for poly(A)+ RNAexport from the
nucleus.

RNAi was performed using either dsRNA corre-
sponding to a fragment of pSK Il vector as a con-
trol or the E(y)2 or the Xmas-2 cDNAs. RNA FISH
was carried out using a Cy3-labelled oligo(dT)
probe to identify poly(A) + RNA. Nuclear envelope
is stained with lamin. Representative examples of
cells are shown (magnification, x1000) (adapted
from (Kurshakova et al., 2007)).

nuclear periphery. E(y)2/ENY2 also
forms a complex with the X-linked male
sterile 2 (Xmas-2) protein to regulate
mRNA export from nucleus to cyto-
plasm both in normal conditions and af-
ter heat shock. This complex was named
AMEX/TREX2 (Fig. 2). Importantly,
E(y)2/ENY2 and Xmas-2 knockdown
decreased the contact between the Asp70
gene loci and the nuclear envelope be-
fore and after activation and interfered
with transcription.

Based on these data, we performed
RNA-IP experiments and found that
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Fig. 3. Sgf11 is associated with mRNAs of several genes.

a - RIP experiments with hsp70 mRNA after heat shock were performed using antibodies against Sgf11
or components of the mRNA-interacting AMEX complex (ENY2, Xmas-2); nonimmune IgG was used as
control. The results are shown as a percentage of input; b - Sgf11 binds to mRNAs of ras and tubulin genes
under normal conditions. The U1 snRNA was used as a control. Antibodies used in RIP experiments were
the same as in Fig. 3, a. The results are shown as a percentage of input (adapted from (Gurskiy et al., 2012)).
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Fig. 4. RNAi knockdown of Sgf11 interferes with general mRNA export.

a - RNAi knockdown of Sgf11, but not Nonstop, interferes with general mRNA export. Cells were treated
with GFP dsRNA (control) or dsRNA corresponding to Sgf11 and Nonstop. Xmas-2 RNAi knockdown was
performed as a positive control. Representative examples of the distribution of mMRNA (green staining)
and cell nuclei (red staining) and the corresponding merged images are shown for control cells and cells
after Sgf11 or Nonstop knockdown (magnification, x1000). RNA FISH was carried out using a Cy3-labeled
oligo(dT) probe to identify poly(A)+ RNA. The nuclei were stained blue with DAPI. The images were recol-
ored in Photoshop for better visualization.

b - quantitative presentation of the results of experiments shown in Fig. 4, a. Bars show the percentage
of cells with disturbed hsp70 mRNA nuclear export (about 200 cells per RNAi experiment were examined)
(adapted from (Gurskiy et al., 2012)).
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Fig. 5. Sgf11 is associated with Cbp80 in a separate complex.

a - co-immunoprecipitation experiments with nuclear extract of Drosophila embryos reveal no interac-
tions between Cbp80 and ENY2 or Nonstop DUBm components.

b - recombinant Sgf11 interact with Cbp80 but not with Cbp20. FLAG-tagged Sgf11 was co-expressed
with HA-tagged Cbp80 or HA-tagged Cbp20 in transiently transfected S2 cells. Immunoprecipitation was
performed with anti-FLAG or anti-HA antibodies or with IgG. The Western blot was stained with anti-FLAG
of anti-HA antibodies. About 10 % of the input and 50 % of the precipitate were loaded onto the gel
(adapted from (Gurskiy et al., 2012)).

176

The role of SAGA in the transcription

Sgf11 was associated with 2sp70 mRNA
and with mRNAs of two other genes
(Ras2 and tubulin). Antibodies against
Sgf11 immunoprecipitated mRNA even
more efficiently than did antibodies
against Xmas-2 or ENY2 (Fig. 3). We
have also found that Sgfll interacts
with the AMEX/TREX2 complex and
similarly to Xmas-2 and ENY2 co-
localizes with NPC. We demonstrated
that knockdown of Sgfll disrupted
mRNA export of both Asp70 mRNA
and the total mRNA (Fig. 4). Therefore,
Sgfl11 interaction with AMEX/TREX-2
may play an important role in general
mRNA export (Gurskiy et al., 2012).

Sgf11 is present

in several complexes

in the Drosophila embryo
nuclear extract

and is associated with Cbp80
independently of the DUBm
Then, we purified Sgfll-containing
complexes from the embryonic nuclear
extract and revealed that Sgfll was
associated with the Cbp80 subunit of
the Cap-Binding Complex (CBC).
This result was confirmed in co-immu-
noprecipitation experiments (Fig. 5).
Moreover, our data on co-expression of
recombinant Sgf11 and Cbp80 in Dro-
sophila S2 cell culture demonstrated
that Sgf11 directly interacts with Cbp80,
and Cbp80 was necessary for Sgfll
recruitment; this interaction was in-
dependent of the other subunit of the
CBC complex, Cbp20. Thus, Sgfll
functions independently of the DUBm
in mRNA export. In fact, the other two
subunits of the DUBm were also shown
to have functions separate from the
DUBm function. Thus, Sus1/ENY2 was
shown to be present in several different
complexes (Kurshakova et al., 2007;
Kopytova et al., 2010). Human ataxin 7,
the homolog of the yeast Sgf73 subunit
of the DUBm, was found in the cyto-
plasm and is involved in the regulation
of cytoskeleton dynamics (Nakamura et
al., 2012). Taken together, our data pro-
vide evidence that although Drosophila
Sgfll is an integral component of the
SAGA DUBm, it also forms a complex
with Cbp80 and associates with nascent
mRNA. It interacts with the AMEX/
TREX-2 mRNA export complex and is
involved in competent mRNP transloca-
tion to the cytoplasm.
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SAGA is present at snRNA genes and interacts with Pbp45

Mapping the binding sites for Sgf11 component of the SAGA complex on the poly-
tene chromosomes of Drosophila larvae by immunostaining revealed that Sgf11 is
present at the sites of localization of snRNA genes (Gurskiy et al., 2012). To verify
this result, we performed double immunostaining of polytene chromosomes from
the salivary glands of Drosophila using antibodies against Sgfll and Pbp45, the
subunit of the PBP complex, the key player in the snRNA transcription process.
It was found that Pbp45 can be found not only at the snRNA loci but also at other
actively transcribed sites (in puffs and interbands). Similar data had previously
been obtained by the whole genome sequencing of hSNAPCI1, the human Pbp45
homolog (Baillat et al., 2012). Our findings are the first indication that similar to
hSNAPCI1, dPbp45 is associated in addition to the snRNA gene localization sites,
with other sites of active transcription by Polll.

Sgfll and Pbp45 colocalized at many actively transcribed genes on polytene
chromosomes, including those sites where U/-U6 snRNA genes are located. To
confirm that the SAGA complex is indeed present at the promoters of the snRNA
genes, we performed ChIP with antibodies against the components of SAGA (Sgf11,
ENY?2 and GenS) and Pbp45. All tested proteins were detected at the promoter re-
gions of snRNA genes: at promoters of the genes transcribed by RNA polymerase II
(snRNA U1 and snRNA U2) and at promoters of the U6 snRNA genes which are
transcribed by RNA polymerase I1I.

To determine whether the subunits in the SAGA complex physically interact with
the snRNA gene transcription apparatus, we co-immunoprecipitated the components
of SAGA modules: the HAT module (Gen5 and Ada2b factors), the DUB module
(Sgfll, ENY2, and Nonstop) and TRRAP, with the antibodies against the Pbp45
protein from the nuclear extract of the Drosophila S2 cells. Results obtained showed
that protein components of both the HAT and DUB modules interact with Pbp45,
and thus, with the PBP complex. Therefore, SAGA proteins are not only present
at the promoter regions of snRNA genes, but they also interact with the snRNA
transcription machinery. Moreover, SAGA participates in snRNA gene transcription
guided by both Polll and PollIl.
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Fig 6. The participation of the SAGA complex in snRNA transcription.

(a and b) - occupation of the U1 and U6 promoters (U1 95Cc, U6 96Ac) by Brf1, Pbp45, Gen5, Sgf11, ENY2,
and TBP in Drosophila pupat. The protein level was measured by ChIP. The results of ChIP are provided as
a percentage of input.

¢ - effects of decrease of Ada2b, Gen5, Sgf11, and Nonstop transcription levels in mutant strains on the
level of transcription of U1, U6, tRNA Lys and 7SK genes. TM6B, Tb[1]/+ strain was used as a control. The
transcription levels were normalized on 28S rRNA. t - tests have been performed to compare the means
(*p < 0.05; **p < 0.01) (adapted from (Popova et al., 2018)).
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To detect SAGA at the RNA poly-
merase IIl-transcribed genes, we ana-
lyzed colocalization of Sgfll and Brfl
(the component of the RNA polymera-
se III basal transcription complex) on
polytene chromosomes. In contrast to
Sgfl1, which is present at many active
transcription sites in interbands and
puffs, Brfl was found in a relatively low
number of sites of the Pollll-transcribed
genes. However, the immunostaining
experiments revealed that Sgfll was
present at all Brfl sites. In particular,
they colocalize at the loci corresponding
to U6 and tRNA genes, as well as other
RNA polymerase III target genes.

Recently, a ChIP-seq analysis of Dro-
sophila embryos has shown that Ada2b,
Nonstop, and Sgfl1 occupied promoter
regions of sSnRNA genes (Lietal., 2017).
Our results obtained for Drosophila
support these data and we have demon-
strated that SAGA participates in the
transcription of snRNAs. We have also
shown that the SAGA complex partici-
pates in the transcription of other PollIll
target genes: the U6 snRNA genes.

Chromatin immunoprecipitation us-
ing antibodies against the components of
the SAGA complex and Brfl confirmed
that SAGA is present not only at the pro-
moters of individual U6 snRNA genes,
but also at the promoters of other genes
(RNase MRP and tRNA Lys) transcribed
by RNA polymerase III (Fig. 6, a—c).
Additionally, we have demonstrated that
the protein components of both the HAT
module and the DUB module interact
with Brfl. All the tested SAGA sub-
units interacted with Brfl in the nuclear
extract. Therefore, the SAGA complex
is present at the promoters of the RNA
polymerase Ill-transcribed genes and
interacts with the RNA polymerase 111
transcription factors.

The effect of mutations

in the genes encoding

SAGA complex subunits

on snRNA transcription

Next, we have checked whether muta-
tions of subunits of the SAGA complex
could change snRNA gene transcription
in flies. The effect of mutations in genes
encoding SAGA components on SNRNA
transcription in Drosophila showed that
it is indeed the case. First, we showed
that all studied factors were present on
the promoters of snRNA genes in flies
(chromatin was prepared from Droso-
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Fig. 7. SAGA proteins participate in the expression of both RNA Polll- and
RNA Pollll-dependent genes.

The SAGA complex coactivates transcription from the promoters regulated
by both RNA Polll and RNA Pollll. Following transcription activation of RNA
Polll-dependent genes, Sgf11 subunit of SAGA interacts with Cbp80 protein
of the CBC complex and associates with growing mRNA. Sgf11 associates with
mMRNP, interacts with TREX-2/AMEX and is essential for mRNA export through
the NPC.

phila pupae). This is in line with our results obtained for
snRNA genes in the S2 cells. So, SAGA also takes part in
snRNA gene regulation at the level of the whole organism.

For our genetic crosses we used mutant strains which car-
ried mutations in genes encoding subunits of the DUB module
(Sgfl1 and Nonstop) and the HAT module (Gen5 and Ada2b).
Each mutation was lethal in homozygotes because there was
no test protein in the mutant line. Thus, we performed our
experiments on heterozygous strains. In all strains, the level of
investigated gene expression was decreased. The TM6;TB!/+
heterozygotes were used as a control.

Using qRT-PCR we compared the snRNA (U! and U6) tran-
scription level in the mutant flies with that in the control strain.
We also measured the transcription levels of two other PollIl
dependent genes (tfRNA Lys and 7SK). Our results showed that
the mutations in all tested SAGA subunit genes caused sig-
nificant decrease in the U/ and U6 snRNA transcription levels
and had a weaker effect on U/ snRNA transcription. Thus,
the results confirmed that SAGA is indeed the coactivator of
the transcription of snRNAs, as well as of Pollll-dependent
genes. Decreased transcription levels were also observed for
the tRNA Lys and 7SK genes.

It is important to indicate that mutations in SAGA subunits
affected the attachment of Brfl to promoters of U6 genes. The
high level of Brfl detected on U6 promoters was significantly
decreased in the fly strains with mutations. Thus, the SAGA
complex may also be participating in the recruitment of PolIIl
transcription factors.

We addressed the question as to whether the level of H2B
monoubiquitylation could also be influenced by SAGA muta-
tions. For our investigation, we choose H2B monoubiquity-
lation of U6 96Ac, since, as had been shown previously, this
gene was transcribed more actively than the other studied
genes and we could better estimate the effect of mutation on
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H2B monoubiquitylation. The antibodies against nonmodi-
fied H2B and against monoubiquitylated H2B (H2BK 120Ub)
were used. The data represent the ratio of H2BK120Ub to
nonmodified H2B, verified by ChIP in the control and mutant
strains. The results obtained demonstrated that H2B monou-
biquitylation increased in all mutated flies comparatively to
the control.

Conclusion
Recently, X. Lietal. (2017) investigating SAGA-independent
properties of the DUB module, detected by a ChIP-seq assay
an occupancy of snRNA promoter regions by Sgfl1, Spt3, and
Ada2b subunits. Our results are in agreement with the data
that the DUB module has both SAGA-related and independent
functions. In summary, it can be argued that the SAGA
complex in metazoans is widely involved in the regulation
of gene transcription (Popova et al., 2018).

Our model suggests that the SAGA complex is involved both
in Polll and Pollll transcription, while some subunits of the
complex participate in subsequent transcription steps (Fig. 7).
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The proteins with the BTB domain play an important role in the processes of activation and repression of transcription.
Interestingly, BTB-containing proteins are widely distributed only among higher eukaryotes. Many BTB-containing proteins
are transcriptional factors involved in a wide range of developmental processes. One of the key regulators of early develop-
ment is the BTB-containing protein Ttk (tramtrack), which is able to interact with the Drosophila nucleosome remodeling
and histone deacetylation (ANURD) complex. Ttk69 directly interacts with two protein components of the dNuRD complex,
dMi-2 and MEP1. It can be assumed that Ttk69 represses some target genes by remodeling chromatin structure through
the recruitment of the dNuRD complex. However, it is still unknown what provides for specific recruitment of Ttk to chro-
matin in the process of negative/positive regulation of a target gene expression. Although Ttk69 has DNA-binding activity,
no extended specific motif has been identified. The purpose of this study was to find proteins that can participate in the
recruitment of Ttk to regulatory elements. To identify Ttk partner proteins, screening in the yeast two-hybrid system was
performed against a collection of proteins with clusters of C2H2 domains, which bind effectively and specifically to sites
on chromatin. As a results, the CG10321 and CG1792 proteins were identified as potential DNA-binding partners of Ttk.
We suppose that the CG10321 and CG1792 proteins provide specificity for the recruitment of Ttk and, as a result, of the
NuRD-complex to the genome regulatory elements. We found that the Ttk protein is able to interact with the MEP1 and
ZnF proteins at once.
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6enka Ttk69 K reHOMHBIM cariTaM v Drosophila melanogaster
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benkun, nvetowme B ceoem coctase BTB-gomeHbl, NrpaloT BaXkHYl posib B MpoLeccax akTuBauum 1 penpeccun TpaHc-
Kpunumun. benku, copepxatme BTB-gomeHbl, LULMPOKO pacnpocTpaHeHbl TONbKO Cpefy BbICWMX dyKapuoT. MHorve n3 Ta-
Knx 6enKkoB ABNAIOTCA TPAHCKPUMLUMOHHBIMU daKTopamu, MPUHMMAILMMK YYacTe B NpoLeccax pasBuUTA opraHM3ma.
OpfViH 13 KNoYeBbIX PerynaTopoB NpoLeccoB paHHero pas3sutus — BTB-cogepxawwmin 6enok Ttk (tramtrack), cnoco6bHbIn
B3aMMO[ENCTBOBATb C KOMIMJIEKCOM PEeMOAENNPOBaHNA HYK1IeocoM 1 AeaueTunnpoBaHna ructoHos (ANURD) pposodu-
nbl. benok Ttk69 cnocobeH HanpsAMyio B3aMOAeNCTBOBaTL ¢ ABYyMsi 6enkamu komnnekca dNURD complex, dMi-2 n MEP1.
MoxHo npepnonoxutb, yto Ttk69 penpeccmpyeT MULLEHEBbIE FeHbl MyTeM pPemMoAeNnpoBaHUA XPOMaTUHA Yepes npu-
BrevyeHune komnnekca dNURD. OgHako Ao cvX MOp HeM3BECTHO, YTo obecrneunBaeT cneundnyHoOCTb pekpyTrpoBaHus Ttk
Ha XPOMATVIH B MPOLIeCCe HEraTVBHOW/MO3UTUBHOW PErYNALMM FeHHON 3Kcnpeccmn. HecmoTpsa Ha To uTo Ttk69 obnagaet
[HK-cBA3bIBalOLWEN aKTUBHOCTbIO, MPOTSAXXEHHbIX CNeLudrUHbIX MOTUBOB CBA3bIBAHWA A5 HErO HallAeHo He 6bino. Lienbto
[aHHOro nccnefoBaHuA 6bin NOMCK 6eN1KOB, KOTOPbIE MOTYT YYacTBOBaTb B MpusnieyeHnm Ttk K reHOMHbIM perynsaTopHbIM
anemeHTaM. [1na noucka 6enkos-naptHepoB Ttk 6bi1 NPoBefeH CKPUHWIHT B BPOXXKeBOl ABYrMOPUAHON cMcTemMe NPOTYB
Konnekuum 6enKkoB ¢ Knactepamu JOMEHOB «LMHKOBbIe NasbLbl» C2H2-Tna, cnocobHbIX 3$PeKTUBHO 1 cneynduyHo ces-
3bIBaTbCA C CaliTamy B XpomaTuHe. B pesynbraTe ABa 6enka, CG10321 1 CG1792, 6biim onucaHbl B KauecTBe NOTeHLMaNbHbIX
[HK-cazbiBatowmx naptHepos Ttk. Mbl npeanonaraem, yto CG10321 n CG1792 obecneyrBatoT cneundpryHOCTb NOCaaKN
Ttk Ha caiTbl 1, Kak cnepcTBure, npuBneyeHne NuRD-Komniekca K reHOMHbIM PeryfaTOpHbIM 3nemeHTaM. Mbl 06HapyXuu
TaKkxe, uto 6enok Ttk moxeT ogHOBpemMeHHO B3anmopeincTBoBatb ¢ MEP1 n ZnF-6enkamu.

KntoueBble cnoBa: gpo3odusa; 6enok-6eskoBoe B3avMOAENCTBME; FeHHAA perynauns; TPaHCKPUMLMOHHbIA daKTop;
tramtrack.

Introduction realized in different ways. It is possible that proteins with
The genome of higher eukaryotes is a complex, but at the the BTB domain play an important role in the processes of
same time flexible and tightly regulated system. The spatial  activation and repression of transcription. Interestingly, BTB-
and temporal specificity of gene activation or repression is  containing proteins are widely distributed only among higher
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cukaryotes. Thus, 85 BTB proteins are known in Drosophila
melanogaster, and 183 BTB proteins in Homo sapiens. The
BTB/POZ (broad complex, Tramtrack, bric-a-brac/Pox virus
and zinc finger) is an evolutionarily conserved protein-protein
interaction domain. Most of the BTB domains are capable
of forming multimers. Many BTB-containing proteins are
transcriptional factors involved in a wide range of develop-
mental processes. A special place among them is occupied
by transcription factors that bind DNA using “zinc fingers”
(BTB-ZF). Fifteen such proteins were found in Drosophila,
and 43, in humans. All known BTB-ZF proteins are involved
in the regulation of transcription, in particular in the action
of enhancers, promoters and insulators (Stogios et al., 2005;
Perez-Torrado et al., 2006). Typically, the BTB domain is
located at the N-terminus of a protein, while closer to the
C-terminus are zinc fingers of C2H2-type (ZF), which are in-
volved in binding to DNA and interaction with other proteins.
These proteins are often involved in the regulation of transcrip-
tion and the organization of enhancer-promoter interactions
(e.g., PLZF, Bcl6, GAF, Mod (mdg4), Ttk). The significance
of the BTB domain in gene regulation has not been revealed.
However, the BTB domain is involved in interactions with a
number of proteins. In the case of Bel6 and PLZF, the BTB
domain directly interacts with the corepressors BcoR, N-CoR
(SMRT), mSin3A (Melnick et al., 2002) to form a transcrip-
tional repressor complex that includes the HDAC-1 histone
deacetylase. In addition to interacting with corepressors, some
BTB domains (GAF, bric-a-brac), in contrast, are associated
with the TAFII155 transcription activator (Pointud et al., 2001;
Chopra et al., 2008). The BTB domain of the Kaiso transcrip-
tion factor is able to interact with the C-terminal domain of the
human CTCF protein, which weakens the insulator activity
of the latter (Defossez et al., 2005).

One of the key regulators of early development is the BTB-
containing protein Ttk, which occurs in two isoforms, Ttk69
and Ttk88. These isoforms share the same BTB-domain but
possess alternative sets of Zn fingers. Ttk69 is a repressor of
tailless expression (Chen et al., 2002) and is a master repressor
of enteroendocrine cell specification of Drosophila intestinal
stem cell lineages (Wang et al., 2015). Also, Ttk69 regulates
Drosophila oogenesis through selective and negative regula-
tion of gene expression in follicle and germline cells (Boyle,
Berg, 2009; Peters et al., 2013) and participates in photorecep-
tor development (Lai, Li, 1999). The BTB domain of Ttk69
genetically interacts with the transcriptional corepressor
dCtBP (Drosophila homolog of human C-terminal-binding
protein), which might be an interacting partner of Ttk69 for
the control of cell fate decision and cellular differentiation
(Wen et al., 2000). In addition, it was demonstrated that the
Pits protein is able to interact with the BTB domain of Ttk69
and the Sin3 A corepressor (Liaw, 2016). Moreover, Ttk69 di-
rectly interacts with two protein components of the Drosophila
nucleosome remodeling and histone deacetylation (INuRD)
complex, dMi-2 (Murawsky et al., 2001) and MEP1 (Reddy
et al., 2010). It can be assumed that Ttk69 represses some
target genes by remodeling chromatin structure through the
recruitment of the dNuRD complex.

Although Ttk has DNA-binding activity, no extended spe-
cific motif has been identified (Chen et al., 2002; Kulakovskiy,
Makeev, 2009). Moreover, it was shown that Ttk69-mediated
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repression of GAGA-depended promoters occurs in the ab-
sence of Ttk69 binding to DNA (Pagans et al., 2004). These
results, together with the detected interactions of Ttk69 with
dCtBP and dMi2, suggest that depending on the promoter and
the developmental stage, Ttk69 might repress transcription
through different mechanisms (Pagans et al., 2004). However,
it is still unknown what provides for specific recruitment of
Ttk to chromatin in the process of negative/positive regulation
of target gene expression.

The purpose of this study was to find proteins that can
participate in the recruitment of Ttk69 to regulatory elements.
To identify Ttk69 partner proteins, screening in the yeast two-
hybrid system was performed against a collection of proteins
with clusters of C2H2 domains, which bind effectively and
specifically to sites on chromatin.

Materials and methods

Fusion proteins were cloned into vectors pGBT9 and
pGAD424 from Clontech and verified by sequencing. Ttk69
(and deletion derivatives) were expressed in fusion with the
Gal4 DNA binding domain (DBD) along with ZnF proteins
(and deletion derivatives) fused to the Gal4 activation domain
(AD) in a pairwise manner. The yeast two-hybrid assay was
carried out using the yeast strain pJ69-4A (MATa trp1-901
leu2-3,112 ura3-52 his3-200 gal4A gal80A GAL2-ADE2
LYS2::GAL1-HIS3 met2::GAL7-lacZ), with plasmids and
protocols from Clontech. For growth assays, plasmids were
transformed into yeast strain pJ69-4A by the lithium acetate
method, as described by the manufacturer with some modifi-
cations. All cells were grown at 30 °C in an orbital shaker at
250-300 rpm. Yeast colonies were transferred into a 15 mL
culture tube with 67 mL of YPDA medium and grown for one
day. The culture was 10-fold diluted in a 0.5 L culture flask
with YPDA medium and cultivated for 3 h. Aliquots of 1.5 mL
of cell suspension were pelleted by centrifugation at 4000 g
for10 s, and the supernatant was removed. Pelleted cells were
resuspended in 1 mL of 0.1 M LiAcO, incubated for 30 min
and pelleted as above. To the pellet, 240 uL 50 % (v/v) PEG
3380, 36 uL of 1 M LiAcO, and 50 pL of a mixture of two
plasmids (the amount of each plasmid in a mixture of 400—
800 ng) was added sequentially and the cells were suspended
to homogeneity. The tube was incubated at 30 °C for 30 min,
then at 42 °C for 5 min and then placed on ice for 1-2 min.
Cells were pelleted at 4000 g for 15-20 s and resuspended in
100 pL of sterile ddH2O. The resuspended cells were plated
on selective medium lacking Leu and Trp (“medium-2"). The
plates were incubated at 30 °C for 23 days. Afterwards, the
colonies were streaked out on plates on selective medium lack-
ing either Leu, Trp and His (“medium-3”), or lacking adenine
in addition to the three amino acids (“medium-47), or lacking
the three amino acids but containing 5 mM 3-amino-1,2,4-
triazole (“medium-3+5 mM 3AT”). The plates were incubated
at 30 °C for 3—4 days and growth was assessed. Each assay
was prepared as three independent biological replicates with
three technical repeats.

Results

To identify new DNA-binding factors that might directly
interact with Ttk, we performed a yeast two-hybrid assay
against a collection of ZnF proteins. Ttk was expressed in
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fusion with a Gal4 DNA binding domain (DBD) along with
ZnF proteins fused to the Gal4 activation domain (AD). Being
co-expressed in yeast, the two associating proteins reconstitute
the function of the transcription factor GAL4 that activates the
his3 gene in the yeast strain pJ69-4A, which is an auxotroph
for histidine (Fig. 1, @). Yeasts with interacting DBD and AD
fusion proteins can grow on plates lacking histidine, leucine
and tryptophan. The assay revealed interaction of Ttk69 with
CG10321 and CG1792. We also confirmed the previously
described interaction of the Ttk69 protein with MEP1 (see
Fig. 1, b).

Presumably, the CG10321 and CG1792 proteins provide
specificity for the DNA-binding of Ttk69 and, as a result, the
recruiting of the NuRD-complex to the genome regulatory
elements. Therefore, the Ttk69 protein must be capable of a
simultaneous interaction with the MEP1 and ZnF proteins.
To test this assumption, we decided to localize the interacting
domains of these proteins. Using appropriate deletion con-
structs, we found that the zinc fingers of Ttk69 are sufficient
to interact with CG10321 and CG1792 (Fig. 2, a). While
earlier, the Ttk region upstream of the zinc fingers was iden-
tified as interacting with MEP1 (Reddy et al., 2010). These
results demonstrate that the Ttk69 protein is able to interact
simultaneously with the NuRD complex and DNA-binding
ZnF proteins. In addition, we localized interacting regions of
CG10321 (see Fig. 2, b) and CG1792 (see Fig. 2, ¢) at the
middle parts of the proteins, i. e., between the N-terminal ZAD
domain and zinc fingers. So the interactions of these proteins
with Ttk69 do not interfere with the DNA-binding activity of
CG10321 and CG1792.

Identification of proteins that can participate in the recruitment
of Ttk69 to genomic sites of Drosophila melanogaster

a 120 different proteins

Co-transformation

—~

)

- oS

¢ Selective media

(

b AD CG10321 CG1792 MEP1
DBD - - - -
DBD-Ttk - + + +

Fig. 1. Ttk is able to direct interaction with ZnF proteins.

a - principle of the yeast two-hybrid assay (Y2H); b - positive results of Y2H
screening. The results are summarized in columns, with the ‘+" and ‘-’ signs
referring to the presence and absence of interaction, respectively.

Discussion

The structure of chromatin is related with the processes of
activation or repression of gene transcription. Chromatin
remodeling complexes are multi-component systems that can
modulate the position of nucleosomes and insert or remove
certain histone marks. One of the main complexes of this type
in eukaryotes is Mi-2/NuRD. Studies have shown that Mi-2/
NuRD complexes not only move nucleosomes through ATP-

a Ttk69 ZnF
CG10321  CG1792 AD
gy : :D‘D:
< : : : —> [1-643] + -
< : : — [1-570] + + -
< : : > [1-500] - _ _
< : > [1-265] - - -
~—> [1-120] - - -
b CG10321 ZnF
Ttk DBD
280 |, —HREE—
=< . . . —>  [1-855] + -
; ; P e [605-709] - -
< : ; [1-504] + -
; < > [122-504] + -
<~ [1-122] - -
¢ CG1792 ZnF
Ttk DBD
~ 20— —
< . - —> [1-372] + -
5 5 B —— [180-340] - -
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Fig. 2. Localization of interacting regions in Ttk, CG10321 and CG1792.

a - localization of the Ttk region interacting with CG10321 and CG1792 in the yeast two-hybrid assay. Full-sized or fragments of Ttk were fused to the GAL4 DNA-
binding domain (DBD) and tested for interaction with CG10321 and CG1792 fused to the GAL4 activating domain (AD). Ttk fusions were tested for the absence
of interaction with the GAL4 activating domain alone; b, ¢ — localization of CG10321 and CG1792 regions interacting with CLAMP in the yeast two-hybrid assay.
Different fragments of these proteins were fused to the GAL4 activating domain and tested for interaction with Ttk fused to the GAL4 DNA-binding domain.
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dependent chromatin remodeling, but also contain subunits
that deacetylate histones and bind methylated DNA.

In Drosophila, one of the variants of the Mi-2 complex,
dMec, was purified. A unique component of this complex
is the conserved protein MEP1, which is responsible for the
binding profile of the entire complex at chromatin sites. It was
shown that this type of the complex is critically necessary for
somatic differentiation at the stage of transition from early
to late embryogenesis. Presumably, the MEP1 protein is the
structure-forming component of this complex. Previously
it was shown that, in particular, it binds to the transcription
repressor protein Ttk69. It is possible that this repressing
activity is associated with the recruitment of the NuRD
complex to genomic targets. However, no specific binding
motifs are known for either MEP1 or Ttk69. According to
our hypothesis, MEP1 and Ttk69 form many contacts with
DNA-binding proteins which ensure the specific positioning
of the NuRD complex on chromatin. As part of testing such
a hypothesis, we searched for protein partners of Ttk69 by
screening among DNA-binding ZnF proteins. As a result,
we found the CG10321 and CG1792 proteins, which can
act as potential recruiters of the Ttk-containing complex to
chromatin. We localized interaction regions of these proteins
and showed that the unstructured regions of the CG10321
and CG1792 proteins interact with Ttk69’s zinc fingers, while
zinc fingers of CG10321 and CG1792 remain free for DNA
binding. At the same time, MEP1 binds to the area adjacent to
the zinc fingers in Ttk69. This result indicates the possibility
of simultaneous interaction of the Ttk69 protein with MEP1
and DNA-binding ZnF proteins.

Conclusions

At the present time, several dozen complexes participating
in epigenetic regulation of gene expression are described.
Nevetheless, mechanisms of their specific recruitment to target
loci are still unclear. One of the current models implies that a
specific ensemble of DNA-binding proteins on a regulatory
element may serve as a platform for the targeted complex
assembly. Here, we report on two new earlier undescribed
proteins with DNA-binding domains, which potentially can
recruit the NuRD complex to its genomic loci. Further research
on the aspects of its interactions with the NuRD complex
can contrtibute to our better understanding of epigenetic
complexes recruitment.
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Different functions of PHF10 isoforms —
subunits of the PBAF chromatin remodeling complex
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Chromatin remodelling multiprotein complexes play an important role in regulation of gene expression in embryo-
genesis and in the adult organism. Mutations in the subunits of the complexes are often lethal or lead to develop-
mental defects. Complexes consist of core subunits and a specific module. The core consists of ATPase and structure
subunits, specific subunits of the module are necessary for chromatin binding. PHF10 (PHD finger protein 10) is a
subunit of the PBAF (polybromo-associated BAF) chromatin remodelling complex subfamily. Conserved and highly
regulated PHF10 is ubiquitously expressed in mammals as four different isoforms. The isoforms of PHF10 differ by
domain structures and posttranslational modifications. All isoforms are highly regulated and included in the PBAF
complex in a mutually exclusive manner. Two of the PHF10 isoforms (PHF 10-P) are expressed at a high level in neuronal
and myeloid progenitors and are necessary for cell proliferation. These isoforms contain PHD (plant homeodomain)
fingers for nucleosome binding and recruit RNA polymerase Il on the promoters of cell cycle genes. Two other isoforms
(PHF10-S) instead of PHD have PDSM (phosphorylation-dependent sumoylation motif), the motif for SUMO1 conjuga-
tion. PHF10 is the most unstable subunit of the PBAF complex. Stability can alter the turnover rate of the subunits of
the PBAF complex. All PHF10 isoforms are degraded by B-TrCP ubiquitin ligase but PHF10-S isoforms contain a cluster
of serins (X-cluster) for multiple phosphorylation by casein kinase I. This phosphorylation protects the 3-TrCP degron
from B-TrCP recognition and subsequently stabilizes the PHF10-S isoforms. Thus, the incorporation of PHF10 isoforms
with different phosphorylation patterns and different stability into the PBAF complexes alters the functions of the
entire PBAF complex and determines the range of genes undergoing remodelling.

Key words: chromatin remodeling; PBAF complex; PHF10 isoforms.
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dyakuun nzodpopm PHF10 — cyobpeamumiibl PBAF KoMILiekca,
peMoOennpyIoIIero XxpoMaTIH

A.A. lleitnos!, B.B. Tatapckuii!, A.M. Asuesal 2, C.I. Teopruesal, H.B. Comnukosa! @

1 MHCTUTYT 6ronormum reHa Poccuitckoin akagemun Hayk, Mocksa, Poccun
2 HaLMOHaNbHbIN MCCIE[OBATENBCKII LeHTp «KypuyaToBCKMIN MHCTUTYT», MocKBa, Poccna
&) e-mail: s02615nat@gmail.com

Komnnekcbl, peMmogenvpyoLne XpoMaTyiH, UTPatoT BaXKHYHO POJIb B SKCMPECCMU FEHOB MPU SMOPVIOHaNbHOM Pa3BUTUN
1 BO B3POC/IOM OpraHm3me. MyTauum cybbeanHIUL, 3TOro KOMIMJIEKCa YacTo fieTasibHbl UV NPUBOAAT K fedeKTam pas-
BUTMA. OANH U3 OCHOBHbIX KOMMIEKCOB 3YKapUOT, U3MeHAIOLNX CTPYKTYPY XpOMaTUHa, — komnnekc PBAF, Bxogawmn s
cemelrictBo SWI/SNF komnnekcos. Komnnekc PBAF coctonT 3 kopoBsbix cy6begunut, (Brg1, BAF155/BAF170, BAF47 n
ap.) n cybbeanHuy cneynduryeckoro mogynsa (PHF10, BAF200, BAF180 1 BRD7). KopoBble cy6befHNLbl — 3TO CTPYK-
TypHble cy6beaunHubl 1 ATQasa, cneymdryeckme cybbeanHULbl — CyObeanHULbI, HEOOXOANMbIE ANA CBA3bIBAHNA
XxpomaTrHa. CybbeanHNYHDBIM COCTaB KOMMIEKCa He ABNAETCA MOCTOAHHbIM. B npouecce pa3sutus u gudpdepeHumnpos-
KW KNEeTOK opraHr3ma CybbeauH1Lbl KOMMEeKCca 3aMeHAI0TCA TOMOSTIOMMYHbIMK, YTO 0bycnaBnmnBaet cneyndruyHoCTb
paboTbl KOMMeKca Ha pas3nnyHbix reHax. benok PHF10 - cy6beanHuua mopynsa PBAF komnnekca, OH UrpaeT BaxHyto
pOonb B perynauunm reHoB MieKkonuTaloLmx. B knetkax n TkaHAax yenoseka v mbiwy PHF10 npeactaBneH yeTbipbma n3o-
dopmamu. izodpopmbl PHF 10 nmetoT pasHyto gomeHHyto cTpyKTypy N- 1 C-KOHLIOB, UTO OnpeaenaeT X CBONCTBa — pas-
NINYHYIO KNETOYHYIO NIoKanr3aumio, CTabrnbHOCTb 1 MoandUKaLroHHble naTTepHbl. [1se nsodopmbl PHF10 (PHF10-P)
SKCMPECCUPYIOTCA Ha BbICOKOM YPOBHE B HEMPOHAMbHBIX U MUENIOUAHbIX MPeALeCcTBEHHMKaX 1 HE06XoAUMbI Ans NpPo-
nudepauunm KneTok. 3T n3ohopmbl COAepKaT JoMeHbl TUNa «PHD-nanbLeB», Heo6xoaVMble LA CBA3bIBAHUA HYKNeO-
com, 1 pekpyTrpytoT PHK-nonumepasy Il Ha npomMoTopbl FeHOB KneToyHoro uukna. [ise apyrue nsopopmsi (PHF10-S)
BmecTo PHD gomeHoB Ha C-KoHue umetoT Motue PDSM ans korbtorauun SUMO1. benok PHF10 npepctaBnset coboi
Hanbonee HecTabunbHyto cybbenuHuLy komnnekca PBAF. CTabunbHOCTb 130HOpPM MOXET perynnpoBaTtb CKOPOCTb
3ameHbl cy6beanHuy B PBAF komnnekce. Bce PHF10 nsodopmbl ferpagnpytotr nocpeactsoM YOUKBUTUHMPOBAHMS,
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OyHKuun nsopopm PHF10 - cybbeanHMLb
PBAF komnnekca, pemopaenmpyioLero XxpomaTunH

ocyulectngemoro B-TrCP yOuKBUTWH-NMra3oin, 1 fanbHelwero paclensieduns 26-S npoteacomoit. Mzopopmbl PHF10
cofepXaTt Knactep ceprHoOB (X-knactep), MofBepralowmnca NHTEHCMBHOMY GOCHOPUNNPOBAHUNIO Ka3enH-KNHA30M.
3710 PpochopunmposaHme 3awmwaeT B-TrCP gerpoH ot y3HaBaHuaA B-TrCP yOruKBUTUH-NMra3on 1 nocneaytoLlen aerpa-
Zauuu, yTo NPUBOANT K 6onbLiel ctabunbHocT PHF10-S popm no cpaBHeHuto ¢ PHF10-P popmamu. Takum obpazom,
BKJtoueHne B PBAF nsodopm PHF, obnagatownx pasnmyHbiMu nattepHamu ¢pochopunmpoBaHna U pasnyHom CTa-
6UBbHOCTBIO, BNUsAeT Ha GyHKLMM Lenoro PBAF KomnneKkca v onpepenseT CnekTp peMoAenpyeMbiX reHOB.
KntoueBble cnoBa: pemoaenvpoBaHue xpomaTtuHa; PBAF komnnekc; nsopopmbl PHF10.

Introduction

One of the most widely represented families of chromatin-
remodelling complexes is the family of ATP-dependent com-
plexes SWI/SNF (SWItch/Sucrose Non-Fermentable). These
complexes use the energy of ATP hydrolysis to locally disrupt
or alter the association of histones with DNA (Vignali et al.,
2000) and play crucial role in chromatin assembly. This family
is highly conserved in eukaryotes. At the same time, in the
process of evolution, it acquires an increasing complexity in
the structure, following the demand for increasing complexity
of chromatin organization and chromatin regulation in mul-
ticellular organisms. For example, in yeast (Saccharomyces
cerevisiae) chromatin does not contain methylated DNA or
linker histones and the complexes perform the function of a
transcriptional activator only. In the transition to multicel-
lular organisms, the complexes acquire new components and
a greater variation in composition and additional functions.
Higher eukaryotes exhibit an increased genome size and a
more complex genomic organization.

The complexes act as transcriptional activators and repres-
sors and the large combinatorial diversity, which is associated
with the incorporation of homologous subunits and different
isoforms in the complexes, provides assemblies that are tissue-
specific or specific to a certain developmental stage (Ho,
Crabtree, 2010). In mammals, SWI/SNF is represented by
two subfamilies of complexes — BAF (BRG-/BRM-associated
factor) and PBAF that differ by subunit composition (Tang et
al., 2010). Each complex contains subunits that form the core
part and several specific subunits that form the module relevant
to a particular type of complex. The core part of SWI/SNF
complex consists of ATPase which is encoded by homologous
Brgl or Brm genes, and several structural subunits — BAF155/

BAF170, BAF47, BAF60, actin. Specific subunits (BAF200,
BAF180,BRD7, PHF10 of PBAF and BAF250a/b of BAF) are
responsible for interaction with chromatin. Almost all subunits
of the complex can be replaced by paralogs. In particular,
this leads to greater variability of subunit composition and,
subsequently, to a wider range of functions of this complex.
This also determines the pattern of the expression of target
genes and specifies the regulation of nucleosome remodel-
ling. Post-translational modifications of SWI/SNF complex
subunits impact on the regulation of its functions even more
(Simone, 2006).

The chromatin-remodelling complex of the PBAF family
plays an essential role in the regulation of gene expression dur-
ing embryogenesis. Mutations in the subunits of this complex
are often lethal or lead to developmental defects (Hodges et al.,
2016). Also, many mutations were characterized as second-
ary mutations during oncogenesis, leading to the advanced
course of disease (Masliah-Planchon et al., 2015). One of
the most modificated and regulated subunits is the protein
PHF10, characterized by our group (Brechalov et al., 2014;
Tatarskiy et al., 2017).

Structural domains of PHF10
are evolutionary conserved
The two main structural domains of PHF10, SAY (supporter of
activation of yellow) and PHD, are evolutionarily conserved
and are represented in all multicellular organisms. The length
of the N- and C- terminal unstructured regions may vary
(Fig. 1) (Vorobyeva et al., 2009).

The most thoroughly studied homologue of PHF10 in Dro-
sophila is the protein SAYP (supporter of activation of yellow
protein). The homozygous SAYP knockout in Drosophila,

SAY PHD
D ] | o 2008aa Drosophila melanogaster (SAYP)
_-—- 1065aa Strongylocentrotus purpuratus (XP_785947)
el — 1| 92aa Caenorhabuditis elegans (A88925)
e 567aa Culex quinquefasciatus (XP_001849890)
e | ] 498aa
- 451aa Mus musculus (PHF10)
= 377aa Homo sapience (PHF10)
- 330aa

Fig. 1. PHF10 isoforms and their homologues in different species.

The total lengths of the proteins are indicated Drosophila melanogaster, SAYP; Strongylocentrotus purpuratus, XP_785947 locus; Caenorhab-
ditis elegans, A88925 locus; Culex quinquefasciatus, XP_001849890 locus; Mus musculus, PHF10; Homo sapiens, PHF10. The total lengths of
the proteins are indicated. SAY domain is depicted as a red box. PHD finger domain is depicted as a blue box. Adopted from (Vorobyeva

etal, 2009).
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Fig. 2. Equal amount of protein (40 pug) was loaded on each lane.

molecular weight is due to the presence of post-translational modifications.
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PHF10-PI .
56 kDa N-domain SAY domain Linker PHD
domain
PHF10-Ps — —— T
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Fig. 3. Domain structure and phosphorylation patterns of PHF10 iso-
forms.

PHF10-P isoform contains two PHD domains at the C-terminus. PHF10-S iso-
form contains PDSM. Also both isoforms differ in N-terminal parts by the pres-
ence or absence of 46 amino acids: “I" - long and “s” - short. X- and Y-phos-
phorylation clusters are depicted. B-TrCP degrons depicted as thick black lines.
Adopted from (Tatarskiy et al., 2017).

as well as the homozygous PHF10 knockout in a mouse is
embryonic lethal (Krasteva et al., 2017). That suggests an im-
portant role of this protein in the expression of developmental
genes. In the adult Drosophila, SAYP is mainly expressed
in female ovaries (Vorobyeva et al., 2009), while PHF10 is
expressed in almost all tissues of the mammalian organism
(Brechalov et al., 2016), (Tissue expression of PHFI10...,
2018) (Fig. 2).

Unlike Drosophila, where SAYP is represented by a poly-
peptides of 2006-2012 amino acids that have similar domain
structure (FlyBase n.d., 2019), four isoforms of PHF10 that
have a different domain structure are expressed in mammals.
These isoforms are evolutionarily highly conserved in dif-
ferent mammalian species (Brechalov et al., 2014), which
supports the existence of important functions of each isoform

(Fig. 3).

186

Domain organisation of PHF10 isoforms

All four isoforms of PHF 10 are the products of the same gene,
and are formed as a result of alternative splicing of transcripts
and differ in N- and C-terminal domains (see Fig. 3). The first
isoform that was described contains two PHD domains at the
C-terminus and was designated by us as the isoform PHF10-P
(containing the PHD domain). Another isoform lacks a PHD
domain, instead of it six C-terminal amino acids form PDSM
(phosphorylation-dependent sumoylation motif) that regulates
phosphorylation-dependent sumoylation. We designated this
isoform as PHF10-S (see Fig. 3). Also, PHF10-P and PHF10-S
isoforms may differ in N-terminal parts by the presence or
absence of 46 amino acids: “I” — long and “s” — short (see
Fig. 3). Molecular weight is 56, 42, 51, 37 kDa for isoforms
PHF PL/Ps/SL/Ss respectively.

All PHF10 isoforms contain an evolutionary conserved
SAY domain, which is responsible for the incorporation of
protein in the PBAF complex (see Fig. 3). In mammals, the
SAY domain seems to be uniquely represented only in the
structure of the PHF10 isoforms, although in a number of
works some homology of the SAY domain with the N-terminal
domain of BAF47 and Kruppel-like BAF45b/c/d subunits of
BAF complexes was found (Lessard et al., 2007; Allen et al.,
2015).

The PHF10-P and PHF10-S isoforms are included in the
PBAF complex in a mutually exclusive manner. In other
words, there are PBAF complexes that contain PHF10-P
isoforms, and PBAF complexes that contain PHF10-S iso-
forms (Brechalov et al., 2014). The incorporation of different
isoforms into the complex does not lead to a change in the
subunit composition of the complex (Brechalov et al., 2014).
However, different isoforms may interact with different
activators or transcriptional coactivator complexes, leading
to modulation of mechanisms of functioning of the PBAF
complexes containing different PHF10 isoforms.

The PHF10-P isoforms contain two PHD zinc finger do-
mains. It has been shown that these domains can bind the
N-terminal “tails” of histones, especially trimethylated histone
H3 lysine 4 (Hyun et al., 2017). The specific ligand has not
yet been found for PHD domains of the PHF10-P isoforms,
but it is likely that the incorporation of PHF10-P isoform in
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the complex may determine the binding of the PBAF complex
to specifically modified nucleosomes.

PHF10-S isoforms do not contain PHD domains that recog-
nise nucleosomes. However, they can covalently attach a small
ubiquitin-related modifier protein, SUMO1, to the C-terminus
(Fig. 4) (Brechalov et al., 2014). The role of the sumoylation
of PHF10-S isoforms is not yet clear, but it is known that
protein sumoylation can affect their turnover, localisation
and determine other proteins interacting with them (Seeler,
Dejean, 2017). Thus, the incorporation of various isoforms
in the PBAF complex can significantly change the functions
of the entire complex, influence the range of protein bind-
ing partners, and position the PBAF complex on chromatin.
Therefore, this determines the patterns of genes that the PBAF
complex remodels (Brechalov et al., 2014).

Functions of PHF10 isoforms

It has been shown that PBAF complexes that contain PHF10
isoforms with PHD domains have a positive effect on the
transcription of genes that are involved in cell proliferation,
comparing to the PHF10-S isoform. The percentage of proli-
feration genes that changed their expression relative to the total
number of differentially expressed genes during overexpres-
sion of PHF10-PI and PHF10-SI isoforms in HEK293 cells
compared to control, non-transfected cells, was 9.23 % and
4.28 % respectively. These changes in gene expression led to
an increase in the number of cell divisions per unit of time
(from 3.4 to 4.3 in 24 hours and from 8.8 to 11.4 in 48 hours)
in cells overexpressing the PHF10-PI isoform, compared to
control. The number of divisions in the cells expressing the
PHF10-S1 isoform was comparable to the control (Brechalov
et al., 2014).

Using chromatin immunoprecipitation, we showed that
the PHF10-PI and the PHF10-Sl isoforms are present in the
PBAF complexes on the promoters of genes involved in cell
proliferation ZMIZ1 and NOV. However, only PHF10-P over-
expression resulted in an increased level of RNA polymerase
IT on the promoter, which correlated with an increase in level
of ZMIZ1 and NOV mRNA (Brechalov et al., 2014). That is
consistent with a model in which PBAF complexes containing
the PHF10-P1 isoform, regulate gene expression differently
than PBAF complexes containing the PHF10-SI isoform.

In the study of mouse brain development, J. Lessard (2007)
showed that PHF10-Pl is highly expressed during the process
of embryonic brain development, with increased expression
in proliferating neurons. During the transition from prolife-
rating progenitor cells to postmitotic neurons, expression of
the PHF10-P1 isoforms is stopped along with the increase in
expression of short PDSM-containing isoforms PHF10-Ss
(Azieva et al., 2018).

PBAF complexes that contain the PHF10-PI isoform were
localised on the promoters of the SHH-Olig and Notch sig-
nalling genes, responsible for the development of the mouse
brain (Lessard et al., 2007).

Also, the important role of PHF10 isoforms in the devel-
opment of blood cells was shown on mouse models. In the
hematopoietic stem cells, the PHF 10-Pl isoforms are expressed
at a high level. High expression of PHF10-P1 isoforms main-
tains a pool of stem cells. Conditional knockout of PAf10 in
the hematopoietic tissue of an adult mouse leads to depletion
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Fig. 4. The consensus sequence for phosphorylation-dependent SUMO
modification (PDSM) at the C terminus of PHF10-SI/Ss isoforms and
scheme of amino acids sumoylation.

Red box indicates the common part of PHF10-P and PHF10-S isoforms.
Adopted from (Brechalov et al., 2014).

of the pool of blood stem cells and reduces the number of
myeloid progenitors, mature macrophages, monocytes and
granulocytes in bone tissue (Krasteva et al., 2017). We have
also shown that during myeloid differentiation, the PHF10-P1
isoform in the PBAF complex is replaced by the PHF10-Ss
isoform, which affects the patterns of actively transcribed
genes.

Post-translational modifications

of PHF10 isoforms

According to the phosphosite.org database (Phosphosite
Knowledgebase n.d., 2018), the subunits of the PBAF complex
are intensively phosphorylated. A particularly large number
of sites (more than 20 per protein) are located in the BRG1,
BAF155, BAF200, BAF180, BRD7, and PHF10 subunits.
Phosphorylation by various kinases provides a complex regu-
lation of the functions of the PBAF complex and sensitivity
to various signalling pathways (Simone, 2006). Phosphoryla-
tion of subunits alters the charge of the complex and allows
it to bind to various proteins, thus providing specificity in the
reprogramming of gene expression (Cui et al., 2016).

Different isoforms of PHF10 have different phosphoryla-
tion patterns that are dependent on their domain structure (see
Fig. 3) (Tatarskiy et al., 2017). The additional N-terminal
domain of 47 amino acids that exists in the long PHF10-Pl/
Slisoforms contributes to the presence of the phosphorylation
pattern, which we designated as Y (see Fig. 3). The absence
of PHD domains inherent to the isoforms of PHF10-SI/Ss
contributes to the phosphorylation of a number of serines
in the linker domain. We designated this cluster as X-phos-
phorylation (see Fig. 3). Also, PHF10-SI and PHF10-Ss have
a six amino acids PDSM motif at the C-terminus. We have
determined that the lysine can covalently bind the SUMOI1
modifying protein. Moreover, sumoylation occurs more inten-
sively if the subsequent serine is phosphorylated in this motif
(see Fig. 4) (Brechalov et al., 2014).

Another function of phosphorylation is the regulation of
protein stability. Due to the different stability of the subunits,
the additional regulation of the functions of the complex is
provided by the replacement of a subunit via degradation of
the unnecessary one (Sears et al., 2000; Liu et al., 2002; Ha-
fumi et al., 2011).

PHF10 is one of the most phosphorylated and unstable
subunits of the PBAF complex (Brechalov et al., 2014, 2016;
Tatarskiy etal.,2017; Azieva et al., 2018). Our studies revealed
that PHF10 isoforms contain the non-canonical B-TrCP ubi-
quitin ligase recognition motif and are degraded by B-TrCP
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Fig. 5. Diagram of PHF10 degradation.

PHF10 isoforms contain the non-canonical B-TrCP ubiquitin ligase recognition
motif and are degraded by B-TrCP in a phospho-dependent manner through
26S proteasome. Phosphorylation by CKI (casein kinase 1) of serines in the
X-cluster in the linker domain of the PHF10-SI/Ss isoforms impairs interaction
of isoforms with B-TrCP and opposes their degradation. Large light circles —
X-cluster phosphorylation; small dark - Y-cluster phosphorylation. Adopted
from (Tatarskiy et al., 2017).

in a phospho-dependent manner. The non-canonical recogni-
tion motif for ligase is localised in the linker domain and is
represented in all isoforms (Tatarskiy et al., 2017).

The function of phosphorylation of serines organized in the
X-cluster in the linker domain of the isoforms PHF10-S1/Ss
was thoroughly studied by our group (Tatarskiy et al., 2017).
X-cluster serines are phosphorylated by casein kinase 1.
X-cluster contains positively charged amino acids — B-TrCP
degron. Normally B-TrCP recognises this degron and con-
tributes to the degradation of PHF10 isoforms. The X-cluster
phosphorylation block the positive charges and opposes the
interaction B-TrCP ubiquitin ligase with its degron (Tatarskiy
etal.,2017). Thus, phosphorylation of X-cluster serines leads
to a significant stabilization of the PHF10-S1 and PHF10-Ss
isoforms, compared to the stability of PHF10-Pl and PHF10-Ps
isoforms (Fig. 5) (Tatarskiy et al., 2017).

Conclusions

Thus, the isoforms of PHF 10, being part of the PBAF complex,
are highly regulated through post-translational modifications
providing a broad variety of their functions through the ability
to accept messages of signalling pathways. Also, the incor-
poration into the PBAF complexes of PHF10 isoforms with
different phosphorylation patterns and different stability alters
the functions of the entire PBAF complex and determines the
range of genes undergoing remodelling.
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Non3 is an essential Drosophila gene
required for proper nucleolus assembly
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The nucleolus is a dynamic non-membrane-bound nuclear organelle, which plays key roles not only in ribosome
biogenesis but also in many other cellular processes. Consistent with its multiple functions, the nucleolus has been
implicated in many human diseases, including cancer and degenerative pathologies of the nervous system and
heart. Here, we report the characterization of the Drosophila Non3 (Novel nucleolar protein 3) gene, which encodes
a protein homologous to the human Brix domain-containing Rpf2 that has been shown to control ribosomal RNA
(rRNA) processing. We used imprecise P-element excision to generate four new mutant alleles in the Non3 gene.
Complementation and phenotypic analyses showed that these Non3 mutations can be arranged in an allelic series
that includes both viable and lethal alleles. The strongest lethal allele (Non326%) is a genetically null allele that car-
ries a large deletion of the gene and exhibits early lethality when homozygous. Flies heterozygous for Non346%
occasionally exhibit a mild reduction in the bristle size, but develop normally and are fertile. However, heteroallelic
combinations of viable Non3 mutations (Non3'¥, Non3*'% and Non3?>) display a Minute-like phenotype, consisting
in delayed development and short and thin bristles, suggesting that they are defective in ribosome biogenesis. We
also demonstrate that the Non3 protein localizes to the nucleolus of larval brain cells and it is required for proper
nucleolar localization of Fibrillarin, a protein important for post-translational modification and processing of rRNAs.
In summary, we generated a number of genetic and biochemical tools that were exploited for an initial character-
ization of Non3, and will be instrumental for future functional studies on this gene and its protein product.

Key words: Drosophila melanogaster; nucleolus; Minute-like phenotype; Non3; Fibrillarin; Rpf2; Brix domain;
ribosome biogenesis.
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I'eH Non3 HeoOxoauM A5t pOpMUPOBAHUSI
anapbinika y Drosophila

E.H. A1-[,A,peeBa1 ®, A.A. Oruenkol’ 2, A.A. FOmkosal’ 2, FO.B. [Tonosal’ 3, I A. [TaBaosal, E.H. KoskeBuuxosal’ 3,
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T YHCTUTYT MONeKynApHOI 1 KnetouHoit 6ronorun Cbupckoro otaeneHua Poccuiickoil akagemum Hayk, HosocnGupck, Poccus

2 HoBocrbrpcKmii HaLMoHaNbHbIN NCCe[oBaTENbCKINIA FOCYAAPCTBEHHbIN yHUBepcuTeT, HoBOCMOMpPCK, Poccnsa

3 DepepanbHblii NCCNEROBATENbCKUI LeHTP VHCTUTYT umtonoruv n reHetrkn Cbrpckoro otaeneHns POCCMInCKOl akadeMmnm Hayk,
HoBocnbupck, Poccusa

4 YHCTUTYT MONeKynApHOI GUONOrM 1 NATONOMMN HaLMOHAbHOTO NCCIIeA0BaTENLCKOrO coBeTa 1 OTAENEHE GHONOMAN 1 GIOTEXHONOTN,
Pumcknin ynusepcutet Jla CanveHca, Pum, Utanna

® e-mail: andreeva@mcb.nsc.ru; a.pindyurin@mcb.nsc.ru

AppblwKo npeacTaBnaeT cobon AUHAMUYHYIO HeMeMOpPaHHYI0 BHYTPUALEPHYIO OpraHesly, KoTopasa Urpaet Kito-
yeBylo POJib Kak B 6roreHese pubocom, Tak 1 B APYrux KNeTouHbIX npoueccax. HapyleHne GyHKUMM AgpblwKa
aCccoLMUPOBAHO CO MHOTUMU 3a60NIEBAHNAMM YesloBeKa, B TOM YMC/Ie C JereHepaTUBHbIMY NaToNornaMy HepPB-
HOW 1 CepAeYHO-COCYANCTON CUCTEM, a TaKKe C 06pa3oBaHKEM 3/10KauyeCTBEHHbIX onyxonei. B gaHHon paboTe
Hamu BrnepBble oxapakTepusoBaHa GyHKUua reHa Non3 (Novel nucleolar protein 3) y nnogosoi mywku Drosophila
melanogaster, KOTOpbIi KOAMPYET romosor Brix fomeH-cogepallero 6enka yenoseka Rpf2, yuacteytoLero B npo-
uecce cospeBaHna pub6ocomHol PHK (pPHK). C nomolybio meTofja HETOUHOW SKCLUM3UN P-31IeMeHTa Mbl NMOayYnn
Habop 13 yeTblpex MyTauuii no reHy Non3. 3T myTauum GOPMUPYIOT annesbHbIN PAg, KOTOPbIA BKIOYaeT B ceba
KaK >KM3HeCrnocobHble, Tak 1 netanbHble annenu. Non32% — 310 Hynb-annenb, KOTOPbIN HeceT feneumio 6osnbluen
yacTu reHa U ABSIAETCA paHHeN peLeccuBHom netanbto. Myxu reHotna Non32699/+ neMoHCTpuMpytoT oueHb cnaboe
YMeHbLUEeHMEe ANMHbI U TOMNLWMHbBI TOPaKanbHbIX WETUHOK, HO NMPY 3TOM Pa3BKBalOTCA HOPMaJIbHO N GePTUSIbHBbI.
leTepoannesnbHble KOMGUHALMI KIM3HECNOCO6HbIX MyTaumii reHa Non3 (Non3'7, Non33'% u Non325°) umelot ykopo-

© Andreyeva E.N., Ogienko A.A., Yushkova A.A., Popova J.V,, Pavlova G.A., Kozhevnikova E.N., Ivankin A.V., Gatti M., Pindyurin A.V., 2019
E.N. Andreyeva and A.A. Ogienko contributed equally to this work.
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leH Non3 Heobxoanm
ana dopmmpoBaHusa aapblwKa y Drosophila

YeHHble 1 TOHK/Ee TopaKaJibHble LEeTUHKM, TakKe Y HUX HabniofaeTca HeKoTopoe 3aMeasieHne OHToreHesa. Takow
e NaTTepH HapyLlLeHWiA Bbl1 paHee onucaH B nuTepaTtype Kak Minute-like eHOTVN, KOTOPbIN XapaKTepeH npu ge-
dekTax buoreHesa pubocom. Kpome Toro, Mmbl 06Hapyxunu, uto 6enok Non3 ABNAeTCA KOMMOHEHTOM AAPbILIKA
B KJIeTKax BEHTPasSibHO-MO3rOBOrO raHrInA NIMYMHOK TPETbEro BO3pacTa U Heobxoaum AnA fokanusaumm 6enka
Fibrillarin, BaxxHOro gns nocT-TpaHcNALMOHHON Mmoaudrkaumm n npoueccnHra pPHK, B 3Tom HememMOpaHHOM BHY-
TpuAgepHOM cybKomMmnapTMeHTe. [onyyeHHbI HaMn Habop reHeTUYECKNX U BUOXMMUNYECKUX NHCTPYMEHTOB, UC-
NoNb30BaHHbIX B XOfe AaHHON paboTbl ANA NepBUYHOM XapakTepucTuku reHa Non3, OyneT noneseH Takxe and
nccnefoBaHuii GyHKLUM 3TOro reHa 1 ero 6esIKoBOro npogykTa B OyayLem.

Knioueble cnosa: Drosophila melanogaster; sippbiwko; deHotun Minute-like; Non3; Fibrillarin; Rpf2; Brix gomer;

6uroreHes puéocom.

Introduction

Ribosomes are highly conserved macromolecular machines
that organize and catalyze mRNA translation in all organisms.
In higher eukaryotes, mature cytoplasmic ribosomes include
4 ribosomal RNA molecules (rRNAs; 18S, 25S/28S, 5.8S and
5S) and 79 ribosomal proteins (RPs) (Marygold et al., 2007;
Xue, Barna, 2012; Genuth, Barna, 2018). Drosophila melano-
gaster has a 25 rRNA instead of 5S rRNA (Stage, Eickbush,
2007). Coordinated processing of 45S/47S precursor rRNA
(pre-TRNA) into the mature 18S, 5.8S and 25S/28S rRNAs
is a central process in the highly orchestrated ribosome as-
sembly (Henras et al., 2015). Ribosomal biosynthesis includes
progressive association of individual ribosomal proteins with
maturating rRNAs, export of pre-ribosome particles from the
nucleolus to the cytoplasm and their assembly into mature
ribosomes. More than 200 different factors are required
for ribosome biosynthesis and quality control of ribosome
maturation on the path from the nucleolus to the cytoplasm
(Kressler et al., 2017).

Depletion of eukaryotic RPs could be associated with dis-
turbances in pre-TRNA processing and nucleolar organiza-
tion (Neumiiller et al., 2013; Farley-Barnes et al., 2018). In
Drosophila, mutations in 75 % of the genes encoding protein
components of mature cytoplasmic ribosomes dominantly
cause a Minute phenotype. The Minute syndrome includes
short and thin bristles, delayed development, and reduced
viability and fertility (Marygold et al., 2007). In addition,
decreased levels of some Drosophila RPs result in overgrowth
of specific tissues and melanotic tumors (Goudarzi, Lindstrom,
2016). Mutations in genes encoding RPs and ribosome bio-
genesis factors lead to a series of congenital human disorders
collectively called ribosomopathies, and predispose to cancer
(Narla, Ebert, 2010; Henras et al., 2015; Mills, Green, 2017,
Nuifiez Villacis et al., 2018). In some cases, these diseases
are also caused by haploinsufficiency for these genes caused
by somatic mutations (Narla, Ebert, 2010; Nuiiez Villacis et
al., 2018).

Although ribosomes have been considered for many years
as ancient and rather invariable molecular machines, several
lines of evidence indicate that they are instead heterogeneous
in both RPs and rRNA composition (Genuth, Barna, 2018).
Indeed, mutations in RP coding genes lead to tissue-specific
pleiotropic phenotypes in multicellular organisms (Kongsu-
wan et al., 1985; Draptchinskaia et al., 1999; Marygold et al.,
2005; Gupta, Warner, 2014; Shi, Barna, 2015). Pleiotropic
phenotypes could be only partially explained by the fact that
several of these genes have paralogues (Xue, Barna, 2012).
For example, in humans there are three paralogous RP genes
(RPS4X, RPS4Y1 and RPSY2) encoding the RPS4 protein,
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and one of them (RPSY?2) is specifically expressed in testis
and prostate (Fisher et al., 1990; Lopes et al., 2010). In Dro-
sophila, a total of 88 genes encoding 79 different RPs have
been identified; nine of these genes are present as duplicates
(Marygold et al., 2007). These duplicated genes are expressed
at different levels, and in some cases with a tissue-specific
pattern. For instance, RpL22L, RpS5b, RpS19a, RpL10Aa and
RpL37b exhibit enhanced expression in the testes compared
to their paralogues, suggesting specific composition of testis
ribosomes (Marygold et al., 2007; Kearse et al., 2011).

A complex sequence of processing steps, involving several
protein factors, is required to gradually release the mature
rRNAs from precursor pre-rRNA (Henras et al., 2015). Many
ofthese factors contain putative RNA-binding domains (e. g.,
GAR, RRM, KH, Brix, S1, dsRBD, and Zinc finger) and/or
protein-protein interaction domains (WD40, HEAT, TPR, and
HAT), but the enzymatic activities of most proteins required
for ribosome biosynthesis have not been determined (Henras
et al., 2015). One of the Brix domain-containing proteins is
the Saccharomyces cerevisiae ribosome assembly factor Rpf2
(Ribosome production factor 2), which in complex with Rrs1
plays a role in the early steps of the 60S ribosome subunit
maturation (Zhang et al., 2007; Henras et al., 2015; Kressler et
al., 2017). Rpf2 binds the Rpl5 and Rpl11 ribosomal proteins
and the Rrs1 protein, forming both the 5S ribonucleoprotein
particle necessary for 25S rRNA maturation and the large
60S ribosomal subunit (Tutuncuoglu et al., 2016). Depletion
of Rpf2 results in defects in pre-rRNA processing (Wehner,
Baserga, 2002).

The Rpf2 proteins are highly conserved. The Drosophila
Rpf2 orthologous protein is encoded by the Novel nucleolar
protein 3 (Non3) gene (CG7993). Non3, which contains a Brix
domain, exhibits 66 % similarity and 47 % sequence identity
with human Rpf2 (Gramates et al., 2017). Thus far, most
studies on Non3 were carried in tissue culture cells. Most in-
terestingly, an RNAi-based screen showed that Non3 depletion
results in short mitotic spindles. In addition, it has been shown
that in interphase cells the GFP-tagged Non3 protein local-
izes to the nucleolus (Moutinho-Pereira et al., 2013). These
phenotypes, and the finding that RNAi-mediated depletion
of other nucleolar proteins results in short spindles, suggest
that the short-spindle phenotype observed in Non3 RNAI cells
is due to limited translation of tubulin and/or other spindle
components. However, it is also possible that Non3 has a di-
rect role in spindle formation (Moutinho-Pereira et al., 2013).

To address the mitotic role of Non3, and to provide a Dro-
sophila model for the study of the Rpf2 function in nucleolus
assembly and ribosome maturation, we characterized the Non3
gene. We generated several allelic mutations in the gene and
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showed that these mutations affect viability, fertility and bristle
formation, resulting in a Minute-like phenotype. We also show
that Non3 localizes to the nucleolus and is required for proper
formation of this organelle. We believe that the mutations and
the reagents generated in this study will be instrumental to
define the role of Non3 in living flies.

Materials and methods

Fly stocks. Flies were raised and crossed on standard corn-
meal agar media at 25 °C. The fly stocks used in this study are
from the Bloomington Stock Center (Bloomington, IN, USA;
flystocks.bio.indiana.edu): #30094 (w!//8; P{w*"C = EP}
Non394706/TM6C, Sb') (hereafter Non364706) and #4368 (3, w;
Ki, P{ry*, A2-3}99B) (hereafter A2-3). The y’, P{y*”7 = nos-
phiC3 N\int.NLS}X; P{y*’7 = CaryP}attP40 fly line was
kindly provided by Sergei A. Demakov (Institute of Molecular
and Cellular Biology of the Siberian Branch of the Russian
Academy of Sciences, Novosibirsk, Russia).

Generation of new Non3 alleles. The Non3 mutants were
generated by imprecise excision (O’Brochta etal., 1991) of the
P{EP} transposon located 48 bp downstream of the predicted
transcription start site of Non3 in the Non3947%6 line (Fig. 1).
The A2-3 strain was used as a source of transposase (Robertson
etal., 1988), and the F, progeny of Non39470%/A2-3 flies was
screened for loss of the mini-white (w*"C) marker carried by
the P{EP} transposon. 512 independent excision lines were
established and analyzed by PCR using primers Ins-non3-F2
(5-CGGTTGTTTTCACATCCCTAAC-3') and Ins-non3-R
(5’-CGTCTGTGCTAATGTTCTTCTTCTTG-3") (primer
positions are shown in Fig. 1). We identified one line with
a large deletion internal to the Non3 gene, three lines with
remnants of the P{EP} transposon, and several lines in which
the transposon was most probably precisely excised. Only
one of the latter lines was further analyzed and confirmed to
be generated by precise excision of the P{EP} transposon; it
was designated as Non3¢*. The PCR products obtained from
all new Non3 mutant lines were cloned in a plasmid vector
and sequenced (Suppl. Fig. 1)

Construction of rescue plasmid and germ-line trans-
formation. To make a rescue construct, we cloned a 2.76-kb
genomic DNA fragment [chr3R:18222722-18225482; the
coordinates are from Release 6 of the Drosophila melano-
gaster genome assembly (Hoskins et al., 2015)] carrying the
Non3 gene into the pUASTattB vector (Bischof et al., 2007)
by substituting a UAS promoter, a multiple cloning site and a
SV40 terminator. Details of plasmid construction are available
upon request. The cloned genomic DNA fragment contains
27 known single nucleotide polymorphisms (SNPs) (Mackay
et al., 2012; Huang et al., 2014) (Suppl. Fig. 2). The rescue
construct was injected at the concentration of 300 ng/ul into
embryos carrying attP40 landing site (Markstein et al., 2008)
and expressing the phiC31 integrase in the germline (Bischof
et al., 2007).

Anti-Non3 antibody production. The full-length Non3
coding sequence (corresponding to nucleotides 98—1060 of
GenBank accession no. NM_142437.3, but with the synony-
mous nucleotide substitution 1000T>A) was PCR-amplified
from 0-24 h Drosophila wild-type (Canton-S) embryonic

1 Supplementary Figures 1, 2 are available in the online version of the paper:
http://www.bionet.nsc.ru/vogis/download/pict-2019-23/appx3.pdf
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cDNA library. The amplified DNA fragment was cloned in-
frame into the pGEX-4T-1 plasmid vector (GE Healthcare)
downstream of the glutathione S-transferase (GST) coding
sequence to produce pGEX-4T-Non3 construct. Details of
plasmid construction are available upon request. The GST-
Non3 fusion protein was expressed in Escherichia coli and
subsequently purified as described previously (Chalkley,
Verrijzer, 2004). The purified protein was used to immunize
mice. Polyclonal antibodies were affinity purified from serum
as previously described (Chalkley, Verrijzer, 2004).

Double-stranded RNA (dsRNA) production. A 730-bp
fragment of the Non3 coding sequence was PCR-amplified
with primers CG7993-rnaF1 (5'-TAATACGACTCACTAT
AGGGAGGTGTTGCTGGCCAG-3") and CG7993-rnaR1
(5'-TAATACGACTCACTATAGGGAGGGCGTCTGTGCT
AATG-3") (underlined is the added T7 promoter sequence)
from the pGEX-4T-Non3 plasmid. The purified PCR product
was used as a template to synthesize dsSRNA as described ear-
lier (Somma et al., 2002), with the minor modifications: the
phenol/chloroform extraction step was omitted and DNasel
treatment was performed at the end of the procedure.

S2 cell culture and RNA interference (RNAi). S2 cells
(for details, see Strunov et al., 2016) were cultured at 25 °C in
39.4 g/L Shields and Sang M3 Insect medium (Sigma, S8398)
supplemented with 0.5 g/L KHCO, and 20 % heat-inactivated
fetal bovine serum (FBS) (Thermo Scientific, 10270106).
RNAI treatments were carried out as described previously
(Somma et al., 2008), with the following modifications: 25 pg
of dsRNA was added to the cells three times (on the first, the
third and the fifth day of incubation), and cells were harvested
for analyses after 7 days of RNAI.

Reverse transcription followed by quantitative PCR
(RT-qPCR). RNAI efficiency in S2 cells was assessed by
RT-qPCR. Total RNA was isolated from control and dsRNA-
treated cells using RNAzol® RT reagent (Molecular Research
Center, RN 190); genomic DNA was eliminated using the Rapid-
Out DNA Removal Kit (Thermo Fisher Scientific, K2981) ac-
cording to the manufacturer’s instructions. Synthesis of cDNA
and qPCR were performed as described previously (Ogienko
et al., 2018), using the following gene-specific primers: RT-
Non3-Fw2 (5'-CGCTTTTACGCATCAGGAAACC-3") and
RT-Non3-Rev2 (5-CTTCCTTCCGTCCAAAAACAGC-3')
for Non3 (this study), and RPL32-realtime-F (5'-CTAAG
CTGTCGCACAAATGG-3') and RPL32-realtime-R (5'-AG
GAACTTCTTGAATCCGGTG-3') for RpL32 (Yang et al.,
2013), which was used as a reference gene.

Western blotting. S2 cells were harvested by centrifuga-
tion at 200 g for 5 min at room temperature, washed with
phosphate-buffered saline (PBS) and centrifuged again. Pel-
lets were lysed in RIPA buffer (Sigma, R0278) containing
1x Halt™ Protease and Phosphatase Inhibitor Cocktail (Ther-
mo Fisher Scientific, 1861282), and the lysates were clarified
by centrifugation at 15.000 g for 15 min at 4 °C. The samples
were normalized to the total amount of protein using DC
Protein Assay (Bio-Rad, 5000116). Each normalized sample
was mixed with an equal volume of 2x Laemmli buffer and
incubated at 95 °C for 5 min prior to loading on a SDS-PAGE
gel. Larval tissues were dissected, homogenized in 1x Laem-
mli buffer with a pestle and incubated at 95 °C for 5 min
prior to loading on a SDS-PAGE gel. The following primary
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Fig. 1. Schematic representation of the genomic locus containing Non3 and its flanking genes.

The Non3 gene, which is on the forward strand, is shown in red. The mTerf5 and CG7168 genes, which are on the reverse strand, are shown
in light blue. Coding sequences, UTRs and introns are represented by wide bars, narrow bars and lines, respectively. The Non364796 muta-
tion is caused by an insertion of the P{EP} transposon (which is not shown to scale) 48 bp downstream of the predicted transcription start
of the gene. Non346% js a 617-bp deletion removing the region (indicated by a dotted line) downstream from the P{EP} insertion site.
Non397, Non33'0 and Non32%? are hypomorphic mutations carrying remnants of P-element ends, which were generated by imprecise
excision of the P{EP} transposon. Non3¢*has been generated by a precise excision of the P{EP} transposon without any disruption of the
gene. The arrows indicate the position of primer pairs used for identification and characterization of the mutations. The alternative coding
sequence in the Non364706, Non3797, Non3319 and Non3259 alleles, which is likely to start from an ATG codon located within the 5’ P-element
remnants, is delimited by dotted rectangles and marked with asterisks (for additional details see Suppl. Fig.1). The DNA segments used for
the rescue construct and for the dsRNA synthesis are shown above the Non3 gene.

antibodies were used: mouse anti-Lamin Dm0 (1:300; DSHB,
ADL67.10), mouse anti-a-Tubulin (1:5000; Sigma, T6199),
mouse anti-B-Tubulin [1:800; BX69 (Tavares et al., 1996),
kindly provided by Harald Saumweber (Humboldt University
Berlin, Institute of Biology, Berlin, Germany)] and mouse
anti-Non3 (1:5000; this study). The primary antibodies were
detected with HRP-conjugated goat a-mouse IgG (1:3.500;
Life Technology, G-21040) and images were captured using
an Amersham Imager 600 System (GE Healthcare).

Immunofluorescence (IF) staining. Brains from late
third instar larvae were dissected and immunostained as
described earlier (Bonaccorsi et al., 2000). The following
primary antibodies were used: mouse anti-Non3 (1:250; this
study) and rabbit anti-Fibrillarin (1:300; Abcam, ab5821).
They were detected with goat anti-mouse IgG conjugated to
Alexa Fluor 488 (1:500; Invitrogen, A-11001) and goat anti-
rabbit IgG conjugated to Alexa Fluor 568 (1:350; Invitrogen,
A-11036), respectively. DAPI was used to stain DNA. IF ima-
ges were acquired with a Zeiss Axio Imager M2 fluorescence
microscope equipped with an Axiocam 506 mono (D) camera
and a NeoFluar 100% /1.3 Oil objective using the ZEN 2012
software.

Results and discussion

Generation and characterization

of the novel Non3 mutations

D. melanogaster Non3 gene (CG7993) maps to the 90FS re-
gion of polytene chromosomes, includes two small introns, and
has a total size of 1221 bp. It is ubiquitously expressed, with
the highest expression levels in embryos (0—12 h), nervous
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ganglia, ovaries and testes (Gramates et al., 2017). When we
began this work, only a P-element-induced mutation in the
Non3 gene (Non394796) was available. Animals homozygous
for this mutation are lethal and die at the late pupal stages. We
sequenced Non3970% and confirmed that this mutation carries
a P{EP} transposon inserted 48 bp downstream of the pre-
dicted transcription start of the gene (see Fig. 1, Suppl. Fig. 1).
We then used imprecise P-element excision to generate a set of
additional mutations in Non3. We isolated three hypomorphic
alleles (Non3'%7, Non33!0 and Non3%3?) and one putative null
allele (Non3269%) (see Material and Methods for details). As
a control, we also generated a chromosome bearing a precise
excision of the P{EP} transposon (Non3%).

Flies homozygous for Non3¢* are fully viable and fertile,
excluding a possible influence of background mutations on
the “starting” chromosome (see Fig. 1). All mutations gener-
ated by imprecise excision were sequenced and their precise
locations and molecular structures are shown in Figure 1 and
Suppl. Fig. 1. The Non325%0 allele carries a deletion of 617 bp
of the Non3 coding region and contains 13 residual bp of
3’ end of the P-element. The Non3%7, Non3310 and Non3?9
mutations carry differently sized remnants of the 5 and 3’
P-element ends (373, 367 and 453 bp, respectively) that do
not disrupt the coding region of the gene. Non3¢* did not show
any sequence variation compared to wild type.

Non3 mutants exhibit a Minute-like phenotype

We next performed a phenotypic analysis and a functional
categorization of the new mutations. This investigation was
possible because the “starting” Non3947% chromosome does
not carry background mutations, as shown by the charac-
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Note: V, viable both sexes; F, fertile both sexes; EL, early lethal (L1/L2); PL, pupal lethal; PLE, pupal lethal with escapers; S, sterile in both sexes; ss, semi sterile;

NB, normal bristles; DB, defective bristles; db, slightly defective bristles.

Non3®

Fig. 2. Non3 mutants exhibit a recessive Minute-like bristle phenotype.

Non3269/Non3

Non3%#7%/Non3¢*

Non3G4706/Non3259 flies have shorter and thinner bristles than Non3ex used as control. This is most clearly seen by comparing the notum bristles (red arrows).
Non3A600/Non3ex and Non3%4706/Non3ex flies exhibit a very weak dominant bristle phenotype. Addition of a wild-type copy of Non3 (P[rescue]) to Non3G4706/

Non325%flies leads to a complete rescue of the Minute-like phenotype.

terization of Non3% precise excision line. We performed a
complementation analysis between all extant Non3 alleles,
including Non3947%¢ (see the Table). This analysis showed
that the Non326% allele is a homozygous larval lethal that
dies at the first instar larval (L 1) stage, a finding that suggests
that Non326%0 is a genetically null mutation. The Non394706
homozygotes and the Non32609/Non364796 heterozygotes are
also lethal but die during pupal development. All the remain-
ing Non3 mutations (Non3'%7, Non33/ and Non3%%%) are ho-
mozygous viable. However, Non32600/Non3239 and Non32600/
Non3310 heterozygotes are mostly pupal lethal. Non32600/
Non3'7 also exhibit pupal lethality but produce some escapers
with reduced fertility. In addition, viable mutant combinations

194

bearing the Non?!? allele are more fertile than those carrying
Non3?%°. These results suggest that the Non3 mutations can
be ordered in an allelic series with Non32000 > Non3G4706 >
Non32?39 > Non33!0 > Non317.

In Drosophila, mutations in 75 % of the RP coding genes
dominantly produce a Minute phenotype characterized by
prolonged development, short and thin bristles, and reduced
viability and fertility, often accompanied by additional pat-
terning and growth defects such as roughened eyes, abnormal
wings, defective abdominal segmentation, and small body size
(Marygold et al., 2005). Bristle production and gametogenesis
require maximal protein synthesis and are therefore particu-
larly sensitive to a reduction in the translational capacity of
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Fig. 3. Expression of the Non3 protein in S2 cells and in larval tissues from Non3 mutants.

(a) RT-gPCR showing that in Non3 RNAi S2 cells the target mRNA level is strongly reduced compared to control cells. Each bar represents the average of three
separate biological replicates (RNA isolations); error bar, standard error of the mean (SEM). (b) Western blot of S2 cell extracts showing that the anti-Non3 antibody
specifically recognizes one band of the predicted size (~37 kDa), which is substantially reduced in Non3 RNAi cells. Lamin Dm0 and a-Tubulin are loading controls.
(c) Western blot from larval brain extracts showing a clear Non3 band in all samples expressing a wild-type (Non3¢x) copy of the Non3 gene; this band is strongly
reduced in Non3G4706 homozygous mutants. Lamin Dm0 and B-Tubulin are loading controls.Non32600 homozygotes could not be analyzed because they are early
lethals. (d) Western blot from larval salivary gland extracts showing that in Non3259, Non33'% and Non397 homozygous mutants the level of the wild-type Non3
protein is substantially reduced. In addition, these mutants exhibit aberrant proteins of 39-40 kDa, which are probably transcribed from the ATG codons located
within the remnants of the P{EP} transposon present in these mutants (see text, Fig. 1 and Suppl. Fig. 1 for detailed explanation). 3-Tubulin is a loading control.

the cell (Marygold et al., 2005). It is thus generally accepted
that the Minute syndrome reflects a reduced protein synthesis
resulting from insufficient ribosome function (Morata, Ripoll,
1975; Marygold et al., 2005). Mutations in several Drosophila
genes involved in ribosome biosynthesis do not have dominant
effects but, when homozygous, cause the same defective traits
elicited by the dominant Minute mutations. The phenotype
produced by these mutations is commonly designated as
Minute-like (see for example, Cui, DiMario, 2007).

Non32690/+ and Non39479%/+ heterozygous flies occasion-
ally exhibit a limited reduction in bristle size but develop
normally and are fertile. Thus, Non3 mutations have only a
minimal dominant effect. However, the combination of the
Non394706 gllele with any other weaker allele results in a clear
Minute-like phenotype: prolonged development, poor viability
and fertility, and abnormally short and thin bristles (Table,
Fig. 2) (some flies had crumpled wings). To verify that all
Non3 phenotypes were due to a decrease in the Non3 protein
level, we performed rescue experiments using a transgene that
carries a full genomic copy of Non3 with its adjacent regula-
tory regions (see Fig. 1 and Suppl. Fig. 2). Mutant Non3 flies
carrying one copy of this rescue construct (P[rescue]) showed
normal viability and bristle length, and restored fertility (Fig. 2
and data not shown). Taken together, these findings indicate
that Non3 mutations behave like Minute-like mutations (Culi,
DiMario, 2007). The finding that mutants in Non3 exhibit a
Minute-like phenotype is not surprising. The S. cerevisiae
Rpf2 protein is one of the many factors necessary for the
assembly of the pre-60S subunits (Beidka et al., 2018) and it
is likely that its Drosophila homologue Non3 participates in
the same processes.
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Non3 hypomorphic mutations

reduce the Non3 protein level

To further characterize the Non3 mutant alleles, we raised
a polyclonal anti-Non3 antibody in mice (see Materials and
Methods for details). This antibody recognizes a band of the
expected molecular weight (~37 kDa) in Western blots from
S2 cell protein extracts; this band is substantially reduced in
the extracts from Non3 RNAI cells, confirming the specificity
of the antibody (Fig. 3, a, b). It was suggested earlier that the
short-spindle phenotype observed in Non3 RNAi S2 cells is
caused by limited translation of tubulin and/or other spindle
components (Moutinho-Pereira et al., 2013). Our finding that
Non3 RNAIi-treated cells exhibit a normal tubulin level (see
Fig. 3, b) indicates that this phenotype is not caused by limited
tubulin availability.

We next analyzed the levels of the Non3 protein in larval
brains and salivary glands from the different Non3 mu-
tants (see Fig. 3, ¢, d). In larval brain protein extracts from
Non394706 homozygotes, the Non3 protein is drastically
reduced, supporting the view that Non364706 is the strongest
among the Non3 hypomorphic mutations. Two copies of the
rescue construct (2 x P[rescue]) restored the Non3 protein
level in both Non394796/Non394796 and Non32600/Non 34600
mutants, approximately up to the level of Non3¢ homozygous
brains (see Fig. 3, ¢). We also found that Non3 is substantially
reduced in salivary glands from Non3'%7, Non33!0 and Non3?%°
homozygotes. In addition to a reduction of the wild-type Non3
protein, the salivary glands of these mutants displayed immu-
noreactive proteins of ~39—40 kDa (see Fig. 3, d). Because the
Non3'97 Non3310 and Non3?%Y mutations are carrying remnants
of P-element ends, we believe that the aberrant Non3 proteins
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Fig. 4. Non3 localizes to the nucleoli of larval brain cells.
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In wild-type (Non3e¥) brain cells, Non3 largely co-localizes with the nucleolus marker Fibrillarin. Notably, brain cells from Non3G4706 and Non33'9 homozygous
larvae not only show a strong decrease of Non3 signals but also of Fibrillarin signals. Scale bar is 10 um.

are transcribed starting from ATG codons located within these
P-element fragments (see Fig. 3, d; Suppl. Fig. 1).

Nucleolar Non3 protein is required

for proper Fibrillarin localization

It has been previously shown that S2 cells transiently trans-
fected with a plasmid encoding a GFP-Non3 fusion protein
show a specific localization of the protein in the nucleolus
(Moutinho-Pereira et al., 2013). We tried to confirm this Non3
localization by immunostaining S2 cells with our antibody, but
were unable to see a clear signal. However, we successfully
immunostained the nucleoli of larval brain cells (Fig. 4), pos-
sibly because nervous ganglia are one of the tissues with the
highest level of Non3 expression (Gramates et al., 2017). In
wild-type brain cells, Fibrillarin, the main component of the
active nucleolus (Neumiiller et al., 2013), co-localizes with
Non3 in the nucleolus. In brain cells of homozygous Non364706
and Non3319 mutants, we observed a drastic reduction of both
Non3 and Fibrillarin in the nucleolus, suggesting that Non3 is
required for Fibrillarin localization in nucleoli. The presence of
the Non3 rescue transgenes (2 x P[rescue]) restored the normal
nucleolar signals of both proteins (see Fig. 4).

These results indicate that Non3 is a nucleolar protein that
is required for proper Fibrillarin localization in the nucleolus.
Fibrillarin is a major nucleolar protein with methyltransfer-
ase activity, playing roles in rRNA biogenesis and function
(Rodriguez-Corona et al., 2015). Loss of nucleolar proteins
such as Nopp140, Nop56, and Nop5 leads to mislocaliza-
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tion of Fibrillarin, compromises several nucleolar functions
(Pederson, 1998; Olson, 2004), and causes developmental
abnormalities (Cui, DiMario, 2007). The role of Non3 in
Fibrillarin recruitment to the nucleolus is currently unknown
and will be addressed in future studies.

Conclusions

We have generated several mutant alleles of the Non3 gene
and shown that viable combinations of these alleles exhibit
a Minute-like phenotype, suggesting a role of Non3 in ribo-
some biogenesis. We have also shown that the Non3 protein
localizes to the nucleolus and, most importantly, it is required
for Fibrillarin recruitment to this organelle. Fibrillarin is a
multifunctional protein that mediates methylation of several
RNA species and plays roles in tumorigenesis and stem cell
differentiation (Rodriguez-Corona et al., 2015; van Nues, Wat-
kins, 2017). We believe that the Non3-related tools generated
in our study will be instrumental to define the role of Non3
in RNA metabolism and to elucidate how it affects mitotic
spindle formation. These tools will also help to investigate
the mechanisms and biological significance of the interaction
between Non3 and Fibrillarin.
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The Notch gene plays a key role in the development of organs and tissues of neuroectodermic origin, including the
nervous system. In eukaryotic organisms, the Notch pathway is involved in cell fate determination. The Notch gene was
first discovered in Drosophila melanogaster. In mammals, the family of Notch receptors includes four homologues. In
humans, mutations in the Notch gene cause several hereditary diseases and carcinogenesis. Studies of the regulatory
zone of the Notch gene in D. melanogaster have been conducted for several decades. We review their results and me-
thods. The regulatory zone of the Notch gene is in the region of open chromatin state that corresponds to the 3C6/3C7
interband on the cytological map of polytene chromosomes of D. melanogaster salivary glands. The development of
new methods for directed genome editing made it possible to create a system for introducing directed changes into
the regulatory zone of the gene. Using the CRISPR/Cas9 system, we obtained a directed 4-kilobase deletion including
the 5’-regulatory zone, promoter, and the first exon of the Notch gene and introduced the attP site into the first intron
of the Notch gene. This approach enabled targeted changes of the sequence of the regulatory and promoter regions of
the gene. Thus, it provided a new powerful tool for studies of Notch gene regulation and the organization of the open
chromatin state.
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leH Notch nrpaeT KnouyeBylo posb B PasBUTVM OPraHOB U TKaHElN HePO3KTOAEPManbHOrO NPOVCXOXKAEHNSA, B TOM
yncne HepBHOW CUCTEMBI. Y 3YKapUOTUYECKMX OPraHM3MOB CUrHanbHbIN Kackap Notch BoBneueH B mpouecchl Kie-
TOYHOW AeTepMuHauun. Bnepsble reH Notch 6bin oTKpbIT y Drosophila melanogaster. Y mnekonutatowmx cemencTso
Notch peuentopos BKtOUaeT yeTbipe romosnora. Y yenoseka Mytauuu B reHe Notch npyBOAAT K Pa3BUTUIO pAja Ha-
CnefiCTBEHHbIX 3aboneBaHNii, a Takxe CBA3aHbl C KaHUeporeHe3oM. ViccnenoBaHua perynatopHon 3oHbl reHa Notch
Ha D. melanogaster HaCUNTBIBAIOT yXKe HECKONbKO AeCATUNETUI. B cTaTbe cienaH 0630p pe3ynbTaToB U METOLOB 3TUX
nccnefoBaHuii. PerynatopHasa 30Ha reHa HaxoAMTCA B PaliloHe OTKPbLITOrO COCTOAHMA XPOMaTVHA, COOTBETCTBYIOLLEM
mMexancky 3C6/3C7 Ha LMTONOrMYECKOWN KapTe MOSIMTEHHbIX XPOMOCOM CJIIOHHBIX »ene3 D. melanogaster. Passutue
HOBbIX METOAOB HanpaBieHHOro reHOMHOIO PeAaKTUPOBaHWA MO3BOJIMIO CO3A4aTb CUCTEMY ANA BBeAEHWA Hanpas-
NEHHbIX N3MEHEHWIN B PErynaTOpHYIo 30HY reHa. Micnonb3ya cuctemy CRISPR/Cas9, mbl nonyunnu geneumto B peryns-
TOPHOW 1 NPOMOTOPHOW 30He reHa Notch, BKntoYas ero nepBbli SK30H, 1 BBENW CaT attP B nepBblit UHTPOH reHa Notch.
370 cienano BO3MOXXHbIM HarnpaBieHHOe U3MeHeHe NOoCefoBaTeNIbHOCTEN PEryNATOPHON 1 MPOMOTOPHOW 30H reHa.
KnioueBble cnoBa: Drosophila melanogaster; ren Notch; cuctema CRISPR/Cas9; perynauma akTMBHOCTU FeHOB; MHCYNA-
TOpPHble GesiKM; OTKPLITOE COCTOAHME XPOMATUNHA; MEXAUCKM.

Introduction

The Notch gene is the central element of the evolutionarily
conservative gene network that controls embryonic develop-
ment. It is involved in determining neuroectodermal cell fates
through the mechanism of lateral inhibition. This mechanism
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is based on the ligand-receptor interaction between neighbor-
ing cells. Accordingly, the Notch gene product is a transmem-
brane receptor protein. Its ligands are Delta and Serrate. The
extracellular domain of the protein, which includes 36 EGF
repeats and 3 lin12/Notch repeats, is responsible for binding
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to the ligand (Wharton et al., 1985). The protein also includes
transmembrane and intracellular domains. Processing of
this receptor protein involves several stages of cleavage by
specific proteases. Interaction with the ligand also triggers
the irreversible separation of the intracellular domain. The
latter is transmitted to the nucleus, where it forms a part of a
complex that activates the transcription of target genes. Thus,
each stage of the signal transmission involves several proteins.
One of the key features of the signal transduction system is that
the Notch receptor is irreversibly split in the course of signal
transduction. The signal transmission, therefore, is conducted
without amplification at this stage.

The Notch signaling cascade plays a key role in lateral
inhibition. This term refers to intercellular interactions in the
differentiation of peripheral nervous system cells, leading to
the separation of proneuronal cluster cells through the neuronal
development pathway and to the suppression of proneuronal
gene expression in neighboring cells. This process suppresses
the neuronal differentiation potential of neighboring cells
and switches them to the epidermal pathway of development
(Artavanis-Tsakonas et al., 1999). However, there is evidence
that the gene functions are not limited to the processes of
lateral inhibition; in particular, the gene also takes part in
the formation of organs of neuronal origin (Brennan et al.,
1997).

The molecular approaches to study

of the Notch regulatory region

A very large number of works have been devoted to the func-
tioning of the gene network as a whole and various stages of
signal transmission (Greenwald, 2012). However, it is obvious
that the regulation of expression of the gene itself can also
influence the functioning of the Notch gene network pro-
foundly.

This statement is supported by the existence of numerous
mutations caused by various disorders in the Notch locus. In
Drosophila melanogaster, the Notch gene occupies a locus
of more than 37 kb in size located on the X chromosome. Its
position on the cytological map of salivary gland polytene
chromosomes corresponds to the 3C6/3C7 region. The entire
structural region of the gene, including exons and introns, is in
the 3C7 band, and the 5’ regulatory region of the gene upstream
of the transcription initiation sites is in the open chromatin
of the 3C6/3C7 interband (Rykowski et al., 1988). The long
length of the locus is due to several large introns in the gene
structure. In general, the Notch locus is one of the most fully
characterized D. melanogaster genes. It has long been the
subject of molecular and cytogenetic studies.

In accordance with the function of the gene, the muta-
tions associated with this locus are manifested in disorders
emerging during neuroectoderm differentiation in organs of
neuroectodermal origin. Phenotypically, they include the eye,
wing, gonad, and bristle aberrations. However, the presence
of several independent functions of a gene at different deve-
lopmental stages makes it difficult to analyze its mutations
by studying their phenotypic consequences (Brennan et al.,
1997).

Along with mutations affecting the structural part of the
Notch gene, a lot of them being associated with EGF repeats,
there are mutations in introns and the regulatory region of the
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gene that affect the fly development. The described mutations
in the gene introns are associated with mobile element inser-
tions. They include, for example, mutations of the facet group
(fa, fa’, fas, fas2, fa’* and fa*") (Markopoulou, 1989), which
are associated with insertions of copia-like mobile elements
clustered on a 4-kb segment in the second intron of the gene.
All mutations in this group hinder the correct formation of
the facet eye. In the severest cases, the correct hexagonal
pattern of facets is lost, the order and number of bristles are
disturbed, and additional interstitial tissue separating the
facets appears. Some mutations of the facet group also cause
notches on the wing.

Along with insertions into the introns of the gene, a dele-
tion in the regulatory region of the Notch gene is well known.
The strawberry (fa***) phenotype of rough eyes in males is
associated with a deletion of 880 bp in the 5’ regulatory region
of the Notch gene in the immediate vicinity of the transcrip-
tion initiation sites. Together with the deletion, the 3C6/3C7
interband disappears from the salivary gland polytene chro-
mosome cytological preparations, and the disappearance is
accompanied by the replacement of the 3C6 band with a
longer band, probably resulting from the fusion of the 3C6 and
3C7 bands.

The authors of works concerning the cytology of this region
interpret the interband disappearance either as a consequence
of deletion of all sequences that normally comprise the inter-
band, or as the result of the disappearance of a cis-activating
sequence inside the deleted sequence. This sequence is meant
to be necessary for the formation of the decondensed chro-
matin state, and its disappearance leads to closure of a large
interband sequence into a more condensed band. “It would
be interesting to know whether a band and an interband ac-
cept their state actively, or one of these states is initial and is
realized in the absence of sequences necessary for the other
state” (Rykowski et al., 1988).

The subdivision into several structurally and functionally
independent units is characteristic of eukaryotic chromosomes.
The 5’ regulatory region of the Notch gene performs barrier
functions. According to the high-resolution Hi-C data, the
boundary of topological domains is mapped to this locus
(Stadler et al., 2017). It also comprises the binding peaks
of insulator proteins CTCF, CP190, and GAF (the 7/ gene
product), which may be responsible for the insulator activity
of promoters (Ohtsuki, Levine, 1998).

The most detailed work on the insulator function of the
sequence directly adjacent to the promoter region of the Notch
gene was carried out by J. Vazquez and P. Schedl (Vazquez,
Schedl, 2000). The authors focused on the study of the fa*""
deletion effects. The conclusion that the sequence deleted by
fa** normally protects the promoter of the Notch gene from
the position effect is based on the observation of the impact of
chromosome rearrangements that save the mutant phenotype.
In this work, the insulator activity of the sequence deleted by
Jfa"? was checked in transgenic constructs.

First, the distribution of DNase-I hypersensitive sites (DHSs)
in the promoter region of the Notch gene was investigated. In
the regulatory region of the gene outside the promoter region,
three hypersensitive sites were found. They occupied a total
of about 200 nucleotide pairs. One of the sites overlapped
the proximal break point of the fa*? deletion, and two others
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were mapped to the region removed by this deletion. It is
known that the positions of DHSs correlate with the locations
of regulatory DNA sequences in eukaryotes, and this fact was
used for their mapping (Thomas et al., 2011).

The insulator activity of the sequence removed by the
Jfas deletion was tested in two regards: the ability to block
enhancer-promoter interactions and the ability to protect
reporter genes from the position effect (Vazquez, Schedl,
2000). The cloned sequence of 2.3 kb in length included all the
transcription initiation sites of the gene, its promoter region,
the sequence removed by the fa**? deletion, and about 1 kb
of more distal DNA sequence. As part of the P-transposon,
it disturbed the reporter gene expression when the cloned
sequence was placed between the enhancer and promoter, and
it did not affect the expression when the cloned sequence was
situated upstream of the enhancer. With the second approach
applied in the work, the same sequence as part of a transgenic
construct protected the reporter gene from the position ef-
fect. Expression of the reporter gene with the presence of the
sequence from the 5’ region of the Notch gene was constant
regardless of the genetic environment at the site of the trans-
genic construct insertion in the genome. With the absence
of the sequence in question, the rate of the expression of the
reporter gene depended on the position effect.

In all the tests described above, the removal of the region
corresponding to the fa**> deletion from the transgenic se-
quences resulted in disappearance or substantial weakening
of the insulator properties of the sequence studied. Further
analysis of the insulator activity of some restriction fragments
of the sequence under study within transposons brought the
authors to the conclusion that the insulator activity was associ-
ated with the sequence removed by the fa*** deletion; specifi-
cally, a sequence including about 60 bp localized proximal to
the gene might also be responsible for this activity.

Thus, in the work by J. Vazquez and P. Schedl (2000), the
approach proposed thirty years ago was practically used for
the first time: “Sequencing the material deleted by fa*"? have
revealed a 47 bp repeat that has no supposed regulatory motifs.
Experiments on transformation with the removal of short se-
quences could help determine whether a 47 bp repeat or some
other part of the 880 bp sequence is necessary to determine the
interband state” (Ramos et al., 1989). Here it is necessary to
clarify that the tandem repeat having a complex organization
of two sections, 47-bp long each, occupying a total of 97 bp
is one of the characteristic features of the sequence deleted by
fas". The authors of early works devoted to the Notch gene
regulatory region had certain expectations of it.

The obvious continuation of using this approach was the
search of the Notch gene regulatory region for the shortest
nucleotide sequence that would be necessary and sufficient
for the formation of the interband chromatin state. The work
began with the design of the pICon genetic construct, which
allowed the studied sequences of the Notch gene regula-
tory region to be embedded into the same given position
in the genome (Zimin et al., 2004). To do this, an FRT site
was introduced into the construct. With the presence of FLP
recombinase, every sequence studied could be integrated as
part of a special donor construct into the FRT site introduced
into the genome within pICon. The sequences studied in
the donor construct were flanked by FRT sites and, as a re-
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sult of an FRT/FLP recombination event, integrated into the
genome.

However, at the second stage of the work, a 1504-bp long
sequence including the region removed by the fa**? deletion
and more distal regions was integrated into the genome as
part of the pICon construct by means of P-element-mediated
transformation (Semeshin et al., 2008). The transforming
construct was called p3C-Icon after the cytological region of
the origin of the sequence under study. Thus, the potential of
the site-specific transformation system was not used at this
stage. Seven fly stocks were obtained, and four of them, car-
rying the insertion of the sequence from the regulatory region
of the Notch gene, were examined. In all cases, the insertions
of p3C-Icon were characterized by emergence of a new inter-
band. The FRT/FLP system was then used to cut the material
of the sequence under study, and in all cases the interband
disappeared from the sites of p3C-Icon insertion. It was also
shown that when transferred to a new genetic environment as
part of the construct, the DHSs from the Notch 5' regulatory
region retained their properties.

At the third stage of the work, we used the FRT site in-
tegrated in the pICon(dv) genetic construct situated in the
84F region of chromosome 3 to insert the sequences from
the Notch regulatory region. This time, an integrated FRT
site provided an opportunity to test different sequences in the
same genetic environment and then to cut out the integrated
sequences. For this purpose, the tested sequences as part of
the pFRTV vector were introduced into various sites in the
Drosophila genome and then transferred site-specifically to
the 84F region. The previously tested 1504-bp sequence was
used as a basic one to design a shorter sequence of 914 bp
including the whole fragment deleted by the fa*" deletion.
Also, a second test sequence of 1258 bp in length was ob-
tained by removing a part of the 1504 bp sequence proximal
to the Notch promoter. It was assumed that the DHSs found
in (Vazquez, Schedl, 2000) were located in the removed part.
We showed that the deletion of 246 bp led to the complete
disappearance of the interband from the 84F region, whereas
the presence of the 914-bp sequence completely including the
fragment deleted by the fa*"? deletion caused the formation
of an interband (Andreenkov et al., 2010). Thus, the shortest
sequence required for the formation of decondensed chromatin
state of the 3C6/3C7 interband was identified.

After obtaining these data, we cloned this minimal sequence
into pFRTYV, inserted it into the genome, and transferred to
the acceptor construct pICon(dv) in the 84F region of chro-
mosome 3 (a slightly larger 276-bp fragment was used). The
presence of this fragment in the 84F region led to the appear-
ance of an interband. It also turned out that the appearance of
the interband was accompanied by the emergence of a DHS
in the insertion region. Specifically, the insertion of sequences
0f 914 bp and 276 bp in size caused the formation of a DHS
and an interband and the insertion of the 1258-bp sequence
did not lead to the formation of these elements. Similarly, we
cloned three tandem repeated sequences of 914 bp in length
(fragment deleted by fa**?) into the 84F region. As a result,
an interband and three DHSs formed.

To summarize, studies of the Notch gene regulatory region
were carried out using different approaches united by the
idea of transferring individual sequences from the regula-

201



O.V. Andreyenkov, E.I. Volkova
N.G. Andreyenkova, S.A. Demakov

tory region to ectopic genetic environment. The autonomous
ability of individual short fragments to cause the formation
of decondensed chromatin state was shown.

However, the possibility of introducing changes directly to
the sequence of the Notch gene regulatory region offers much
greater opportunities. One of them arises with the develop-
ment of directed genome editing methods. Previously, we used
homologous recombination for the directional deletion of the
Drosophila RNaseZ gene. The gene sequence was replaced
by the attP site (Andreenkov et al., 2016). Such sites are used
to integrate sequences into the genome by using the pC31-
mediated recombination method. The attP/attB method of
directed recombination permits one to embed then a sequence
that will completely rescue the deletion, as well as any other
artificially constructed sequence, at the attP site introduced
at the deletion site.

Recently, this method has been modified. Now the approach
employs the CRISPR/Cas9 system to obtain a directed dele-
tion and insertion of the attP site, which allows more efficient
construction of systems for making directed changes in a
genome (Gratz et al., 2014).

We used this approach to obtain a directed 4-kilobase dele-
tion in the Notch gene. With the CRISPR/Cas9 system, the
regulatory and promoter zones, the first exon, and a part of the
first intron of the Notch gene were removed and replaced by
the attP site. For this purpose, we created a genetic construct
that contained sequences homologous to the 3’ and 5’ sites
flanking the deletion, the attP site, the miniwhite reporter
gene, and the GMR enhancer. The miniwhite reporter gene
of the construction was flanked by lox sites, which allowed
us to remove them after inserting the attP site. In this way, a
fly stock carrying the attP site and a 4-kilobase deletion in the
Notch gene was obtained. To check the functionality of the
created system, we inserted the 4-kb sequence deleted when
creating an attP site into this attP site and thereby restored the
functions of the gene.

Conclusion

Thus, a system that allows introducing any directed changes
into the regulatory region of the Notch gene was first created.
It will be used to obtain directed deletions, to replace function-
ally significant sites, and to introduce single nucleotide substi-
tutions. Now we have an opportunity to accurately reproduce
the natural fa**" deletion and to remove the minimal sequence
found in the regulatory region of the Notch gene, which has
the properties of interband formation when transferred as part
of a transposon to an ectopic environment. The system allows
removing various Notch gene transcription initiation sites and
analyzing their influence on gene activity. It can also be used
to replace the binding site of the CTCF and CP190 insulator
proteins with an alternative BEAF-32 binding site. It will al-
low us to make inferences as to the functionality of various
insulator proteins. We conclude that a fundamentally new
and powerful tool has been developed and it can be applied
to studies of the Notch gene regulation and the organization
of the open chromatin state.

The study of the regulatory region of the D. melanogaster
N gene by directed genome editing methods
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The discovery of the position effect variegation phenomenon and the subsequent comprehensive analysis of
its molecular mechanisms led to understanding that the local chromatin composition has a dramatic effect on
gene activity. To study this effect in a high-throughput mode and at the genome-wide level, the Thousands of
Reporters Integrated in Parallel (TRIP) approach based on the usage of barcoded reporter gene constructs was
recently developed. Here we describe the construction and quality checks of high-diversity barcoded plasmid
libraries supposed to be used for high-throughput analysis of chromatin position effects in Drosophila cells. First,
we highlight the critical parameters that should be considered in the generation of barcoded plasmid libraries and
introduce a simple method to assess the diversity of random sequences (barcodes) of synthetic oligonucleotides
using PCR amplification followed by Sanger sequencing. Second, we compare the conventional restriction-ligation
method with the Gibson assembly approach for cloning barcodes into the same plasmid vector. Third, we provide
optimized parameters for the construction of barcoded plasmid libraries, such as the vector:insert ratio in the
Gibson assembly reaction and the voltage used for electroporation of bacterial cells with ligation products. We
also compare different approaches to check the quality of barcoded plasmid libraries. Finally, we briefly describe
alternative approaches that can be used for the generation of such libraries. Importantly, all improvements and
modifications of the techniques described here can be applied to a wide range of experiments involving barcoded
plasmid libraries.
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Co3pgaHue MTPUXKOAMPOBAHHBIX IJIa3MUIHBIX O11O/IMOTEK
IIJISI MHOXX€CTBEHHOTO OMHOBPEMEHHOIO aHa/In3a
3¢ PeKkTa 1oJI0KeHs reHa
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" MHcTuTyT MoneKkynapHoii 1 KnetouHolt 6ronorin CUBMPCKOro oTaeneHus Poccuiickol akagemuu Hayk, Hosocubupck, Poccis
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OTKpbITUE ABNEHNA MO3anyHOro 3ddeKkTa NONOXKEHNA reHa Y NOCNeayoWNiA TWATENbHbIA aHann3 ero MoJeKy-
NAPHBIX MEXaHW3MOB MPUBENU K MOHVMAHUIO TOFO, YTO JIOKasbHbIN COCTaB XPOMaTVHa OKa3blBaeT CyLLeCTBeHHOe
BAVAHME HA aKTMBHOCTb reHoB. PaszpaboTaHHbIli HefaBHO MeTog Thousands of Reporters Integrated in Parallel
(TRIP) OCHOBaH Ha WCMOMIb30BaHMMN LUTPUXKOAVPOBAHHbIX FEHOB-PEMNOPTEPOB 1 MO3BONAET BbIMONHATL BbICO-
KOMNpou3BOAUTENbHbIM aHann3 3ddeKTa NoNoXKeHna reHa B MmaclwTabe Bcero reHoma. B HacToswlen pabote mbl
OMKMCbIBAEM KOHCTPYMPOBAHME 1 MPOBEPKY KauecTBa WTPUXKOAMPOBAHHbIX MIa3MUAHbIX GUONMOTEK BbICOKOM
CNOXHOCTW, KOTOpble NpeAanonaraeTca UCnosb3oBaTh A1 BbICOKONPOW3BOANTENIbHOTO aHanm3a 3¢pdeKkra noso-
KEHUA reHa B KneTkax Apo3oduibl. Bo-nepBbix, paccMoTpeHbl Hanbonee BaXHble NapaMeTpbl, KOTopble crieayeT
YUUTBIBATb MPU CO3AAHNM LITPUXKOANPOBAHHBIX MAa3MULHbIX BUONNOTEK, N MPEASIONKEH NMPOCTON METOZ, OLEHKHN
CJIOXHOCTMN BbIPOXIAEHHOTO GparmMeHTa (LITPUXKOAA) B CUHTETUYECKMX OJIMFOHYKIeoTuAaxX C UCMOb30BaHNeEM
MNUP-amnnndukaumm n nocneayroLlero cekBeHMpoBaHus no metogy CaHrepa. [lanee npoBefeHO CpaBHeHME Tpa-
AVNUVOHHOIO MeToAa KIOHUPOBAHMS MOCPEACTBOM PECTPUKLMN-TTMTMPOBAHNA C MOAXOAOM COOPKM MO MeToay
[MbcoHa Ans KNOHMPOBAHMUA LUTPUXKOAOB B OAUH 1 TOT XKe NNa3MuUaHbIi BeKTop. Kpome Toro, onncaHbl onTumn-
3UPOBaHHbIe MapamMeTpbl ANA CO3AaHNA LWTPUXKOAUPOBAHHBIX MNa3MUAHbIX 6UBNMOTEK, Takme Kak COOTHOLLe-
HMe BEKTOp:BCTaBKa B peakuuy c6opky meTogom MMOGCcoHa 1 HanpsKeHre, NCNoNb3yemoe A dneKTponopaunm
6aKTepuranbHbIX KNeTOK NpoayKTamu NnrmpoBaHus. CpaBHMBAKOTCA TakKe pas/ivyHble NMOAXOAbl ANA MPOBEPKM
KayecTBa WTPUXKOANPOBAHHbIX M1a3sMNaHbIX 6I/I6]'IVIOTeK. HaKOHeLl, KpaTKO OnncaHbl anbTepHaTUBHbIE NOAXOAbI,
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Generation of barcoded plasmid libraries for massively
parallel analysis of chromatin position effects

KOTOpble MOXXHO UCMONIb30BaTb AN CO3AAHUA TaKKxX 61MbnnoTek. BaXKHO OTMETUTb, UTO BCe ynyuLleHuUs 1 Moandu-
Kauumy MeToAoB, NpuBefeHHble B JaHHOM paboTe, MOryT 6biTb MPUMEHEHDI K LMPOKOMY KPYry 3KCMepUMEHTOB,
B KOTOPbIX NCMOMb3YIOTCA WTPUXKOANPOBAHHbIE Ma3sMUAHble G1ONNOTEKN.

KnioueBble Cl0Ba: WUTPYXKOL; pernopTepHas KOHCTPYKLWS; NnasMuaHan 6nbnroteka; knoHmposaHue [HK; cbopka
MeToAoM [MO6COHA; MHOXKECTBEHHDbIV OAHOBPEMEHHbIV aHaNn3; PerynaLua SKCNpeccum reHoB; PeryNiaTopHble dre-
MeHTbl AHK; 3¢ deKT nonoxeHus reHa; KynbTrBMpyemble KNeTku 4po3odusbi.

Introduction

In a eukaryotic cell, an enormous number of specialized pro-
teins are responsible for dense packaging of very long genomic
DNA molecules into a nucleus. These proteins also play a
crucial role in the maintenance and replication of the genome
as well as in gene expression. These DNA-protein complexes
are referred to as chromatin, which is classically subdivided
into loosely packed, transcriptionally active euchromatin and
more tightly packed, transcriptionally inactive heterochroma-
tin (Babu, Verma, 1987; Grewal, Moazed, 2003; Huisinga
et al., 2006). Recent genome-wide localization studies of
chromatin components revealed up to 15 principal chromatin
types depending on the nature of cells. These chromatin types
differ in composition and gene activity levels. Furthermore, the
activity of genes greatly varies even within the same chromatin
type (Filion et al., 2010; Ernst et al., 2011; Kharchenko et al.,
2011; Riddle et al., 2011).

To exclude the input of unique DNA regulatory elements
associated with each gene and thus to identify the pure influ-
ence of the local chromatin environment on gene activity,
it was proposed to insert the same reporter construct (as a
sensor) in different genomic loci. The idea of this assay was
based on the position effect variegation (PEV) phenomenon,
originally described in Drosophila (Elgin, Reuter, 2013). Such
analysis performed in cells of different species substantially
contributed to our understanding of the mechanisms control-
ling gene activity throughout the genome, although only up to
a few hundred/thousand of unique genomic sites were tested
in each study due to the laborious and time-consuming na-
ture of the assay (Gierman et al., 2007; Babenko et al., 2010;
Ruf et al., 2011; Chen et al., 2013). Subsequently, usage of
unique identifiers (barcodes, or tags, or indexes, or unique
identification DNA sequences) (Kinde et al., 2011; Blundell,
Levy, 2014; Quail et al., 2014; Vvedenskaya et al., 2015;
Kebschull, Zador, 2018) for labeling the reporters enabled the
development of a high-throughput mode of the analysis. The
modified method provided a possibility of studying thousands
integrated into the genome reporters in one relatively simple
and short experiment and eliminated the bias towards selec-
tion of reporter insertions in active chromatin regions. The
approach was named Thousands of Reporters Integrated in
Parallel (TRIP), and its pilot application to mouse embryonic
stem cells (mESCs) allowed characterization of chromatin
position effects at more than 27,000 distinct genomic loci
(Akhtar et al., 2013, 2014).

From a technical point of view, TRIP is a specialized va-
riant of massively parallel reporter assays (Patwardhan et
al., 2009, 2012; Melnikov et al., 2012), so its performance
relies on barcoded plasmid libraries. Such libraries consist
of reporter plasmid constructs, which are identical except
random and a priori unknown barcode sequences. Within a
library, all barcodes are typically of the same length, which
can vary from few bp up to several dozen bp depending on
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the experimental setup. Thus, as soon as the plasmid vector
carrying all necessary components except the barcode (e. g.,
functional transposon terminal repeats, a promoter, a coding
DNA sequence, a transcriptional terminator, etc.) is avail-
able, the next technical task is to add the barcodes into such
plasmid. Several different cloning strategies can be used for
this purpose, but the easiest way to get a DNA fragment car-
rying barcodes (hereafter barcoded fragment or insert) is to
PCR-amplify it using synthetic oligonucleotides containing
a fragment of random sequence (the barcode).
Theoretically, the maximum complexity of a barcoded
plasmid library or, in other words, the total number of unique
molecules or clones in the library is determined by the barcode
length and its nucleotide composition. More specifically, this
parameter depends on whether all four nucleotides or just a
subset of them are used at each position within the barcode.
For example, a random 4-nucleotide 18-bp sequence can
generate over ~6.8 x 1010 (413) different barcodes, while a
random 3-nucleotide 20-bp sequence can give rise to only
~3.5x10° (3?9 unique sequences. Although such high
numbers are never achieved in practice due to the necessity
to propagate plasmids in bacterial cells that typically limits
the complexity to 10°~107 clones, the diversity of synthetic
barcoded oligonucleotides is nevertheless crucial for the
construction of high-quality barcoded plasmid libraries.
Indeed, a strong overrepresentation of one or two particular
nucleotides within the barcode in synthetic oligonucleotides
extremely reduces the complexity of the final plasmid library.
In addition, it leads to the appearance of very similar barcode
sequences, which can substantially complicate unambiguous
identification of barcodes during the processing and analysis
of raw TRIP datasets generated by high-throughput DNA
sequencing (HTS). Furthermore, note that barcoded plasmid
libraries frequently contain some amounts of the original
plasmid vectors due to limitations of cloning techniques. Such
contamination should be kept at the lowest possible level or,
ideally, completely eliminated to increase the proportion of
useful reads in raw TRIP datasets. All these parameters, the
total number of unique barcodes, the randomness and diversity
of'their sequences, and the level of the original vector contami-
nation, determine the quality of barcoded plasmid libraries.
We aimed to find out the simplest and most efficient way
to construct high-quality barcoded plasmid libraries for sub-
sequent TRIP experiments. In doing this, we first developed a
fast and simple test to check whether the quality of synthetic
oligonucleotides containing a barcode meets the expectations
before the generation of plasmid libraries. Next, we found
that the Gibson assembly approach was superior over the
conventional restriction-ligation cloning for the construc-
tion of barcoded plasmid libraries in terms of both the total
number of unique clones obtained per the same amount of
the vector used and the level of original vector contamina-
tion. Finally, we provide a set of quality checks of barcoded
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plasmid libraries to verify that they are suitable for subsequent
TRIP experiments.

Materials and methods
Barcoded oligonucleotide primers and quality check of
the randomness of their barcode sequence. Synthetic oli-
gonucleotides containing 18-nt barcodes, within which all
four nucleotides (A, C, G, and T) were supposed to be equally
represented at each position, were ordered either from IDT
(USA) with standard desalting purification (the PB-Barcodel-
Sall-F primer) or from DNK-Sintez (Moscow, Russia) with
PAGE purification (the PB-Barcodel-Sall-F primer) or from
Biosynthesis (Novosibirsk region, Russia) with PAGE puri-
fication (the PB-Barcode-PI-X-Gibson-F primers). Barcoded
PCR products were amplified with the following combinations
of the forward barcoded/reverse primers — PB-Barcode1-Sall-
F/3'-TR-Eagl-R or PB-Barcode-PI-X-Gibson-F/3'-TR-Eagl-R
(sequences of all primers used in the study are listed in the
Suppl. Table S1)! —using plasmids with the appropriate library
indexes (Suppl. Fig. S1) as templates. Five microliters of the
PCR products were incubated with Exonuclease I (NEB, Cat.
No. M0293S) and Shrimp Alkaline Phosphatase (NEB, Cat.
No. M0371S) at 37 °C for 30 min to remove primers and
nucleotides. The treated products were subjected to direct
Sanger sequencing with the 3'-TR-Eagl-R primer.

Preparation of PCR products for construction of bar-
coded plasmid libraries. All DNA fragments used in the
ligation or Gibson assembly reactions were amplified using
Phusion High-Fidelity DNA Polymerase (Thermo Fisher Sci-
entific, Cat. No. F530L) according to manufacturer’s recom-
mendations at the following cycling conditions: 98 °C for
60 sec followed by 35 cycles with 98 °C for 30 sec, 58 °C for
30 sec, 72 °C for 1 min and a final extension step of 72 °C for
5 min. Amplified fragments were then column-purified with
GeneJET PCR Purification Kit (Thermo Fisher Scientific, Cat.
No. K0702) before use in subsequent reactions.

Construction of barcoded plasmid libraries by restric-
tion enzyme cloning. To generate the barcoded plasmid
libraries, the 3'-terminal repeat (TR) of the piggyBac trans-
poson was amplified with primers PB-Barcodel-Sall-F and
3'-TR-Eagl-R using the pPB-Promoter1-eGFP-LI plasmid as a
template. The PCR product was digested with Sall-HF (NEB,
Cat. No. R3138L) and Eagl-HF (NEB, Cat. No. R3505L).
Then 0.9 pmol (240 ng) of PCR product were ligated with
0.3 pmol (1000 ng) of pPB-Promoterl-eGFP-LI vector
digested with Sall-HF and Notl (Thermo Fisher Scientific,
Cat. No. FD0593) restriction enzymes, using T4 DNA ligase
(Roche, Cat. No. 10799009001). The ligation mixture was
digested with Notl restriction enzyme at 37 °C for 4 h in a
volume of 100 pL to destroy the original pPB-Promoter!-
eGFP-LI vector molecules and then purified with MinElute
PCR Purification Kit (Qiagen, Cat. No. 28004); DNA was
eluted with 10 pL of pre-warmed elution buffer. Five micro-
liters of the purified ligation mixture were used to transform
Escherichia coli TOP10 electrocompetent cells.

Gibson assembly of barcoded plasmid libraries. pPB-
PromoterX-eGFP-LI vectors (where X is 0 through 6) were di-
gested with Sall (Thermo Fisher Scientific, Cat. No. FD0644)

T Supplementary Materials are available in the online version of the paper:
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and Notl (Thermo Fisher Scientific, Cat. No. FD0593) re-
striction enzymes to prepare linearized vector backbones.
The 3'-TR of the piggyBac transposon was amplified with
primers PB-Barcode-PI-X-Gibson-F and PB-Gibson-R1 using
a pPB-Promoter0-eGFP-LI plasmid as a template. The PCR
products were digested with Dpnl restriction enzyme (NEB,
Cat. No. R0176) at 37 °C for 4 h in a total volume of 100 pL.
in order to destroy plasmid template and thus minimize non-
barcoded vector contamination in the libraries. Next, 60 fmol
(200 ng) of the linearized vector and 0.30 pmol (~80 ng) of
each Dpnl-treated and column-purified PCR product were
incubated with Gibson Assembly Master Mix (NEB, Cat.
No. M5510AA) at 50 °C for 1 h. Then, the reaction mixture
was diluted 10-fold with nuclease-free water and purified with
MinElute PCR Purification Kit; DNA was eluted with 10 pL
of pre-warmed elution buffer. Five microliters of the puri-
fied Gibson reaction products were used to transform E. coli
TOP10 electrocompetent cells.

Electrotransformation of bacterial cells. £. coli TOP10
strain (F~ mcrA A(mrr-hsdRMS-mcrBC) ¢80lac ZAM15
AlacX74 recAl araD139 A(ara-leu) 7697 galU galK rpsL
(StrR) endA1 nupG X~) was used as the host to clone plasmid
libraries. Electrocompetent cells with transformation ef-
ficiency of ~1.5x10° colony forming units (CFU) per 1 pg
of supercoiled plasmid DNA were prepared using the previ-
ously reported protocol (Morrison, 2001). For transformation,
50 pL of the electrocompetent cells were mixed with 5 pL
of purified DNA sample, transferred into a 0.1 cm cuvette
(Bio-Rad), and electroporated at the following settings: 1.8 kV,
25 mF, and 200 Q using the Gene Pulser electroporator with
the capacitance extender (Bio-Rad) unless otherwise stated.
Next, cells were grown in | mL of pre-warmed Luria—Bertani
(LB) medium at 37 °C, 220 rpm for 1 h. Then, aliquots of cells
(1/5,000) were spread on LB-ampicillin plates (LB medium
supplemented with 15 g/L bacto agar and 100 pg/mL ampicil-
lin) and allowed to grow overnight at 37 °C before manual
counting of colonies, whereas the rest of cells were transferred
into 500 mL of LB medium supplemented with 100 pg/mL
ampicillin and cultured at 37 °C and 220 rpm overnight be-
fore plasmid isolation with GeneJET Plasmid Maxiprep Kit
(Thermo Fisher Scientific, Cat. No. K0491).

Analysis of the complexity and quality of barcoded plas-
mid libraries. The complexity of each plasmid library was
defined as the average number of colonies on LB-ampicillin
plates (CFU per plate; see above) multiplied by 5,000. To
measure the contamination of each library by the original
plasmid vector, the appropriate control ligation or Gibson
assembly reaction lacking the barcoded insert DNA fragment
was always set up and processed in parallel with the main
samples, except the plasmid isolation step. The contamination
is reported as the proportion (percentage) of the number of
colonies obtained for the control sample with respect to the
number of colonies obtained for the main samples. The DNA
sequences of barcodes in the plasmid libraries and randomly
selected individual clones were analyzed by Sanger sequenc-
ing with the EGFP-int3 primer.

Preparation of barcoded plasmid libraries for Illumina
sequencing. An equimolar mixture of barcoded plasmid li-
braries was used to transform E. coli TOP10 cells in order to
obtain several thousand clones. The isolated mixture of such
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low-complexity plasmid libraries was used as a template
for amplification of barcode sequences for their subsequent
[lumina HTS. The amplification was done in duplicate by two
rounds of PCR with Phusion High-Fidelity DNA Polymerase
and 200 uM of each dNTP in a total volume of 25 pL. In the
first round, 2 ng of the plasmid mixture and primers Libr-
cDNA-for/Libr-cDNA-AN-rev (where N was 18 or 19) were
used at the following cycling conditions: 98 °C for 60 sec
followed by 15 cycles with 98 °C for 30 sec, 70 °C for 30 sec,
72 °C for 30 sec and a final extension step of 72 °C for 5 min.
In this round, each of the duplicates was marked by a unique
HTS index present within the Libr-cDNA-AN-rev primer. In
the second round, 0.5 pL of the unpurified first round PCR
products and primers Libr-P5-for and Libr-P7-rev were used
at the following cycling conditions: 98 °C for 60 sec followed
by 23 cycles with 98 °C for 30 sec, 61 °C for 30 sec, 72 °C
for 30 sec and a final extension step at 72 °C for 5 min. The
samples were purified with Monarch PCR & DNA Cleanup
Kit (NEB, Cat. No. T1030S), quantified using the KAPA Li-
brary Quantification Kit (Roche, Cat. No. 07960255001), and
sequenced on an Illumina MiSeq sequencer using a 150 cycle
MiSeq Reagent Kit v3 (Illumina, Cat. Nos. 15043893 and
15043894). The expected structure of the DNA fragments
subjected to HTS is shown in Suppl. Fig. S2.

HTS data analysis. The FASTQ files were analyzed with
custom Python scripts. First, only reads having the expected
structure (see Suppl. Fig. S2) were filtered for the down-
stream analysis. Briefly, no mismatches were allowed within
sequences of HTS and library indexes, while up to 4 mis-
matches were allowed within the first constant part (CGCC
AGGGTTTTCCCAGTCACAAGGGCCGGCCACAACTC)
and 1 mismatch was allowed within the second constant part
(CTCGATC). The barcodes were defined as sequences of any
length present between (i) the first constant part and (ii) the
sequence consisting of the CCTC motif, the library index,
and the second constant part. Next, the reverse complement
sequences of barcodes present in the filtered reads were di-
vided into individual pools according to the associated HTS
and library indexes. For each pool, unique barcode sequences
were identified and subjected to length distribution analysis.
To analyze the frequency distribution of the four nucleotides
per position within barcodes, only unique 18-nt barcodes
were considered.

Results and discussion

Quality control of barcoded oligonucleotides

The main problems associated with preparations of long
(>30 nt) synthetic barcoded oligonucleotides, which are the
key element in the cloning of barcoded plasmid libraries, are
(i) single-base deletions/insertions arising from incomplete
coupling of nucleotide monomers during oligonucleotide
synthesis and (ii) unequal representation of different nucleo-
tides at each position along the barcode. PAGE purification of
the synthesized oligonucleotides can partially reduce the first
problem, but, to the best of our knowledge, no fast, simple,
and cheap approach to assess the randomness of barcode se-
quences in an oligonucleotide preparation has been described
so far. Instead, Sanger sequencing of plasmids isolated from
dozens of randomly selected bacterial colonies, as well as
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Fig. 1. The fast and simple approach to assess the diversity of barcoded
oligonucleotides.

(a) Scheme of the DNA template and oligonucleotide primers used to prepare
the barcoded PCR product. Note that the forward primer contains a random
sequence of 18-nt long, the barcode. The obtained PCR product is purified
and Sanger sequenced from the reverse primer. (b, ¢) Sanger sequencing
chromatograms of the representative PCR products generated using (b) low-
quality and (c) high-quality barcoded primers.

Sanger or HTS of barcoded plasmid libraries were used in
previous studies (Akhtar et al., 2013; Wong et al., 2016). In
addition to being laborious, these approaches require a ready
barcoded plasmid library.

In this study, we developed a simple and fast protocol to
check the randomness of barcode sequences within synthe-
sized primers by using Sanger sequencing prior to the genera-
tion of plasmid libraries. The procedure includes amplification
of the barcoded PCR product from a non-barcoded plasmid
template followed by enzymatic removal of nucleotides and
primers from the PCR mixture by Exo-SAP (Exonuclease I
with Shrimp Alkaline Phosphatase) treatment, and direct
Sanger sequencing of the purified product (Fig. 1). If the
barcode is designed to consist of the four nucleotides equally
represented at each position, then in the case of ideally syn-
thesized oligonucleotides, the height of Sanger sequencing
chromatogram peaks for each of nucleotides along the barcode
should be equal with only slight variations.

Generation of barcoded plasmid libraries

Many approaches have been developed for cloning or assem-
bly of barcoded plasmid libraries, including traditional cloning
by restriction enzyme digestion, self-ligation of PCR products,
polymerase cycling assembly (PCA), dA/dT ligation, Gibson
assembly and others (see Table 1 and references therein). All
these approaches consist of several steps: (i) preparation of a
plasmid vector and barcoded insert, (ii) ligation of the vector
and insert, (iii) highly efficient transformation of bacterial
cells, (iv) plasmid propagation in bacteria and its subsequent
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Table 1. Common methods to construct barcoded plasmid libraries

Co3zpaHue WTPUXKOAMPOBAHHBIX MIAa3MULHbIX
6nbnunoTek Ans aHanmnsa sdpdeKkTa NoNOKeHNA reHa

2019
23.2

Method Advantages “+"/Disadvantages “-" Requirements Efficiency” References
Cloning “+"(1) Simple primer design; (2) Cost effective Restriction endonucleases, 1.5x10®  Akhtaretal, 2014
by restriction  “="(1) Restriction site-depending; (2) Time-consuming;  High-fidelity DNA polymerase,
enzyme (3) Assembly of multiple fragments is complicated/  Antarctic phosphatase,
digestion inefficient T4 DNA ligase, DNA purifica-
and ligation tion columns
Self-ligation “+"(1) Simple primer design; (2) Cost effective Phosphorylated oligonucle- 5.8x107 Brueckner et al.,
of barcoded “~"(1) PCR-induced mutations in the vector sequence; otide, High-fidelity DNA poly- 2016;
PCR product (2) Not applicable for large DNA molecules (>8 kb); merase, T4 DNA polymerase, Chenetal, 2017
(3) Time-consuming; (4) Formation of concatemers Dpnl restriction enzyme,
T4 DNA ligase, DNA purifica-
tion columns
dA/dT ligation  “+"(1) Simple primer design; (2) Sequence-independent  T-tailed vector, DNA poly- 20 Seguin-Orlando
“~"(1) Nondirectional; (2) Expensive; (3) Time-consuming merase, T4 DNA ligase, etal, 2013;
DNA purification columns Davidsson et al.,
2016
Golden Gate  “+"(1) Multiple fragments assembly; (2) Single step; Nonpalindromic restriction 2.7x10*  Woodruffetal.,
assembly (3) Possible transfer of a DNA fragment library from endonucleases, High-fidelity 2017
one vector to another; (4) Fast; (5) Tolerant to repeti-  DNA polymerase, Special
tive sequences assembly kit, DNA purification
“~"(1) Complicated primer design; (2) Restriction site- columns
depended; (3) Expensive
Gateway “+"(1) Single step; (2) Possible transfer of a DNA frag- Special assembly kit, High- 2.0x10* Dickel et al., 2014;
cloning ment library from one vector to another; (3) Fast fidelity DNA polymerase, Lehtonen etal.,
“~"(1) Complicated primer design; (2) Sequence-depen- DNA purification columns 2015;
dent; (3) Necessity to use specific plasmid back- Davidsson et al.,
bones; (4) Expensive; (5) Scar att regions 2016
Gibson “+"(1) Single step; (2) Multiple fragments assembly; Special assembly kit, 6.9%x 103 Hill et al., 2018
assembly (3) Sequence-independent; (4) Seamless; (5) Fast Restriction endonucleases,

“~"(1) Complicated primer design; (2) Self-ligation of
linearized vector backbone, if only one restriction

site is used for the linearization; (3) Expensive;
(4) Not tolerant to repetitive sequences

DNA purification columns

* Efficiency is defined as the number of unique bacterial clones obtained per 1 ng of vector DNA used in an assembly/ligation reaction.

isolation, and (v) assessment of the plasmid library quality.
Each approach has its own advantages and disadvantages (see
Table 1 and Suppl. Table S2).

For example, cloning by restriction enzyme digestion and
ligation is simple and widely used, but it has the following
limitations. First, since restriction enzyme recognition sites
are short sequences, they are certainly present in a subset of
randomly synthesized barcodes. During the cloning, such
barcodes will be cut into pieces, thus leading to generation of
cloned barcodes of undesired shorter lengths. Accordingly, the
number of plasmid molecules with unique barcode sequences
of the expected length will be reduced. The longer is the
barcode, the higher is the probability of restriction site occur-
rence in its sequence. For example, a random 18-nt barcode is
expected to contain one of two 6-bp restriction sites used for
cloning at a frequency of ~1/160. Second, restriction enzymes
are not hundred-percent effective, and some of them are ex-
tremely ineffective in cutting their recognition sites located
close to the ends of linear DNA fragments (in particular, typi-
cal PCR products). This results in reduced ligation efficiency,
whose compensation requires large amounts of the prepared
vector (~1 pg) and insert (~0.2 ng) at the ligation step.

PErYNAUNA TEHOB U TEHOMOB / GENOME AND GENE REGULATION

The aim of the present study was to make a set of barcoded
plasmid libraries for high-throughput analysis of chromatin
position effects (Elgin, Reuter, 2013; Yankulov, 2013) on dif-
ferent types of promoter sequences in Drosophila cells. Since
our ultimate goal requires integration of barcoded reporter
constructs at randomly chosen genomic loci in the studied
cells, we employed the piggyBac transposon-based gene
delivery system (Handler, Harrell, 1999; Cadinanos, Bradley,
2007), which was successfully used for the same purpose in
cultured mouse embryonic stem cells (mESCs) (Akhtar et
al., 2013). We selected six different Drosophila promoters
(here referred to as Promoter1 through 6; their details will be
described somewhere else), and cloned each of them upstream
of the coding sequence for enhanced green fluorescent pro-
tein (eGFP) placed between the piggyBac TRs. The constructs
also contained polyadenylation signals immediately before
and within the piggyBac 3’-TR. As the control, we used a
similar construct without any promoter element (hereafter
Promoter0; see Suppl. Fig. S1). Next, two unique 5-bp long
library indexes were separately cloned downstream of the
eGFP coding sequence into each of the aforementioned con-
struct to generate 14 different indexed plasmids, which were
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Table 2. Barcoded plasmid libraries constructed
by Gibson assembly

#  Barcoded plasmid library Library index Efficiency®

w

N

* Efficiency is defined as the number of unique bacterial clones obtained per
1 ng of vector DNA used in the assembly/ligation reaction.

named pPB-PromoterX-eGFP-LI vectors (for exact sequences
of library indexes, see Table 2). Such indexing of plasmids
allows combinations of (even all) barcoded constructs to be
studied simultaneously in a single TRIP experiment.

At the final step, it was necessary to clone random barcode
sequences immediately downstream of library indexes to ge-
nerate barcoded plasmid libraries. We chose the length of the
barcodes to be 18 bp, which meant that, theoretically, there
might be up to 4!3=68 billion unique barcode sequences. First,
we tried to construct a set of barcoded plasmid libraries using
traditional cloning by restriction enzyme digestion and sub-
sequent ligation following the previously described protocol
(Akhtar et al., 2014) with minor modifications. Specifically,
we designed the barcoded oligonucleotide PB-Barcodel-
Sall-F, which contains the Sall restriction site at its 5" end and
is suitable to construct all 14 barcoded plasmid libraries due
to the presence of a unique Sall restriction site immediately
downstream of library indexes in pPB-PromoterX-eGFP-LI
vectors. Next, we amplified the DNA fragment containing
piggyBac 3'-TR using this barcoded primer and the reverse
primer 3'-TR-Eagl-R containing the Eagl restriction site.
We digested barcoded PCR products with Sall and Eagl and
cloned them into the pPB-Promoter1-eGFP-LI vector cut with
Sall and Notl. We used the property of the Eagl and Notl re-
striction sites, which produce compatible cohesive ends restor-
ing only the Eagl site, to remove the original (non-barcoded)
plasmid molecules from the barcoded plasmid library by Notl
digestion. Overall, we found this way of barcode cloning
simple, cheap, and convenient. However, we could not pro-
duce plasmid libraries with complexity of more than 30 clones
per 1 ng of the digested vector due to incomplete digestion of
the barcoded PCR product presumably by the Sall restriction
enzyme. The protocol consisted of six steps (PCR, restriction
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digestion, dephosphorylation of 5’-ends, DNA ligation, treat-
ment of the ligation mixture by restriction endonuclease, and
electrotransformation of bacteria) with DNA purification after
each step. As a result, using about 1000 ng of the digested
vector and 10 individual electrotransformations, we obtained
a plasmid library consisting of ~300,000 clones. Thus, the
conventional restriction-ligation method appeared to be too
laborious especially for the generation of large numbers of
different barcoded plasmid libraries, while its cloning accu-
racy, calculated as the percentage of the number of colonies
obtained for the “vector with barcoded insert” ligation with
respect to the number of colonies obtained by the control
“vector only” ligation, was satisfactory (about 0.6 %).

To optimize the construction of barcoded plasmid librar-
ies, we decided to use the Gibson assembly approach, which
employs three commonly used enzymes: (i) 5’ exonuclease
that digests the ends of dSDNA, exposing the ssDNA, (ii) high-
fidelity DNA polymerase, and (iii) T4 DNA ligase (Gibson
et al., 2009). The assembly fragments were designed so that
they contained at their ends overlapping sequences of 23 bp
in length, which were expected to anneal at the temperature
60—65 °C (Fig. 2, a). We amplified the barcoded DNA frag-
ments containing piggyBac 3'-TR using PB-Barcode-PI-X-
Gibson-F/PB-Gibson-R1 primers. The primer PB-Barcode-PI-
X-Gibson-F contains a random 18-bp barcode but lacks the
Sall restriction site in order to allow elimination of the original
plasmid molecules from the barcoded plasmid library by Sall
digestion. As vector fragments, we used Notl/Sall-linearized
pPB-PromoterX-eGFP-LI plasmids. Next, to enhance the ef-
ficiency of the Gibson assembly reaction, we tested a vector to
insert ratios of 1:3, 1:5, and 1:10 and found that the maximum
number of individual bacterial colonies was obtained with the
1:3 ratio (570,000 clones versus 470,000 and 380,000 clones
for the 1:5 and 1:10 ratios, respectively). Thus, an excess of
the insert reduced the Gibson assembly efficiency and conse-
quently yielded fewer clones possibly due to competition of
DNA molecules for enzymes. Furthermore, we revealed that
electroporation of E. coli cells at 1.6 kV increased the number
of bacterial colonies more than fourfold and greatly reduced
arcing compared to the predefined 1.8 kV in the Gene Pulser
electroporator (Bio-Rad) (see Fig. 2, b).

A total of 14 barcoded plasmid libraries were generated by
the Gibson assembly approach (see Table 2), which consists of
four steps (PCR, vector linearization, 1-h assembly reaction,
and electrotransformation of bacteria) with DNA purification
after each step. As a result, using about 200 ng of the linearized
vector and 2 individual electrotransformations, we obtained
plasmid libraries consisting of ~300,000-2,000,000 clones.

The complexity and quality of barcoded plasmid libraries

To generate populations of cells carrying thousands of uni-
quely barcoded reporter constructs integrated at different ge-
nomic loci, it is desirable to obtain appropriate plasmid lib-
raries with the highest possible complexity. This would mi-
nimize the chances of integration of the identically barcoded
reporter constructs in different genomic locations. Note that
the presence of the same barcode at different unique genomic
sites (we do not consider here integration of a reporter within
repetitive elements) makes this barcode useless for the down-
stream analysis, since its characteristics (e. g., the expression
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Fig. 2. Generation and quality control of barcoded plasmid libraries.
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(a) Schematic presentation of the Gibson assembly of barcoded plasmid libraries. (b) Dependence of the number of bacterial colonies obtained on the electric
field strength used in the electrotransformation. (c-g) Characterization of barcode diversity: (c) Agarose gel electrophoresis showing a negligible amount, if any,
of the original vector contamination in the barcoded plasmid library. The original plasmid vector and correct barcoded clone serve as positive and negative con-
trols of the presence of the original vector, respectively. (d) Representative Sanger sequencing chromatogram of a barcoded plasmid library generated by Gibson
assembly approach. Note the presence of only guanine (orange line), but not thymine (red line) expected in the case of extensive original vector contamination
at the position indicated by the red arrow. (e) Distribution of the barcode length revealed by HTS; n, number of reads analyzed. (f, g) Frequency distributions of
the four nucleotides per position within the barcode revealed by (f) Sanger sequencing of individual plasmids and (g) by HTS. Weblogo 3, a web based applica-
tion (http://weblogo.threeplusone.com/create.cgi), was used for visualization of the frequencies. In panel (f), n is the number of clones, and in panel (g), unique
barcodes analyzed.

level) cannot be unambiguously associated with a genomic
locus. Also, such ambiguous barcodes reduce the number of
informative HT'S reads used to identify the genomic locations
of reporter constructs and their expression levels. In addition,
barcode sequences should be easily distinguishable from each
other to avoid mistakes in the interpretation of the results.
Such diversity among barcode sequences can be achieved by
equal representation of each nucleotide at each position along

PErYNAUNA TEHOB U TEHOMOB / GENOME AND GENE REGULATION

a barcode in the plasmid library (not to mention the effects of
barcode length and the number of different nucleotides consti-
tuting the barcode). Moreover, it is crucial to avoid substantial
levels of contamination of barcoded plasmid libraries with the
original (non-barcoded) vector molecules, as the latter would
also reduce the number of informative HTS reads.

To assess the quality of the barcoded plasmid libraries ob-
tained in the present study, we performed a set of experiments.
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First, to evaluate the level of contamination by the original vec-
tor, we digested one of the barcoded plasmid libraries with the
Notl and Sall restriction enzymes. Recognition sites for both
these enzymes were present in the original vectors but not in
plasmids with properly cloned barcodes. The analysis did not
reveal any substantial amount of the original vector molecules
within the library (see Fig. 2, ¢). Consistently, the transforma-
tion of bacterial cells with the control “vector only” samples
also showed that the level of the original vector contamination
in the libraries was no higher than 0.5 %. Second, we analyzed
plasmids isolated from 20 randomly selected bacterial colo-
nies of one barcoded plasmid library by Sanger sequencing.
It showed that all the 20 plasmids had the expected structure,
although one plasmid carried a 17 bp long barcode and ano-
ther colony appeared to contain two plasmids with different
barcodes. The barcodes of the remaining 18 plasmids were
of the expected length (18 bp) and demonstrated satisfactory
representation of different nucleotides at each position (see
Fig. 2, /). Third, we subjected all barcoded plasmid libraries
to Sanger sequencing to assess the diversity of the barcode
sequences and possible non-barcoded plasmid contamination.
This analysis demonstrated almost equal representation of all
four nucleotides at the most positions within the barcode and
confirmed the absence of contamination by the original vector
(see Fig. 2, d). Fourth, we performed Illumina HTS for more
precise characterization of barcoded plasmid libraries. For this
purpose, we mixed all prepared barcoded plasmid libraries
and reduced the total number of clones by restrictive trans-
formation of E. coli cells. Analysis of the HTS reads showed
that (i) the length of vast majority of barcodes was 18 bp (see
Fig. 2, e), (ii) the representation of different nucleotides along
the barcodes was almost perfect (see Fig. 2, g), and (iii) the
contamination of the barcoded plasmid libraries by the original
vectors was about 0.4 % on the average.

Finally, as described above, we quantified the complexity of
each barcoded plasmid library by plating a small aliquot of the
transformation mixture in duplicate on LB-ampicillin plates
and counting the resulting number of bacterial colonies that
supposedly corresponded to the number of individual plasmid
molecules. Unfortunately, we noticed that this method was not
always accurate due to its dependence on bacterial concentra-
tion in liquid culture, the quality of LB-ampicillin plates, and
plating techniques. Thus, alternative simple methods for the
estimation of the complexity of barcoded plasmids libraries
need to be developed.

Conclusions

Generation of barcoded plasmid libraries is challenging. The
main difficulties are associated with the diversity of barcode
sequences and their efficient cloning in a plasmid vector, in-
cluding obtaining a sufficient number of individual bacterial
colonies. We describe a low-cost, fast, and simple technique
to check the quality of barcoded oligonucleotides by broadly
used Sanger sequencing. We also present an improved method
to create barcoded plasmid libraries in a single step with the
commercially available Gibson assembly mixture. It is worth
mentioning that the protocols developed in this study are suit-
able for generation of barcoded plasmid libraries for a wide
range of applications, including but not limited to functional
analysis of DNA regulatory elements in different species.
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The mechanisms of ecdysone-dependent expression have been studied for many decades. Initially, the activation
of individual genes under the influence of ecdysone was studied on the model of polythene chromosomes from
salivary glands of Drosophila melanogaster. These works helped to investigate the many aspects of the Drosophila
development. They also revealed plenty of valuable information regarding the fundamental mechanisms control-
ling the genes’ work. Many years ago, a model describing the process of gene activation by ecdysone, named after
the author — Ashburner model — was proposed. This model is still considered an excellent description of the ecdy-
sone cascade, which is implemented in the salivary glands during the formation of the Drosophila pupa. However,
these days there is an opinion that the response of cells to the hormone ecdysone can develop with significant
differences, depending on the type of cells. The same genes can be activated or repressed under the influence of
ecdysone in different tissues. Likely, certain DNA-binding transcription factors that are involved in the ecdysone-
dependent response together with the EcR/Usp heterodimer are responsible for cell-type specificity. A number
of transcriptional regulators involved in the ecdysone response have been described. Among them are several
complexes responsible for chromatin remodeling and modification. It has been shown by various methods that
ecdysone-dependent activation/repression of gene transcription develops with significant structural changes of
chromatin on regulatory elements. The description of the molecular mechanism of this process, in particular, the
role of individual proteins in it, as well as structural interactions between various regulatory elements is a matter
of the future. This review is aimed to discuss the available information regarding the main regulators that interact
with the ecdysone receptor. We provide a brief description of the regulator’s participation in the ecdysone response
and links to the corresponding study. We also discuss general aspects of the mechanism of ecdysone-dependent
regulation and highlight the most promising points for further research.
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MexaH13Mbl SKCMPEeCcrmM SKAN30H-3aBUCMbIX FTEHOB UCCERYIOTCA Ha MPOTAXKEHUM HECKONbKUX AecATuneTuin. Uc-
XOLHO aKTMBaLMs TPAHCKPUMLMKN OTAENbHbIX FeHOB NMoj, BO3AENCTBEM SKAM30Ha Obina UccnefoBaHa Ha MOAeNM
NONNTEHHbIX XpoMocoM Drosophila melanogaster. 311 paboTbl TOMOTIN U3YUYUTb MHOTOUMCIIEHHbIE aCNeKTbl Pa3Bu-
VA BP030dUNbI 1 BbIABUIN LLEEHHYO MHOOPMALIIO OTHOCUTENBHO GyHAAMEHTANbHBIX MEXaHWU3MOB, YNPaBAAOLLMX
paboToi reHoB. Mogenb, onucbiBaloLlas MNPoLecc akTUBaLUN reHOB SKAN30HOM, Oblfla NpeanoXeHa elle MHOro
neT Ha3aj 1 Ha3BaHa No numeHu ee aBtopa — Ashburner model. [laHHaa mopenb [o cuMx Nop cunTaeTcA npekpac-
HbIM OMMCaHNEM 3KAM30HOBOIO KacKaza, KOTOPbIV peanusyeTca B CIIOHHBIX Kene3ax Bo Bpemsa GopmrpoBaHua
KyKonku apo3odunbl. OfHAKO K HacTosALeMy BpeMeHU chopMMpPOBanocb NOHUMaHKE TOro, YTO OTBET KNEeTOK Ha
3KAM30H MOXET Pa3BrBaTbCA Pa3HbIM 06Pa3oM B 3aBUCUMOCTY OT TuMa KNeTok. o Bo3aencTBMeM 3KAN30Ha O4HM
1 Te Xe reHbl MOryT aKTMBMPOBATLCA WU PENPeccMpoBaTbCcA B KNeTKax pasfMyHoro npoucxoxaenus. Cyga no
BCEMY, 3a TaKyto TKaHecneundnyHoCTb oTBeYatoT onpegeneHHble JHK-cBA3bIBaloWMe TPAHCKPUNLMOHHbIE GpaKTo-
Pbl, KOTOPble BOBJIeUEHbl B 9KAN30H-3aBMCMMbIV OTBET BMecTe ¢ EcR/Usp retepogmmepom. Ha cerogHAWHNN fieHb
OMNMCaHO MHOXECTBO TPAHCKPUMLMOHHbIX PeryisTopoB, BOBEUEHHbIX B NMPOLECC 3KAN30HOBOro oteeta. Cpeau
HUX HECKONbKO KOMMEKCOB, OTBETCTBEHHbIX 3@ peMofennpoBaHue n MogndukaLmno xpomatHa. PasnnyHbimm me-
TofAamMm GblfIo MOKa3aHo, YTO SKAM30H-3aBUCMMas aKTBaUMA/penpeccms TPaHCKPUNLMM FeHOB NPOTEKAEeT CO 3Ha-
YNTENBbHBIMY CTPYKTYPHBIMY N3MEHEHUAMY XPOMATUHA HA PEryNATOPHbIX d1eMeHTax. OnvcaHne MONeKynspHOro
MeXaHV3Ma 3TOro NpPoLecca, B YaCTHOCTM POJIM B HEM OTAESbHbIX 6EJIKOB, a Tak»Ke CTPYKTYPHbIX B3aUMOLENCTBIN
MeXAy PasnUYHbIMU PETYNATOPHBIMY 3fIeMeHTamMK, — Aesnio byayulero. Llenblo Hawero o63opa ABnsieTcs obcyxae-
Hue nmetoLenca nHGopPMaLMy OTHOCUTENTIBHO PEryNATOPOB TPAHCKPUNLMY, B3aUMOLENCTBYIOLLMX C SKAN3OHOBLIM
peuenTopom. MprBeaeHO KpaTkoe onmcaHne MexaHv3ma yyacTus perynsatopa B dKAM30HOBOM OTBETE, a TakXke
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CCBINIKN Ha COOTBETCTBYIOLee nccnefoBaHue. ObcyxpaloTca obLye acnekTbl MexaHV3Ma 3KAW3OH-3aBUCUMON
perynaumm TpaHCKpUNummu B cBeTe NOCeAHUX UCCNIEA0BaHNI 1 BbiaeNeHbl Hanbonee NepcrnekTMBHbIE MOMEHTbI,
KOTOPbIE KaXXyTCA HAM UHTEPECHBIMU NA faNibHelLIero nyyeHus.

KnioueBble cnoBa: TPaHCKPUMLUA; XPOMATWUH; perynatop; agepHbln peuentop; EcR; akau3oH; 20H-3kau3oH;

nposoduna.

Introduction
For the first time, a pure hormone that controls the metamor-
phosis of insects, was isolated in 1954 (Butenandt, Karlson,
2014). Some time later its biological activity and role in the
formation of the Drosophila pupa was confirmed (Chihara et
al., 1972). Further, on the experimental model of the polytene
chromosomes of Drosophila melanogaster, the role of the ec-
dysone in the transcriptional activation of developmental genes
was discovered (Ashburner, 1971; Ashburner et al., 1974).
The studies of drosophila polytene chromosomes had led to
the description of ecdysone cascade (Zhimulev et al., 2004).
The concept of the cascade is that ecdysone action on the
cells results in the activation of a number of “early” genes
important for the process of metamorphosis. Products of
these genes in turn are transcriptional regulators that activate
subsequent target genes. Many years have been required for
researchers to uncover the genes participating in the ecdysone
cascade (Thummel, 2002). These studies have led to the fact
that currently the main transcription activators of the ecdysone
cascade genes (which are mainly nuclear receptors) have been
studied quite well. Moreover, the functions of the products of
the target genes that they induce have also been investigated.
The rather poorly studied part of ecdysone-dependent tran-
scription regulation is the molecular mechanism controlling
the activation and repression of target genes, which would
include a description of the transcriptional complexes involved
in it, as well as the specifics of RNA polymerase II functioning
during this process.

Ecdysone-binding complex

More than two decades ago, the molecular sensor of Dro-
sophila cells — EcR ecdysone receptor — was isolated and
cloned (Koelle et al., 1991). It was found that this protein is
able to bind to DNA regulatory elements that determine ec-
dysone sensitivity (EcRE, ecdysone-response elements) and
stimulate ecdysone-dependent activation of gene transcription
in reporter systems (Antoniewski et al., 1993). The expression
profile of the gene encoding ecdysone receptor during the de-
velopment of Drosophila coincides in time with the expression
ofthe ecdysone cascade genes. The ecdysone receptor belongs
to the nuclear receptors, transcription regulator proteins that
directly bind to the DNA regulatory elements of their target
genes (King-Jones, Thummel, 2005). Quickly enough after
the isolation of the gene, encoding EcR in Drosophila, it was
found that the expression of this receptor in mammalian cells
may result in the ability of these cells to support the expression
of ecdysone-dependent reporter systems (Christopherson et
al., 1992). The applying of an ecdysone receptor to control
the inducible transcription of transgenes in mammalian cells
has become quite widespread due to the high specificity of
transcription activation mechanisms. The ligand-binding part
of the ecdysone receptor served as the basis for the creation
of numerous chimeric transcription activators, whose activity
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depends on the presence of ecdysone and is insensitive to other
types of steroid hormones (No et al., 1996).

In Drosophila cells, the functional ecdysone response sen-
sor is a heterodimer formed by an ecdysone receptor with the
nuclear receptor Ultraspiracle (Usp). It has been shown that
this heterodimer, but not the ecdysone receptor itself, is able
to bind ecdysone hormone effectively (Yao et al., 1993). The
interaction of the ecdysone receptor with DNA in vivo also
occurs better if it is a part of the heterodimer. Mutations in
the gene encoding the Usp receptor lead to disruptions in the
development of Drosophila, namely the process of formation
of the pupa controlled by the ecdysone cascade (Hall, Thum-
mel, 1998). The usp gene mutants demonstrate a damage of the
larval cuticle (the formation of a bilayer cuticle due to molting
problems), as well as the problems with differentiation of the
imaginal discs and with the launch of a cell death program
for the salivary glands and the larval intestin.

Using X-ray analysis, the three-dimensional structure of
the ligand-binding domains of EcR and Usp receptors was
first established in complex with an ecdysone analogue —
ponasterone A (ponA), and then with a 20-hydroxyecdysone
(Billas et al., 2003; Browning et al., 2007). The ligand-binding
pocket for ecdysone hormone is formed entirely by the amino
acids of the EcR receptor. Probably, the stimulating role of
Usp during the interaction of the heterodimer with ecdysone
is to create the necessary stable conformation of the ligand-
binding domain of EcR.

EcR and Usp heterodimer is a highly specific sensor of
ecdysone and its active metabolite 20-hydroxyecdysone. It is
unable to bind other ecdysteroids found in insect hemolymph
(Baker et al., 2000). The ability to non-selectively bind ecdy-
steroids has been found for another nuclear receptor DHR38
(Baker et al., 2003). Interestingly, to form an active complex
with various ecdysteroids, the DHR38 receptor interacts with
Usp, a partner of the EcR receptor. The discovery of the abil-
ity of the DHR38 receptor to bind ecdysteroids explained the
presence of morphological differences between mutations of
the ecr and usp genes. Mutations of the dhr38 gene, as well
as of the usp gene, show disruption of the cuticle formation,
which is not observed in mutations of the ecr gene.

Ecdysone-dependent genes are activated repeatedly dur-
ing the development of Drosophila. Interestingly, the set of
ecdysone-induced genes at different stages of development
has some differences. Thus, the €93 gene directly induced
by ecdysone is activated in the process of metamorphosis
only at the secondary ecdysone peak several hours after the
formation of the pupa. It was shown that the activation of the
transcription of the €93 gene requires a special “competence”
of the cells — the expression of betafiz-fI early-late gene of
the ecdysone cascade. The lack of this transcription factor
in the third larval stage explains the insensitivity of the €93
gene to ecdysone in the late third larval stage (Broadus et al.,
1999). The exogenous expression of the fiz-f1 in the larvae
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restores the ability of the 93 gene to be induced by ecdysone
(Woodard et al., 1994).

Reiterative expression of ecdysone-dependent genes in
development suggests the existence of effective mechanisms
for suppressing the transcription of previously activated genes.
It is believed that the main role in this process is played by
the products of the genes of early ecdysone response. Their
activity as transcriptional repressors for EcR receptor gene and
for some other early response genes forms negative feedback
loops in the ecdysone cascade. One of these genes products,
the E75A protein, is a transcriptional repressor of the ecr and
br-c genes (Johnston et al., 2011). Interestingly, its activity
as a repressor depends on the intracellular concentration of
NO. Only heme of the E75A protein, not bound with NO, is
able to interact with SMRTER and repress the transcription
of target genes. The EcR receptor itself is also able to interact
with the SMRTER protein, which is a repressor of ecdysone
genes (ecdysone effects the ECR-SMRTER complex in the way
that leads to the removal of the repressor from the complex)
(Tsai et al., 1999). The smrter gene mutations, as well as
the ecr gene mutation, disrupting the interaction of EcR and
SMRTER, demonstrate the important role of this repressor in
regulating the ecdysone and Notch signaling pathways that
control the development of Drosophila (Heck et al., 2012).

Recently, an alternative mechanism for repression of ecdy-
sone-dependent genes transcription has been proposed. It was
shown that the dMi-2 factor can replace the Usp in the EcR-
Usp heterodimer to perform repression of the genes of ecdy-
sone response (Kreher et al., 2017). Moreover, overexpression
of dMi-2 is even able to displace Usp from its complex with
EcR. Interestingly, during activation of ecdysone-induced
genes transcription, an increase in the level of dMi-2 binding
to regions of inducible genes is observed (Kreher et al., 2017).
Perhaps repressor recruitment protects ecdysone genes from
transcription activation being too high and is needed to pre-
pare the gene for ongoing transcriptional repression. Similar
properties were found by us earlier for another protein of the
CHD group — CHD1. We showed that CHD1 is a transcrip-
tional repressor for dhr3 and hr4 ecdysone genes of early
response, but it is recruited to the promoter of these genes
in the first minutes after activation of their transcription by
ecdysone, together with transcription coactivator complexes
(Mazina et al., 2018).

General aspects of ecdysone-dependent
transcription regulation
The molecular mechanisms of ecdysone-dependent activa-
tion of transcription are still badly understood because of
the complexity of performing the experiments on individual
Drosophila tissues at different stages of development. Mecha-
nisms of gene activation are understood as the description of
regulators recruitment to the promoters and activation-induced
modifications of regulatory proteins and the main enzyme,
RNA polymerase II. The presence of a model system of poly-
tene chromosomes in Drosophila allowed researchers to study
the transcription mechanisms for individual genes long before
the appearance of whole-genome research tools ( Belyaeva et
al., 1981; Ashburner, 1990; Gonzy et al., 2002).

It was found that the puffs of ecdysone genes (in particu-
lar, br, e74, ¢75) in the active state are filled exclusively with
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phosphorylated form of RNA polymerase I and practically
do not contain the enzyme in the non-phosphorylated state
(Weeks et al., 1993). This may indicate, firstly, that the elon-
gation of transcription at the active ecdysone genes is carried
out by the fully phosphorylated form of RNA polymerase II,
and, secondly, that during the active phase of the transcrip-
tion, the non-phosphorylated enzyme is not recruited, but the
phosphorylated form is being re-utilized. The well-known
transcription timing of the ecdysone cascade genes in the
salivary glands allows it to be used as a model system for
studying the participation of proteins in various stages of
the transcription process (preparation for it or during active
transcription) (Brandt, Corces, 2008).

Unfortunately, it is difficult to investigate the detailed
mechanisms of developmental genes transcription activation
in tissues. Therefore, much of the research on the mechanisms
of ecdysone response was carried out in the experimental
system of cultured cells. An important aspect of such studies
is the fact that the response of cells to treatment with ecdy-
sone can vary significantly (depending on the presence of
additional transcriptional regulators in a particular cell type)
(Stoiber et al., 2016). These differences can be so significant
that the same gene (for example, CG9932 in the last study)
can be activated under the influence of ecdysone in some cells
and be repressed in others. This result is quite expected. The
fact is that the ecdysone cascade controls the development of
Drosophila, namely the transition between different stages.
At the same time, the ecdysone cascade can be activated
simultaneously in various tissues of the body. Obviously, the
development of different organs requires specific patterns of
gene activation, that is, the presence of different targets for the
ecdysone receptor, depending on the type of tissue.

Several years ago, information began to appear about the
possibility of ecdysone-dependent genes regulation by the
RNA polymerase II pausing mechanism. It was found that the
known factors of RNA polymerase Il pausing, NELF and GAF,
are associated with ecdysone-dependent promoters of the ecr
gene (Lee etal., 2008; Fay et al., 2011). Later our group found
that the activation of transcription of ecdysone-dependent dhr3
and /r4 genes in S2 Drosophila cells occurs by stimulating
the phosphorylation of RNA polymerase II, associated with
the promoters in their inactive state (Mazina et al., 2015).
Later, in genome-wide experiments, we showed that such an
activation mechanism is inherent to many ecdysone-dependent
genes (Mazina et al., 2018).

Of course, whole-genome research methods have brought
a lot of valuable information concerning the mechanisms of
transcription regulation of ecdysone-dependent genes. Thus,
relatively recently, the distinctive features of ecdysone-
dependent enhancers were characterized by the STARR-Seq
whole-genome method in S2 cells (Shlyueva et al., 2014). It
turned out that the functioning of these enhancers depends not
only on the binding of the heterodimer EcR-Usp, but also on
the binding of other transcription factors. It was shown that
the mutation of the Serpent binding site leads to a violation
of the ecdysone-dependent activity of a number of regulatory
elements in S2 cells, and a defect in the binding of traffic jam
interferes with the activity of enhancers in the ovarian cells.
Shlyueva and colleagues also showed that the vast majority of
ecdysone-dependent enhancers are areas of closed chromatin
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Coregulators of ecdysone-dependent transcriptional response

Mechanism

Interacts with EcR, responsible for the incorporation
of H3K4me3 modification onto ecdysone-dependent
promoters

Interacts with EcR and Usp, links EcR signaling to Hippo
pathway

Cdk8 is important for the recruitment of the EcR-Usp
complex

Interacts with EcR, mediates activation and repression
of ecdysone-dependent genes

Binds to B2 isoform of EcR specifically, activates
transcription of ecdysone-dependent eth gene

Interacts with TRR, stabilizes it and facilitates H3K4me3
incorporation at promoters

Interacts with EcR, works as histone chaperone, stimulates
incorporation of H3.3 at ecdysone dependent genes

Contributes to transcriptional memory and enhancer
looping of ecdysone-dependent genes

Contributes to transcriptional memory of ecdysone-
dependent genes

Repression of ecdysone-dependent genes, involved in Pol |l
elongation and splicing processes

Interacts with EcR in ecdysone-dependent way, promotes
Histone H3 K27 acetylation at ecdysone-dependent
genes, is important for ecdysone-dependent transcription
activation

Involved in ecdysone-dependent transcription activation
(may be not connected to its H3R2 methylation activity)

Important for ecdysone dependent transcription activation
(stimulates Pol Il CTD Ser2 phosphorylation)

Interacts with EcR (complex devoid of Usp), constrains
transcription of ecdysone-dependent genes

Name FlyBase ID References Protein
of Protein complex
TRR FBgn0023518 Sedkov et al., 2003; TRR complex
Carbonell et al.,, 2013;
Pascual-Garcia et al., 2017
Tai FBgn0041092 Bai et al,, 2000; Xie et al., 2015;
Zhang etal,, 2015
ISWI FBgn0011604 Badenhorst et al., 2005; Ables, NURF
Drummond-Barbosa, 2010
Cdk8 FBgn0015618 Xie etal., 2015; Mediator
Mazina et al., 2018 (cdk8 module)
Core Homem et al., 2014; Mediator
mediator Xie et al., 2015; complex
subunits Mazina et al.,, 2018
Crc (ATF4)  FBgn0000370 Gauthier etal., 2012
lawc FBgn262976  Brandt, Corces, 2008
Ash2 FBgn0000139 Carbonell et al., 2013 TRR complex
dDEK FBgn 0026533 Sawatsubashi et al., 2010 dDEK-dCK2
complex
Nup98 FBgn0039120 Pascual-Garcia et al., 2017 Nuclear pore
Mtor FBgn0013756 Pascual-Garcia et al., 2017 Nuclear pore
basket
Putzig FBgn0259785 Kugler et al.,, 2011 Associated
with NURF
SAYP FBgn0087008 Vorobyeva etal.,, 2011,2012  SWI/SNF
Snril FBgn0011715  Zraly et al., 2006; SWI/SNF
Zraly, Dingwall, 2012
Brm FBgn0000212 Zraly et al., 2006; SWI/SNF
Mazina et al., 2018
Neiire FBgn0261617 Kirilly et al., 2011;
(CBP/p300) Bodai et al., 2012;
Mazina et al., 2018
DART1 FBgn0037834 Mazinaetal, 2018
Antimeros  FBgn0010750 Mazina et al., 2018 PAF complex
(Paf1)
Mi2 FBgn0262519 Kreher et al., 2017 NURD
SMRTER FBgn0265523 Tsai et al., 1999; Johnston
etal., 2011; Heck et al., 2012
DOR FBgn0035542 Francis et al., 2010

in an inactive state. Thus, the process of ecdysone-dependent
activation of transcription probably involves the remodeling
of chromatin on regulatory elements. This observation was
confirmed recently by other researchers. It turned out that the
remodeling and opening of chromatin on enhancer regulatory
elements are the most important steps in controlling the start
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of transcription of at least for some ecdysone-dependent genes
(Uyehara et al., 2017). Disruption of chromatin remodeling on
enhancers can interfere with the process of gene activation, or
lead to their untimely transcription. Interestingly, many genes
involved in the ecdysone cascade are the very proteins that
control chromatin density on enhancers at different stages of
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development. It was shown that the €93 gene, a well-known
participant of the ecdysone cascade, can take part in both
the opening and closing of chromatin on enhancers of genes
expressed in wing tissue. Unfortunately, at the moment it is
not clear at what stage e93 interferes with the remodeling
process: is it the initiator of the process, or does it play a role
in its progression.

Various groups of researchers have demonstrated that the
efficiency of ecdysone activation depends on the number
of ecdysone response regulatory elements in the activated
gene (Bernardo et al., 2014; Shlyueva et al., 2014). The
3C (chromatin conformation capture) analysis reveals the
presence of interactions between ecdysone-dependent regu-
latory elements and inducible gene promoters. Probably, the
ecdysone-dependent activation of transcription proceeds as
a complex multi-component process involving transcription
proteins associated with various regulatory elements. Experi-
ments on individual genes demonstrate the involvement of the
EcR receptor in the process of remote interactions between
DNA elements (Bernardo et al., 2014). However, additional
investigations are required to establish whether this statement
extends to other ecdysone-dependent genes and what are the
additional participants of this particular process.

Coregulators of ecdysone-dependent
transcriptional response

At present, quite a lot of transcription regulator proteins
participating in ecdysone-dependent transcription has been
shown. Thorough screenings were even performed to find
the complete set of such regulators (Davis et al., 2011).
Unfortunately, there is relatively little information about the
mechanisms of participation of these regulators in the ecdy-
sone response. In a table, we collected information on the
most studied ecdysone response regulators.

Perspectives

Despite the fact that the process of ecdysone-dependent tran-
scriptional regulation has been under thorough examination
for many decades, many aspects of it still remain unclear. One
of them is the type of transcriptional regulation of ecdysone-
dependent genes. Currently, it is known that transcription
activation can be carried out by stimulating many stages of
this process: recruitment of RNA polymerase 11, initiating the
synthesis of mRNA and stimulating polymerase withdrawal
from the promoter, the phase of Pol II transition into the stage
of productive elongation. It would be extremely interesting
to establish which stages of regulation and in what propor-
tion are utilized by ecdysone-dependent genes. An equally
interesting question is whether the way of regulating the
same genes changes at different stages of development or in
different tissues.

Currently, quite a few ecdysone-dependent transcription
regulators are described. Unfortunately, for the most of them
the molecular mechanism describing their involvement in the
process is either not investigated at all or not studied in suf-
ficient detail. The most important aspect of the study of these
regulators will be a comparison of their functions on different
ecdysone-dependent genes. Already available information
demonstrates that the molecular mechanism of activation
may be different even for genes that are activated at the same
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stages of the ecdysone cascade. Probably, it is this plasticity of
the ecdysone response regulation that allows it to become the
leading element controlling the development of Drosophila.
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Despite the rapid development of approaches aimed to precisely control transcription of exogenous genes in
time and space, design of systems providing similar tight regulation of endogenous gene expression is much
more challenging. However, finding ways to control the activity of endogenous genes is absolutely necessary for
further progress in safe and effective gene therapies and regenerative medicine. In addition, such systems are of
particular interest for genetics, molecular and cell biology. An ideal system should ensure tunable and reversible
spatio-temporal control over transcriptional activity of a gene of interest. Although there are drug-inducible sys-
tems for transcriptional regulation of endogenous genes, optogenetic approaches seem to be the most promis-
ing for the gene therapy applications, as they are noninvasive and do not exhibit toxicity in comparison with drug-
inducible systems. Moreover, they are not dependent on chemical inducer diffusion rate or pharmacokinetics
and exhibit fast activation-deactivation switching. Among optogenetic tools, long-wavelength light-controlled
systems are more preferable for use in mammalian tissues in comparison with tools utilizing shorter wavelengths,
since far-red/near-infrared light has the maximum penetration depth due to lower light scattering caused by
lipids and reduced tissue autofluorescence at wavelengths above 700 nm. Here, we review such light-inducible
systems, which are based on synthetic factors that can be targeted to any desired DNA sequence and provide
activation or repression of a gene of interest. The factors include zinc finger proteins, transcription activator-like
effectors (TALEs), and the CRISPR/Cas9 technology. We also discuss the advantages and disadvantages of these
DNA targeting tools in the context of the light-inducible gene regulation systems.

Key words: zinc finger; TALE; CRISPR/Cas9; optogenetics; transcription regulation.
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HecmoTps Ha 6bIcTpoe pa3BUTHE NOAXOLO0B, KOHTPOAMNPYIOLLMX TPAHCKPUILIMIO SK30ME€HHbIX FEHOB BO BPEMEHU 1
NPOCTPaHCTBe, pa3paboTka cncTem, ob6ecneunBaloLLnX TOUYHYIO PErynAaLMI0 SKCNPECCU SHAOMEHHbIX FeHOB, AB-
NAeTcAa HaMHoro 6onee cnoxHon. OgHako Ana aanbHenwero nporpecca B obnactu 6esonacHomn 1 apdeKTnBHOMN
reHHOW Tepanunu, a TakXe pereHepaTMBHON MeAULMHbI COBEPLLUEHHO HEOHXOANMO NCKATb MOAXOAbI Af1A KOHTPO-
NA aKTUBHOCTW 3HAOrEHHbIX reHoB. Kpome Toro, Takme noaxofbl NPeACcTaBAsioT MHTEPeC AN UCCiefoBaHui B
06nacTu reHeTUKN, MONEKYSIAPHOW U KNeTOYHON 6uonorun. MipeanbHasa cuctema ana perynaumm TpaHCKprnumm
MNHTEePeCyIoLLero reHa Ao/mKHa YOOBNETBOPATL CledyowymMm TpeboBaHUAM: OblTb HacTpariBaeMoi, o6paTnMoi,
TKaHecneundUYHoW 1 perynmpyemon Bo BpemeHn. HecMoTpA Ha TO UTO B HacTosLLee BpeMs U3BECTHbl CUCTEMbI
ONA perynayuy TPaHCKPUNLUUM SHLOTEHHbIX FeHOB, MHAYLMPYEMbIE XUMUYECKUMY areHTamu, Hambonee MHoro-
obelyaoWwyMm ana npuMeHeHns B 061acTy FeHHON Tepanumn NpeacTaBAAloTCA ONTOreHeTUYecKne CUcTemsl, Nno-
CKOJbKY OHW HEVHBA3VBHbIE N HETOKCUYHbIE. TakXKe ONTOreHeTNYeCKEe CUCTEMbI He 3aBUCAT OT CKOPOCTY And-
dy31mn XMMNYECKoro areHTa n GapMakoKMHETVKIN 1 OOHAPYKMBAIOT BbICOKYIO CKOPOCTb MepPeKsIoUueHNa Mexay
AKTVBHBIM N HEAKTVBHbIM COCTOAHMAMM. [pryem cMcTembl, KOHTPONIMPYeMble CBETOM ASIMHHOBOSIHOBOIO Avana-
30Ha, ABNAIOTCA Hambonee NPeAnoUYTUTENbHBIMA AJ1A NCMONb30BaHNA B TKAHAX MIEKONUTAIOWMX MO CPaBHEHMIO
C CMCTeMaMK, UCMONb3YIOWMMM CBET C KOPOTKOW AIMHONM BOJIHbI. ITO CBA3AHO C TeM, YTO AaNbHUI KPaCHbIA 1
6RVXKHMI MHOPAKPACHDBIN CBET 06naAaloT Hanbonbluel NPOHMLAEMOCTbIO B TKAHW MAEKoNUTaloLwux, bnarogaps
MEHbLUEMY pacCcenmBaHuIO CBETA, BbI3BaHHOMY NUMNMAAMM, Y CHUXKEHHON aBTOdNyopecLeHUMN TKaHel Ha AnnHax
BOJSIH 60nee 700 HM. B saHHOM 0630pe Mbl paccMaTpuBaem CBETO-MHAYLMPYEMble CUCTEMbI, OCHOBaHHbIE Ha UC-
NoJIb30BaHUN CMHTETUYECKUX GAKTOPOB, KOTOPbIe CMNOCOOHbI CBA3bIBATLCA C OO0 XKeflaemol nocneaoBaTeb-
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HocTblo [IHK, obecneumBas Tem cambiM HanpaBneHHYo aKTUBALMIO UK PENPECCHI0 MHTEPECYIOLMX SHAOTEHHbIX
reHoB. Takue cuMHTeTUUYeCKMe GaKTOpbl OCHOBaHbI Ha Genkax Tuna LMHKOBbIN naneu, TALE-accounmpoBaHHbIX
6enkax (transcription activator-like effectors) n TexHonorun CRISPR/Cas9. Mbl o6cy»xfaem Tak»Ke npermyLLecTsa
1 HepocTaTKM 3TUx [JHK-cBA3bIBaOWMX PaKTOPOB AJ1A ONTOFEHETUYECKON pPerynauum akTMBHOCTM reHOB.
KnioueBble crnoBa: unHKoBbin nanew; TALE; CRISPR/Cas9; onToreHeTuKa; perynauna TpaHCKpUnumm.

Introduction

The dynamic nature of gene transcription is an essential pro-
cess for the cellular programming, homeostasis, environmental
adaptation, development, and behavior of live organisms.
Therefore, design of new approaches for the gene expression
regulation is important for the development of gene therapy.
A variety of drug-inducible (e.g. tetracycline and rapamy-
cin) systems and light-sensitive tools enabling a control of
exogenous reporter genes are known (Gossen, Bujard, 1992;
Gossen et al., 1995; Rivera et al., 1996; Yazawa et al., 2009;
Kennedy et al., 2010; Wang et al., 2012; Miiller et al., 2013;
Kaberniuk et al., 2016; Redchuk et al., 2017, 2018). However,
the development of technologies that provide modulation
of transcription in mammalian endogenous genome seems
to be more challenging. Recently, some approaches allow-
ing to control transcription of endogenous genes were de-
signed. They are based on zinc finger proteins, transcription
activator-like effectors (TALEs), and the clustered, regularly
interspaced short palindromic repeat (CRISPR)/CRISPR-
associated 9 (Cas9) technology. The first two strategies require
engineering of proteins with unique DNA-binding specificity.
However, the protein engineering protocols are laborious and
time-consuming. Additionally, such proteins are not always
effective and often exhibit modest activities. In contrast to
zinc finger- and TALE-based synthetic proteins, Cas9-based
transcription factors are targeted to DNA sequences by guide
RNA molecules (Jinek et al., 2012). The ability to define the
sequence specificity of transcription factors by simple ex-
change of short targeting sequences provides an opportunity
to regulate expression of numerous genes without the need
for laborious protein engineering approaches.

Here, we review the light-controlled systems for regulation
of'endogenous gene expression based on zinc finger proteins,
TALESs, and nuclease-inactive Cas9 (dCas9). Unlike drug-
inducible tetracycline and rapamycin systems, optogenetic
systems are non-toxic, exhibit fast activation-deactivation
switching and enable noninvasive control of animal physio-
logy and behavior. Among all existing optogenetic systems,
far-red- and near-infrared-light-controlled tools are favorable
compared to tools utilizing shorter wavelengths, since long-
wavelength light has the maximum penetration depth due
to its low absorbance by hemoglobin, melanin, and water in
mammalian tissues.

Systems based on zinc finger

transcription factors

Zinc finger proteins are a major class of DNA-binding proteins
that recognize specific DNA target sequences by a one-to-one
non-covalent interaction between individual amino acids from
the recognition helix to individual nucleotide bases (Pavletich,
Pabo, 1991; Klug, 2010). Since the separate zinc fingers func-
tion as independent modules, fingers with different specific-
ity can be linked in series to generate arrays that recognize
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long DNA sequences. A lot of zinc finger domains targeting
different sequences were engineered by rational design or
high-throughput selection (Berg, 1988; Choo, Klug, 1994a, b).

A first zinc finger-based system for transcription regula-
tion of endogenous genes was described in 1994 (Choo et
al., 1994), when a three-finger peptide binding specifically
to a unique 9-bp DNA sequence was created. This peptide
repressed expression of p/90 Bcr-Abl oncogene due to a
transcriptional blockage imposed by the sequence-specific
binding of the peptide. Later, functional transcription factors
were made by fusion of zinc finger DNA-binding modules
with appropriate effector domains. For instance, synthetic
transcriptional repressors were engineered by fusion of zinc
fingers to a KOXI1 repression domain from the KRAB zinc
finger family (Papworth et al., 2003; Reynolds et al., 2003).
To activate transcription of the genes of interest, fusions of
the zinc finger modules to transcriptional activation domains
such as NF-«kB p65, herpes simplex virus VP16 and its tetra-
meric repeat VP64 were used (Beerli et al., 2000; Liu et al.,
2001; Rebaretal., 2002). To allow the temporal regulation of
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Fig. 1. The principle of the LITEZ system.

A synthetic protein consisting of the four zinc finger domains (ZF) fused with
the Gigantea (GI) protein and a NLS binds its recognition site upstream of the
target gene. Gl and LOV form heterodimers upon blue light (450 nm) illumi-
nation, resulting in the translocation of the transcriptional activation domain
VP16 to the promoter of the target gene and transcription activation. Red re-
gion in DNA helix indicates zinc finger protein binding site. Asterisks denote
intrinsic NLSs in Gl and LOV.
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zinc finger transcription factor’s activity, their drug-inducible
versions were created by adding a progesterone receptor
ligand-binding domain (Dent et al., 2007), estrogen recep-
tor homodimers or retinoid X receptor-a/ecdysone receptor
heterodimers (Magnenat et al., 2008).

In addition to the constitutive and chemically-induced
approaches, a system of a light-inducible transcription using
engineered zinc finger proteins (LITEZ) was designed (Pol-
stein, Gersbach, 2012, 2014). This system utilizes two blue
light-inducible dimerizing proteins from Arabidopsis thalia-
na, Gigantea (GI) and the LOV domain of the FKF1 protein
(Fig. 1).

The LOV domain was fused to three repeats of the VP16
activation domain and GI was linked to a zinc finger protein
and a nuclear localization signal (NLS). Two four-finger
proteins and one six-finger protein well-characterized in the
previous studies (Beerli et al., 2000; Perez et al., 2008) were
used. A GFP reporter integrated into the genome of HEK293T
cells was used as a model of endogenous target gene. Blue
light illumination (450 nm) initiated heterodimerization be-
tween GI and LOV, which resulted in the translocation of the
LOV-VP16 fusion to the zinc finger protein target sequence
and subsequent transcription activation of the endogenous
GFP reporter. After 30 h of pulsing blue light illumination, a
4-fold increase of GFP positive cell count in the illuminated
samples (~16 % GFP positive cells) was observed compared
to control samples incubated in darkness (~4 % GFP positive
cells). Additionally, the authors detected 30 % increase of the
mean GFP fluorescence in illuminated cells compared to the
control ones. Finally, it was shown that light-induced tran-
scriptional activation by LITEZ is reversible and repeatable
by modulation of the illumination time (Polstein, Gersbach,
2012, 2014).

Systems based on transcription-

activator-like effectors

The TALE:s of the plant bacterial pathogen Xanthomonas rep-
resent another class of modular DNA-binding proteins. They
recognize DNA by highly conserved tandem repeats, each
33-35 amino acids in length (Moscou, Bogdanove, 2009).
These repeats specify nucleotides via unique repeat-variable
diresidues (RVDs) at amino acid positions 12 and 13. There
is a strong correlation between RVDs and the corresponding
nucleotide in the TALE-binding site (Boch et al., 2009). The
presence of this association allows to design the sequence-
specific DNA-binding proteins, similarly to the construction
of zinc finger transcription factors.

Since cloning of new TALE variants is challenging due to a
large number of repeat domains, a hierarchical ligation-based
strategy was developed to overcome this problem (Zhang et
al., 2011). To generate TALE-based artificial transcription
factors, VP16 and VP64 activation domains as well as SID
and KRAB repression domains were fused to TALEs (Geissler
et al., 2011; Miller et al., 2011; Cong et al., 2012). Small-
molecule-inducible TALE transcription factors were also de-
scribed. For instance, a 2—3-fold upregulation of target icam-1
gene was observed in HeLa cells transfected with plasmids
encoding TALE fusions with the ligand-binding domain of the
chimeric single-chain retinoid X receptor-o/ecdysone receptor
in response to ponasterone A treatment (Mercer et al., 2014).

PErYNAUNA TEHOB U TEHOMOB / GENOME AND GENE REGULATION

2019
23.2

OnTtoreHeTuyeckas perynauma TpaHcKpunummn
SHAOreHHbIX reHOB MieKonuTarLwmnx

VP64

Target gene
is OFF

LTPEQVVAIASXXGGKQALETVQRLLPVLCQAHG e
Blue
light

Cry2 | CIB1

1%

-

TALE =z Target gene
is ON
VP64 | — >

Fig. 2. The principle of the LITE system.

A TALE-Cry2 fusion protein binds to its recognition site upstream of the gene
of interest. Blue light (466 nm) illumination induces heterodimerization be-
tween Cry2 and CIB1, translocating the VP64 effector domain to the target
promoter. Red region in DNA helix indicates TALE binding site. Asterisks
denote intrinsic NLSs in Cry2 and CIB1.

In addition to the described above TALE-based systems, an
optogenetic two-hybrid system of light-inducible transcrip-
tional effectors (LITEs) was developed (Konermann et al.,
2013). The LITE system consists of two components: a TALE
fused to the blue-light-sensitive cryptochrome 2 (Cry2) protein
from A. thaliana and the interacting partner of Cry2, the CIB1
protein, fused to VP64 activation domain. Blue light (466 nm)
triggers heterodimerization of Cry2 and CIB1, recruiting VP64
transcription activation domain to the promoter of the target
gene (Fig. 2). A panel of different LITEs was developed and
applied to upregulate expression of 28 genes (Hatl, Sirtl,
Mchrl, Htrlb, etc.) in cultured mouse primary neurons. As a
result, a 1.5-30-fold increase in mRNA levels was observed
upon blue light (466 nm) illumination for 24 h compared to
darkness (Konermann et al., 2013). Additionally, LITE system
was introduced into cultured mouse primary cortical neurons
to control expression of the Grm2 gene, which resulted in an
approximately 7-fold increase of its mRNA level after 24 h
of blue light illumination compared to darkness. Moreover,
application of the LITE system in mouse prefrontal cortex
in vivo caused 2-fold increase in Grm2 mRNA level after 12 h
light stimulation (473 nm) compared to GFP-only controls
(Konermann et al., 2013).

Modification of this system, LITE2.0, allowed a six-fold
reduction of the background Neurog? activation compared
with the original design, resulting in the 20-fold induction of
the Neurog? transcription level under 12 h blue light (466 nm)
illumination in Neuro 2a cells compared to darkness (Koner-
mann et al., 2013). Further, TALE-based epigenetic modifier
(epiTALE) was developed by fusing Cry2 with NLS and the
four repeats of repressive histone effector SID, whereas TALE
was linked with NLS and CIB1. As a result, a two-fold light-
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Fig. 3. The principle of the CRISPR/Cas9-based photoactivatable transcription systems.

(a) A fusion protein dCas9-CIB1 directed by sgRNA binds the promoter region of the gene of interest. Under blue light (470 nm) illumina-
tion, CIB1 forms heterodimers with photolyase homology region (PHR) of Cry2, causing recruitment of VP64 transcriptional activation
domain to the promoter region of the target gene; (b) The FACE system consists of the bacterial photoreceptor BphS, which is activated
by far-red light (730 nm) and converts GTP into c-di-GMP. c-di-GMP is required for dimerization of the BIdD transcription factor, resulting
in its activation. The activated BIdD transcription factor can turn on expression of the transgene encoding the MS2-NLS-p65-HSF1 fusion
protein. The latter is recruited to the MS2 binding site located within sgRNA, inducing transcription activation of the target gene.

mediated transcriptional repression of Grm2 accompanied by
a two-fold reduction in H3K9 acetylation at the targeted Grm2
promoter was observed in neurons after 24 h light stimulation.
A set of 32 variants of epiTALE system, containing different
repressive histone effector domains (e.g., histone deacety-
lases, methyltransferases, acetyltransferase inhibitors) was
also developed. As a result, 23 variants of epiTALE system
caused a 2-3-fold repression of the Grm2 gene in primary
neurons and 20 epiTALEs led to a 1.5-2-fold repression of
the Neurog?2 gene in Neuro 2a cells after 24 h and 12 h of blue
light (466 nm) illumination, respectively (Konermann et al.,
2013).

Systems based on the CRISPR/Cas9 technology

The third type of systems for transcriptional regulation of
endogenous genes in mammals is based on the CRISPR/
Cas9 technology that consists of the Cas9 nuclease protein
and a single guide RNA (sgRNA) allowing the nuclease to
bind a specific DNA sequence through RNA-DNA base pair-
ing (Sternberg et al., 2014). The most commonly used Cas9
from Streptococcus pyogenes requires a 5'-NGG protospacer-
adjacent motif (PAM) immediately adjacent to a 20-nt DNA
target sequence in the genome (Nishimasu et al., 2014).

A protein dCas9 lacking the nuclease activity was used for
the programmable RNA-guided transcriptional regulation of
diverse human genes. The first system utilizing the CRISPR/
Cas9 technique for transcription regulation instead of genome
editing in mammals was described in 2013 (Qi et al., 2013).
After that, several studies have shown that dCas9 fused with
the effector domains allows repression or activation of target
genes (Gilbert et al., 2013; Maeder et al., 2013; Perez-Pinera
etal., 2013).
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To enable precise spatiotemporal control of gene expres-
sion, a targeted photoactivation system based on dCas9 was
developed (Nihongaki et al., 2015). This system consists of
photolyase homology region (PHR) of the blue light-sensitive
Cry2 protein fused with the VP64 transcriptional activator
domain and dCas9 fused with the Cry2 binding partner, CIB1.
Upon blue light (470 nm) illumination, Cry2 and CIBI form
heterodimers, resulting in recruitment of the VP64 effector
domain to the target gene and, consequently, in transcriptional
activation of the latter (Fig. 3, a).

To select the most effective light-inducible transcription
CRISPR/Cas9 system, several variants of constructs, differed
by type of activator domain (VP64 or p65), the quantity and
location of NLSs and size of the CIB1 protein (full-length or
truncated) were tested. As a result, a combination of NLS-
dCas9-CIB1(A308-334) and NLSx3-Cry2PHR-p65 fusion
proteins was selected (Nihongaki et al., 2015). This optimized
system was applied to HEK293T cells for the light-induced
expression of the endogenous asc// gene. Expression of mul-
tiple sgRNAs in a single cell enabled synergistic light-induced
activation of the gene (~50-fold in the lit state compared to
darkness) in contrast to the usage of individual sgRNAs (up
to 10-fold). It was shown that 3 h of blue light (470 nm)
illumination was enough for an approximately ten-fold
induction of the asc// transcription. Light-induced activa-
tion of transcription by this system was also reversible and
repeatable. Additionally, an opportunity of multiplexed pho-
toactivation of different genes was demonstrated. To achieve
that, HEK293T cells were co-transfected with the constructs
NLS-dCas9-CIB1(A308-334), NLSx3-Cry2PHR-p65 and
multiple sgRNAs, targeting the myod1, nanog and il1rn genes.
As a result, a 3-1000-fold increase in mRNA levels of these
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genes was observed, confirming that this system can be used
for multiplexed photoactivation of user-defined endogenous
genes (Nihongaki et al., 2015).

A similar strategy, light-activated CRISPR/Cas9 effec-
tor (LACE) system, was developed for the dynamic regulation
of endogenous genes (Polstein, Gersbach, 2015). An optimized
LACE system consists of two components: CIBN-dCas9-
CIBN, where CIBN is the N-terminal fragment of CIB1, and
Cry2-VP64. An application of this system in HEK293T cells
resulted in an 11- and 400-fold upregulation of the i//rn gene
transcription compared to darkness after 2 h and 30 h of blue
light (450 nm) illumination, respectively. This system was also
applied for simultaneous photoactivation of multiple human
genes (hbgl/2,illrn and ascll) in HEK293T cells. As a result,
illuminated cells had significantly greater mRNA levels of
the studied genes in the lit state than in darkness (Polstein,
Gersbach, 2015).

One more system utilizing dCas9 to downregulate tran-
scription at endogenous genome loci was developed (Pathak
etal., 2017). This system is based on the previously described
light-inducible clustering of Cry2-tagged proteins (Ozkan-
Dagliyan et al., 2013), resulting in functional loss of their
activity. This clustering property of Cry2 was used to block
transcription of the targeting gene with light. To achieve that,
the Cry2-dCas9-VP64 fusion protein and sgRNAs, targeting
the human i//7n promoter, were designed. In darkness, a strong
induction of the i//rn gene was observed in HEK293T cells
co-transfected with plasmids encoding Cry2-dCas9-VP64
and sgRNAs. Blue light (450 nm) exposure for three days
caused a four-fold reduction of the i//rn transcription due to
formation of clusters consisting of multiple Cry2-dCas9-VP64
fusion proteins that are unable to bind the promoter region of
the i//rn gene (Pathak et al., 2017).

Recently, a multicomponent far-red light (FRL)-activated
CRISPR/dCas9 effector (FACE) system, inducing transcrip-
tion of target genes in the presence of FRL stimulation, was
engineered (Shao et al., 2018). This system is based on using
synthetic bacterial FRL-activated cyclic diguanylate mo-
nophosphate (c-di-GMP) synthase BphS (Ryu, Gomelsky,
2014), which converts GTP into c-di-GMP (see Fig. 3, b).
Increased production of c-di-GMP causes dimerization of the
FRL-dependent transactivator p65-VP64-NLS-BldD, where
BIdD is a transcription factor from Streptomyces coelicolor
which is non-active in a monomer state. Active BldD binds
to its chimeric promoter Ppy, ., resulting in initiation of the
MS2-p65-HSF1 transactivator expression. Then, MS2 fused
to transactivation domains p65 and HSFI is recruited by
sgRNAs bearing the MS2 binding site, causing an induction
of endogenous gene expression. Application of the FACE
system for the separate and multiplexed regulation of the #n,
illrn, ascll, and rhoxf2 genes in HEK293 cells resulted in a
high (about 100-450-fold) increase of relative mRNA levels
in the lit state compared to darkness. Photoactivation of the
endogenous ascll gene in HEK293 cells, containing the FACE
system and implanted into the dorsum of mice, resulted in a
195-fold increase of its mRNA level. Additionally, tibialis
posterior muscles of mice were electroporated with plasmids
encoding components of the FACE system targeting the
promoter regions of the /amal and fst genes. Subsequent
illumination with FRL caused a 2- and 5-fold induction of
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the lamal and fst transcription, respectively, compared to the
control kept in darkness. Moreover, the FACE system was
used to initiate functional neural differentiation of mouse
induced pluripotent stem cells by FRL-induced activation of
the neurog?2 gene (Shao et al., 2018).

Conclusion

A control of the expression of genes of interest requires the
development of molecular tools that precisely recognize spe-
cific DNA sequences in the context of the genome. Over the
past 20 years, three main methods for design of synthetic tran-
scription factors recognizing any desired target DNA sequence
were developed. Although the first two methods based on the
usage of zinc finger proteins and TALEs have been widely
successful for many applications, development of CRISPR/
Cas9-based technology was like a breakthrough. The main
advantage of this technology is the lack of a laborious cloning
to obtain a site-specific DNA binding protein. Additionally,
this system enables simultaneous multiplexed control of
user-defined endogenous genes. Combination of the CRISPR/
Cas9-based transcription system with the blue-light-induced
proteins allows rapid and reversible target gene activation by
blue light (Nihongaki et al., 2015). However, application of
long wavelength light is more preferable due to the maximum
penetration depth in mammalian tissues. In this respect, the
recently described FACE system that combines the CRISPR/
Cas9 technology with FRL-activated bacterial photoreceptor
BphS (Shao etal., 2018) is of special interest. Despite the fact
that this system is complex and multicomponent, it seems to
be a good start point for the development of reversible and
tunable approaches for transcription regulation of endogenous
genes for the subsequent safe medical applications in humans.
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The black kite Milvus migrans is a common bird of prey demonstrating remarkable ecological plasticity. It inhabits a
variety of habitats and is an increasingly synanthropic species. The black kite is widespread in Eurasia, Africa, Australia
and adjacent islands. Palearctic kites migrate to Africa, India and China in winter, but kites of Africa and Australia are
partly sedentary and partly seasonal migrants. The wide range and high mobility are the reasons of a complex popu-
lation structure of the black kite. Commonly five to seven M. migrans subspecies are distinguished, each of which is
widespread over extensive areas and has more or less an apparent phenotype. Recently, studies of genetic differences
between black kite populations started to emerge. On the grounds of earlier studies of mitochondrial and nuclear genes
of this species, we check whether there is a genetic support for separation of the black kite subspecies. Recent studies of
some mitochondrial loci substantiate the recognition of at least the European (M. m. migrans), Asian (M. m. lineatus and
M. m. govinda), African (M. m. aegyptius and M. m. parasitus), and Australian (M. m. affinis) black kite subspecies. Further-
more, the mitochondrial haplotype difference suggests that the African yellow-billed kite, including M. m. aegyptius and
M. m. parasitus, should be a separate species as already proposed, or even two separate species.

Key words: black kite; Milvus migrans; yellow-billed kite; M. m. aegyptius; M. m. parasitus; M. m. migrans; M. m. lineatus;
M. m. govinda; M. m. affinis; M. m. formosanus; molecular phylogeny; mitochondrial markers; subspecies.
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YepHbilt KopyH Milvus migrans — pacnpocTpaHeHHbI NepHaTbIA XULHMWK, KOTOPbI 06nafaeT NCKAUYUTENIBHOWN KO-
NOTNYECKOW NNacTUYHOCTbBIO, HAaCenAeT camble pasHble G1OTONMbI U NOCTENEHHO CTAHOBUTCA BCe 6oJiee CMHAHTPOMHBIM
BuAoM. Apean obUTaHMA YepHOTO KOpLUyHa oxBaTbiBaeT EBpasuio, AbpuKy, ABCTpanumio u npunexatyme octposa. Kop-
WyHbl ManeapKTUKN MUrprpytoT Ha 3umy B AGpuky, MHauio n Kntaii, a KopLuyHbl, Hacenaiowme Agpuky n Asctpanuio,
YacTblo ABNAOTCA OCEANbIMY, @ YaCTblo — CE30HHbIMY MUrpaHTaMu. OFpPOMHbBIN apean U BblCOKaa MOBGUNbHOCTb 06Y-
C/IOBNMBAIOT C/IOXKHYI0 NOMYNALNOHHYIO CTPYKTYPY YePHOro KopLuyHa. TpaguLMOHHO BblenAaeTca oT ATV A0 CeMu Noa-
BWAOB, KaXbl U3 KOTOPbIX HacenAeT AOCTaTOYHO O6LIMPHYO TEPPUTOPUIO U UMeeT bonee NN MeHee BblpaXKeHHble
deHoTnNUUeckne oTanumA. B nocnegHmne rogbl Hayana HakanaMBaTbCAa MHGOPMALINA O rEHETUYECKUX Pa3INYNAX MEXTY
nonynAuNAMM YEPHOTrO KOPLUYHA, Y 3TU AaHHble He BCeraa NOATBEPXKAAIOT TPaAMLMOHHbIe NpeacTaBneHns o ¢puno-
reHVu NoABMAOB. B faHHOI cTaTbe Mbl PaCcCMOTPUM, Kakas MHGOPMaLMA O FeHEeTUYECKUX XapaKTepucTMKax nofBuaoB
YepHOro KopLlyHa AOCTYMNHA Ha CeroAHAWHNN AeHb.

KnioueBble cioBa: uepHbI KopluyH; Milvus migrans; »XenTokntosbii KopLuyH; M. m. aegyptius; M. m. parasitus; M. m. migrans;
M. m. lineatus; M. m. govinda; M. m. affinis; monekynapHaa ¢punoreHns; MUTOXOHAPUasbHble MapKepbl; NOABUADI.

Introduction inhabits a variety of habitats from the forest and forest-steppe
The black kite Milvus migrans is a diurnal raptor of the fami-  zones to dry steppes and semi-deserts, as well as various
ly Accipitridae, inhabiting a wide breeding range including  mountain habitats. The black kite is one of the few raptors
continental Eurasia, Africa, Australia and several islands.  that successfully adapt to living next to humans. It intensely
This bird of prey shows remarkable ecological plasticity and  populates the neighborhoods of landfills, agricultural and
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livestock complexes and increasingly
nests even in large cities. In the 20th cen-
tury, the black kite along with other
raptors suffered from persecution, pes-
ticides, and landscape changes due to
human activity. Now these dangers
still exist, although at a reduced scale,
since poisonous chemicals and hunt-
ing are tightly controlled in European
countries. Populations of many birds
of prey were dangerously reduced in
the second half of the 20th century, and
they needed protection and restoration
measures (examples are the red kite
Milvus milvus, the bengal griffon Gyps
bengalensis, and the peregrine falcon
Falco peregrinus). In contrast, the black
kite is quickly and independently restor-
ing its population and rapidly spreading
to new habitats, becoming a common
synanthropic species.

Commonly from five to seven black
kite subspecies are distinguished, each
of which is widespread over an exten-
sive range. Recently, 1.V. Karyakin
analyzed about 800 black kite photo-
graphs in several ornithological data-
bases (mostly Raptors of the World in
GBIF) and produced a map of subspe-
cies distribution (Karyakin, 2017). The
Palearctic is populated by two subspe-
cies: the western part is occupied by the
European black kite M. m. migrans, and
the eastern part, by the black-eared kite
M. m. lineatus. The kites belonging to
these subspecies differ in phenotype, but
their ranges overlap in Western Siberia
forming a wide intergradation zone,
where birds with various intermedi-
ate phenotypes occur (see the Figure).
M. m. migrans and M. m. lineatus are
migratory birds and spend the winter
mainly in Africa and the Indian subcon-
tinent (Ferguson-Lees, Christie, 2001).
Southern and Equatorial Africa are po-
pulated by the yellow-billed kite, which
is usually clearly different from the
Eurasian subspecies, sometimes con-
sidered a separate species (see below)
and, in turn, divided into two subspecies
M. m. parasitus and M. m. aegyptius.
India and the Indo-Chine countries are
inhabited by the sedentary pariah kite
M. m. govinda, and Australia, together
with the adjacent islands are inhabited
by the fork-tailed kite M. m. affinis,
which migrates seasonally within the
Australian continent (Marchant, Hig-
gins, 1993). The Indian and Australian
subspecies are very similar in their phe-
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Breeding ranges of the black kite subspecies (Karyakin, 2017).

notypes, but they are considered to be strictly separated by distance. Some research-
ers recognize a special Taiwan kite M. m. formosanus, inhabiting southeastern
China (see the Figure).

Other previously proposed races currently are considered as synonyms and are
included in the subspecies mentioned above. In 1908, S.A. Buturlin described the
subspecies M. m. rufiventris from Turkmenistan, later considered as a red morph of
M. m. migrans and M. m. ferghanensis from Kyrgyzstan, included in M. m. lineatus
(Dement’ev, 1936). Lectotypes and paralectotypes of both races are conserved in
the Zoological Museum of Moscow University (Tomkovich, 2001). In 1923, the
same author described M. m. tianshanicus from Kyrgyzstan mounts, which was
shortly included in M. m. lineatus, too. Probably, it resulted from interbreeding of
this taxon with nominative subspecies (Dement’ev, 1936). The next two races are
currently included in M. m. aegyptius. M. m. tenebrosus was described in 1933 by
Grant and Mackworth-Praed. Wintering specimens of this kite collected in 1922
(holotype) at the Ivory Coast and in 1954 in Nigeria are stored at the Natural His-
tory Museum (London) (GBIF Secretariat, 2017). M. m. arabicus was described
by Swann in 1922, one of specimens of this proposed subspecies was collected
in Lahej, Saudi Arabia, in 1899, and now it is stored at the American Museum of
Natural History as a holotype (Trombone, 2013), other specimens could be found in
several museums. During the examination of yellow-billed kites from Saudi Arabia
and Yemen in the Natural History Museum at Tring, England, P.J. Mundy (2011)
did not distinguish skins labeled M. m. arabicus from M. m. aegyptius; supposedly,
the identification is not possible by their morphology. However, the nesting range
of this race is situated in a semi-isolated area and the existence of this taxon can
be questioned, though we should notify that the information on M. m. arabicus
is insufficient. Data on genetic features for any of these races are not available;
however, they may be of certain interest.

Population genetics of the black kite

Until now, researchers have been focused on the European black kite population.
Usually the black kite is studied together with a close species, the red kite (Milvus
milvus), which is a nearly threatened species breeding mainly in Central and South-
ern Europe. Roques and Negro (2005) hypothesized that the red and black kites
diverged as separate species during the last glaciation in the Pleistocene, and now
they are isolated reproductively, although the isolation is incomplete (Heneberg et
al., 2016). These kites show sympatric speciation, the earlier archacozoological
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record of Milvus representative are black kite bone remains
from Germany dated by 10000+£2000 years BP, and the
remains of both species come from the same European areas
since the Neolithic. In that time, coniferous boreal forests,
avoided by kites, gave way to temperate-zone forests and
agriculture started vigorously, resulting in wood fragmentation
(Schreiber et al., 2000). In that early study, allozyme analysis
of both species populations from Sachsen-Anhalt in Germany
was carried out and these kites were considered very close
genetically according to Nei’s interspecies distance. However,
the black kite is distributed much wider than the red kite and
rare hybridization between these species could not apparently
result in any significant changes in the black kite gene pool.

Phylogenetic studies on black kites are limited, and only
a few researches analyzed relatively representative samples
that allowed conclusions to be drawn about the kite population
structure. Johnson et al. (2005) analyzed the CytB and ND2
mitochondrial gene sequences (2146 bp in total) in 43 black
and red kite samples from 27 locations, including Western
Europe, Africa, South Asia, Japan, Australia, and New Guinea.
Mitochondrial control region (547 bp) was also sequenced
for 26 samples of the set. The authors managed to construct
an informative phylogenetic tree despite a small sample size.
That tree demonstrated that CysB and ND2 haplotypes of the
African M. m. aegyptius and M. m. parasitus differ from the
haplotypes of the other M. migrans subspecies no less than
they differ between the species M. migrans and M. milvus. Ac-
cording to the tree, the European M. m. migrans and Australian
M. m. affinis haplotypes were found to be separate branches of
the tree, but the Asian subspecies haplotypes (M. m. lineatus
and M. m. govinda) were merged (Johnson et al., 2005).

The purpose of the study (Johnson et al., 2005) was to
determine whether the black kites previously inhabiting
the Cape Verde Islands were representatives of a particular
subspecies. Therefore, almost all the samples used in this
work were obtained from old museum collections and were
collected mainly in the first half of the 20th century or even
earlier. Since then, the black and red kite populations have
experienced significant changes due to human activity. Kite
populations had been reduced strongly or even disappeared
completely from many areas, which was followed by repopu-
lation (Ferguson-Lees, Christie, 2001). Thus, at least some
black kite populations passed through a bottle neck and the
founder effect, which certainly affected haplotype frequen-
cies. Hence the current haplotype distribution may differ from
that obtained by Johnson et al. (2005).

Scheider et al. (2004) used the mitochondrial CytB gene
(1143 bp) to construct a phylogeny of black kites. According
to this preliminary work, European M. m. migrans haplotypes
and haplotypes of M. m. lineatus from Mongolia formed
two separate branches, and the African M. m. parasitus was
closer to the red kite than to the black kite. In a later research
(Scheider et al., 2009) more individuals of M. m. parasitus
were added in the analysis and most of them formed a particu-
lar clade between M. milvus and others M. migrans.

Heneberg et al. (2016) examined 184 red kite samples and
124 black kite samples from Germany and the Czech Republic.
The authors studied phylogeny on the base of mitochondrial
CytB (493 bp) and CO1 (564 bp) gene fragments. The nuclear
Mpyc (352 bp) gene was also examined, but phylogenetic trees
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were built for each gene separately. The authors also used
sequences available in the GenBank database and concluded
that the CytB gene is best suited for black kite subspecies
differentiation, although a relatively small gene fragment
was used. Ten closely related CyzB haplotypes were found
in M. m. migrans samples from Germany and the Czech
Republic, including the most common core haplotype. CytB
sequences of another M. migrans subspecies from GenBank
were included to the phylogenetic tree. M. m. lineatus and
M. m. govinda haplotypes were very close to each other and
to M. m. migrans haplotypes, but Australian M. m. affinis
haplotype formed a separate branch of the tree. Even this small
CytB gene fragment shows that the African M. m. parasitus
haplotype is different from the other M. migrans haplotypes,
their genetic distances exceed those between M. migrans and
M. milvus (Heneberg et al., 2016).

The same authors (Heneberg et al., 2016) found out that
the nuclear Myc gene was not appropriate for discrimination
of M. migrans and M. milvus species. All Myc polymorphic
sites in the red kite were also polymorphic in the European
black kite population. It would be impossible to determine
exactly which species a particular Myc sequence belongs to,
although the frequencies of Myc alleles in these two species
are different. Thus, it cannot be expected that the Myc gene can
be used to distinguish black kite subspecies. As nuclear genes
have a slow evolution rate, such a result could be expected
for young species.

Recently, our group published a small study of Cy¢B haplo-
types in the M. m. lineatus population from the Tyva Republic
(Andreyenkova et al., 2018). We examined 20 independent
black kite families and concluded that the most common
haplotypes in this population coincided with the minor hap-
lotypes found in the European M. m. migrans population by
Heneberg et al. (2016). In addition, a CytB haplotype was
discovered in Tuva M. m. lineatus, which had been found pre-
viously in India and Pakistan (CytB-19 in terms of a study by
Heneberg et al., 2016) and been assigned to the Indian M. m. go-
vinda. However, since the same haplotype was found in Japan
(Johnson et al., 2005), where M. m. govinda does not live, then
the CytB-19 haplotype unlikely belongs to M. m. govinda.

Genetic data on individuals
of the M. migrans subspecies
The studies mentioned above (Scheider et al., 2004, 2009;
Johnson et al., 2005; Heneberg et al., 2016) demonstrate that
some mitochondrial loci allow to distinguish, at least the Eu-
ropean (M. m. migrans), Asian (M. m. lineatus and M. m. go-
vinda), African (M. m. aegyptius and M. m. parasitus), and
Australian (M. m. affinis) black kite subspecies. Below we
discuss genetic data for each subspecies in more detail.
Yellow-billed kite, M. m. aegyptius and M. m. parasitus.
It is generally accepted that the yellow-billed kite includes two
subspecies (M. m. aegyptius and M. m. parasitus), which breed
in Northeastern and Sub-Saharan Africa, respectively (see the
Figure). These kites differ from the European M. m. migrans,
which are wintering and nesting in Africa. According to all
existing data on CytB gene, the yellow-billed kite differs from
all other black kite subspecies no less than the black kite from
the red kite, and in most cases the yellow-billed and black kites
form even separate clades (Wink, Sauer-Giirth, 2000, 2004;
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Scheider et al., 2004, 2009; Johnson et al., 2005). In a study of
West African bird phylogeny based on the COI mitochondrial
gene, one M. migrans from Nigeria, probably belonging to
M. m. parasitus, also formed a clade with M. milvus, and other
M. migrans of unclear origin were more distinct (Echi et al.,
2015). More comprehensive phylogenetic analysis carried
by Minimal Evolution and Neighbor Joining methods with
bootstrap support reveals that samples of M. m. parasitus
from the Ivory Coast and M. m. aegyptius found in Kenya
constitute a clade close to all other M. migrans (and also Cape
Verde M. milvus fasciicauda); whereas one South African
M. m. parasitus gets into the clade with most of M. milvus
(Scheider et al., 2009). Nevertheless, position of yellow-billed
kites with respect to other taxa is not well supported in that
research (values are less than 50 %), so their exact place in
kite phylogeny remains open.

Additionally, CytB and ND2 genes haplotypes of M. m. pa-
rasitus/aegyptius analyzed together were clearly divided into
two branches: the first one included seven samples collected
in Equatorial Africa and in the south of the Arabian Peninsula,
the second one included three samples from South Africa and
Madagascar. These two branches were divergent from each
other to the same extent as the black kite from the red kite
(Johnson et al., 2005). Therefore, the mitochondrial haplotype
difference suggests that the yellow-billed kite should be a
separate species, as already proposed (Wink, Sauer-Giirth,
2000), or even two separate species.

Taxonomy of M. m. parasitus/aegyptius is uncertain be-
cause the yellow-billed kite is poorly investigated. Young and
even adult yellow-billed kites might be sometimes confused
with young black kites. In addition, the yellow-billed kite
is a seasonal migrant in some areas, and it can occasionally
occur outside the breeding range (Clark, Davies, 2018). All
these facts lead to misidentification of kites, especially if the
birds are caught during migrations. Some sources consider the
yellow-billed kite as a separate species Milvus aegyptus and
divide it into subspecies M. a. aegyptus and M. a. parasitus
(Morris, Hawkins, 1998; Sinclair, Langrand, 1998; Ferguson-
Lees, Christie, 2005; Gill, Donsker, 2018), but other checklists
still interpret M. m. parasitus and M. m. aegyptius as black kite
subspecies (Dickinson, Remsen, 2013; Clements et al., 2018;
Orta et al., 2018). In any case, further research is required,
including both the study of yellow-billed kite biology and
molecular studies involving a large number of samples and
additional mitochondrial and nuclear markers.

European black kite, M. m. migrans. This is the best
characterized black kite subspecies in terms of both biological
features and genetics. Relatively complete information about
M. m. migrans seasonal migrations is evaluable (Panuccio et
al.,2013; Literdk et al., 2017). Various sequences of the mito-
chondrial CytB, ND2, and CO1 genes; mitochondrial control
region; nuclear Myc gene; and some other European black
kite genes are published in the GenBank database. However,
two of minor M. m. migrans CytB haplotypes were found as
major haplotypes in the nesting M. m. lineatus population in
Tuva Republic (Andreyenkova et al., 2018), which probably
reflect a gene stream from the eastern black kite population to
the western one. In any case, analysis of a sufficient sample of
other subspecies is required to clarify phylogenetic relation-
ship between M. m. migrans and other black kite subspecies.
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Black-eared Kite, M. m. lineatus. It has been earlier sug-
gested to consider the black-eared kite as a separate species,
M. lineatus (Sibley, Monroe, 1990; Zhukov, 2012; Avibase
taxonomic concepts, 2017), but this proposal is inconsistent
with population research. As reported by Karyakin (2017),
M. m. migrans and M. m. lineatus interbreed freely and, appar-
ently, penetrate deeper into the ranges of each other, expanding
an intergradation zone. According to Scheider et al. (2004) and
Andreyenkova et al. (2018), M. m. migrans and M. m. lineatus
CytB haplotypes form two separate branches of a phylogenetic
tree. A CytB haplotype from Japan (where M. m. lineatus
breeds) is in the same haplogroup as samples from India
and Pakistan (Johnson et al., 2005), where M. m. lineatus,
M. m. govinda and, possibly, M. m. migrans breed (Karyakin,
2017). It is therefore unknown which subspecies this hap-
logroup belongs to. Recently complete mitochondrial genome
of a black kite from South Korea was published (Jeon et al.,
2018). This territory is included into the M. m. lineatus range,
although the black kite is a rare species there.

We compared CytB and ND2 haplotypes from this individu-
al with the haplotypes published by Johnson et al. (2005) and
found out that the Korean kite haplotype belongs to the same
haplogroup as the samples from Japan, India, and Pakistan.
Thus we conclude that this haplotype cannot be assigned to
M. m. govinda, as it was done before (Heneberg et al., 2016).
It is more likely that all the birds having this haplotype were
representatives of M. m. lineatus, including individuals from
India and Pakistan, especially since they were caught in winter,
when M. m. lineatus reside in this area. On the other hand, it
is still conceivable that M. m. lineatus and M. m. govinda do
not differ in CytB sequence. There are only two studies using
reliable M. m. lineatus samples from the Tuva Republic (An-
dreyenkova et al., 2018) and Mongolia (Scheider et al., 2004).
Unfortunately, the latter group published only preliminary
results and did not submit the Cy¢B sequences to GenBank.
In general, it is only known for now that M. m. migrans and
M. m. lineatus differ in CytB sequence significantly but to a
lesser degree than the species M. milvus and M. migrans. It
turns out that the most widespread black kite subspecies is
very poorly characterized in terms of genetics. Population
biology and seasonal migrations of M. m. lineatus are also
insufficiently understood.

Pariah kite, M. m. govinda. This subspecies is widespread
throughout the Indian subcontinent from Pakistan in the west
to Indo-China in the east (Karyakin, 2017) and is very poorly
investigated, too. M. m. govinda is possibly intergradated with
other black kite subspecies in the northwest and northeast
of its range; moreover, M. m. lineatus spends winters in the
range of M. m. govinda while M. m. govinda is considered
to be sedentary. Therefore, these subspecies are difficult to
distinguish despite the phenotypic differences, and in some
cases the validity of subspecies identification is questionable.
The only study sequencing mitochondrial genes of kites from
India was performed by Johnson et al. (2005). However, all
three samples from India used in that study were collected
during M. m. lineatus wintering period. In addition, as men-
tioned above, their CytB and ND2 haplotypes were very close
to the haplotype of the sample from Japan (Johnson et al.,
2005) and the sample from South Korea (Jeon et al., 2018),
so we suggest that all the four samples likely belonged to
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M. m. lineatus. Thereby it can be concluded that no DNA
sequences of reliable M. m. govinda have been published so
far. Phylogenetic relationships of M. m. govinda with other
black kite subspecies remain to be established.

Fork-tailed kite, M. m. affinis. This subspecies is wide-
spread in Australia, New Guinea, and Indonesia. According to
current data (Karyakin, 2017) M. m. affinis have no contacts
with other black kite subspecies; therefore, significant genetic
differences between M. m. affinis and other subspecies could
be expected, as is the case of the African yellow-billed kite.
Unfortunately, very little data on the Australian black kite
genetics is available. One Australian sample was used in
the study of Scheider et al. (2004); based on CytB gene the
sample was very far from the other black kite subspecies in a
phylogenetic tree, both the red and black kites were ingroups.
However, the authors themselves considered their result unre-
liable due to possible DNA degradation. This did not prevent
Australian authors from the suggestion that the fork-tailed kite
was the ancestor for other subspecies, and Australia was the
center of black kite origin (Debus, 2005). These conclusions
seem unfounded, since there is not enough information on
the Australian black kite genetics. In addition, M. m. affinis
looks very similar to Indian M. m. govinda. These subspecies
are almost indistinguishable in phenotype, reflecting possible
close relation. Beside this study, only Johnson et al. (2005) se-
quenced CytB and ND2 genes of four M. m. affinis birds: (two
from Australia, one from Indonesia, and one from Papua New
Guinea). These sequences form a special group but belong to
the same branch as the M. m. lineatus/govinda haplotypes,
indicating a fairly close relationship between the Australian
and Asian black kite populations (Johnson et al., 2005).

There are two short (424 and 429 bp) CytB sequences in
Genbank database belonging to black kites (possibly the
same bird, no substitutions between the sequences) from
India, Andhra Pradesh (HM804897, KC439281, submitted
by S. Shivaji, A.P. Reddy, and B.G. Sasikala). It is important
that the samples were collected in summer when wintering
M. m. lineatus had left India. We compared these sequences
with the known black kite Cy#B sequences and found that they
clearly belonged to M. m. affinis haplogroup from the study
of Johnson et al. (2005), despite the sequences were rather
short. This unexpected finding made us think that Australian
black kites were not as isolated as previously thought. Another
explanation is that the sequences from India belonged to
M. m. govinda and therefore M. m. affinis and M. m. govinda
are close in CytB.

Taiwan Kite, M. m. formosanus. This subspecies belongs
to a polytypic group of subspecies together with M. m. lineatus
and inhabits the eastern part of China, Taiwan and Hainan.
The range is located at the junction of M. m. govinda and
M. m. lineatus ranges (see the Figure). Some taxonomists
do not recognize M. m. formosanus as a separate subspecies
because its phenotype is intermediate (Karyakin, 2017). It is
likely that the range of this subspecies is actually an intergrada-
tion zone of M. m. govinda and M. m. lineatus. We could not
find any information on genetics of this subspecies.

Conclusions
We conclude that the current knowledge of black kite phy-

logenetics is very far from complete, and genetic research is
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limited mainly to the European subspecies M. m. migrans.
The largest amount of information in the GenBank database is
related to the mitochondrial CytB gene. Comparison of CytB
sequences in different black kite populations indicates that this
gene allows the distinction of at least part of the subspecies
(Scheider et al., 2004; Johnson et al., 2005; Heneberg et al.,
2016; Andreyenkova et al., 2018). As for nuclear markers,
data is insufficient: only Myc gene was investigated on a rep-
resentative sample of red and black kites, but this sequence
did not even allow to differentiate these two species (Heneberg
etal., 2016).

A collection of black kite samples from the range of all
subspecies and intergradation zones between subspecies is
required for further study of the black kite. Mitochondrial and
nuclear markers (such as microsatellites and SNPs) will clarify
black kite population structure features, as well as dispersion
history after the end of the Pleistocene glaciation.
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Phylogeography and hybridization of corvid birds
in the Palearctic Region
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Natural hybridization increases a lot phenotypic and genetic diversity and shapes intra-species patterns, which is a
subject of phylogeography. We studied mitochondrial and complete genome variation in the bird family Corvidae,
genera Corvus, Pica, Cyanopica, Perisoreus and Nucifraga. In the classic case of natural hybridization between car-
rion and hooded crows in Siberia, we found no decreased fitness of hybrids, but instead positive assortative mating
which should restrict hybrid zone width. Several genetic markers were unable to discriminate between pure car-
rion and hooded crows. Mitochondrial DNA sequences revealed no difference between carrion and hooded crows,
but instead two diverged haplogroups within the eastern part of the distribution range of the carrion crow. NGS
resulted in a clear pattern of diversification of pure forms and hybrids (by using SNPs), and showed genomic regions
of increased variability, the so-called “speciation islands”. Comparing European and Siberian crow hybrid zones, dif-
ferences in genome regions bearing genes of melanogenesis supposedly under divergent selection were found.
Comparative phylogeographic analysis of 10 widely distributed Palearctic species revealed two kinds of patterns:
one with a division into two haplogroups, western and eastern, and another one without such a division. These
two phylogeographic patterns might be explained by different habitat preferences: mainly open fields for the first
group and forests for the second one. One glacial refuge was assigned to the latter group, while west-east group
species might have survived in several refuges. One of such species, the Eurasian magpie (Pica pica) has a gap in its
range in Transbaikalia, which is currently shrinking before our eyes. The two subspecies divided by this gap differ in
phenotype, mtDNA and vocalization. In their young contact zone, some hybridization occurs with small introgres-
sion limited by certain post-zygotic isolation.
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®usnoreorpadus U rMOPUAM3aIsI BPaHOBIX IITULL I1ajleapKTUKNA

A.TT. KproxoB

DepiepanbHblii Hay4HbI LEHTP 6ropa3Hoobpasmsa HazeMHo 61oTbl BocTouHol A3nu, [lanbHeBOCTOUYHOE oTAeneHme Poccuiickon akagemmm Hayk,
BnagusocTtok, Poccus
® e-mail: kryukov@ibss.dvo.ru

MpupopHaa rmbpuan3auma 3HauUnTeNIbHO yBennynBaeT GeHOTUMUYECKYIO U FeHOTUMNYECKYI M3MEHYMBOCTb U
dopmmpyeT BHYTPUBUAOBYIO CTPYKTYPY, M3yUYeHeM KOTOpoW 3aHumaeTtca ¢unoreorpadpua. Hamm nccnegosaHa
MN3MEHUYMBOCTb MUTOXOHAPMWANIBHOTO M NMOMHOIO FEHOMOB NTUL, ceMelncTBa BpaHoBble Corvidae, popos Corvus, Pica,
Cyanopica, Perisoreus v Nucifraga. AHanu3unpya Knaccuyeckuin ciyyai ecteCTBEHHOW rMbpransannm Mexay cepoi
1 yepHoi BopoHamu (Corvus corone cornix n C. c. corone) B Cnbupu, Mmbl He 06Hapy»K1au npefnonaraemoro ymeHb-
LIeHUA NPUCNOCOBIeHHOCTU TMOPYAOB, OAHAKO YCTAHOBW/IM acCOPTATUBHOCTb CKPELLMBAHUIA, KOTopasa AOMKHA
orpaHMuMBaTh WUPUHY FMMOPUAHON 30HbI. B pe3ynbTate MCMOMIb30BaHMA HECKONbKUX MOAXOLOB M FEHETUYECKNX
MapKepOoB He HaAEHO Pa3nNymin MeXay Cepoil N YepHOI BOPOHaMK, HO B MpoLiecce CEKBEHNPOBAHNA MUTOXOH-
[pUasibHOro reHoMa yCTaHOBJIEHO Hannuve anddepeHLmaLmm Ha ABa ranioTuna B npejenax apeana BOCTOYHOMN
YyepHOI BOPOHBI. [pn NOHOFrEHOMHOM CEKBEHUPOBAHUMN HaMy BrepBble 0OHapyXeHa ABHaA AvBepcMprKaLms
yncTbix dopm 1 rmbpugos no SNP 1 nccnefoBaHbl yyacTKM reHoOMa C NoBblleHHON AnddepeHLmalmein — «<oCTpoB-
K1 Bpaoob6pasoBaHua». ConoctaBneHre reHoMOB MTUL, U3 eBPOMENCKOM U cMBUPCKOI rMOPULHbIX 30H BbIABMIIO Ya-
CTUYHO pa3sHble YYacTKK, OTBETCTBEHHbIE 3a MelaHOTeHe3, C NPM3HaKaMun AVBepreHTHOro otbopa. CpaBHUTENbHaA
¢dunoreorpadua fecATv BUAOB BPAHOBbIX, LUIMPOKO PacnpocTpaHeHHbIX B [aneapKTuke, No3Bonunna BbiAeNUTb ABe
KaTeropuu apeanos: ¢ anddepeHumaLnein Ha 3anagHble U BOCTOYHbIE MPYMMbI ranaoTunoB 1 6e3 Takoro pasgene-
HUA. 3TO MOXKHO OOBACHWUTD PA3NNUYHBIMU SKONOrMYECKUMM NPEANOYTEHUAMN: K NOAYOTKPbITbIM 61oTONaM y NTuL
nepBoOW rpynnbl 1 K lecam y BTOpoii. [peacTaBUTeN BTOPOW rpynbl NEPeXunmn niencToLeHoBble onejeHeHNA B
npeanosaraeMoM efUHCTBEHHOM JIeCHOM pedyrmyme ¢ nocieayowmm OyTblIOUHbIM FOPJIbILLKOM, YTO 0ObACHAET
1NX FOMOFeHHOCTb, @ BUAbl MePBOI FPynnbl MOrN CHGOPMUPOBaATLCA B HECKOMbKNX MecTax. OfWH U3 TaknX BULOB —
copoka Pica pica - nmeeT pa3pbiB apeana B 3abalikanbe, KOTOPbI B HacTosLLee BpeMs 3anosniHaeTca. NpuHagnexa-
LMe pasHbIM ranaorpynnam nonynaumu, pasnnyatomeca no eHotunam, MtAHK 1 Bokanusaunm, obpasyioT 30Hy
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The main purpose of evolutionary biology is still investigating
the processes taking place in nature. Although we generally
imagine the various forces creating the incredible diversity
of organisms and the mechanisms maintaining this diversity,
understanding speciation in all aspects is still a challeng-
ing matter. Even if we agree that the main mechanism of
divergence might be geographic isolation, other factors are
disputed heavily. Among them, natural hybridization and
hybrid zones were named as “natural laboratories” (Hewitt,
1988) or “windows on the evolutionary process” (Harrison,
1990). Hybrid zones can tell us a lot about the level of isola-
tion between populations and reality of the so-called species
isolating mechanisms. If hybridization between formerly
isolated diverged forms occurs, this may result in increased
variation and thus complicates the pattern of intraspecies’
variation, which is studied by modern phylogeography. It deals
with patterns and processes of distribution of genetic lineages
throughout the species’ ranges or particular gene genealogies
(Avise, 2000) and is still in many cases based on markers of
mitochondrial genomes. Phylogeography is meant to explain
the biogeographic history of populations and to shed light on
the formation of the species.

Within the bird family Corvidae there are several species
widely distributed in the Palearctic. It includes species very
variable in shape, rather large in size, numerous and observ-
able. Thus, they are convenient subjects for evolutionary
studies. Crows (Corvus corone) are most prominent among
corvids as the hybrid zone between carrion and hooded
crows is a classical text-book case of natural hybridization
occured presumably by means of secondary contact in the
Holocene (Mayr, 1942, 1963). This group represents the
polytypic species Corvus corone, including the western car-
rion crow C. c. corone, eastern carrion crow C. c. orientalis
and hooded crow C. c. cornix located between them (Fig. 1).
The taxonomy of the forms included in this group is still a
subject of hot debates and the taxa are treated as distinct spe-
cies by some authors or C. corone is treated as a superspecies
with several semispecies. The European hybrid zone is rather
well studied, while the Siberian one was only discovered by
starting our study.

During field trips in 1984-1991 we conducted ecological
observations in the region between Ob and Yenisey rivers,
mainly along the Transsiberian railway. Here the hybrid zone
was ~150 km in width (Kryukov, Blinov, 1989, 1994; Blinov,
Kryukov, 1992; Blinov et al., 1993). There was a clinal varia-
tion of plumage phenotypes within the zone, with the portion
of intermediates (presumably hybrids) reaching 33 % at maxi-
mum in the center of the zone and decreasing to its borders.
Also, phenotypic variation increased towards the center of the
zone, while its edges were rather homogeneous. No ecological
preferences were found for both forms, and phenotypically
different pairs nested side by side. Breeding success was the
same over all kinds of mating pairs. The portion of interme-
diates was the same in the stages of nestlings, subadults and

adults. Thus, progeny of any kinds of crossings had the same
fitness. In total, no selection against hybrids was observed.
While checking the content of mating pairs, we noted that any
kind of homogeneous and heterogeneous pairs could be met.
At the same time, statistically significant positive assortative
mating was discovered and proved in the center of the zone
(Kryukov, Blinov, 1989; Blinov, Kryukov, 1992). It means
that black-colored carrion crows mated preferentially with
black-colored ones, while black-grey hooded individuals, with
hooded ones. The same was confirmed for the European zone
(Saino, Villa, 1992). This phenomenon was assumed to restrict
the hybridization process and thus the widening of the zone.

Single phenotypic hybrids may be met even far away from
the zone borders, in both allopatric initial ranges. Throughout
the years we tried to use several kinds of genetic markers
in order to trace the detailed structure of the zone. But no
difference between C. c. corone and C. c. cornix was found
at the level of karyotypes: both taxa have 80 chromosomes
with identical morphology (Roslik, Kryukov, 2001). In RFLP
analysis and allozymes, no difference between parental forms
was found either, but several new variants of albumine, ester-
ase and transferrine were revealed in some hybrid specimens
(Kryukov et al., 1992). Genomic analyses using hypervariable
DNA fingerprinting (with a minisatellite probe from bacterio-
phage M13) revealed no specific markers (Uphyrkina et al.,
1995). Also, an RAPD-PCR analysis showed that variability
in carrion and hooded crows is less than in the hybrids (Spiri-
donova, Kryukov, 2004).

The sequencing of the mitochondrial cytochrome b (cytb)
gene revealed no difference between carrion and hooded crows
(so this marker is inappropriate for further detailed study of
the hybrid zone), but unexpectedly we discovered a clear
difference within the eastern carrion crows in a geographic
context (see Fig. 1).While homogeneous over the most part of
the distribution, from West Europe to Kamchatka, haplotypes
in the South Far East differed considerably (Kryukov, Suzuki,
2000). Further analysis of the mitochondrial CR revealed a
more detailed pattern, with three haplogroups, the most de-
rived being the group occupying the extreme southeastern part
of the range: the Russian Far East, Korea and Japan (Haring
et al., 2007). Interestingly, in East Siberia, Kamchatka, and
North Sakhalin, a haplogroup slightly differentiated from
the western group was found, reflecting probably additional
refugia. Then, in the distinct species, Corvus pectoralis from
China, we found the same haplotype as in southeasternmost
populations of C. corone (Haring et al., 2012). This may im-
ply mitochondrial capture from one species to another due to
suspected ancient hybridization.

Crows became a subject for geneticists from other coun-
tries as well. Haas et al. (2009) found no difference between
carrion and hooded crows in their study of MCIR gene, the
candidate for melanogenesis, and most microsatellite loci. The
same result was obtained in sequencing analyses of 25 nuclear
intronic loci, but different expression profiles between carrion
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and hooded crows were found in some of 1301 core genes
analyzed (Wolf et al., 2010). In total, all these data support
the view that the three forms are very closely related and
have diverged recently, only thousands of years ago. From a
taxonomic view, this supports their subspecies status: Corvus
corone corone, C. c. orientalis and C. c. cornix.

The crow hybrid zones were studied in a more general as-
pect as a model to understand the genetic aspects of speciation
via the genome landscapes approach, specifically, to reveal
a connection between gene flow across the hybrid zones and
diversification visualized clearly by feather coloration (very
different in carrion and hooded crows). It was found that genes
associated with melanogenesis pathways and hormone regula-
tion are expressed differently in carrion and hooded crows and
are located in a very small genomic region of the so-called
“speciation islands”. It was suspected that in this genomic
region there is an inversion. These genes were supposed to
be responsible for maintaining plumage differentiation of the
crossing forms in spite of ongoing, though restricted, gene
flow (Poelstra et al., 2014).

Because the “speciation islands” are subject to divergent se-
lection, they would cross the hybrid zones slower than neutral
alleles. So the next genome-wide study was aimed to compare
the processes in both European and Siberian hybrid zones.
124 complete genomes were analyzed and genomic regions
with increased variability were found. In a PCA analysis by
SNPs, we for the first time found clear differences between
hooded and both carrion crow clusters, while hybrids ap-
pear in between them (Fig. 2). While comparing allopatric
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Fig. 3. Phylogenetic network based on cytb gene of mtDNA of Corvus macrorchynchos, and collecting localities (after Kryukov et al.,, 2012).

populations and hybrid zones by Fst in a “sliding window”
method, several genomic regions of increased diversity were
discovered. These local peaks of genomic differentiation in
the Siberian hybrid zone were rather low compared with those
of the European zone, which corresponds to their widths. The
main such peaks were located at the 18th chromosome in the
case of the European zone and 21st for the Siberian one. Ac-
cordingly, the candidate genes of the metabolic pathway of
melanogenesis that were supposed to be involved in selection
against gene flow were only partly shared among both zones,
suggesting their independence (Vijay et al., 2016).

Another crow species, black-colored, with a massive bill, is
the jungle crow (Corvus macrorhynchos), which inhabits East-
ern Asia. We studied patterns of its genetic variation by using
sequences of the mitochondrial cyfochrome b gene. C. macro-
rhynchos demonstrates a high level of sequence variation with
a tendency to geographic differentiation throughout its range.
The haplotype network shows two haplogroups (Fig. 3). The
island group comprises the populations of Sakhalin, Hokkaido,
Honshu and Kyushu, while the mainland group includes the
populations from Primorye, Khabarovsk, Amur, Magadan
regions and Laos. Haplotypes of Taiwan and Ryukyu Islands
proved to be closer to the mainland group. The population of
Cheju Island (Korea) contains only one haplotype which is
quite distant. This pattern allowed us to develop a phylogeo-
graphic hypothesis regarding the two ways of settling of the
Japanese island from the mainland: one from Sakhalin and
Hokkaido until Kyushu, and the other from the South via Tai-
wan or, less likely, from the Korean Peninsula. Interestingly,
the lowest level of nucleotide diversity was found within the
marginal north-west population in the western part of Amur
region. C. macrorhynchos experienced population growth
in the recent past and is still expanding its range, at least in
the north and north-west of the range (Kryukov et al., 2012).

The azure-winged magpie (Cyanopica cyanus) represents
the well-known case of a widely distinct, disjunctive range. It

is distributed on the Iberian Peninsula in the west and on the
Eastern Asia. Both groups of subspecies, western and eastern,
differ from each other by color and size. Usually these isolates
were treated as Tertiary relics, assuming the subdivision of
a former continuous range during the Pleistocene. However
there was a hypothesis that Portuguese or Spanish sailors
might have brought these nice birds from Asia (China or less
probably Japan) in the Medieval and released them in Europe.
In such a case, the genetic affinity between the European
and Asian populations would be lower than that between the
Chinese and Japanese populations.

We performed analyses of the mitochondrial CR and the
cythb gene from seven subspecies throughout the C. cyanus
range (Kryukov et al., 2004). The results of the phylogenetic
analyses reveal a clear pattern concerning the grouping of
haplotypes derived from the eastern and western isolates of
the azure-winged magpie. All kinds of trees, NJ, ML and MP,
represent the similar subdivision for two clades, with the p-
distance between them about 5.3 % for CR and 6.3 % for cytb.
Within the clades, differentiation is very low (0.2-0.5 %).
Applying the widely used value of 2 % divergence per myr
(Klicka, Zink, 1997) to our cytb data set results in considerably
high divergence times, e. g. >3 mya between Asian C. c. cya-
nus and European C. c. cooki. According to that rate, the
phenotypic and genotypic differentiation of the azure-winged
magpie had already started in the Pliocene, whereas repeated
glacial expansions and restrictions of distribution ranges
during the Pleistocene might have completed the process and
enforced the differences.

Our multivariate morphometric analysis showed a clear
differentiation between the Iberian azure-winged magpie and
the Asian ones, which proved to be different in several mea-
surements and in the space of two main canonical roots. The
morphological data are in accordance with the genetic results
(Foketal., 2002; Kryukov et al., 2004), where sequence diver-
gence between the western and eastern isolates was found to be
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Fig. 4. Comparative phylogeography of 10 corvid species: ML tree based on CR of mtDNA (after Haring et al., 2007).

much higher than that among the Asian populations. Both data
sets clearly reject the hypothesis of a recent introduction of
azure-winged magpies into Europe. Since the morphological
characters mainly represent the nuclear genome, this analysis
can be regarded as an important complement to the genetic
investigations, which altogether corroborate the suggested
subdivision into the two species: Cyanopica cyanus Pallas,
1776 and Cyanopica cooki Bonaparte, 1850.

In addition to the above results, we obtained some more data
from several corvid bird species by sequencing mitochondrial
CR. Besides Corvus corone and Cyanopica cyanus,we found
deep splits into two lineages within each of the following spe-
cies: Corvus frugilegus, Pica pica and between the species
pair Corvus monedula — Corvus dauuricus (formerly treated
as conspecific). Each of them is divided into two haplogroups
corresponding to the western and eastern parts of their range.
In contrast to the taxa with the west-east pattern, no differentia-
tion into clearly divergent lineages was detected in three other
taxa: the raven (Corvus corax), the Siberian jay (Perisoreus in-
faustus) and the nutcracker (Nucifraga caryocatactes) (Fig. 4).

It is notable that in each of these species distances between
the western and eastern groups are similar, 4-5.8 %, which
implies nearly the same timing of diversification events. Se-
quence diversity is rather low within each subclade and in the
three single-group species. To explain these two types of phy-
logeographic pattern, one has to take into account ecological
conditions which may have accompanied the climatic changes
during the Pleistocene. We noted that all species of the first
group preferably nest in semi-open habitats and forest edges,
while the second group (single-group species) live mainly in
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forests. The raven (C. corax) is an ubiquist. We arrived at the
conclusion that a prominent factor influencing the pattern of
genetic differentiation seems to be the preference for either
open to semi-open habitats (the west-east pattern) or forest
dominated habitats (the single group pattern). Separated
refuge areas (western and eastern) during cold periods led to
accumulation of diversity. There could be several such open
field refuges, but only one, namely, Altai-Sayan main forest
refuge is known for LGM (Nazarenko, 1982; Anijalg et al.,
2018) in which P. infaustus and N. caryocatactes might have
survived (and probably suffered severe bottlenecks), followed
by rapid spreading after the end of the Pleistocene. It seems
that the two genetic patterns mentioned are mainly associated
with different habitat requirements and to some extent with
social and breeding behaviour. The comparatively high genetic
diversity found in C. corax suggests that this species did not
pass through severe bottlenecks as others. As a generalist, it
could even have remained more widely distributed. Thus,
comparative phylogeography helps get a general view on the
interaction between macroecological features and patterns of
the genetic variation.

One of the most common corvid species, the Eurasian
magpie (Pica pica Linnaeus, 1758), is widely distributed
throughout most Holarctic, with several isolated occurrences
in Kamchatka, South Africa, North America and Saudi
(Fig. 5). In the centre of the range, in Transbaikalia, there
is a gap. Analyses of sequences of the mtDNA revealed
deep genetic splits into four main lineages: (1) group West
(European-Siberian), (2) group East (southern Far East),
(3) P. p. mauritanica (North Africa) and (4) P. p. hudsonia
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Fig. 5. Distribution of magpie Pica pica and its subspecies (after Kryukov et al., 2017).
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(North America) (Kryukov et al., 2017). These lineages show
a geographic pattern corresponding to the subspecies or groups
of subspecies with distinct phenotypic features.

In the phylogenetic network, the western subspecies group
differs from the eastern one by more than 66 substitutions
(Fig. 6). Differentiation within the widely-distributed group
West is rather small, implying recent expansion. We detected
a separate lineage in Kamchatka with clear affinity to this
Euro-Siberian group. The Kamchatka lineage is homogeneous
too, implying a recent bottleneck. Group East consists of two
subclades without clear geographic pattern, presumably due
to admixing of populations which diverged in Pleistocene
refuges. The homogeneity of the Kyushu population supports
historical reports on the species’ introduction from Korea. The
high variation in the recently established Hokkaido popula-
tion can be explained by an ongoing ship-assisted invasion
from the variable populations of the Far Eastern mainland.
Bioacoustic data reflect phylogeographic patterns, i.e. the
split into mt lineages, and differentiate groups of subspecies.
Overall, our data support a scenario of divergence in geo-
graphic isolation. Furthermore, we report for the first time the
fast spreading of P. p. jankowskii towards the west along the

upper Amur River, and a slower shifting of P. p. leucoptera
in the opposite direction, thus yielding a new contact zone in
Transbaikalia. Here the density of the Argun’ river population,
bearing admixture of the both mitochondrial haplogroups, is
very low, but we found a few mixed pairs and phenotypical
intermediates. Breeding success was dramatically decreased
and in many nests only unfertilized eggs were found. This may
imply sterility of F1 hybrids. This case may serve as a sample
of areproductive isolation in the zone of the secondary contact
of the forms diverged by phenotypes, DNA and vocalization
when they were isolated geographically.

Here I shortly overlooked several cases of intra-species genetic
variation of corvid birds widely distributed in the Palearctic.
The degree of their divergence depends on historical and
biogeographic factors. Most species demonstrate an allopatric
mode of speciation. Pleistocene cyclic glaciations and inter-
glacial periods have greatly influenced the species distribution
ranges and interaction of forms, some of them were shaped
due to repeated isolation in Pleistocene refugia. In the case
when distribution ranges came to the secondary contacts
after spreading, successful introgression within the narrow
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hybrid zones occurs (Corvus c. cornix with C. c. corone and
C. c. orientalis), or semisympatry with reproductive isola-
tion (Pica p. leucoptera and P. p. jankowskii). Timing of the
initial divergence and secondary contacts is hard to determine
and is always disputable, mainly due to the lack of reliable
calibration by fossil records in birds. Intra-species taxonomy,
traditionally based on morphology, often does not correspond
with DNA sequence data. However, mtDNA sequences still
represent a useful tool for phylogeographic aims, even when
using short DNA regions, provided that sampling covers the
main part of the species distribution range.

References

Anijalg P, Ho S.Y.W., Davison J., Keis M., Tammeleht E., Bobowik K.,
Tumanov I.L., Saveljev A.P., Lyapunova E.A., Vorobiev A.A., Mar-
kov N.A., Kryukov A.P.,, Kojola I., Swenson J.E., Hagen S.B.,
Eiken H.G., Paule L., Saarma U. Large-scale migrations of brown
bears in Eurasia and to North America during the Late Pleistocene.
J. Biogeogr. 2018;45:394-405. DOI 10.1111/jbi.13126.

Avise J.C. Phylogeography: The History and Formation of Species.
Harward Univ. Press, 2000.

Blinov V.N,, Blinova T.K., Kryukov A.P. Interactions of Hooded and
Carrion Crows (Corvus cornix L., C. corone L.) in their zone of
sympatry and hybridization: the zone structure and possible isolating
factors. In: Rossolimo O.L. (Ed.). Hybridization and Species Prob-
lem in Vertebrates. Moscow: Moscow State University Publ., 1993;
97-117. (in Russian)

Blinov V.N., Kryukov A.P. Evolutionary stability of hybrid zones: as-
sortative mating instead of elimination of hybrids in Carrion and
Hooded Crows. Doklady Akademii Nauk = Proceedings of the Rus-
sian Academy of Sciences. 1992;325(5):1085-1087. (in Russian)

Fok K.W., Wade C.M., Parkin D.T. Inferring the phylogeny of disjunct
populations of the azure-winged magpie Cyanopica cyanus from mi-
tochondrial control region sequences. Proc. R. Soc. Lond. B. 2002;
269:1671-1679. DOI 10.1098/rspb.2002.2057.

Haas F., Pointer M., Saino N., Brodin A. An analysis of population ge-
netic differentiation and genotype-phenotype association across the
hybrid zone of carrion and hooded crows using microsatellites and
MCIR. Mol. Ecol. 2009;18:294-305. DOI 10.1111/j.1365-294X.
2008.04017.x.

Haring E., Daubl B., Pinsker W., Kryukov A., Gamauf A. Genetic di-
vergences and intraspecific variation in corvids of the genus Cor-
vus (Aves: Passeriformes: Corvidae) — a first survey based on mu-
seum specimens. J. Zool. Syst. Evol. Res. 2012;50(3):230-246. DOI
10.1111/j.1439-0469.2012.00664 x.

Haring E., Gamauf A., Kryukov A. Phylogeographic patterns in wide-
spread corvid birds. Mol. Phylogenet. Evol. 2007;45(3):840-862.
DOI 10.1016/j.ympev.2007.06.016.

Harrison R.G. Hybrid zones: windows on evolutionary process. Oxford
Surv. Evol. Biol. 1990;7:69-128.

Hewitt G.M. Hybrid zones: natural laboratories for evolutionary stud-
ies. Trends Ecol. Evol. 1988;3:158-167.

Klicka J., Zink R.M. The importance of recent ice ages in speciation:
a failed paradigm. Science. 1997;277:1666-1669.

Kryukov A.P., Blinov V.N. Interaction of Hooded and Carrion crows
(Corvus cornix L., C. corone L.) in the zone of sympatry and hybrid-
ization: is there selection against hybrids? Zhurnal Obshchey Biolo-
gii = Journal of General Biology. 1989;50(1):128-135. (in Russian)

ORCID ID
A.P. Kryukov orcid.org/0000-0001-7010-7338

Phylogeography and hybridization
of corvid birds in the Palearctic Region

Kryukov A.P., Blinov V.N. Hybrid zone of Hooded and Carrion crows
in Siberia. J. Ornithologie. 1994;135:47.

Kryukov A., Iwasa M.A., Kakizawa R., Suzuki H., Pinsker W., Ha-
ring E. Synchronic east-west divergence in azure-winged magpies
(Cyanopica cyanus) and magpies (Pica pica). J. Zool. Syst. Evol.
Res. 2004;42:342-351.

Kryukov A., Spiridonova L., Mori S., Lobkov E., Redkin Ya., Go-
roshko O., Arkhipov V., Haring E. Deep phylogeographic breaks in
magpie Pica pica across the Holarctic: concordance with bioacous-
tics and phenotypes. Zool. Sci. 2017;34:185-200. DOI 10.2108/
zs160119.

Kryukov A., Spiridonova L., Nakamura S., Haring E., Suzuki H. Com-
parative phylogeography of the two crow species, Jungle crow Cor-
vus macrorhynchos and Carrion crow Corvus corone. Zool. Sci.
2012;29(8):484-492. DOI 10.2108/zsj.29.484.

Kryukov A.P., Suzuki H. Phylogeography of carrion, hooded and jungle
crows (Aves, Corvidae) inferred from partial sequencing of the mi-
tochondrial cytochrome b gene. Genetika = Genetics. 2000;36:922-
929. (in Russian)

Kryukov A.P., Uphyrkina O.V., Chelomina G.N. Analysis of the Crow
genomes (Corvidae, Passeriformes) from the zone of overlapping
areas and hybridization. Genetika = Genetics. 1992;28(6):136-140.
(in Russian)

Mayr E. Systematics and The Origin of Species. New York: Columbia
Univ. Press, 1942.

Mayr E. Animal Species and Evolution. Cambridge, Mass: The Belknap
Press; Harward Univ. Press, 1963.

Nazarenko A.A. On faunistic cycles (extinction — expansion — extinc-
tion...) with special reference to the East Palearctic dendrophilous
avifauna. Zhurnal Obshchey Biologii = Journal of General Biology.
1982;43(6):823-835. (in Russian)

Poelstra J.W., Vijay N., Bossu C.M., Lantz H., Ryll B., Miiller I., Bag-
lione V., Unneberg P., Wikelski M., Grabherr M.G., Wolf J.B.W. The
genomic landscape underlying phenotypic integrity in the face of
gene flow in crows. Science. 2014;344:1410-1414. DOI 10.1126/
science.1253226.

Roslik G.V., Kryukov A.P. A karyological study of some Corvine birds
(Corvidae, Aves). Genetika = Genetics. 2001;37(7):796-806. (in Rus-
sian)

Saino N., Villa S. Pair composition and reproductive success across a
hybrid zone of Carrion Crows and Hooded Crows. Auk. 1992;109:
543-555.

Spiridonova L.N., Kryukov A.P. Genetic variability of carrion and
hooded crows and their hybrids according to RAPD-PCR data. Tsi-
tologiya i Genetika = Cytology and Genetics. 2004;38(2):31-39. (in
Russian)

Uphyrkina O.V., Vasiliev V.A., Kryukov A.P., Ryskov A.P. Genomic
fingerprints in crows: a study of the genetic structure of populations
of the hybrid zone. Genetika = Genetics. 1995;31(7):753-757. (in
Russian)

Vijay N., Bossu C.M., Poelstra J.W., Weissensteiner M.H., Suh A.,
Kryukov A.P., Wolf J.B.W. Evolution of heterogeneous genome dif-
ferentiation across multiple contact zones in a crow species com-
plex. Nat. Commun. 2016;7:13195. DOI 10.1038/ncomms13195.

Wolf J.B.W., Bayer T., Haubold B., Schilhabel M., Rosenstiel P.,
Tautz D. Nucleotide divergence vs. gene expression differentiation:
comparative transcriptome sequencing in natural isolates from the
carrion crow and its hybrid zone with the hooded crow. Mol. Ecol.
2010;19:162-175. DOI 10.1111/j.1365-294X.2009.04471 .x.

Acknowledgements. This review was based on collaboration with many colleagues who contributed to field work as well as to laboratory work. Among
them, | am much grateful for Drs. V. Blinov, O. Goroshko, L. Spiridonova, E. Haring, H. Suzuki, J. Wolf, and many others who collected samples for analyses.
| am obliged to Dr. E. Haring for editing the manuscript. The work was supported by the Russian Foundation for Basic Research, project #16-04-01304.

Conflict of interest. The author declares no conflict of interest.

Received November 22, 2018. Revised December 12, 2018. Accepted December 13, 2018.

238

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2019 - 23 - 2



3BONIIOUMA TEHOMA BaBnnoBcKuUi xXypHan reHeTuKn n cenekymm. 2019;23(2):239-243

OpurnHanbHoe nccnegosaHue/ Original article DOI 10.18699/VJ19.488

A meiotic mystery in experimental hybrids
of the eastern mole vole (Ellobius tancrei, Mammalia, Rodentia)

V.G. Tambovtseval &, S.N. Matveevsky2, A.A. Kashintsova?, A.V. Tretiakov?, O.L. Kolomiets?, I.Yu. Bakloushinskayal@

TKoltzov Institute of Developmental Biology, RAS, Moscow, Russia
2Vavilov Institute of General Genetics, RAS, Moscow, Russia
& e-mail: lynx1994@gmail.com; i.bakloushinskaya@idbras.ru

Chromosomal rearrangements can lead to the formation of new stable karyotypes, nevertheless changing the
architectonics of the nucleus. The differences in locations might promote Robertsonian (Rb) translocations and
encourage meiotic drive in favour of changed chromosomes or against them. We hypothesized that hybridiza-
tion and meiotic drive may produce new chromosomal forms in Ellobius tancrei. We crossed two forms with
2n = 50, and two pairs of different Rb metacentrics with partial (monobrachial) homology. In 10 years of in-
bred crossings (sister—brother), we got 9 generations of hybrids (262 litters, 578 animals). In the first hybrid
generation, two trivalents, a tetravalent and 20 bivalents were revealed at meiotic prophase I. Hybrids of the
first generation had lower fertility, fertility increased starting from the third generation. Instead of returning to
parental karyotypes, starting from the second generation, hybrids obtained new chromosome sets, with dif-
ferent 2n (48, 49, 51, 52) and combinations of Rb metacentrics. Analysis of F4, F7 and F9 hybrids revealed that
synapsis of homologous parts take place despite the presence of heterozygotes and monobrachial homology
of Rb metacentrics. The most common meiotic disturbance was delayed synapsis, which resumed later com-
pared to the homologous crossings. The late synaptic adjustments nevertheless provide a proper segregation
of chromosomes and normal sets in the gametes. Therefore, some cells pass through meiosis successfully and
promote viable gametes. We proved the hypothesis that origin of monobrachially homologous Rb transloca-
tions may lead to divergence in several generations, due to meiotic drive.
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XPOMOCOMHble NepecTPOMKM MOTYT NPUBOANUTL K GOPMMPOBAHUNIO HOBbLIX YCTOMUYMBLIX KAPUOTUMOB, N3MEHSAA
npvi STOM apXUTEKTOHUKY Agpa. Pa3nmums B nokanmnsaumm XpomMocom, BEPOSTHO, OOYCNOBNUBAIOT HECTYyYaii-
HOCTb po6epTCOHOBCKMX (Rb) TpaHcnoKauuii 1 BAVAIOT Ha MENOTUYECKUIA ApaiiB Kak B MOJb3y M3MEHEHHbIX
XPOMOCOM, TaK 1 MPOTUB HKX. Mbl Npeanonoxunnu, 4to 6narogapa rmbpugmsaumnmn n MenoTnyeckomy aparsy
MOTYT BO3HUKaTb HOBble XPOMOCOMHble GopMbl y cnenyLoHokK Ellobius tancrei. bbin nocTaBneH sKCneprMeHT
no rmbpuamnsauymm asyx ¢Gopm C oanNHaAKOBbIM 2n = 50, HO C Pa3HbIMU POBEPTCOHOBCKUMY MeTaLeHTPUKaMU.
3a [lecAaTb neT MHOPeLHbIX CKpeLMBaHWi (cecTpa—-6paT) NonyyeHo AeBATb NOKONeHNI rmbpuaos (262 nomerta,
578 XMBOTHbIX). Y rnbpungos NepBoro NoKONEHNA COXPaHANOCh AUMIOUAHOE Yncaio 2n = 50, HO B cuny He-
NnosiHoM (MoHoGpaxuanbHol) romosiorun B npodase menosa | nomumo 20 6rBaneHToB GbINN BbiABMEHbI ABA
TpMBaneHTa u oguH TeTpasaneHT. IMépuabl NepBoro NOKONEHWA UMeNn 6osee H13KYI0 NIOLOBUTOCTb MO CPpaB-
HEHUIO C poauTenbCckuMn dopmamn. HaumHas ¢ TpeTbero NoKoseHna MAoJOBMTOCTb MOBbIWanacb. Bmecto
BO3BpPALLEHUS K pOAUTENbCKM KapuoTinam rubpugbl BTOPOro v Mocieayowyix NoKONeHrin Noayunnm Hoeble
Habopbl XPOMOCOM, OTNINYAIOLLMECA AUMNTOUAHBIM YACTIOM (48, 49, 51, 52) 1 KOMOUHALMAMY POOEPTCOHOBCKNX
MeTaLEeHTPUKOB. AHann3 menosay rubpuaos F4, F7 n F9 nokasan, 4To roMonormyHbIii CUHanNcuc XpoMocom Mo-
XKeT ObITb 3aTPYyAHEH U3-32 HANIMYNA FEeTEPO3UTOT Y MOHOOPAXMaNIbHOWM FOMOMOIrMK, OfHAKO HEKOTOPbIE KNETKM
yCneLwHO NPOXOAAT Mei03, YTO MPUBOAUT K GOPMIUPOBAHNIO XKU3HECMOCOOHbIX raMeT 1 POXAEHUI0 rTMépugos.
lMpoBeaeHHbI HaMK SKCMEPUMEHT BOCMPOU3BOAUT MPOLECChbl, NPONCXOAALLMe B eCTECTBEHHbIX YCNOBUAX,
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1 faeT OCHOBAHUA CUUTATb MeOTUYECKUIA ipaiiB OCHOBHbIM MeXaHU3MOM, obecrneurBaoLmM qusepcuduka-
Lo 1 6bICTPYIO GprKCaLMIo BO3HMKAIOLWMX XPOMOCOMHbIX GOpM B Npupoge.
KnioueBble cfioBa: po6epTCOHOBCKME TPAHCIOKaLMM; CUHAMTOHEMHbIN KOMMNNEKE; rmbpuansaumns; Menotuye-

CKUiA fpaliB; BUAOOOpa3oBaHme.

Introduction

The role of chromosomal rearrangements in speciation is still a
matter of considerable debate (Faria, Navarro, 2010; Dobigny
etal., 2017). It is well illustrated in a large number of studies
that chromosomal rearrangements can lead to the formation
of new balanced karyotypes, nevertheless changing the ar-
chitectonics of the nucleus and its functioning (Qumsiyeh,
1999; Shapiro, 2002; Graphodatsky et al., 2011; Romanenko
et al., 2018). However, direct mechanisms of new karyotype
fixation are still in the scale. In general terms, a transformation
of chromatin structures may alter the genetic system of the
species, due to the modulation accessibility of transcription
factors to DNA binding sites, thus regulating gene expression.
A concept of chromosome territories proposes a non-random
distribution of chromosomes in nuclei; the nuclear architecture
constitutes the basis for gene expression regulation (Cremer T.,
Cremer C., 2001).

Robertsonian (Rb) translocations join two acrocentrics into
one metacentric chromosome. This is the most common type
of chromosomal rearrangements in mammals (King, 1993).
Translocations restructure the organization of the nuclei, es-
pecially when chromosomal territories of fused acrocentrics
are located far from each other (Berrios et al., 2017). These
changes unavoidably influence the hybrids’ fertility because
of different Rb fusions inherited from parents. In the case of
partial, or monobrachial, homology, which originated by the
combination of different acrocentrics in Rb biarmed chromo-
somes, meiosis in hybrids should become more complicated
(Baker, Bickham, 1986). These hybrids’ gametes reveal the
formation of complex chains in meiotic prophase 1. As a
result, we observe the reduction of fertility in hybrids, and
this may be treated as a starting point of full or partial repro-
ductive isolation. That is why chromosomal rearrangements,
including Rb translocations, are considered to be some of the
mechanisms of speciation (King, 1993).

Fixation of new karyotype variations might occur by non-
random chromosomal segregation, for example, when a new
Rb metacentric fixes in generations instead of homologous
acrocentric chromosomes. This may be a perfect illustration
for a conception of meiotic drive (Sandler, Novitski, 1957;
de Villena, Sapienza, 2001; Lindholm et al., 2016). Previ-
ously it was believed that monobrachial homology causes
full reproductive isolation and leads to complete sterility of
hybrids. The reason was that chromosome disjunction after
multivalent formation cannot be balanced and resulted in
aneuploid gametes and inviable zygotes production (Baker,
Bickham, 1986). However, recently it was shown for different
groups of animals that species and forms with monobrachially
homologous chromosomes are naturally occurring (Nunes et
al., 2011; Potter et al., 2017).

Our research was focused on the eastern mole vole (Ellobius
tancrei Blasius, 1884, Rodentia, Mammalia) noted for wide
karyotypic variability caused by Rb translocations (Vorontsov
et al., 1980; Lyapunova et al., 1984, 2010), unique sex chro-
mosomes (XX3/XXQ) and an enigmatic sex determination
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system (Bakloushinskaya, Matveevsky, 2018). The ancestral
karyotype of this species contains 52 acrocentric chromo-
somes and a pair of submetacentrics, but the diploid number
can be reduced to 27 = 30 by Rb translocations and fixation
of new Rb metacentrics (Bakloushinskaya et al., 2013). Our
study of natural variability in E. tancrei enables us to hypo-
thesize that hybridization and meiotic drive may produce new
chromosomal forms, and the aim of the present study was an
evaluation of this hypothesis experimentally.

Material and methods

For the experimental crossing, we chose two individuals of
E. tancrei from a natural habitat, and their progeny, a line of
strictly inbred hybrids F1-F9. We crossed two forms with
2n = 50, and two pairs of Rb metacentrics: 2Rb(4.12) and
2Rb(9.13), nicknamed ‘Khodza Obi-Garm’, according to the
closest settlement in the Varzob River Valley, and 2Rb(2.18)
and 2RDb(5.9), in the form which was named ‘Voidara’, ac-
cording to the closest settlement in the Surkhob River Valley
(Tajikistan). The homology of Rb chromosomes had been pre-
viously verified by chromosome painting (Bakloushinskaya et
al., 2010; Matveevsky etal., 2015). During 10 years of inbred
crossings (sister—brother), despite reduced fertility, we got,
in total, 9 generations of hybrids (262 litters, 578 animals).
For the presented research, we used data on F1-F9 hybrids,
50 animals in total.

Analysis of fertility and the experimental design were car-
ried out using a database accumulating data from breeding and
field logs. Animals were treated according to established inter-
national protocols, such as the Guidelines for Humane End-
points for Animals Used in Biomedical Research, and Regula-
tions for Laboratory Practice in Russian Federation, and under
the supervision of the Ethics Committee for Animal Research
of the Koltzov Institute of Developmental Biology, RAS.

For all the specimens under analysis, we prepared slides,
using fixed cells from bone marrow for mitotic metaphases and
suspensions of spermatocytes to study meiosis (Ford, Hamer-
ton, 1956; Graphodatsky, Radjabli, 1988). G-banding was
carried out for all preparations of metaphase chromosomes,
using trypsin treatments, in order to identify Rb metacentrics,
according to Seabright (1971). The suspensions and spreads
of spermatocytes were made as described by Kolomiets et al.
(2010) or Peters et al. (1997). Immunostaining was designed
as in our previous studies (Kolomiets et al., 2010; Matveevsky
etal.,2016). Synaptonemal complexes (SC) and centromeres
in pachytene spermatocytes were detected using antibodies
to axial SC elements — SYCP3 (Abcam, UK) — and the ki-
netochores (ACA, Antibody Incorporated, USA). The slides
were analyzed with an Axioimager D1 microscope (Carl
Zeiss, Jena, Germany). Images were processed using Adobe
Photoshop CS3 Extended.

Results
We had previously demonstrated (Matveevsky et al., 2015)
that parental forms possessed two types of 2n = 50 karyo-
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types with two different pairs of Rbs: 2Rb(4.12) and 2Rb(9.13)
in ‘Khodza Obi-Garm’, and 2Rb(2.18) and 2Rb(5.9), in
‘Voidara’. F1 hybrids had 2n = 50, NF = 56, but all the Rb
metacentrics were different: Rb(9.13), Rb(2.18), Rb(5.9)
and Rb(4.12). In the first hybrid generation, monobrachial
homology leads to formation of two trivalents [(2/2.18/18) and
(4/4.12/12)], and a tetravalent (5/5.9/9.13/13) in meiotic pro-
phase I (Matveevsky et al., 2015, 2017) (Fig. 1, a, Fig. 2, a).
Hybrids of the first generation had lower fertility, but did not
exhibit any health problems, and their longevity was the same
as the parental ones’ (up to seven years).

Hybrid fertility began to increase in the third generation.
We have specially focused on the most intrigued result, which
was the emergence in hybrids of new chromosome sets, with
different 2n (48, 49, 51, 52) and combinations of Rb meta-
centrics (see Fig. 1, b—d). For example, all the progeny of
F2, No. 26432, &, 2n = 48, 2Rb(4.12), 2Rb(2.18), 1Rb(5.9),
1Rb(9.13) (see Fig. 1, ¢, d) and No. 26433, Q, 2n = 52,
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2Rb(5.9) got karyotypes identical to F1 hybrids, 2n = 50,
IRb(9.13), 1Rb(5.9), IRb(2.18), 1Rb(4.12). In meiosis, they
demonstrated the same meiotic disturbances, such as the
presence of a tetravalent and two trivalents in the pachytene
and diakinesis, anaphase bridges, etc. (see Fig. 1, a, & and
Fig. 2, a). When we crossed these F3 mole voles, whose karyo-
type was identical to F1, we appeared to return to the initial
crossings. That was the reason for a long-term experiment,
because we had to override a high level of heterozygosity,
which appeared continuously. Anyway, the substitution of F2
chromosomal sets determined descent generations’ variety and
appeared to be the first step in the emergency of new balanced
chromosomal forms.

G-banding analysis revealed that 4 Rb metacentrics de-
scribed for these crossings seem to have different evolutionary
destinies. Three of them — Rb(9.13), Rb(2.18) and Rb(4.12) —
have a tendency to fix in generations, while Rb(5.9) reveals
negative dynamics. The smallest Rb(9.13) has an advantage

a b Rb bivalent’ - & % 2 24 d
Tetravalen Trlvalent s le o ¢ g ; g3 # No.26432 o
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Fig. 1. Meiotic and mitotic chromosomes of E. tancrei hybrids (F1-F9).

a, F1, No. 26182, 2n = 50: 1Rb(5.9), 1Rb(2.18), 1Rb(4.12), 1Rb(9.13), diakinesis; b, F2, No. 26453, 2n = 49: 2Rb(4.12), 1Rb(5.9), 1Rb(2.18), 1Rb(9.13), diakinesis;
¢, F2, No. 26432, 2n = 48: 2Rb(2.18), 2Rb(4.12), 1Rb(5.9), 1Rb(9.13), karyotype and diakinesis; d, abnormalities in meiosis; e, F2, No. 26335, 2n = 49: 2Rb(2.18),
2Rb(9.13), 1Rb(4.12), anaphase | bridge; f, F3, No. 26140, 2n = 51: 2Rb(9.13), 1Rb(2.18), anaphase | bridge; g, F2, No. 26139, 2n = 50: 2Rb(9.13), 1Rb(4.12), 1Rb(2.18);
h, F3, No. 26436, 2n = 50: 1Rb(4.12), 1Rb(5.9), 1Rb(9.13), 1Rb(2.18); i, F9, No. 26995, 2n = 50: 2Rb(9.13); j, F9, No. 26995, 2n = 50: 2Rb(9.13), a polyploid cell.
Magnification (a, b, d—j): 1000x.

F1 Fo
2n=50,NF =56 2n=52,NF=56

Fig. 2. Chromosome synapsis in pachytene spermatocytes of E. tancrei hybrids of different generations.

Axial SC elements were identified using anti-SYCP3 antibodies (green), anti-ACA for kinetochores (red). Tetra: tetravalent; Tr: trivalent; XX: male sex chromosomes.
Bivalent No. 7 is an exclusive non-Rb submetacentric in all forms and hybrids of E. tancrei. NF: number of chromosome arms.

a, F1, No. 26990, 2n = 50, NF = 56: 19 bivalents, 1 tetravalent, 2 trivalent, sex (XX) bivalent; b, F4, No. 26572. 2n = 50: 21 bivalents, 2 trivalents, sex (XX) bivalent;
¢, F7,No. 26986, 2n = 51: 23 bivalents, 1 trivalent, sex (XX) bivalent; d, F9, No. 26995. 2n = 52: 25 bivalents, sex (XX) bivalent. Bar (a-d) = 5 pm.

3BONOLUMATEHOMA / GENOME EVOLUTION 241



V.G. Tambovtseva, S.N. Matveevsky, A.A. Kashintsova
A.V.Tretiakov, O.L. Kolomiets, |.Yu. Bakloushinskaya

compared to others. In F7-F9, it seems to be in a stable
homozygotic state. As the Rb metacentrics started to fix and
produce new karyotypes, we observed reduction of the number
of complicated figures (trivalents, tetravalents) in meiosis (see
Fig. 1, e—g and Fig. 2, b—d), despite the presence of other
deviation (see Fig. 1, f; i, ). In F2 we first noted specimens,
homozygotic by one or two pairs of Rb metacentrics. These
hybrids also showed minimum abnormalities in the pachytene
(see Fig. 2, d) and diakinesis, but there were other abnor-
malities, such as polyploid cells. The ploidy of such cells was
rather difficult to count, most cells were probably tetraploid
ones (see Fig. 1, ). Some animals were somatic mosaic, for
example, F7 No. 26986 had 2n=50-51 2Rb(9.13), 1Rb(2.18),
0—1 Rb(4.12) in bone marrow cells. In all spermatocytes stud-
ied we distinguished 2n = 51 only (see Fig. 2, ¢).

Analysis of SCs in F1, F4, F7 and F9 hybrids proved that
synapsis and recombination of homologous parts take place,
despite the presence of heterozygotes and monobrachial
homology of Rb metacentrics (see Fig. 2). Such synapsis is
a prerequisite for the proper chromosome disjunction. Most
probably, the base for a balanced chromosome segregation
is a cis configuration for Rb trivalents, which we observed
regularly. Therefore, some cells passed through meiosis suc-
cessfully and promoted the efficient number of viable gametes.

Discussion

The hypothesis of meiotic drive as a prominent mechanism
of quick fixation of chromosomal rearrangements expects
preferential inheritance of Rb metacentrics. What is more,
some previous Rb inheritance research conducted on shrews
(Searle, Wojcik, 1998) suggests that large Rb metacentrics
have an advantage compared to smaller ones, but other stud-
ies on domestic mice did not prove that (Castiglia, Capanna,
2000). However, those studies did not observe the cases of
hybrids with Rb chromosomes having monobrachial (partial
or single arm) homology. Our data are mainly consistent with
the hypothesis of meiotic drive, but the thesis concerning the
dynamics of fixation of large and small Rb metacentrics was
not proved. Rb metacentrics of the line under investigation
can be split into two groups: small (Rb(9.13) and Rb(4.12))
and large (Rb(5.9) and Rb(2.18)). We observed clear positive
dynamics of inheritance and fixation only for Rb(9.13), the
smallest of represented Rb metacentrics. Moreover, large
Rb(5.9), also containing acrocentric 9, is the only one which
revealed negative dynamics. Such a “competition” for the
acrocentrics and an advantage of the smaller Rb metacentric
made it clear that our results are at variance with some of the
previous studies. So, this matter needs follow-up investiga-
tions. Preferential inheritance of the smaller chromosomes
may be explained by a specific architectonics of the interphase
nucleus, which is still unknown for mole voles. Another pos-
sible reason is a less complicated picture of meiosis, due to
the compactness of chromosomes. For two other Rb meta-
centrics — Rb(4.12) and Rb(2.18) — the observed segregation
was almost Mendelian. But it still confirms the hypothesis of
meiotic drive: despite the fact that the acrocentric karyotype
is prone to Rb translocations, chromosomal rearrangements
are still serious mutations. They change the architectonics
and functioning of the nucleus in unexpected ways, so the
probability of their fixation in generations is not high. That is
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why the absence of negative selection may be interpreted as
the effect of meiotic drive.

We have observed all possible prophase I SC combina-
tions in E. tancrei heterozygous spermatocytes previously
(Bogdanov, Kolomiets, 2007; Matveevsky, Kolomiets, 2016).
Some complicated figures — trivalents and a tetravalent — were
observed in meiosis of mole voles of all studied generations,
F1-F9. But we revealed a clear tendency of reduction of their
number. All F1 individuals have the same chromosomal chains
in prophase I. In F2 homozygotization started, so only a few
animals showed the same level of meiotic abnormalities. In F3,
some specimens demonstrated normal process of meiosis, not
disturbed by monobrachial homology and multivalent forma-
tion. In all generations under analysis, abnormalities of late
stages of meiosis seem to be the same. They can be summed
up as disturbance of synchronism and spatial distribution of
chromosomes.

A particularly interesting output of this experiment was a
meiotic solution for heterozygotes, carrying Rb metacentric
and homologous acrocentrics. The most common meiotic
disturbance was delayed synapsis, which resumed later com-
paring to the homologous crossings. The late synaptic adjust-
ments nevertheless provide a proper segregation of chro-
mosomes and normal sets in the gametes. The question of a
lower rate of recombination due to delayed synapses is still
open; apparently, it may lead to negative consequences in an
evolutionary perspective. It should be noted that the impact
of different SC combination on the meiotic progression is
significantly variable (Ratomponirina et al., 1988; de la Fuente
et al., 2007; Berrios et al., 2017). Some aspects about it were
discussed early (Bakloushinskaya et al., 2010; Matveevsky
et al., 2015). Another interesting phenomenon was an occur-
rence of numerous polyploid pachytenes in hybrid meiosis.
Possibly, the consequences of chromosome abnormalities,
which we observed in the prophase I, might be opposite ones.
Longevities and fissions at the zygotene are most probably
precursors for new chromosome changes, otherwise abnor-
malities at the anaphase lead to cell elimination and disappear
under natural selection.

It was possible to get a pure line in three generations, if cross
animals with identical karyotypes, but we decided to make a
‘black box’ with a sister—brother breeding system to avoid ar-
tificial selection. As a result, we got heterozygous progeny for
many generations, but the endpoint appeared to be more similar
to natural selection. The main result was an emergence of new
balanced chromosomal set and lack of meiotic disturbances.

Conclusion

To conclude, we want to highlight the fact of formation and
fixation of new karyotypes in inbred line of Ellobius tancrei
with monobrachially homologous Rb metacentrics. This mo-
del shows the way for origin of new stable chromosomal forms
which may occur in wild as well. In several generations, it may
lead to divergence and can be treated as early stages of speciation.
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Runs of homozygosity in spontaneous abortions
from families with recurrent pregnancy loss
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Recurrent pregnancy loss (RPL) is a severe reproductive pathology with a significant component of unexplained
etiology. Extended homozygous regions as a possible etiological factor for RPL were sought in the genomes of em-
bryos. Twenty-two paired first-trimester spontaneously aborted embryos from eleven women with recurrent miscar-
riage were analyzed. All embryos had normal karyotypes according to metaphase karyotyping and conventional
comparative genomic hybridization. SurePrint G3 Human CGH + SNP 4 x 180K microarrays (Agilent Technologies)
were used to search for homozygous regions. As a result, 39 runs of homozygosity (ROH) were identified in extraem-
bryonic tissues of 15 abortuses. Verification of recurrent homozygous regions was performed by Sanger sequencing.
The presence of occasional heterozygous SNPs was shown in 25 extended ROHs, which may indicate that they did
not arise de novo but were inherited from parents. In the course of inheritance in a series of generations, they may
accumulate mutations, leading to heterozygosity for several sites in the initially homozygous population-specific re-
gions. Homozygotization of recessive mutations is one of the putative mechanisms of the influence of such inherited
ROHs on RPL development. The high frequency of extended ROHs detected in the present study may point to a role
of inbreeding in RPL etiology. Homozygous regions may also occur due to uniparental disomy, and abnormalities of
genomic imprinting may be another mechanism responsible for the pathological manifestation of ROHs in embryo-
genesis. Indeed, five predicted imprinted genes were identified within ROHs according to the Geneimprint database:
OBSCN, HIST3H2BB, LMX1B, CELF4, and FAM59A. This work reports the first finding of a high frequency of extended
ROHs in spontaneously aborted embryos with normal karyotypes from families with RPL.

Key words: recurrent pregnancy loss; array-based comparative genomic hybridization; runs of homozygosity; spon-
taneous abortions; genomic imprinting.
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PalioHbI TOMO3UTOTHOCTM B TKaHSIX aOOPTYCOB 13 ceMeii
C IMIPUBBIYHBIM HEBBbIHAIIMBaHVEeM OepeMeHHOCTU

H.A. CKpﬂ6MH@, C.A. Bacuases, T.B. Huknrtuna, A.J. )Kuraanna, P.P. CaBuenko, H.IT. BabyuikuHa,
M.E. Aonarkuna, A.A. Kawesaposa, VI.LH. Aebepes

HayuHo-nccnepnoBatenbCKMin UHCTUTYT MEANLIMHCKON reHeTUKKU, TOMCKMIN HaLMOHaNbHbIN NccnefoBaTenbCKUin MeAULMHCKIIA LeHTP
Poccuminckon akapemnn Hayk, Tomck, Poccna
® e-mail: nikolay.skryabin@medgenetics.ru

MpuBbIYHOE HeBbIHaLLVBaHNE GepeMeHHOCTU ABNAETCA TAXKENION PenpoAyKTUBHON NaToNornei, Npu 3TOM NouTh B
MosIoBUHE ClyYaeB ero 3TUOJIOrA OCTaeTCA HeBbIACHEHHON. B HacToAweln paboTe NpoBeAeHO UCCIeAoBaHKe NPo-
TAXEHHbIX FTOMO3UrOTHbIX PalioHOB (runs of homozygosity — ROH) B reHoMe Kak BO3MOXXHOIO 3TMONIOrMYecKoro pak-
Topa B pa3BUTUU MPUBLIYHOTO HeBbIHALLMBaHNA 6epemMeHHOCTU. Bcero npoaHanusnposaHo 22 napHbix abopTyca
nepBoro TpumMectpa 6epeMeHHOCTM OT 11 XeHLWH C MPMBbIYHBIM HEBbIHALLMBaHNEeM GepemeHHOCTU. Y Bcex abop-
TycoB 6bifl HOPManbHbIN KaprOTUM MO pe3ynbTaTam MeTadpasHOro KapUOTUMMPOBAHNA 1 CPABHUTENIbHON FreHOMHOM
mbpransauun Ha metadasHbIX MIACTUHKAX. [1A MOMCKa rOMO3MIOTHbBIX PErvioHOB OblN NCMOMb30BaHbl MUKPO-
yumnbl SurePrint G3 Human CGH + SNP 4 x 180K (Agilent Technologies). B pe3ynbTate B 3KCTPasMOprOHanbHbIX TKa-
HAX 15 abopTyCOB BbiABNEHbI 39 FOMO3MIOTHbIX obnacTeit. [ina obpasuos ¢ nosTopaowmmmca ROH 6bina nposeaeHa
BepudUKaLMA C MOMOLLbIO CeKBeHMpoBaHWA no CaHrepy. [ina 25 npotaxeHHbix ROH 6bino nokasaHo Hannuve egu-
HMYHbIX reTepo3uroTHbix SNP, UTo MOXeT CBMAETENbCTBOBATL B MOJIb3y TOTO, YTO OHW 0Opa3yloTcA He de novo, a Ha-
cnepytotca oT poguTtenei. [Mpu SToM B Xofe HacnejoBaHUA B PAAY MNOKONEHNI B HAX MOTYT HaKamnanBaTbCa MyTaLum,
NpVBOAALLME K FreTepo3nroT3aLuy n3HavanbHO roMO3UIOTHbBIX YYaCcTKOB reHoma. OfjuH 13 BO3MOXHbIX MeXaHu3-
MOB BAVAHNA TaKNX yHacnefoBaHHbIx ROH Ha natoreHes npuBbIYHOrO HEBbIHALLMBAHUA 6ePEeMEHHOCTY — TOMO3Uro-
TV3aLWA PeLeccrBHbIX MyTaumit. Bbicokas yactota AnvHHbIX ROH, 06Hapy»eHHasA B HacToALLEeM NCCeA0BaHNUM, YKa-
3blBaeT Ha pPoJib MHOPMAMHIA B STUONOTUM NPUBbLIYHOTO HeBbIHALLVBaHNA 6epeMeHHOCTH. [oMOo3nroTHble obnacTu
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PaiioHbl rOMO3MIOTHOCTH B TKaHAX abOPTYCOB 13 cemelt
C MPVBbIYHLIM HEeBbIHaLUMBaHVeM GepeMeHHOCTY

MOTYT BO3HUKaTb TakXe 13-3a OQHOPOAMNTENbCKOWN AUCOMUM, CIeAOBaTENIbHO, aHOMaNNM FTEHOMHOTO UMMNPUHTUHIA
MOTYT 6bITb APYIIM MeXaHW3MOM, OTBETCTBEHHbIM 3a MaTONOrMyeckoe NPoABJIeHNE FTOMO3UIOTHBIX PalOHOB B 3M-
6prioreHese. B coctaBe 06Hapy»KeHHbIX PErviOHOB rOMO3MIOTHOCTY B COOTBETCTBUM C 6a30ii AaHHbIX Geneimprint
6bl10 BbIABIEHO NATb NPEANONOKNTENBbHO UMNPUHTUPOBaHHbIX reHoB: OBSCN, HIST3H2BB, LMX1B, CELF4 n FAM59A.
B pe3ynbraTe NnpoBeAeHHOro NCCeA0BaHNA BepBble NoKas3aHa BbicoKasa YacToTa AnnHHbIX ROH B TKaHAX CMOHTaH-
HbIX aBOPTYCOB C HOPMasbHbIM KapUOTUMOM M3 CEMEN C MPUBbIYHBIM HEBbIHALLIMBaHNEM GEPEMEHHOCTI.

KnioueBble crioBa: NMpriBbIYHOE HEBbIHALLMBaHWE GepeMeHHOCTU; CPaBHUTENbHAA TeHOMHas rMbpuansaumna Ha
MUKpOYMnax; panoHbl roMo3mrotHocT; ROH; cnoHTaHHble abopTbl; FEHOMHbIA UMAPUHTUHT.

Introduction

Spontaneous abortions occur in approximately 15 % of preg-
nancies in different populations; however, in some families,
pregnancy loss occurs more than once (Nikitina et al., 2016).
According to the guidelines of the European Society of Human
Reproduction and Embryology, a diagnosis of recurrent preg-
nancy loss (RPL) should be considered after the loss of two
or more pregnancies (Goddijn, 2017). The prevalence of RPL
varies from 2 to 5 % of the total number of pregnancies (El
Hachem et al., 2017). Recurrent pregnancy loss may be caused
by uterine abnormalities, parental chromosomal aberrations,
antiphospholipid antibodies, polycystic ovarian syndrome, di-
abetes mellitus, and hyperthyroidism. In about half of all cases,
the RPL cause remains unexplained (Nikitina et al., 2016).

Homozygotization of recessive mutations due to runs of
homozygosity (ROH) or uniparental disomy (UPD) may be
one of the causes (Robberecht et al., 2012; Niida et al., 2018).
In a consanguine marriage with manifestations of recessive
diseases, the homozygous risk locus is likely to fall into an
extended homozygous region. Thus, pathogenic recessive
variants can be identified in affected individuals from inbred
population by identifying ROHs. This approach to the search
for pathological mutations made it possible to map genes as-
sociated with many recessive Mendelian diseases (Botstein,
Risch, 2003).

The emergence of regions with ROHs may result from
inbreeding, but ROHs are found in human genomes even
among outbred populations (Ceballos et al., 2018). Popula-
tion history and cultural factors may influence homozygosity
levels, and therefore ROHs are characterized by population
specificity, while data on their prevalence in Russian popula-
tions are unavailable yet.

The aim of this paper was to study the role of homozygoti-
zation of various genome regions in the pathogenesis of RPL.

Materials and methods

Patients supervised by the Laboratory of Cytogenetics of the
Research Institute of Medical Genetics (Tomsk, Russia) from
1987 to 2018 were analyzed. Material from first-trimester
spontaneously aborted embryos was obtained from gyneco-
logic and obstetric clinics in Tomsk and Seversk (Russia).
Information was recorded about the maternal and paternal
age, gynecological anamnesis of the women, the number
and outcomes of previous pregnancies, and features of the
present gestation.

Tissue samples obtained by curettage were transferred to
the cytogenetic laboratory in sterile saline. The products of
conception were examined, and extraembryonic tissues were
separated from decidua and blood clots. All abortuses had nor-
mal karyotypes according to the results of metaphase karyo-
typing and conventional comparative genomic hybridization

of extraembryonic tissues. For conventional karyotyping,
metaphase chromosomes were obtained after long-term cul-
ture of fibroblasts of extraembryonic mesoderm in DMEM/
F12 (1:1) medium (Sigma, United States) supplemented with
20 % fetal bovine serum (HyClone, United States). Colchicine
(Sigma, United States) was added 4 h before chromosome
harvesting, and the samples were processed by standard tech-
niques. All specimens were G-banded with trypsin-Giemsa
(Sigma, United States) to identify chromosomes.

For conventional comparative genomic hybridization
(cCGH), test and reference DNA were labeled by nick transla-
tion (Rooney, Czepulkowski, 1992). Hybridization of the DNA
libraries on metaphase plates derived from peripheral blood
lymphocytes of a healthy male was carried out with suppres-
sion with 50-fold excess Cyt-1 DNA (Agilent Technologies,
United States) for 72 h at 37 °C in a Thermo-Brite hybridiza-
tion chamber (Abbott Molecular, United States). Metaphase
chromosomes were stained with DAPI. Hybridization signals
were detected using Axio Imager Z2 fluorescence microscope
(Carl Zeiss, Germany) with a set of corresponding filters.
The ¢CGH results were processed with Isis CGH software
(Metasystems, Germany).

A search for homozygous regions was performed with
SurePrint G3 Human CGH + SNP 4 x 180K microarrays
(Agilent Technologies) in the extraembryonic tissues from
22 paired spontaneous abortions with the normal karyotype
from 11 women with RPL. Results were visualized with Cy-
togenomics software (Agilent Technologies). Default Analysis
Method (CGH+SNP v2) was used with a LOH threshold
of 6.0. The resolution of this platform for LOH detection is
about 2 Mb.

Some recurrent homozygous regions were verified by
Sanger sequencing. To confirm the status of heterozygosity,
18 single nucleotide polymorphism (SNP) markers located
in the analyzed chromosomal regions were chosen. Criteria
for the choice of markers: the level of heterozygosity in Cau-
casians close to 0.5 and uniform distribution within assumed
homozygosity regions. DNA sequences flanking the analyzed
SNPs (155 to 350 bp for different markers) were analyzed
for each marker. In the presence of other polymorphic vari-
ants in the analyzed fragments, their heterozygosity status
was also taken into account. Sequencing was performed on
an Applied Biosystems 3730 automated analyzer with the
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, United States) according to the manufacturer’s
protocol. Data analysis was performed with Sequencing
Analysis v5.4 software.

The analysis of the gene composition was carried out with
the “WEB-based GEne SeT AnaLysis Toolkit” program based
on overrepresentation enrichment analysis (ORA) (http://
www.webgestalt.org). Gene categories were classified ac-
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Table 1. List of ROHs
Family Abortions Coordinates, Chromosomal Size,Kb  Total length, #SNP Probes # Genes Heterozygous
GRCh37/hg19 regions Kb SNP
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cording to “Gene Ontology (GO)” database (http://www.
geneontology.org).

Results and discussion

Thirty-nine homozygous regions were identified in extraem-
bryonic tissues of 15 embryos (Table 1). The average size
of the identified regions was 4.6 Mb (from 2.0 to 9.6 Mb).
Due to the limitation of the resolution of the used platform,
adequate comparison of the results with population-specific
data available in the literature is difficult. However, compari-
sons were made with studies in which identified ROHs were
ranked by size (McQuillan et al., 2008; Pemberton et al.,
2012). It was shown that extended ROHs (>2.5 Mb) are not
typical for unrelated individuals and for populations with low
levels of inbreeding. (About 20 % of samples had extended
ROHs.) In contrast, isolated endogamous populations had a
high frequency of extended ROHs (~80 %) (McQuillan et al.,
2008). The frequency of extended ROHs in our samples was
68.1 % (15/22). In addition, multiple extended ROHs were
detected in 40 % of the samples (9/22). It is possible that the
high frequency of extended ROHs is associated with a possible
role of inbreeding in the etiology of RPL.

In two embryos from one couple (family # 3), two identi-
cal homozygous regions (1q41-q42.13 and 7q21.11-q21.13)
and several individual ROHs (3a — 10q21.1, 3b — 1p31.2-
p31.1 and 10p12.31-p12.1) were identified. In family # 10,
a common ROH (11p12) and additional individual regions
(10a—-2q33.1-g33.3 and 21q21.3-q22.11, 10b — 2p12-p11.2)
were found. This finding is likely to point to inbreeding, but
its verification is impossible at present, as DNA samples from
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the parents are not available. Several ROHs were detected in
more than one embryo but in different families: two ROHs
were found in two embryos (7q21.11-q21.13, 10q21.1) and
one in three embryos (18q12.1-q12.2).

When comparing the repeated homozygous regions found in
this study with the most frequent ROHs in other populations,
no matches were found (Nothnagel et al., 2010; Pemberton
et al., 2012). This may be indicative of a specific prevalence
pattern of ROHs in the Siberian population or result from a
strong sample bias in comparison with general populations.
For more detailed analysis, characterization of Russian popula-
tions by ROH structure, location and frequency of occurrence
is required.

Samples with recurrent ROHs were selected for verifica-
tion by Sanger sequencing (Table 2). As a result, occasional
heterozygous SNPs were identified in some regions. Detailed
analysis of the results of the microarray study also revealed oc-
casional heterozygous SNPs within the homozygous regions.
Out of 39 regions of homozygosity, occasional heterozygous
SNPs were present in 25 cases (64 %), whereas only homozy-
gous SNPs were identified in 14 spontaneous abortions (36 %).
The presence of heterozygous sites in extended homozygous
regions suggests that these chromosome regions are not the
result of de novo loss of heterozygosity. Such homozygous re-
gions may occur when identical haplotypes are inherited from
each parent (Peripolli et al., 2017). Mutations may accumulate
in them in a series of generations, leading to heterozygosity
in some sites of initially homozygous regions.

The information on clinical effects of ROHs or their asso-
ciations with phenotypic traits is scarce. One of the possible

Table 2. Genotypes for highly polymorphic SNPs in recurrent ROHs analyzed by Sanger sequencing

Family Embryo Coordinates, GRCh37/hg19 Chromosomal regions Size, Kb SNP Genotype

33achr144138700646177851 ............... 14q211q2124791 ...................... r 510144740A .........................
r57154765T .........................

r5961720-|- .........................

44aChr1222474942228854703 ............ 1q41q4213 ............................ 6 38 ....................... r 52003”4A .........................
4achr7g511773290326127 ................ 7 q2111q2113 ....................... 5 708 ..................... r 525197131_ .........................
4bCh”222474942228854703 ............ 1q41q4213 ............................ 6 38 ....................... r 53856155T .........................

r5849904 .............. G .........................

4bChr78614335490826127 ................ 7 q2111q2”34683 ..................... ,— 517301014A .........................
r510281928AG .......................

r54728956A .........................

55bchr113714o3773981go49 .............. 11p12 ....................................... 2 678 ..................... r 57942537 .......................................
m 0768276 .....................................

663chr113790201940336165 .............. 11p12 ....................................... 2 434 ..................... r 510337260 .....................................
rs11035463AG .......................

88bChr143854133641364951 ............... 14q211 ..................................... 2 824 ..................... , 52250334GA ......................
r5956109G .........................
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mechanisms of the influence of ROH on the pathogenesis of
RPL may be homozygotization of recessive mutations signifi-
cant for early embryo development. Some studies demonstrate
that ROHs are significantly associated with many common
diseases, such as Alzheimer’s disease, rheumatoid arthritis,
autism, and coronary artery disease (Yang et al., 2012; Gamsiz
etal.,2013; Christofidou et al., 2015; Ghani et al., 2015). Most
of'the ROHs in our study contained genes; the average number
of genes per ROH was about 30. The region 22q12.3-q13.31
of 8 Mb in size contained the largest number of genes, 164
(sample 4b). There were no genes in three spontaneous abor-
tions with corresponding homozygous regions (samples 4b,
10a, and 10b), no known genes were identified. All regions
in these samples were mapped to 11p12.

To study the overrepresentation of groups of genes by
biological functions among all genes localized in ROHs,
enrichment analysis was carried out. As a result, a group of
genes involved in the metabolism of flavonoids was identi-
fied (GO: 0009812, FDR = 0.0001). This functional group
includes mainly genes from the UDP-glucuronosyltransferase
family (UGT2B11, UGT2A41, UGT2B28, UGT2B4, UGT2B7,
UGT2B10, UGT2B15, UGT2B17, UGT2A3, SULTIBI).
However, a more detailed analysis showed that all genes
from this group mapped to the same region 4q13.2-q21.1 in
only one sample, 4b. Consequently, the overrepresentation
of this group of genes is due to their nonrandom occurrence
within one ROH region but not systemic overrepresentation
in different samples. The absence of common pathogenetic
pathways for different samples may be indicative of the role
of homozygosity for different genes, which is quite possible
in the light of the extended size of ROHs and the number of
affected genes.

As mentioned above, in addition to regions with occasional
heterozygous SNPs, regions containing only homozygous
SNPs were identified. Perhaps such sites arise from de novo
mitotic recombination, that is, UPD occurs. Papenhausen et
al. (2011) showed that about 31 % of the samples (29/92) with
homozygous regions had appeared from UPD. In our study,
36 % of regions (14/39) without heterozygous SNPs were
identified, and they might have been generated by de novo
mitotic recombination. Imprinting abnormalities can be one
of the mechanisms by which such UPD regions contribute to
the etiology of miscarriage. When analyzing the gene compo-
sition according to the Geneimprint database, five predicted
imprinted genes were found: OBSCN, HIST3H2BB, LMXIB,
CELF4, and FAM59A.

Conclusion

This is the first study to demonstrate a high frequency of
extended ROHs in spontaneous abortions with a normal
karyotype from families with RPL. Future studies should be
dedicated to further analysis of the prevalence of ROHs in
Russian populations and consideration of this phenomenon
from the viewpoint of association with common diseases.

References

Botstein D., Risch N. Discovering genotypes underlying human phe-
notypes: past successes for mendelian disease, future approaches
for complex disease. Nat. Genet. 2003;33:228-237. DOI 10.1038/
ngl1090.

248

Runs of homozygosity in spontaneous abortions
from families with recurrent pregnancy loss

Ceballos F.C., Hazelhurst S., Ramsay M. Assessing runs of homozy-
gosity: a comparison of SNP array and whole genome sequence
low coverage data. BMC Genomics. 2018;19(1):106. DOI 10.1186/
s12864-018-4489-0.

Christofidou P., Nelson C.P., Nikpay M., Qu L., Li M., Loley C., De-
biec R., Braund P.S., Denniff M., Charchar F.J., Arjo A.R., Tré-
gouét D.A., Goodall A.H., Cambien F., Ouwehand W.H., Roberts R.,
Schunkert H., Hengstenberg C., Reilly M.P., Erdmann J., McPher-
son R., Konig I.R., Thompson J.R., Samani N.J., Tomaszewski M.
Runs of homozygosity: association with coronary artery disease
and gene expression in monocytes and macrophages. Am. J. Hum.
Genet. 2015;97(2):228-237. DOI 10.1016/j.ajhg.2015.06.001.

El Hachem H., Crepaux V., May-Panloup P. Recurrent pregnancy loss:
current perspectives. Int. J. Womens Health. 2017;9:331-345. DOI
10.2147/1IJWH.S100817.

Gamsiz E.D., Viscidi E.W., Frederick A.M., Nagpal S., Sanders S.J.,
Murtha M.T., Schmidt M., Triche E.W., Geschwind D.H.,
State M.W., Istrail S., Cook E.H., Jr., Devlin B., Morrow E.M. Intel-
lectual disability is associated with increased runs of homozygosity
in simplex autism. Am. J. Hum. Genet. 2013;93(1):103-109. DOI
10.1016/j.ajhg.2013.06.004.

Ghani M., Reitz C., Cheng R., Vardarajan B.N., Jun G., Sato C.,
Naj A., Rajbhandary R., Wang L.S., Valladares O., Lin C.F., Lar-
son E.B., Graff-Radford N.R., Evans D., De Jager P.L., Crane PK.,
Buxbaum J.D., Murrell J.R., Raj T., Ertekin-Taner N., Logue M.,
Baldwin C.T., Green R.C., Barnes L.L., Cantwell L.B., Fallin M.D.,
Go R.C., Griffith P.A., Obisesan T.O., Manly J.J., Lunetta K.L.,
Kamboh M.I., Lopez O.L., Bennett D.A., Hendrie H., Hall K.S.,
Goate A.M., Byrd G.S., Kukull W.A., Foroud T.M., Haines J.L., Far-
rer L.A., Pericak-Vance M.A., Lee J.H., Schellenberg G.D., George-
Hyslop P.St., Mayeux R., Rogaeva E. Association of long runs of
homozygosity with Alzheimer disease among African American
individuals. JAMA Neurol. 2015;72(11):1313-1323. DOI 10.1001/
jamaneurol.2015.1700.

Goddijn M. ESHRE. Recurrent Pregnancy Loss. Guideline of the Euro-
pean Society of Human Reproduction and Embryology, 2017.

McQuillan R., Leutenegger A.L., Abdel-Rahman R., Franklin C.S.,
Pericic M., Barac-Lauc L., Smolej-Narancic N., Janicijevic B., Po-
lasek O., Tenesa A., Macleod A.K., Farrington S.M., Rudan P., Hay-
ward C., Vitart V., Rudan 1., Wild S.H., Dunlop M.G., Wright A.F.,
Campbell H., Wilson J.F. Runs of homozygosity in European popu-
lations. Am. J. Hum. Genet. 2008;83(3):359-372. DOI 10.1016/j.
ajhg.2008.08.007.

Niida Y., Ozaki M., Shimizu M., Ueno K., Tanaka T. Classification of
uniparental isodisomy patterns that cause autosomal recessive dis-
orders: proposed mechanisms of different proportions and parental
origin in each pattern. Cytogenet. Genome Res. 2018;154(3):137-
146. DOI 10.1159/000488572.

Nikitina T.V., Sazhenova E.A., Tolmacheva E.N., Sukhanova N.N.,
Kashevarova A.A., Skryabin N.A., Vasilyev S.A., Nemtseva T.N.,
Yuriev S.Y., Lebedev L.N. Comparative cytogenetic analysis of
spontaneous abortions in recurrent and sporadic pregnancy losses.
Biomed. Hub. 2016;1:446099. DOI 10.1159/000446099.

Nothnagel M., Lu T.T., Kayser M., Krawczak M. Genomic and geo-
graphic distribution of SNP-defined runs of homozygosity in Eu-
ropeans. Hum. Mol. Genet. 2010;19(15):2927-2935. DOI 10.1093/
hmg/ddq198.

Papenhausen P., Schwartz S., Risheg H., Keitges E., Gadi ., Burn-
side R.D., Jaswaney V., Pappas J., Pasion R., Friedman K., Tep-
perberg J. UPD detection using homozygosity profiling with a SNP
genotyping microarray. Am. J. Med. Genet. Pt. A. 2011;155(4):757-
768. DOI 10.1002/ajmg.a.33939.

Pemberton T.J., Absher D., Feldman M.W., Myers R.M., Rosen-
berg N.A., Li J.Z. Genomic patterns of homozygosity in worldwide
human populations. Am. J. Hum. Genet. 2012;91(2):275-292. DOI
10.1016/j.ajhg.2012.06.014.

BaBunosckuii XKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2019 - 23 - 2



H.A. CkpsabuH, C.A. Bacunbes, T.B. HukutnHa ...
M.E. NlonatkuHa, A.A. KawesapoBa, /.H. Jlebenes

Peripolli E., Munari D.P,, Silva M.V.G.B., Lima A.L.F., Irgang R., Bal-
di F. Runs of homozygosity: current knowledge and applications in
livestock. Anim. Genet. 2017;48(3):255-271. DOI 10.1111/age.12526.

Robberecht C., Pexsters A., Deprest J., Fryns J.P., D’Hooghe T., Ver-
meesch J.R. Cytogenetic and morphological analysis of early pro-
ducts of conception following hystero-embryoscopy from couples
with recurrent pregnancy loss. Prenat. Diagn. 2012;32(10):933-942.
DOI 10.1002/pd.3936.

2019
23.2

PanoHbl roMO31IrOTHOCTU B TKaHAX a60pTyCOB 13 cemen
C NPUBbIYHbIM HEBbIHalLMBaHNEM GEDEMEHHOCTVI

Rooney D.E., Czepulkowski B.H. Human Cytogenetics. A Practical
Approach. New York: Oxford Univ. Press, 1992.

Yang H.C., Chang L.C., Liang Y.J., Lin C.H., Wang PL. A genome-
wide homozygosity association study identifies runs of homozygo-
sity associated with rheumatoid arthritis in the human major histo-
compatibility complex. PLoS One. 2012;7(4):e34840. DOI 10.1371/
journal.pone.0034840.

ORCID ID

N.A. Skryabin orcid.org/0000-0002-2491-3141
S.A. Vasilyev orcid.org/0000-0002-5301-070X

T.V. Nikitina orcid.org/0000-0002-4230-6855

D.l. Zhigalina orcid.org/0000-0003-2800-8875

R.R. Savchenko orcid.org/0000-0003-3839-3543
N.P. Babushkina orcid.org/0000-0001-6133-8986
M.E. Lopatkina orcid.org/0000-0002-7051-3472
A.A. Kashevarova orcid.org/0000-0002-0716-4302
I.N. Lebedev orcid.org/0000-0002-0482-8046

Acknowledgements. This study was supported by the Russian Science Foundation, project 16-15-10229.

Conflict of interest. The authors declare no conflict of interest.

Received December 4, 2018. Revised February 8, 2019. Accepted February 11, 2019.

MEOAUUMNHCKAA TEHETUKA / MEDICAL GENETICS 249



Mpuem cTaten yepes sNeKTPOHHYO pefakuumio Ha cante http://vavilov.elpub.ru/index.php/jour
penBapUTeNbHO HYXKHO 3aPErMCTPUPOBATLCA Kak aBTOPY, 3aTEM B MPABOM BEPXHEM Yy CTPAHULbI
BbI6paTh «OTNPaBnTb PyKONUCb». Mocie 3aBepLIeHUs 3arpy3Kn MaTepuranos 06s3aTesibHO BbiGpaTb
onumio «OTNPaBUTb NMCbMO», B STOM CJlyYae peAakLms aBTOMAaTMUecKy byaeT yBeaomMsieHa

0 MOJTyYEeHNN HOBOW PYKOMMUCK.

«BaBWIOBCKMI »KypHas reHeTukn 1 cenekumm»/“Vavilov Journal of Genetics and Breeding”
[0 2011 r. BbIXoAMN Nof Ha3BaHmeM «/IHGOPMaLMOHHBIN BECTHUK BOTC»/
“The Herald of Vavilov Society for Geneticists and Breeding Scientists”.

PernctpauunoHHoe caugetenbctBo M N2 ®C77-45870 BbigaHo DepepanbHO Cy»601 Mo HaA30py
B chepe cBA3M, MHPOPMALIMOHHbIX TEXHOMOTMI N MaCCOBbIX KOMMYHUKauwmid 20 nionsa 2011 r.

«BaBUNOBCKIMI XKypHan reHeTUKN 1 cenekuum» BknoueH BAK MuHobpHayku Poccun B MNepeyerb
peLeH3pyeMbIX HayUYHbIX U3[aHUIA, B KOTOPbIX AOMKHbI ObITb OMy6/IMKOBaHbl OCHOBHbIE Pe3yJbTaThl
AnccepTalmi Ha COMCKaHMe YYeHOW CTeNneHN KaHArAaTa HayK, Ha COMCKaHme YUeHOM cTeneHn
JOKTOpa HayK, POCCMINCKMI MHAEKC HayYHOTO LuTpoBaHus, BUHUTW, 6a3bl gaHHbIX Emerging Sources
Citation Index (Web of Science), Zoological Record (Web of Science), Scopus, Ebsco, DOAJ, Ulrich’s
Periodicals Directory, Google Scholar, Russian Science Citation Index Ha nnatdpopme Web of Science.

OTKpbITbIN AOCTYN K MOMHbIM TEKCTaM:

Ha caite MLl CO PAH - bionet.nsc.ru/vogis/

nnatdopme Elpub - vavilov.elpub.ru/index.php/jour

nnatdopme HayuHol anekTpoHHoM 6ubnuoteku — elibrary.ru/title_about.asp?id=32440

MopnucKy Ha «BaBNNOBCKMI XypHan FeHETUKN 1 CENeKLUM» MOXHO OpOPMUTDL B JIO6OM MOUTOBOM
oTaeneHun Poccun. inpgekc nsganna 42153 no katanory «pecca Poccum».

anI nepeneyaTke MmaTepmnanoB CCbUlKa Ha XypHarn ob6s3aTenbHa.

X e-mail: vavilov_journal@bionet.nsc.ru

M3patenb: OepeparnbHoe rocyfapCTBEHHOE OIOIXKETHOE HayYHOEe yupexaeHne

«DepepanbHbIf NCCNe[OBaTENbCKNN LeHTP VIHCTUTYT LMTONOTUN 1 FEHETUKN

Cunbupckoro otaeneHns Poccninckorn akageMum Hayk,

npocnekT Akagemuka JlaBpeHTbeBa, 10, HoBocnbupck, 630090.

Anpec pepakumu: npocnekT Akagemuka JlaBpeHTbeBa, 10, HoBocnbrpck, 630090.

CekpeTapb Mo opraHu3aumoHHbIM Bonpocam C.B. 3y6oBa. Ten.: (383)3634977.

M3paHme nogrotoBneHo nHpopmalmoHHo-n3gatenbckum otgenom ULl CO PAH. Ten.: (383)3634963*5218.
HauanbHuk otaena: T.O. Yankosa. Pegaktopsi: B.[. AxmeToBa, U.10. AHydpueBa. [lusaiiH: A.B. Xapkesunu.
KOMFIbIOTepHaH rpaduka n Bepctka: T.6. KoHaxuHa, O.H. CaBBateeBa.

I'IonnmcaHo B nevatb 22.03.2019. Boixog B cBeT 29.03.2019. ®opmat 60 X 84 '/s. Ycn. neyu. n. 15.11.
yq -134. 1. 18.2. Tupak 150 3K3. 3aka3 N2 44. LleHa ceoboaHas.

OTneanaHo B Trnorpadum Oryn «M3parenbcteo CO PAH», Mopckoii npocnekT, 2, HoBocnbupck, 630090.



