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Charakterizace procesti nezbytnych pro zahajeni
embryonalni genomové aktivace u preimplanta¢nich

embryi savci

Abstrakt

Casny preimplantaéni vyvoj savcil je fizen maternalnimi mRNA a proteiny, které byly
nasyntetizovany jiz v pribéhu oogeneze. Béhem ¢asného vyvoje jsou tyto rezervy postupné
odstraniovany a nahrazeny jejich embryonalnimi formami. Zatimco degradace maternalnich
mRNA je postupny proces, ktery vrcholi v obdobi okolo hlavni viny aktivace embryonalniho
genomu (EGA), o degradaci maternalnich proteinti neni zndmo pftili§ mnoho informaci. Jednim
z nejpravdépodobnéjsich zplsobl odstranéni maternalnich proteini se jevi degradace pomoci
ubiquitin — proteazomového systému (UPS). K tomu, aby byly proteiny odstranény pomoci
proteazomu, musi byt nejprve oznaceny ubiquitinem (tzv. ubiquitinace). Na ubiquitinaci se
podili tfi enzymové komplexy: E1, E2 a E3 enzymy. Vybér specifického cilového proteinu a

finalni navazani ubiquitinu je zprostfedkovano pomoci E3 — ubiquitin ligaz.

Tato prace se soustiedila na detailni studium SCF komplexu (Skpl-Cull-F-box), jedné
z nejcastejSich E3 ubiquitin-ligdz. SCF komplex se sklada ze tii neménnych slozek: Cull, Skpl,
Rbx1 a jednoho zastupce z rodiny F-box proteint, ktery urcuje substratovou specifitu. Nejprve
jsme sledovali expresi mRNA a protein jednotlivych neménnych ¢lentt SCF komplexu.
Pocatek syntézy mRNA Cull a Skpl byl detekovan u embrya skotu jiz v 4bunééném a casném
8bunécném stadiu, coz naznacuje nezbytnost téchto transkriptl pro ptipravu embrya na EGA.
Hladina proteinu CUL1 postupné vzristala od MII oocytii po stddium moruly a protein byl
lokalizovan predevSim v jadrech, méné v cytoplazmé& Ve stddiu blastocysty byla
Hladina proteinu SKP1 signifikantn€ vzrostla mezi MII a 4bunéénym stddiem, nasledné vSak
opét signifikantné¢ poklesla. Tento protein byl lokalizovan rovnomérné rozprostfeny
Vv cytoplazmé, ve stadiu blastocysty s mirné niz§i intenzitou v oblasti ICM. V hladinach
proteinu RBX1 nebyl detekovan Zadny statisticky vyznamny rozdil, i jeho lokalizace
Vv cytoplazmé byla po cely vyvoj nezménéna. Aktivni SCF komplex, ktery je uréen vazbou Cull
na Skpl, byl rovnomérné rozlozen v priabéhu celého preimplantacniho vyvoje. Ve stadiu

blastocysty vsak byla jeho aktivita znatelné nizsi v oblasti ICM nez v oblasti TE.



K inhibici SCF ligdz jsme pouzili MLN4924, coz je inhibitor neddylaci aktivovanych
ligdz. Po kultivaci oocyti v tomto inhibitoru nedochazelo K expanzi kumuldrnich bungk,
nicméné oocyty byly aspésné in vitro oplozeny. Po oplozeni jsme vsak detekovali signifikantni
narast polyspermie a i nasledujici vyvoj do stadia blastocysty byl zhorSeny. Opozdény vyvoj
jsme nalezli 1 pfi vyuziti inhibitoru MLN4924 ke kultivaci embryi od 4bunécného do pozdniho
8bunécného stadia. U téchto embryi jsme detekovali snizené mnozstvi mRNA markert EGA —
PAPOLA a U2AF1, coz naznacuje opozdénou aktivaci embryonalniho genomu. Kultivace
v MLN4924 vedla ke zvyseni celkového mnozstvi proteinti u oSetienych oocytli i embryi, u
kumularnich bun€k se podobny nartst neprojevil. Pomoci metody western blot jsme sledovali
hladinu nasledujicich proteind: SMADA4, ribozomalni protein S6, centromericky protein E, P27,
IkBA, RBM19 a ZARI1. Neobjevili jsme vSak zadny statisticky vyznamny nardst v jejich
mnozstvi, ktery by znacil jejich hromadéni. U ttech proteinit (P27, IkBA, SKP1) jsme pfi
western blot analyze vSech vyvojovych stadii nalezli bandy s vy$s$i molekularni hmotnosti, nez
bylo ocekavano. Tyto vyssi bandy pravdépodobné naznacuji tvorbu komplext, které mohou

byt pro preimplantacni embrya specifické.

Nase prace prokazala, ze SCF ligazy jsou nepostradatelné pro spravné zrani oocytu,

expanzi kumularnich bun€k, oplozeni a ¢asny preimplantac¢ni vyvoj skotu.

Klic¢ova slova: preimplantacni embrya, aktivace embryondlniho genomu, degradace proteind,

ubiquitin — proteazomovy systém, SCF komplex



Characterization of processes necessary for the initiation
of embryonic genome activation in mammalian
preimplantation embryos

Abstract

The early preimplantation development is controlled by maternal mRNA and proteins
synthetized during oogenesis. These reserves are gradually degraded and replaced by
embryonic transcripts during early embryogenesis. The degradation of maternal mRNA is
gradual process, which peaks around the major wave of embryonic genome activation (EGA),
but mechanisms underlying the elimination of maternal proteins remains still unknown. One of
the most likely way to eliminate maternal proteins seems to be ubiquitin — proteasome system
(UPS). UPS-based protein degradation is managed by ubiquitin attached to the targeted protein
(process called ubiquitination) by the cooperation of three enzymatic complexes: E1, E2 and
E3 enzymes. E3 enzymes are responsible for protein specificity and final binding of ubiquitin
to the target protein.

These thesis is focused mainly on a detailed study of SCF (Skp1-Cull-F-box) complex,
one of the most common E3 ubiquitin-ligases. The SCF complex is composed by three invariant
members: Cull, Skpl, Rbx1 and one member from the F-box family, which determines the
substrate specificity. At first, we observed the expression of mMRNA and proteins of all three
invariable members. Cull and Skpl mRNA synthesis was detected at the four-cell and early
eight-cell stage respectively, which suggests that these transcripts are necessary for preparing
the embryo for EGA. CUL1 protein level increased gradually from MII oocytes to the morula
stage embryos and protein was localized primarily to nuclei and to a lesser extent to the
cytoplasm with a lower signal in the inner cell mass (ICM) compared to trofoectoderm (TE) at
the blastocyst stage. The level of the SKP1 protein significantly increased from MII oocytes to
four-cell stage embryos, but then significantly decreased again. The localization of the SKP1
protein was analysed throughout the cell and staining was less intensive in the ICM at the
blastocyst stage. There were no statistical differences in RBX1 protein level and this protein
was localized in cytoplasm during all preimplantation development without changes. The active
SCF complex, which is determined by the interaction of Cull and Skp1, was found throughout
the whole embryo during preimplantation development. The signal of active complex was less
intense in the ICM than in the TE.



After the SCF ligases inhibition by cultivation in MLN4924, inhibitor of neddylation
controlled ligases, we found no cumulus cells expansion, however oocytes were able to be in
vitro fertilized. After fertilization we detected significantly higher rate of polyspermy and
deteriorated embryonic development. After treatment with MLN4924 from the four-cell to late
eight-cell stage, we found a statistically significant delay in their development. We found
reduced levels of mMRNA of EGA markers — PAPOLA and U2AF1, which indicated delay in
embryonic genome activation. The cultivation with MLN4924 caused a significant increase in
protein levels in MLN4924-treated oocytes and embryos, no such change was found in cumulus
cells. To detect, which proteins are affected by MLN4924 treatment, we performed western
blot analysis of selected proteins: SMAD4, ribosomal protein S6, centromeric protein E, P27,
IkBA, RBM19 and ZARI1. No statistically significant increase in protein levels was detected in
either treated oocytes or embryos. However, we found bands of higher molecular weight than
expected in three proteins (P27, IkBA and SKPI1) after western blot analysis of all
developmental stages. These higher bands can indicate complexing of proteins specific for

preimplantation embryos.

Our study showed that SCF ligases are necessary for the correct maturation of oocytes,

cumulus cells expansion, fertilization, and early preimplantation development of cattle.

Key words: preimplantation embryos, embryonic genome activation, protein degradation,

ubiquitin — proteasome system, SCF complex
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1. Uvod

V poslednich letech zaziva odvétvi biotechnologie a in vitro oplozeni (IVF) prudky
rozvoj. Nejnovejsi poznatky jsou vyuzivany nejen v zemédélstvi, ale také ve zdravotnictvi
V oblasti asistované reprodukce. Porozuméni mechanizmiim a udalostem probihajicim
v ¢asném embryondlnim vyvoji je pro dal§i pokrok stézejni. V pribehu preimplantacniho
vyvoje savcu se setkdvame s ne¢kolika kritickymi déji, které jsou pro dalsi vyvoj klicové. Mezi
tyto procesy patii pfedevSim aktivace embryonalniho genomu a nésledné diferenciace embrya.
Preimplantacni vyvoj Clovéka a skotu se do zna¢né miry podobaji, proto jakykoliv novy
poznatek tykajici se bovinniho embryonalniho vyvoje miize slouzit ke zdokonaleni nejen

zemedelské produkcee, ale také humanni asistované reprodukece.

Béhem oplozeni musi dojit ke spojeni dvou vysoce specializovanych gamet, které
vytvareji kompletné novy organizmus. V pocateénim useku vyvoje je genom transkripéné
inaktivni, aby umoznil pfeprogramovani zygoty do totipotentniho stavu. Postupné dochazi k
aktivaci embryondalniho genomu, vyvoj za¢ina byt kontrolovan embryem a maternélni zasoby
jsou nahrazovany embryonalnimi. I pies desitky let aktivniho vyzkumu embryonalniho vyvoje
fady modelovych organizml, chybi uplné porozuméni v§ech mechanizmi, které fidi prechod k

embryonalni kontrole vyvoje a uspéSnou aktivaci embryonalniho genomu.

Casny embryonalni vyvoj je fizen maternalnimi mRNA a proteiny. Ty jsou
syntetizovany v prubéhu oogeneze a nasledné vyuzivany v pocatecnich stadiich embryogeneze.
Béhem nasledujiciho vyvoje jsou maternalni rezervy postupné nahrazovany embryonalnimi.
Degradace maternalni mRNA je postupny proces, ktery vrcholi v obdobi okolo hlavni viny
aktivace embryonalniho genomu (EGA). Zpusob, kterym jsou z embrya odstranény maternalni
proteiny, vSak doposud nebyl objasnén. Odstranéni maternalnich proteind je pravdépodobné
pro nasledujici vyvoj dllezité, podobné jako odstranéni materndlni mRNA. Jejich degradace
ale patrn€ nebude tak rychld a n¢které proteiny by mohly byt zachovany i po EGA. Jednim z
nejpravdépodobnéjsich zplisobli odstranéni maternalnich proteinti se jevi degradace pomoci
ubiquitin — proteazomového systému (UPS). Prozatim vSak neni piili§ jasné, které enzymy
tohoto systému se na jejich degradaci podileji, a proto je v tomto sméru nutny jest¢ dalsi

vyzkum.



2. Literarni prehled
2.1.0plozeni

Embryonalni vyvoj vSech savcl zacind splynutim haploidni spermie s haploidnim
oocytem za vzniku diploidni jednobunécné zygoty. Kontaktem se spermii oocyt znovuobnovi
meidzu zastavenou v metafazi II (MII) druhého meiotického déleni a vstoupi do interfaze.
Spermie poskytne svou DNA k tvorbé samciho prvojadra. Ostatni soucasti spermie, jako jsou
mitochondrie, prekurzory mikrotubuly-organizujiciho centra a dals$i bunééné komponenty,
pravdépodobné nehraji v oplozeni a dalsim embryonalnim vyvoji zddnou vyznamnou roli
(Saunders et al. 2002). Oocyt je zodpovédny za rozpoznani spermie, prevenci polyspermie,
remodelaci paternalniho genomu, aktivaci embryonalniho genomu a samotny piechod
z maternalni na embryonalni kontrolu vyvoje (Li et al. 2013). Po dokonceni meidzy a vzniku
Ibunééného embrya, tzv. zygoty, dojde k replikaci paternalni i maternalni DNA a prvni bunécné

déleni je pozorovano pfiblizné 24 hodin po oplozeni (Laurincik et al. 1998).

Spermie béhem prichodu reprodukéni soustavou samice podstupuji metabolické
a enzymatické zmény a zmény ve schopnosti vazat se na vrstvu zona pellucida (ZP) (Mgjica et
al. 2003). Tyto procesy se nazyvaji kapacitace a akrozomalni reakce a u skotu trvaji pfiblizné
6 hodin. Pod kapacitaci spadaji ptedevsim enzymatické a strukturalni modifikace akrozomu a
predni casti hlavicky spermie. Patfi sem zvySeni propustnosti membrany pro vapnik,
modifikace struktury membréany a pfeména proakrozinu na akrozin. Kapacitace se stimuluje pfi
vstupu spermie do reprodukéniho traktu. Akrozomova reakce zahrnuje fizi membrany spermie
a akrozomu a formaci otvori, kterymi se mohou uvoliiovat enzymy akrozomu a nasledné
rozru$it mezibunécné spoje bunék obklopujici oocyt. Diky tomu se spermie dostane do pifimého
kontaktu s membranou vajicka a muze dojit k samotnému splynuti membran (Ball & Peters

2008).

Po kontaktu spermie dojde v oocytu K vypusténi intracelularnich Ca?" iontd, které
osciluji v cytoplazmé oocytu (Saunders et al. 2002). Tato oscilace spusti fadu zmén souhrnné
oznacovanych jako aktivace oocytu. Mezi tyto procesy patii exocytoza kortikalnich granul,
polyspermicky blok tvofeny vrstvou zona pellucida a znovuobnoveni bunééného cyklu (konec
druhého meiotického bloku) (Kline & Kline 1992). Zakladem oscilace vapenatych kationtt je
uvolnovani z intracelularnich zasob, které zprostredkovava inozitoltrisfostat (IP3). Ten vzniké
hydrolyzou z fosfatidylinositol-4,5-bisfosfatu (PIP2) pomoci PLC(, konkrétniho druhu
fosfolipazy C, ktera je specificka pro spermie. PLCC difunduje do vaji¢ka po splynuti membran



spermie a oocytu (Schultz 2005). Dale nastava blok polyspermie, coz je né€kolikastupiiovy
proces, ktery je primarné realizovan na dvou Grovnich — pomoci plasmatické membrany oocytu
a vrstvou zona pellucida. Na plazmatické membrané oocytu se vyskytuje receptor Juno, ktery
je schopny se vazat na samci protein Izumol vyskytujici se na povrchu kapacitované spermie.
Pti oplozeni dojde k jejich vzajemné vazbé a naslednému odstranéni receptortt Juno z povrchu
oocytu. Diky tomu je zabranéno vazbé dalsich spermii, potazmo vzniku polyspermie (Bianchi
et al. 2014). Dalsim zpisobem zamezeni polyspermie je pomoci vrstvy zona pellucida. ZP je
mimo blokovani polyspermie dualezita i pro rozeznani druhové specifickych spermii, brani
rozptylu blastomer, ochraniuje embryo béhem casného vyvoje a usnadnuje jeho prichod
vajeénikem (Vanroose et al. 2000). Obecné se ZP sklada pouze z nékolika vysoce-
modifikovanych glykoprotein: ZP1, ZP2, ZP3 a ZP4, jejichz zastoupeni se u jednotlivych
druhti mtze lisit. U skotu nebo ¢lovéka jsou zastoupeny vSechny z uvedenych proteinti, ale
napiiklad u mysi chybi ZP4, protoze v jeho genu se vyskytuje nékolik stop kodont (Lefiévre et
al. 2004). U skotu tedy nalezneme ZP1, ZP2, ZP3-a, ZP3-p a ZP4 (Topper et al. 1997). Kazdy
z téchto glykoproteinti plni jinou funkci. ZP3-a je receptorem spermie, ZP2 slouZzi jako
sekunddrni receptor spermii reagujici s akrozomem. Po fzi spermie a oocytu dochazi
k modifikacim ZP2 a ZP3 proteini v nasledku exocytdzy kortikalnich granuli oocytu, diky
kterym blokuji tyto glykoproteiny polyspermii (Vanroose et al. 2000; Li et al. 2013).

Polyspermie je pro ¢asna embrya letalni (Li et al. 2013).

2.2. Preimplantacni vyvoj

Casny embryonalni vyvoj je velice slozity a striktné regulovany proces, béhem kterého
se diferenciovany oocyt pfeméni na totipotentni blastomery, které tvoii embryo v pocatcich
vyvoje. Kratce po priniku spermie do oocytu dochazi k obnoveni meidzy a formuje se sam¢i a
sami¢i prvojadro (Barnes & Eyestone 1990). Prvni buné&tné cykly po oplozeni jsou rychlé
z ditvodu chybéjicich nebo velmi kratkych G fazi. Jednotlivé blastomery nerostou, syntéza
proteinii je omezend a embryo vyuziva prevdzné zasoby nasyntetizované a ulozené jiz
Vv prib&hu oogeneze. Na rozdil od nizsich obratlovct je vSak pocatecni déleni savéiho embrya
pomalejsi. Zatimco Xenopus laevis ¢i Drosophila melanogaster jsou schopni prodélat nékolik
prvnich deleni béhem 3 hodin po oplozeni (hpf), prvni déleni savcl se objevuje zhruba 18-36
hpf a nasledujici déleni ptiblizné kazdych 12 — 24 hodin az do stadia blastocysty (Jukam et al.
2017). U savcl mizeme pozorovat asynchronni déleni, kdy je mozné sledovat Vv jednu chvili

lichy pocet blastomer (Gilbert 2000).



Ve stadiu 32 bun¢k zacina u embryi skotu kompaktace a vznika morula (Van Soom et
al. 1997). Kompaktace je prvni morfologicky proces vyvoje a, spolu s naslednou kavitaci, je
fizena expresi faktoru, které ovladaji adhezi bunék a diferenciaci trofoektodermu (Watson &
Barcroft 2001). Béhem kompaktace se mezibunééné kontakty mezi blastomerami zvySuji,
dokud obrysy jednotlivych blastomer nezmizi. Diferenciace trofoektodermu zacina spolu
s pocatkem polarizace bun€k vnéjsich blastomer béhem kompaktace (Watson & Barcroft
2001). V tomto obdobi dochazi k prvni specializaci nékterych bunék a za¢ina se tvofit vnitini
bunécnd masa (ICM) a trofoektoderm (TE), ze kterych se nasledn¢ vytvoifi embryonalni a
E-kadherinem sice kompaktuji, ale nevyvinou se z nich blastocysty a nasledné nezvladaji
opustit ZP (tzv. hatchovat) (Watson & Barcroft 2001). Komunikace mezi jednotlivymi butikami
je zajisténa diky mezerovym spojum (gap junctions). Jejich pfitomnost se vSak u in vitro a in
Vivo embryi li§i. Zatimco v ICM in vivo i in vitro embryi miZeme gap junctions nalézt,
v trofoektodermu in vivo embryi miizeme tyto spoje nalézt pouze v omezené mife, u in vitro
embryi gap junctions v oblasti trofoektodermu dokonce tplné chybi. Tyto rozdily mezi
jednotlivymi oblastmi embryi mohou byt dany odliSnymi potiebami v komunikaci. Zatimco
blastomery ICM potiebuji intercelularni komunikaci pro koordinaci formovéani embrya,
blastomery trofoektodermu slouzi ptedevsim jako epitelialni bariéra, a proto komunikace mezi

nimi nemusi byt tak potiebna (Boni et al. 1999).

Tvorba blastocoelu nezac¢ne diive, nez embryo dosahne 64bunééného stadia. In vitro
blastocysty vznikaji vSak diive, béhem 6. bunétného de€leni, tzn. mezi 32 a 64bunécnym
stadiem (Van Soom et al. 1997). Tvorba blastocysty je fizena expresi specifickych gent
(Watson & Barcroft 2001). Pro diferenciaci trofoektodermu jsou dulezité faktory Eomes, Tead4
a Cdx2. Naopak pro udrZeni pluripotence bun¢k ICM je nutny Oct4, Nanog a Sox2. Objevuji
se zde vSak mezidruhové rozdily, kdy napiiklad Oct4 mizeme pozorovat kromé¢ ICM také u
blastomer TE u skotu, prasete nebo ¢lovéka (Berg et al. 2011). Bunky trofoektodermu se
zplostuji a vytvati mezi sebou tésné spoje (tight junctions) (Ducibella & Anderson 1975).
Bunky TE pumpuji pomoci Na/K ATPazy do intracelularnich mezer tekutinu bohatou na
sodikové ionty. Pfenos iontll pomoci bun¢k TE hraje dilezitou roli pro udrzeni koncentracniho
gradientu a vytvafi tak hnaci silu pro prostup vody pomoci akvaporinii. Voda je nasavana do
sttedu embrya a vznika blastocoel (Bowman & McLaren 1970). Se zvySujicim se mnozstvim
tekutiny uvnité blastocysty dochazi k jejimu zvétSovani. Jak blastocysta expanduje, zona

pellucida se ztencuje a embryo se postupné piesouva do délohy. Embryo skotu vstupuje do



délohy piiblizné 4. — 5. den po oplozeni (Ball & Peters 2008; Valadao et al. 2018). V d¢€loze
dojde k opusténi ZP a embryo je piipravené k implantaci do d€lozni sliznice, aby mohlo
pfijimat vyZzivu Zivotné duleZitou k jeho nasledujicimu, postimaplantatnimu vyvoji (Jukam et
al. 2017). Embryo skotu se uhnizdi (tzv. implantuje) do délohy az ptiblizné 30. den po oplozeni,
zatimco embryo ¢lovéka jiz ptiblizn€ 9. den a mysi jiz 4. den po oplozeni (Lee & DeMayo
2004). U embryi skotu se setkavame s tzv. elongaci blastocysty, tedy s jejim prodluZzovanim a
ptechod z vejcovitého na vlaknity tvar. Dochazi k rychlému vyvoji trofoektodermu, ktery tak
poskytuje vétsi plochu pro komunikaci s matkou a transport potifebnych zivin. Béhem
pfedimplantacnim obdobi muze blastocysta, v disledku zvySeni poctu bunc¢k a syntéze

proteind, zvétsit svou velikost az tisickrat a jeji membrana miize zasahovat az do déloznich rohti

(Blomberg et al. 2008).

2.2.1. Aktivace embryonilniho genomu (EGA)

Béhem prvnich nékolika hodin po oplozeni musi diferencované zarode¢né buiky —
oocyt a spermie, splynout a vytvofit totipotentni embryo. Tento proces se nazyva piechod
z maternalni na embryonalni kontrolu vyvoje (MZT, maternal-to-zygotic transition) a zajisti,
ze je nove vznikajici embryo schopno nasledné diferenciovat své buiiky Vv riizné buné¢né tkané.
Pocatecni vyvoj a preprogramovani je fizeno pfedev§im materndlnimi proteiny a RNA, které
byly syntetizovany a ulozeny v o0ocytu V pribéhu oogeneze. Genom embrya zlstava
transkripéné neaktivni az do obdobi aktivace embryonalniho genomu (EGA). Béhem EGA
dochazi k rapidnimu nartstu transkripce a nasledujici vyvoj je kontrolovan embryonalné.
Hlavni vina EGA (major EGA) nastava v druhové specificky ¢as. U mySi se objevuje
V 2bunééném stadiu, u prasete v 4bunécném (Telford et al. 1990), u ¢lovéka ve 4 — 8bunééném
(Braude et al. 1988) a u skotu v pozdnim 8buné¢ném stadiu (Telford et al. 1990). Netspéch
v regulaci nacasovani aktivace a volbé exprimovanych genli miize vést k zastaveni vyvoje
embrya (Latham & Schultz 2001). Hlavni vin¢ embryonalni transkripce pfedchazi minoritni
EGA (minor EGA), kdy je mozné jesté v ¢asnéjsich vyvojovych stadiich detekovat transkripéni
aktivitu (Obr. 1). U mysi byly nové embryonalni transkripty nalezeny dokonce jiz 7 hodin po
formaci prvojader, pficemz prvni transkripty byly detekovany v sam¢im prvojadie béhem G2
faze prvniho bunééného cyklu (Aoki et al. 1997). Nejnovéjsi studie naznacuji, Zze pocatek
embryonalni transkripce neni jednotny proces, ale spiSe se objevuje ve vlnach V pribéhu

vyvoje.



Obr. 1 Embryonalni vyvoj a aktivace genomu vybranych modelovych organizmi.
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Obrazek udava priimérné casové intervaly, po kterych embrya dosahnou daného vyvojového stadia v hodindach po
oplozeni (hpf). Sipkami je oznacena embryondlni aktivace genomu (minoritni a hlavni — majoritni). Udaje prevzaty
Z nékolika zdroju (Braude et al. 1988; Telford et al. 1990; Aoki et al. 1997; Holm et al. 1998; Maddox-Hyttel et
al. 2007; Jukam et al. 2017; Wamaitha & Niakan 2018).

Aktivace embryonalniho genomu je vyvrcholenim nékolika zmén, které v embryu
béhem Casné embryogeneze nastavaji. Mezi né patii degradace maternalnich mRNA a proteintl,
nahrazeni maternalnich transkript (housekeeping genti — napt. aktin) embryonalnimi (Minami
et al. 2007) a zména struktury chromatinu (Kanka 2003; Vigneault et al. 2009). Degradaci
maternalnich mRNA a proteini bude vénovana samostatnd podkapitola. Reprogramovani
embryonalni genové exprese je umoznéno piistupnosti RNA polymerazy II k promotoriim, coz

je dano strukturou chromatinu a dostupnosti transkrip¢nich faktorti (Svoboda 2018).

Kratce po oplozeni dochazi k vyméné paternalnich protamint za histony pochazejici
z cytoplazmy oocytu. Tyto protaminy napomdahaly organizovat DNA spermie do vysoce
kompaktnich struktur (McLay & Clarke 2003). Od tohoto okamziku mizeme u nékterych druhti
pozorovat intenzivni demethylaci paternalni DNA (napf. u mysi nebo prasete) (Mayer et al.

2000). | u ¢loveéka dochazi k demethylaci pred EGA, coZz naznacuje, Ze se methylace mize
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podilet na uml¢eni embryonalniho genomu (Guo et al. 2014). U ¢lovéka, stejné tak jako u skotu,
vSak dochazi pouze k ¢aste¢né paternalni demethylaci (Beaujean et al. 2004). Stejny fenomén
vSak neni pozorovan u jinych druht. Naptiklad DNA kralika nebo ovce zistava silné
methylovana (Beaujean et al. 2004). Z toho vyplyva, Ze methylace DNA béhem EGA neni
konzervovana mezi jednotlivymi druhy (Kelly 2014).

Déle dochéazi ke zméné mezi nékterymi variantami histond. Naptiklad u mysi je
embryonalni varianta histonu H1 pfeménéna na somaticky béhem hlavni viny EGA (Fu et al.
2003). Embryonalni varianta H1 formuje pravdépodobné méné stabilni nukleosomy nez
somaticka varianta, diky ¢emuz se podili na prostém prostiedi ¢asného embrya (Schulz &
Harrison 2018). Dulezitou modifikaci histond je acetylace, kterd je obecné spojovana
S ptistupnosti chromatinu a aktivni transkripci. Behem MZT acetylace histonl stoupd a souvisi

s geny aktivovanymi béhem EGA (Li et al. 2014).

Existuji dva obecné nazory na mechanizmy regulace aktivace genomu. Prvnim z nich je
teorie ,,nukleocytoplasmatického poméru“ (N:C ratio) a druhy jsou ,maternalni hodiny*
(maternal-clock). Nukleocytoplazmaticky model vychazi ze skute¢nosti, ze v pribéhu
bunécného déleni dochazi k narGstu mnozstvi jaderného materidlu, zatimco objem cytoplasmy
je konstantni. Postupnym délenim bunék se tak upravuje N:C pomér a zmirfiuje se transkripcni
represe (Lee et al. 2014; Schulz & Harrison 2018). V tomto modelu jako bariéra pro EGA
figuruji maternalni faktory, jejichz hladina musi byt snizovéana pied nastupem transkripce (Lee
et al. 2014). Oproti tomu je teorie ,,maternalnich hodin“ nezavisla na po¢tu buné¢nych déleni.
Je zaloZzend na postupném hromadéni materndlnich mRNA (faktort), které se kumuluji
Vv latentni form¢ diky inhibi¢nim RNA-véazajicim proteinim. Aktivaci embryonalni transkripce
ovlivituje zvySeni mnozstvi nebo aktivity maternalnich faktort, které musi dosdhnout urcité
hladiny, aby mohly spustit transkripci (Lee et al. 2014; Schulz & Harrison 2018). Tyto dva
modely se vzdjemné nevylucuji a je stale vice jasné, Ze nacasovani EGA je regulovano vice

koordinovanymi procesy (Schulz & Harrison 2018).

2.3. Degradace maternalnich mRNA
Jak jiz bylo zminovano vySe, rand embryondlni stddia jsou fizena prevazné
maternalnimi zasobami mRNA a proteind, jejichZ pfitomnost neni po aktivaci embryonélniho
genomu jiz nadale nutna. Stabilita mRNA je ovlivnéna tfemi zakladnimi rysy: sekvenci mRNA,
7-methylguanylatovou ¢epickou na 5° konci a délkou 3 poly(A) konce (Yartseva & Giraldez

2015). Modifikace a sekvence mRNA koduji rozpoznavaci mista pro faktory, které pozitivné



nebo negativné reguluji stabilitu MRNA, translaci a lokalizaci pro umoznéni specifické genové
exprese (Fu et al. 2014). Vazebné faktory vedou bud’ k endonukleolytickému §tépeni z obou
nechranénych konci mRNA, nebo ke stimulaci deadenylace vedouci k odstranéni Cepicky
nékterych mRNA (Decker & Parker 1994) a slouzi tak jako prostiedek regulujici rychlost
degradace mMRNA (Wahle & Winkler 2013). Poly(A) konec orientovany na 3° konci mRNA je
vazany poly(A)-vazebnymi proteiny ke stabilizaci 3° konce mRNA (Bernstein et al. 1989) a
stimulaci translace (Weill et al. 2012). MRNA s ¢epickou jsou chranéné pied rozpadem a jeji

hydrolyza mtze vézt k destabilizaci celé mRNA (Cowling 2009).

Experimentalné bylo prokazano, Ze degradace maternalnich mRNA a proteint
v koordinaci s EGA je nezbytnym krokem pro ¢asny embryonalni vyvoj mysi (Tripurani et al.
2013). Predpoklada se, ze za degradaci maternalnich mRNA zodpovidaji mikroRNA (miRNA).
MiRNA jsou rodina malych, jednovlaknovych nekodujicich RNA, které jsou dlouhé 21 — 23
nukleotidd a jsou evolu¢né konzervovany (Ambros 2004). Funguji jako negativni regulatory
gend na posttransla¢ni trovni. Vazi se na 3’UTR region cilové mRNA pomoci parovani s jejimi
bazemi a nasledné mRNA rozsté€pi nebo inhibuji translaci (Bartel 2004). U mysi dochazi
k destabilizaci vétsSiny mRNA pfed EGA. Zrani oocytu mezi fazemi GV a MII spousti
destabilizaci témét 3000 ruiznych mRNA. Tyto transkripty jsou zahrnuty piedevsim v produkci
ATP, napiiklad oxidativni fosforylaci a biosyntéze ubiquinonu, které reflektuji zmény
v metabolickych potiebach oocytu béhem zrani. Degradace maternalnich mRNA béhem
maturace oocytu je pecliveé regulovana. Dikazem toho je, ze pfes 9200 mRNA ziistava v tomto
obdobi stabilni (Su et al. 2007). Témét 2300 maternalnich mRNA je odstranéno ihned po
oplozeni a dalSich téméf 500 mRNA je degradovano v 2bunééném stadiu (Hamatani et al.
2004). Yokoi et al. (1993) popisuji, ze v 2bunécném mysim embryu lze detekovat pouze 10 —
20 % mRNA z ptivodniho mnozstvi mRNA v neoplozeném oocytu. Walser & Lipshitz (2011)
uvadi, Ze piiblizné 30 % maternalnich mRNA je degradovéano v prib&hu oogeneze mysi a
dalsich 30 % je sice v tomto obdobi deadenylovano, ale odstranéno az v case MZT. Také
v ¢asném embryonalnim vyvoji lidskych embryi hraje eliminace materndlnich mRNA
nezbytnou roli. Bylo prokazano, Ze béhem druhého dne po oplozeni je odstranéno asi 1700
mRNA a mezi druhym a tietim dnem dalSich pfiblizn¢ 700 mRNA (Zhang et al. 2009). Tyto
vysledky ukazuji, ze 1 v lidském vyvoji lze objevit dramatické zmény ve skladbé mRNA
objevujici se ve vinach, ve kterych se vzdy degraduji pouze urCité skupiny mRNA (v

2bunééném stadiu piedev§im mRNA kontrolujici bunéény cyklus nebo regulujici transkripci,



Vv pozde¢jsich stadiich mRNA regulujici fosforylaci proteinti nebo bunéénou morfogenezi) (Yan
et al. 2013). Zda se, ze degradace maternalnich mRNA je nezbytna pro nasledujici vyvin. U
nékterych lidskych embryi, ktera zastavila sviij vyvoj, bylo sice mozné detekovat EGA, ale
selhalo u nich snizovani exprese maternalnich transkripti (Yartseva & Giraldez 2015). Walser
& Lipshitz (2011) popisuji nekolik funkci odstranéni maternalnich transkriptd. Prvni je
permisivni a instruktdzni funkce, kdy eliminace maternalnich mRNA muze zprostiedkovat
transkripci jejich zygotickych protéjska, umoziujici Casoveé a prostorové omezenou kontrolu
vyvoje (De Renzis et al. 2007). Dalsi zptisob mize byt odstranéni maternalnich transkriptu,
které byly kriticky nutné v obdobi oogeneze, ale pro nasledujici embryonalni vyvoj jiz nejsou

potiebné (Pan et al. 2005).

2.4. Degradace maternalnich proteint

Jak bylo uvedeno, degradace maternalnich mRNA jesté neni Gipln€ objasnénym tsekem
embryonalniho vyvoje, degradace maternalnich proteint je vSak prozkouména jest¢ daleko
méng. Jako nejpravdépodobnéjsi zpisob, kterym dochazi k degradaci maternélnich proteini se
jevi degradace pomoci ubiquitin-proteasomového systému (UPS) a autofagie. Nejnovejsi
vyzkumy naznacuji, Ze degradace maternalnich proteinii béhem embryonalniho vyvoje neni
hromadny proces. Pravdépodobné je degradace jednotlivych proteini spiSe kontrolovana

oddélené.

2.4.1. Ubiquitin — proteazomovy systém (UPS)

Pomoci UPS dochézi kregulované degradaci az 90 % kratkodobych proteint
(Ciechanover et al. 1984). Tento zptsob degradace je vysoce specificky a je primarné uréen
k degradaci endogennich proteini. Proteolyza zprostfedkovana UPS hraje dulezitou roli ve
spousté zékladnich bunéénych procest. Ovliviiuje bunéény cyklus a dé€leni, diferenciaci a
vyvoj, je zahrnuta v bunééné odpoveédi na stres, morfogenezi neuronové sité, modulaci
povrchovych receptort bunky, iontovych kanali, opravy DNA, regulaci transkripce,
dlouhodobé paméti, cirkadialnich rytmech, regulaci imunity a biogenezi organel (Fang &
Weissman 2004). Defekty v ubiquitinaci jsou naopak spojovany s mnoha onemocnénimi, mezi
které patii napiiklad vyvojové abnormality, neurodegenerativni onemocnéni (Alzheimerova
choroba, Parkinsonova choroba,...), Downtiv syndrom, rakovina a problémy s autoimunitou
(Weissman 2001). Na protein, urceny k degradaci, je kovalentné navazan ubiquitin, vysoce
evolucné konzervovany, 76 aminokyselin dlouhy polypeptid (Fang & Weissman 2004). Takto
oznaceny protein je nasledné rozeznan 26S proteazomem a degradovan (Glickman &

Ciechanover 2002). Pro spravnou detekci cilového proteinu proteazomem je u eukaryot nutné,
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aby doslo k polyubiquitinaci, tedy navazani né€kolika ubiquitinii v fadé. Minimalni pocet
navazanych ubiquitini jsou ¢tyfi. V opacném piipadé, tedy pii vazbé méné nez Ctyt ubiquitind,
muze byt vyvolan funkéné odlisSny signal a dojde naptiklad ke spusténi endocytdzy nebo
regulaci histonti (Hicke 2001). Zalezi také, kde piesné na cilovém proteinu je ubiquitin navazan.
Pro degradaci proteinu je nezbytné, aby byl ubiqutin vazdn na lysinu daného proteinu.
Weissman (2001) uvadi, ze pro odstranéni proteinu pomoci proteasomu dochazi nejcastéji
k vazbé na Lys-48 nebo Lys-29. Zatimco vazba na jiném lysinovém zbytku, napf. Lys-63 muze
fungovat jako signal pro opravu DNA, endocytozu nebo autofagii (Thrower et al. 2000; Tan et
al. 2008). Mnozstvi proteazomtl je regulovano piedevs§im na transkripéni trovni jeho
podjednotek (Livneh et al. 2016). Pokles v proteozomalni aktivité vede ke snizeni exprese
mRNA proteozomalnich genti a nasledné i formaci proteazomu de novo (Meiners et al. 2003).
Proteazomy se V sav€ich buiikdch primdrné nachazi v cytosolu, ale jsou spojovany i
s cytoskeletarnimi  elementy, endoplasmatickych retikulem, jadrem a plasmatickou
membranou. Nicméné pomér proteazomull spojovanych s jednotlivymi organelami zavisi na

druhu bunky (Wojcik & DeMartino 2003).

Degradace v proteazomu je nékolika stupnovy proces a vyzaduje spolutcast tii
enzymatickych komplexti: E1 — ubiquitin aktivujiciho, E2 — ubiquitin konjugujiciho enzymu a
E3 — ubiquitin ligazy (Glickman & Ciechanover 2002). Zatimco mtizeme rozeznat pouze jeden
typ E1 enzymu a néco ptes 40 typti E2 enzymi, existuje vice nez 500 druhii E3 ligdz, které¢
umoziuji vybér z Sirokého spektra cilovych proteint (Fuchs 2005). Proces navazani ubiquitinu
na cilovy enzym se nazyva ubiquitinace, detailné je znazornén na obrazku 2 (Obr. 2) a probiha
Vv nasledujicich krocich: nejprve musi dojit k aktivaci ubiquitinu pomoci E1 enzymu za
ptitomnosti ATP a nasledné tvorbé E1-ubiquitin komplexu. Tento komplex je rozeznan E2
enzymy, na které je ubiquitin pfenesen. Kazdy E2 enzym je schopny se vazat s vétSim
mnozstvim E3 enzymt a E3 enzymy jsou zodpovédné za finalni volbu cilového proteinu a
specificnost. E2 enzym s ubiquitinem je navazan na E3 enzym, ktery zprostfedkuje kone¢nou
vazbu ubiquitinu na protein uréeny k degradaci (Pickart 2001; Weissman 2001). Takto
oznaceny protein je nasledné rozeznan 26S proteazomem, velkym proteazovym komplexem.
26S proteazom se sklada z proteolytického jadra a regulaéni ¢epicky (Glickman et al. 1998).
Substrat je zde rozkladan za ptitomnosti ATP a nerozloZené polypeptidové fetézce jsou
presunuty do katalytického téla proteazomu, kde jsou pomoci proteaz degradovany na kratké

peptidy (Baumeister et al. 1998).
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Obr. 2 Schéma ubiquitinace.

o N U
@ Aktivace “Kenngece” |§ — |

Konjugace .EZ‘ EZJ
Ligace

Degradace
proteazomem

%

. -
- Deubiquitinace 5

Ubiquitinace je katalyzovana pomoci enzymii E1, E2 a E3, které zprostredkuji navazani molekuly ubiquitinu

(Ub) na lyzinovy zbytek proteinového substratu. Polyubiquitinovy fetézec navdzany na Lys-48 cilového proteinu
zabezpecuje degradaci pomoci 26S proteazomu. DUB (deubiquitinacni) enzymy ubiquitin odstranuji a recykluji

(prevzato a upraveno z Suresh et al. (2016).

Ubiquitin musi byt z cilového proteinu odstranén jesté pied tim, nez vstoupi do
proteolytického jadra proteazomu. Jeho odstranéni zabezpecuji deubiquitina¢ni enzymy
(DUBs) délici se na ubiquitin procesujici (UBP) a ubiquitin karboxy-terminalni hydrolazy
(UBH). Obecné lze tici, ze UBP odstranuji ubiquitin z polyubikvitinovanych proteint, zatimco
UBH odstraiiuji malé adukty zubiquitinu a obnovuji jeho volné monomery. Tyto
deubiquitina¢ni enzymy jsou thiol protedzy, které $té€pi vazbu mezi ubiquitinem a substratem
(Weissman 2001). Timto zpGsobem DUBs kontroluji nejen degradaci substratu, ale také
recyklaci ubiquitinu k pozdé&jsimu vyuziti. Bylo prokdzano, Zze umléeni nebo inhibice DUB
enzymu ovlivnila preimplantacni vyvoj (Susor et al. 2010). Opozdéni vyvoje bylo
2014). Napriiklad uml¢eni USP36, ktery je dulezity pro vznik ribozomi a zpracovani RNA,
zpusobuje snizeni translace mRNA u mysich morul (Fraile et al. 2018). DUB enzymy hraji
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dulezitou roli i pfi oplozeni v ochrané proti polyspermii. Pfedevsim pak ubiquitin C-terminalni
nejvyznamnéjSimi zastupci jsou UCHL1 a UCHL3, které jsou nezbytné pro normalni zrani
oocytl a oplozeni (Mtango et al. 2014). Obzvlast¢ UCHLI je vysoce exprimovan v oocytech
prasete a skotu. Je lokalizovan v kortexu oocytu, pravdépodobné z toho divodu, aby se mohl
podilet na zrani kortikalnich granuli nutnych k pozd¢&;jsi ochrané proti polyspermii (Susor et al.
2010). UCHL3 je lokalizovan na d¢licim vieténku a je dulezity pro spravné oddéleni polového
téliska (Mtango et al. 2014). Nespravna exprese UCHLs béhem oogeneze a oplozeni zpisobuje
abnormalni embryonalni vyvoj, pfi¢emz vétsina defektt je viditelna béhem kompaktace moruly

a formovani blastocysty (Mtango et al. 2012).

Degradace proteint pomoci UPS reguluje velké mnoZstvi bunécnych procest,
zahrnujici napiiklad remodelaci chromatinu a methylaci H2B (Osley 2004), prubéh bunééného
cyklu a transkripci (Lipford et al. 2005). UPS reflektuje také kvalitu embryi (Mtango & Latham
2007). Z té&chto davodu se predpoklada, ze se UPS podili i na degradaci maternalnich proteint
(Verlhac et al. 2010). Neni vSak zatim jasné, které E3 ligazy se na této degradaci podileji, ani

to, kdy jsou které substraty odstranovany.

Jak jiz bylo uvedeno, specificitu ubiquitin — dependentni proteolyzy udavaji stovky E3
ligaz, které jsou schopny rozeznat vazebné domény substrati (Varshavsky 1991). E3 enzymy
se na zaklad¢ charakteristickych motivii rozdé€luji do dvou zakladnich rodin: RING a HECT.
HECT ligazy sami o sobé funguji jako ptfenaseci ubiquitinu. Jejich katalytickd doména formuje
vazbu s ubiquitinem, aby ho pfenesla k vazb¢ na substrat (Scheffner et al. 1993). RING ligazy
naopak nemaji Zadnou katalytickou aktivitu, ale vyuzivaji Zn-vazebny RING strukturalni
motiv, aby nasmérovali E2 enzym ke specifickému substratu (Borden 2000). Pravdépodobné
nejrozmanitéjsi rodinou jsou RING E3 ligazy, mezi které se u lidi fadi okolo 400 proteint,
zatimco HECT domén je ptiblizné 40 (Hindley et al. 2011). Mezi nejznaméjsi RING ligazy
patii APC/C (Anaphase Promoting Complex/Cyclosome) a SCF ligazy. SCF (Skpl-Cullin-F
box) komplex se sklada z proteinu SKP1, CUL1, RBXI a jednoho zastupce z rodiny F-BOX
proteind. Aktivace SCF komplexu je fizena neddylaci. Jedna se o posttranskripéni modifikaci,
kterou zprostiedkovava ubiquitinu-podobny protein NEDD8. Neddylace je proces velice
podobny ubiquitinaci. Podileji se na ném také tii enzymatické komplexy: enzym E1, E2 a E3,
které zabezpecuji aktivaci NEDDS a jeho pfenos a kovalentni vazbu na cilovy substrat. Jako
substraty neddylace byly identifikovany proteiny patiici do rodiny cullinti (Huang et al. 2007),

ptes jejichz modifikaci mize NEDDS8 ovliviiovat funkci celého SCF komplexu (Pan et al.
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2004). Inhibice neddylace, potazmo celého SCF komplexu, je obstarana pomoci proteinu
CANDL1 (Cullin-Associated and Neddylation-Dissociated 1 Protein). CAND1 se vaze na CUL,
diky ¢emuz dochazi k odstranéni proteinu NEDDS8 pomoci COP9/signalozomu, velkého
multiproteinového komplexu, ktery ma specifickou isopeptidazovou aktivitu (Bornstein et al.
2006). Vazbou CAND1 dochazi k regulaci formace SCF komplexu zabranénim navazani F-box
proteinti a SKP1 na CULL. Naopak, neddylace CUL1 zpusobuje disociaci CAND1 (Zheng et
al. 2002a).

2.4.2. SCF komplex

SCF E3 ligazy jsou nejlépe charakterizovanou skupinou RING E3 ligaz obsahujicich
Cullin. Jak jiz bylo uvedeno, skladaji se z Cull, Rbx 1, Skp1 a jednoho zastupce z rodiny F-box
proteint (Obr. 3). Cullinl a Rbx1 vytvaii katalytické jadro, které vaze ptislusny E2 enzym
s navazanym ubiquitinem. Skpl slouzi jako adaptor umoznujici ptipojeni F-box proteinu na

Cullinl a F-box protein urcuje substratovou specifitu (Zheng et al. 2002b).

Obr. 3Schéma SCF komplexu

/ <
) be1
Cull

"~ Cand1

SCF komplex slozeny z Cull, Rbxl, Skpl a jednoho zdstupce z rodiny F-box proteinii (v tomto pripadé Skp2
protein). Na obrazku je zndzornén neaktivni komplex Cull-RbxI inhibovany vazbou na Candl. Po navazani
proteinu Nedd8 (N) dochazi k formovani komplexu vazbou jeho ostatnich clenii, E2 enzym prinasi ubiquitin (U) a
na LRR usek (usek bohaty na leucin) F-box proteinu naseda substrat, ktery je nasledné ubiquitinovan (prevzato a

upraveno z Zhang et al. (2008b).

Oporou a nosnou jednotkou celého komplexu je Cullinl (Cull), ktery zaroven tidi
aktivitu celého komplexu vazbou na CANDI1 (kdy je SCF komplex neaktivni) nebo NEDD8
(kdy se CANDL1 disociuje, CUL1 se vaze na SKP1 a formuje tak aktivni SCF komplex) (Liu et
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al. 2002). Cull je u skotu exprimovan ve dvou odlisnych formach ze dvou rozdilnych gent,
obou lokalizovanych na chromozomu 4, avSak v odlisnych regionech. Jedna forma byla
identifikovana jako embryonalni Cull, ktery je exprimovany od pozdniho 8bunécného stadia
po stadium blastocysty. Tato varianta je exprimovana vV somatickych buiikach. Druha varianta
je nazyvéana Cull-like neboli maternalni Cullinl. Je exprimovany u oocyta ve stadiu MII az po
embrya v ¢asném 8bunécném stadiu a s embryonalni variantou Cull sdili 83 % homologii
(Kepkova et al. 2011). O funkci Cull v priabéhu ¢asného embryonalniho vyvoje savct byly
publikovany dvé studie. Dealy et al. (1999) a Wang et al. (1999) prokazali nezbytnost Cull
Vv pribéhu embryogeneze mysi, kdy po jeho inhibici doslo k zastaveni vyvoje. Pravdépodobné
se podili na hatchingu a nasledujicich procesech spojenych s uhnizdénim embrya v déloze,
jelikoz exprese mRNA Cull prokazatelné roste od stadia blastocysty (Hwang et al. 2004). Dale
hraje roli v diferenciaci bunék trofodermu a vyvoji placenty (Zhang et al. 2013). Jeho detailni

role v ¢asném vyvoji vSak nebyla prozatim specifikovana.

Skpl (S-phase Kinase-Associated Protein 1) je stabilni protein, ktery vaze katalytické
jadro SCF komplexu k F-box proteinu (Bai et al. 1996; Skowyra et al. 1997; Zheng et al.
2002a). Jeho funkce jsou spjaty predevsim s SCF komplexem, jeho exprese je vSak spojena i
s rozvojem Parkinsonovy choroby (Mandel et al. 2012; Rhodes et al. 2013) nebo lymfomy (Piva
et al. 2002).

Rbx1 (RING Box Protein-1; ROC1, Regulator of Cullins) spole¢né s Cull tvoii
katalytické jadro komplexu. Mimo Cull je Rbx1 schopny interagovat i s ostatnimi culliny (Ohta
etal. 1999). Obsahuje RING finger doménu, ktera vaze E2 enzym a zprostfedkovava neddylace
Cul (Morimoto et al. 2003). Je zodpovédny za normalni progres meidzy u mysi a Xenopa
(Gutierrez et al. 2006; Marangos et al. 2007; Zhou et al. 2013). Jeho umléeni vede k zastaveni
embryonalniho vyvoje mysi, Caenorhabditis elegans a Drosophila melanogaster (Sasagawa et
al. 2003; Moore & Boyd 2004; Tan et al. 2009; Jia et al. 2011) a zpusobuje mezery
vV dvouvldknové struktufe DNA, zastaveni bunécného cyklu v G2 fazi, aneuploidii a jeho

zvySena exprese byla detekovana pii rakovinném bujeni (Jia et al. 2009).

Univerzalnost SCF ligaz je zajisténa pomoci F-box proteint, které jsou schopné
rozpoznavat velké mnozstvi substrati. Rozsdhlost této skupiny dokazuje i skutecnost, ze jen u
lidi bylo popsano minimaln¢ 38 téchto proteint (Kipreos & Pagano 2000). F-box proteiny jsou
kratkodobé Zijici proteiny, které¢ jsou destabilizovany jejich inkorporaci do SCF komplexu

(Wirbelauer et al. 2000). F-box proteiny obsahuji F-box motiv umoznujici interakci s jinymi
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proteiny, diky kterému ptipojuji specifické substraty k ubiquitina¢nimu komplexu (Bai et al.
1996). Mnoho F-box proteinti je schopno interakce s danym substratem pouze v ptipad¢, Ze byl
substrat posttranslacné modifikovan, coz vytvari dalsi zpisob regulace degradace proteint.
Ptestoze mezi tyto modifikace nejcastéji patii fosforylace, bylo prokazano, ze nékteré substraty
F-box proteinti musi byt také acetylované, glykosylované nebo nitrované (Hwang et al. 2010).
Napiiklad degradace cyklinu E pomoci SCF™" komplexu je provedena pouze po piedchozi

fosforylaci (Ye et al. 2004).

2.4.3. Dalsi zpiisoby degradace proteinu — autofagie, endocytéza

Autofagie je, po UPS, druhym nejlépe prozkoumanym procesem k degradaci proteind.
Autofagii jsou degradované i dalSich molekuly, naptiklad lipidy, malé¢ organely a dalsi
molekuly ptitomné v cytoplazmé. Zaroven se podili i na degradaci maternalnich mRNA
v pribéhu ¢asného vyvoje (Chi et al. 2017). Dale je autofagie potfebna i pro recyklaci
aminokyselin potfebnych pro de novo syntézu proteinti (Tsukamoto et al. 2008). Cely proces
degradace zacind vytvofenim autofagozomil, do kterych je pohlcena cast cytoplazmy.
Autofagozom nasledné splyne s lysozomy, ve kterych jsou proteiny degradovany na jednotlivé
aminokyseliny (Boya et al. 2005). Autofagie je regulovana hlavné pomoci mTOR a Atg
proteini (He & Klionsky 2009). Podili se i na regulaci proteint spjatych s pluripotenci — Oct4,
Nanog a Sox2 (Lee et al. 2011). Vyssi aktivita autofagie pravdépodobné souvisi s vyssi kvalitou
embryi. Bylo prokézano, ze mysi embrya s vyssi aktivitou autofagie méla v 4bunééném stadiu
vyssi kvalitu (Tsukamoto et al. 2014), prase¢i oocyty a bovinni preimplantacni embrya
s indikovanou autofagii vykazovala zlepseni vyvojové kompetence (Song et al. 2012; Lee et al.
2016). Autofagie je propojena s ubiquitinaci, jelikoZ mize degradovat proteinové komplexy,
které nebyly dokonale rozlozeny pomoci UPS nebo organelami (Tsukamoto & Tatsumi 2018).
Jak bylo uvedeno vyse, autofagie muze byt spusténa i v piipad¢, ze se ubiquitin navaze na dany
lysin. Konkrétn€ vazba na lysin 63 spusti misto ubiquitinace autofagii, endocyt6zu nebo opravu
DNA (Thrower et al. 2000; Tan et al. 2008). Béhem degradace poni¢enych mitochondrii
spolupracuje autofagie s E3 ubiquitin ligaizami PARKIN a MULL1, které ubiquitinuji protein
membrany mitochondrii. V tomto procestu se stava autofagie selektivni, protoze UPS oznaci
mitochondrie pro lysozomalni degradaci (Rojansky et al. 2016). Dalsim pfipadem spoluprace
téchto dvou systémi je béhem paternalni mitofagie po oplozeni (Hajjar et al. 2014; Rojansky
et al. 2016). Autofagie a UPS tak spolu mohou spolupracovat, aby zajistovali spravnou

degradaci nebo naopak uchovani materndlnich proteind v pribehu preimplanta¢niho vyvoje.
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Endocytoza je potiebnd pro velkou Skalu bunéénych funkci, vcetné pienosu
neuronalnich, metabolickych a proliferacnich signald, pfijem mnoha zédkladnich Zzivin a
regulace buné¢né homeostazi (Mellman 1996). Piedtim nez jsou proteiny degradovany pomoci
lysozomi, prochazeji pies dvé morfologicky a biochemicky odlisné organely — ¢asny a pozdni
endozom (Geli & Riezman 1998). Lysozomalni degradace nemusi byt jedinym osudem
internalizovanych proteind. Mnoho receptord je z ¢asného endozomu recyklovano zpét do
plazmatické membrany. V nékterych specializovanych typech bunék je tato recyklace vyuzita

také pro prezentaci antigenu nebo recyklaci slozek synaptickych vezikul (Galan et al. 2001).

2.5. Degradace  vybranych proteinii v pribéhu oogeneze a
preimplantacniho vyvoje

ruznych substrati ovliviiuje velkou fadu bunéénych procesti. Mezi né patii naptiklad progrese
bunééného cyklu, ptenos signald, transkripce, DNA replikace, modulace vird, vyvoj,
cirkadialni rytmy a kontrola kvality proteind (Zhou et al. 2013). Mezi substraty SCF komplexu
patii naptiklad cyklin A, D, E, Cdc25A, p21, p27, p53, c-Jun, IkB, B-catenin, Myc a mnoho
dalsich (Jia et al. 2009). Diky degradaci cyklinu E nebo proteinu p27 se SCF komplex podili
na regulaci bunééného cyklu. SCF komplex obsahujici FBW7 (tedy SCFFBW” komplex), ktery
patii mezi nejprostudovanéj$i F-box proteiny, degraduje jiz zminované onkogenni proteiny:
cyklin E, c-Myc, c-Jun a MCLI, coz z SCF®W’ ¢&ini jednoho z nejlépe zavedenych supresori

nadorového bujeni (Shimizu et al. 2018).

SCF komplex se podili na degradaci nékterych dulezitych faktorti jiz v obdobi
oogeneze. Po inhibici RBX1 proteinu dochazi k akumulaci Emil, inhibitoru APC/C komplexu,
nezbytného pro maturaci mysich oocytti. Emil je degradovan pomoci SCFPT™ komplexu a pfi
jeho akumulaci dochazi k zastaveni vyvoje v metafazi prvniho meiotického déleni (metafaze 1)
a snizeni Gspésnosti vydé€leni prvniho poélového téliska (Zhou et al. 2013). Jin et al. (2019) pted
nedavnem popsali protein FBXO030, novy ¢len F-box rodiny, ktery se hojné vyskytuje
Vv pocatcich oogeneze mysich oocytli. Jeho exprese postupné klesa po metafazi I. Bylo zjiSténo,
Ze je nezbytny pro oddé€lovani chromozomu, které reguluje pomoci SLBP proteinu (Stem-
Loop-Binding Protein). Pfi inhibici FBXO30 dochazi k hromadéni SLBP a naslednému selhani

Vv segregaci chromozomiu (Jin et al. 2019).

Ptestoze u mysi dochézi k velkému poklesu v mnoZstvi proteinli mezi stadii MII a

zygotami (Wang et al. 2010), ne vSechny proteiny jsou pfed EGA odstranény. Nékteré proteiny
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jsou uchovéavany béhem celého preimplanta¢niho vyvoje (Ohsugi et al. 2008; Toralova et al.
2012). Aby maternalni proteiny pretrvaly béhem preimplanta¢niho vyvoje a mohly napft.
regulovat embryogenezi jeSté po EGA, vytvaieji komplexy (Li et al. 2013). Mezi takové
proteiny patii napiiklad proteiny ZP (Zona Pellucida Sperm-Binding Proteins), SCMC
(Subcortical Maternal Complex) a dalsi (Lu et al. 2017). Jejich exprese je pouze maternalni a
ptislusna mRNA je degradovana v dobé EGA, tyto proteiny jsou nicméné skladovany az do
stadia blastocysty (Bebbere et al. 2016). Dalsi variantou modifikace proteinti je docCasné
maskovani, napt. proteinu CENPE béhem zrani oocytl. Je pravdépodobné, ze existuje vice
proteint, které formuji komplexy, jsou maskovany nebo piipadné jinak modifikovany, aby byly
uchovany béhem celého preimplantacniho vyvoje (Duesbery et al. 1997). Jiné proteiny jsou
exprimovany béhem ¢asné embryogeneze beze zmény (Allard et al. 2002; Toralova et al. 2009).
Nékteré maternalni proteiny vSak musi byt z embrya odstranény, aby nasledujici vyvoj mohly
kontrolovat jejich embryonalni verze. Mezi proteiny, které musi byt u mysi odstranény pred
hlavni vinou EGA, patii TAB1 (TGF-beta Activated Kinase 1 Binding Protein). Tento protein
je zembrya odstranén pomoci RNF114 (Ring finger protein 114) E3 ubiquitin ligzy a
Vv piipad¢ jeho nahromadéni dochazi k zastaveni embryonalniho vyvoje v 2bunééném stadiu
(Yang et al. 2017). Dalsi proteiny, jejichz degradace pied hlavni vinou EGA je pro dalsi vyvoj
nezbytna, byly nalezeny ptedevsim u rodu Xenopus. Jedna se naptiklad o CDC25A (Shimuta
et al. 2002), CDC6 (Cell Division Control Protein), Treslin, RecQL4 (Sun et al. 2014) a
Drfl/DBF4B (Dumbbell-Forming 4) (Collart et al. 2013). U Caenorhabditis elegans pak
dochazi k odstranéni proteind MEI-1 a MEI-2. Oba tyto proteiny jsou dilezité pro meiotické
délici vieténko. Thned po dokonceni meidzy tak musi byt z oocytu odstranény, aby mohlo
nasledné vzniknout velké mitotické délici vieténko, které se svou morfologii od toho
meiotického li§i. MEI-I a MEI-II jsou odstranovany pomoci E3-ligdzy obsahujici Cul3
(DeRenzo & Seydoux 2004; Verlhac et al. 2010). Po inhibici UPS nebo jeho soucasti u savcu
dochazi k opozdéni minoritni i hlavni viny EGA (Shin et al. 2010; Shin et al. 2013; Shimizu et
al. 2014; Yang et al. 2017). To naznacuje, ze degradace proteinii je vysoce specificka a
odstranéni nékterych z maternalnich proteint je pro dalsi vyvoj nezbytné. Zbyva jen urcit, o

které proteiny se jedna a jakym zptisobem jsou z embrya odstranény.
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3. Hypotéza a cile

Hypotéza

Degradace pfinejmensim neékterych materndlnich proteinti pomoci ubiquitin — proteazomového
systému je nezbytnym ptedpokladem k aktivaci embryonalniho genomu (EGA) savct.
Cil prace

Cilem prace byla identifikace déju, které jsou nezbytné pro spravny prub¢h preimplanta¢niho
vyvoje skotu a zahajeni embryonalni genomové aktivace. Vyzkum se zaméroval zejména na
ulohu proteazomového systému, predevsim SCF komplexu, a jeho vliv na degradaci vybranych

maternalnich proteint skotu.
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4. Publikované prace

4.1. Charakterizace SCF komplexu v prubéhu preimplanta¢niho vyvoje

skotu

Prozatim neni jasné, jakym zpisobem jsou z embryi odstranény zbytky maternélnich
proteind. Pfedpokladali jsme, Ze na jejich degradaci by se mohl podilet SCF komplex, ktery
patii mezi nejcastejsi ubiquitin-ligazy zprostiedkovavajici vazbu ubiquitinu na protein urceny
k degradaci. Hlavnim cilem této prace bylo tedy sledovani exprese jednotlivych ¢leni SCF
komplexu a jejich lokalizace vramci jednotlivych vyvojovych stadii skotu. Pomoci
kvantitativni RT-PCR metody byla sledovana exprese mRNA Cull, Skpl a Rbx1. Exprese
vSech tfi neménnych ¢lentt SCF komplexu zacala v ¢astém 8bunééném stadiu postupné stoupat.
Pro odhaleni, kdy ptesné¢ zacina exprese Cull, Skpl a Rbx1 z embryondlniho genomu byla
vyuzita Kultivace s a-amanitinem, ktery inhibuje RNA polymerazu II a zplsobi tak zastaveni
transkripce. Exprese Rbx1 mRNA zacina az v pozdnim 8bunééném stadiu, avsak exprese Cull
a Skpl se objevuje jiz v 4bunééném a Casném 8bunécném stadiu, coz naznacéuje jejich dilezitost
pro EGA a nasledujici vyvoj. Nasledné jsme sledovali expresi proteinli jednotlivych ¢lentt SCF
komplexu a jejich lokalizaci v ramci jednotlivych stadii. Mnozstvi proteinu CUL1 postupné
rostlo od MII oocyti po moruly, byl pfitomen v jadfe a cytoplazmé béhem celého vyvoje.
Hladina SKP1 rostla od MII po 4bunééné stddium, nasledné vSak opét zacala signifikantné
Klesat. Protein byl lokalizovan v prubéhu celého vyvoje v cytoplazmé a ¢aste¢né i v zona
pellucida. Analyza RBX1 proteinu, i pfes pozorovatelny narust od MII do 4bunééného stadia a
nasledny opétovny pokles, neodhalila zadny signifikantni rozdil v jeho mnozstvi v prubéhu

¢asného vyvoje a protein byl opét lokalizovan u vSech vyvojovych stadii.

Nasledujici ¢asti naSeho vyzkumu bylo sledovani aktivity SCF komplexu béhem
preimplanta¢niho vyvoje. Pomoci metody PLA (in situ Proximity Ligation Assay), ktera
fluorescenéné oznaci proteiny, které se nachazi ve vzdalenosti do 40nm (Bagchi et al. 2015),
jsme sledovali vazbu proteinu Skp1 na Cull. Diky jejich vzajemné interakci dojde i k nasledné
aktivaci celého komplexu. Mezi jednotlivymi embryonalnimi stadii nebyl zaznamenan zadny
statisticky vyznamny narist v aktivité tohoto komplexu. Nejintenzivnéjsi signal byl pozorovan
u MII oocytl,, ani ten vSak nebyl oproti preimplantacnim embryim signifikantni. Ve stadiu

blastocysty se vSak projevilo nerovnomérna lokalizace aktivniho SCF komplexu. V oblasti

vnitini bunééné masy byla aktivita tohoto komplexu sniZzena na rozdil od oblasti

19



trofoektodermu, coz naznacuje dilezitou roli SCF komplexu pro formovani extraembryonalni

tkané.
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Abstract

The degradation of maternal proteins is one of the most important events during early devel-
opment, and it is presumed to be essential for embryonic genome activation (EGA), but the
precise mechanism s still not known. It is thought that a large proportion of the degradation
of matemnal proteins is mediated by the ubiquitin-proteolytic system. In this study we
focused on the expression of the Skp1-Cullin1-F-box (SCF) complex, a modular RING-type
E3 ubiquitin-ligase, during bovine preimplantation development. The complex consists of
three invariable components—Cul1, Skp1, Rbx1 and F-box protein, which determines the
substrate specificity. The protein level and mRNA expression of all three invariable mem-
bers were determined. Cul1 and Skp7 mRNA synthesis was activated at early embryonic
stages, at the 4c and early 8c stage, respectively, which suggests that these transcripts are
necessary for preparing the embryo for EGA. CUL1 protein level increased from Mil to the
morula stage, with a significant difference between Mll and L8c, and between Mil and the
morula. The CUL1 protein was localized primarily to nuclei and to a lesser extent to the cyto-
plasm, with a lower signalin the inner cell mass (ICM) compared to the trophectoderm (TE)
atthe blastocyst stage. The level of SKP1 protein significantly increased from Ml oocytes
to 4c embryos, but then significantly decreased again. The localization of the SKP1 protein
was analysed throughout the cell and similarly to CUL1 at the blastocyst stage, the staining
was less intensive in the ICM. There were no statistical differences in RBX1 protein level
and localization. The active SCF-complex, which is determined by the interaction of Cul1
and Skp1, was found throughout the whole embryo during preimplantation development,
butthere was a difference at the blastocyst stage, which exhibits a much stronger signal in
the TE than in the ICM. These results suggest that all these genes could play an important
role during preimplantation development. This paper reveals comprehensive expression
profile, the basic but important knowledge necessary for further studying.

PLOS ONE | DOI:10.1371/joumnal.pone.0147096 January 29, 2016
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CF-Complex during Bovine Preimplantation Development

Introduction

At the very beginning of early embryogenesis, all the mRNAs and proteins are of maternal ori-
gin and development is driven by these maternal reserves. As development proceeds, these
reserves are stepwise degraded and the embryo takes over control of development. The degrada-
tion of maternal mRNAs is a gradual process, which peaks around the major wave of embryonic
genome activation (EGA), and results in the degradation of the vast majority of maternal
mRNAs at this time [1]. However, little information about protein degradation is available. Pre-
sumably, the degradation of maternal protein is essential for the start of embryonic genome
transcription, but the precise mechanism of EGA initiation is still not known. The process is cer-
tainly not as rapid as mRNA degradation, and some of the proteins remain even after EGA [2—
4]. Itis thought that a large proportion of the degradation of maternal proteins is mediated by
the ubiquitin-proteolytic system [5-8]. The ubiquitin-proteasome pathway directs protein deg-
radation, and thus serves as a regulatory mechanism of various cellular processes. The ubiquiti-
nation of proteins is a stepwise process, which is managed by the cooperation of three enzyme
complexes: E1 —ubiquitin activating enzyme; E2 ~ubiquitin-conjugating enzyme and E3 —ubi-
quitin ligase [9]. The E3 ligases transfer ubiquitin from E2 to the substrate protein, and their
plurality (caused by F-box protein variability) enables the specific labelling of various proteins.

In this study we have focused on the expression of the Skp1-Cullin1-F-box (SCF) complex,
amodular RING-type E3 ubiquitin-ligase, in bovine preimplantation development. It is
thought that up to 20% of ubiquitinated proteins are triggered for degradation by the SCF com-
plex [10]. The complex consists of three invariable components—Skp1, Cullin 1 and Rbx1—
and one of many F-box proteins, which determines the substrate specificity [11-13]. The
deregulation of SCF-complex activity is included in the ethiopathogenesis of many diseases,
including cancer [14,15].

Invariant members of the SCF complex

Cullin 1. Cullin 1 is the backbone of the SCF complex and determines its activity. It forms
two mutually exclusive complexes whose generation is based on neddylation (modification
with the small ubiquitin-like protein Nedd8). When deneddylated, Cullin 1 binds to CAND1
(Cullin-associated and neddylation dissociated 1) and becomes ubiquitination inactive. After
neddylation, CAND1 dissociates and Cullin 1 binds to Skpl and forms the SCFcomplex, which
enables protein ubiquitination [16,17].

Cullin 1, as an essential part of this E3 ubiquitin ligase, plays an important role in a large
number of biological processes, such as cell cycle regulation, signal transduction, transcription
or translation [18-20]. Two detailed studies concerning the role of cullin 1 in early mammalian
embryogenesis were published in 1999 [21,22]. However, to the best of our knowledge, no
major papers have been published since then. Both Delay and Wang found that Cullin 1 plays
a crucial role during embryogenesis before the onset of gastrulation in mice [21,22]. However,
its function during preimplantation development has not been specified. In C. elegans, cullin 1
likely participates in the degradation of proteins that directs the transformation of an oocyte
into a rapidly developing, totipotent embryo [8]. It may play a role in hatching and post-hatch-
ing pre-attachment processes, as the expression of its mRNA significantly increases from a
blastocyst to a hatched blastocyst [23]. Higher expression was shown to indicate a high quality
embryo [24]. Cullin 1 also plays an important role in trophoblast cell invasion and placenta
development [25].

We have recently found that cullin 1 is expressed from two different genes, both of them
located on chromosome 4, only in distinct regions [26]. One of them was identified as Cullin 1
(NM_001193233) and was expressed from the late 8-cell stage to the blastocyst stage. Because of
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its expression, we also call this variant embryonic cullin 1. The other variant shared 83% homol-
ogy and was expressed from the MII oocyte until the early 8-cell stage. The second variant was
called cullin 1-like or maternal cullin 1. In somatic cells, embryonic cullin 1 is expressed.

Skpl (S-phase kinase-associated protein 1). Skpl is a stable protein whose best-known
functions are connected to the SCF complex [27] Skpl bounds the catalytic core of the SCF
complex to the F-box motif of the F-box protein [11-13]. It participates in the regulation of
SCF complex deactivation by the deneddylation of cullin. Altered expression of Skpl plays a
role in the development of Parkinson s disease [28,29] and lymphomas [30].

Rbx1 (ring-box 1; ROC1—regulator of cullins-1). Rbx1 (together with Cullin 1) forms
the catalytic core of the SCF complex. In addition to cullin 1, Rbxl interacts with all six of the
other cullins, and thus also activates other E3 ubiquitin ligases [31,32]. Rbx1 contains the
RING finger domain that recruits the E2 ubiquitination enzyme and mediates the neddylation
of cullin [33]. Rbx1 plays an unquestionable role in the embryogenesis of C. elegans, D. melano-
gaster and even mice, as silencing its mRNA causes embryonic death in these species [34-37].
It is also responsible for the normal progress of mouse and Xenopus oocyte meiosis [38-40]
Rbx1 RNA silencing causes DNA double strand breaks, G2 arrest and aneuploidy [41], and is
overexpressed in many cancers.

Nevertheless, little information is available on the role of the SCF-complex in early embryo-
genesis. The activity of the SCF complex during mammalian preimplantation development
and the expression of each invariant component have not been described to date. In this paper,
we describe the expression profile of the mRNA and protein of each component in detail. Fur-
thermore, we define the SCF complex activity from the MII oocyte to blastocyst stage. The pre-
implantation development of the selected model organism, bovines, is highly similar to
humans and other non-rodent mammals in terms of the timing of embryonic genome activa-
tion, epigenetic reprogramming, duration of the development and presence of the piRNA and
Piwi proteins pool [42]. A similar expression profile can be hence expected in other mammals.

Materials and Methods
IVF and embryo culture

Unless otherwise indicated, the chemicals were purchased from Sigma (Sigma-Aldrich, St. Louis,
MO) and plastic from Nunclon (Nunc, Roskilde, Denmark). Bovine embryos were obtained
after the in vitro maturation of oocytes and their subsequent fertilisation and in vitro culture.
Briefly, abattoir-derived ovaries from cows and heifers were collected and transported in ther-
mocontainers in sterile saline at about 33°C. The cattle had been slaughtered (Jatky Rosovice,
spol. s.r.o.; Slaughterhouse Rosovice) for the public edible meat. Those ovaries were discarded
without any utilization. Hence, an ethics statement in our paper was not required. The follicles
with a diameter between 5 and 9 mm were dissected with fine scissors and then punctured. The
cumulus-oocyte complexes were evaluated and selected according to the morphology of the
cumulus and subjected to in vitro maturation in TCM 199 (Earle s salt) supplemented with 20
mM sodium pyruvate, 50 U/ml penicillin, 50 ug/ml streptomycin, 10% oestrus cow serum (ECS)
and gonadotropins (P. G. 600, 15 U/ml; Intervet, Boxmeer, Holland) without a paraffin overlay
in four-well dishes under a humidified atmosphere for 24 h at 39°C with 5% CO,.

For IVEF, the cumulus-oocyte complexes were washed four times in PBS and once in Tyrode
“s albumin lactate pyruvate (T ALP) fertilisation medium, and transferred in groups of up to 30
to four-well dishes containing 250 pl TALP per well. The TALP medium contained 1.5 mg/ml
BSA, 30 pg/ml heparin, 0.25 mM sodium pyruvate, 10 mM lactate and 20 pM penicillamine.
One straw with frozen semen from one bull previously tested in the IVF system was thawed in
a40°C water bath, diluted with 2 ml TALP and centrifuged at 3500 g for 10 min. The
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Table 1. Primer details.

spermatozoa were layered under 5x1ml TALP. The supernatant with the motile spermatozoa
was isolated after 1h of swim-up at 39°C [43]. Spermatozoa were counted in a haemocytometer
and diluted in the appropriate volume of TALP to give a concentration of 2x10° spermatozoa/
ml. A 250 pl aliquot of this suspension was added to each fertilisation well to obtain a final con-
centration of 1x10° spermatozoa/ml. Plates were incubated under a humidified atmosphere
with 5% CO,-5% 0,-90% N for 20 h at 39°C.

At approximately 20 h post fertilisation (hpf), presumed zygotes were denuded by gentle
pipetting and transferred to Menezo B2 medium (Veterinary Research Institute, Brno, Czech
Republic) supplemented with 10% ECS and cultured in a humidified atmosphere of 5%
CO,-5% 0,-90% N (25 zygotes in 25 ul medium under liquid paraffin (Origio, Malov, Den-
mark)). The dishes were examined at 24 h post isolation and 34, 44, 72, 96, 120, 156 and 180
hpf, and MII oocytes and two-cell, four-cell, early eight-cell, late eight-cell, morula, blastocysts
and hatched blastocysts were collected at each time point respectively.

Quantification of MRNA expression

Poly (A)+ mRNA was extracted from the pools of 20 oocytes and embryos at each stage of
development, using a Dynabeads mRNA DIRECT Micro Kit (Invitrogen Dynal AS, Eugene,
OR) according to the manufacturer s instructions. Before isolation, 1 pg of Luciferase mRNA
(Promega Madison, WI) per oocyte/embryo was added as an external standard. Primer
sequences were designed using Beacon Designer 7 from the bovine cullin 1-like, cullin 1, Skp1
and Rbxl1 gene sequences (GeneBank accession numbers XM_589507.3, NM_001193233.1,
NM_001034781, NM_001034781) (Table 1).

The expression of specific nRNA was measured by quantitative RT-PCR. mRNA was
amplified using a OneStep RT-PCR kit (Qiagen, Hilden, Germany) with real-time detection
using SybrGreen fluorescent dye. The reaction composition was Qiagen OneStep RT-PCR
buffer (1x), dNTP Mix (400 uM of each), forward and reverse primers (both 400 uM), Sybr-
Green (1:50 000 of 1000x stock solution; Invitrogen), RNasin Ribonuclease Inhibitor (Pro-
mega; 0.2 pl), QTAGEN OneStep Enzyme Mix (0.5 ul), and template RNA. Reaction conditions
were as follow: RT at 50°C for 30 min, initial activation at 95°C for 15 min, cycling: denatur-
ation at 94°C for 15 s, annealing at 60°C for 20 s (Cul 1-like, Cull), at 55°C for 20 s (Skp 1), at
63°C for 20 s (Rbx 1), and extension at 72°C for 30 s. The final extension step was held for 10
min at 72°C. The real-time RT-PCRs were run in duplicate, with all samples (oocytes and all
embryos stages) in the same reaction. The experiments were carried out in a RotorGene 3000
(Corbett Research, Morthlake, Australia). Fluorescence data were acquired at 3°C below the
melting temperature to distinguish the possible primer dimers.

Primer Sequences Annealing temperature (°C) Amplicon size (bp)
Cul 1-like 5‘- CGG ACT GGA GCC AGA ATC CCA-3" 60 178
(XM_589507.3) 5°= GTC TGG GCT TGA GGG GAC ACA- 3°
Cult 5°— AAC CCC CAC GGA CTC AAG CAG A- 3~ 60 173
(NM_001193233.1) 5°= GCC CCT CGA GCT TGG TTT GAC T- 3°
Skpt 5‘- GCC ATC TCC TTG AGC CCT AC- 3° 55 172
(NM_001034781) 5°— CAT TTG GCA AGG GGA CTG GA- 3°
Rbx1 5‘— CAG GCG TCC GCT ACT TCT G- 3° 63 93
(NM_001034781) 5= TGT TTT GAG CCA GCG AGA GA- 3°
Luciferase 5‘— ACT TCG ARA TGT CCG TTC GG- 3~ 55 633

5°— ACT TCG ARA TGT CCG TTC GG- 3°

doi:10.1371/journal.pone.0147096.1001
PLOS ONE | DOI:10.1371/joumal.pone.0147096 January 29, 2016 4/18

24



@ PLOS | one

CF-Complex during Bovine Preimplantation Development

The relative concentration of the template in the different samples was determined using
comparative quantification in analysis software (Corbett Research) as described in [44]. The
results were normalised according to the relative concentration of the external standard (Lucif-
erase). The take-off points were calculated as 20% of the second-derivative maximum level
(RotorGene 3000 operation manual; Corbett Research). Products were verified by melting
analysis and gel electrophoresis on 1.5% agarose gel with ethidium bromide staining. Experi-
ments were repeated at least four times.

Alpha-amanitin treatment

To block RNA polymerase II-dependent transcription, o-amanitin (Sigma-Aldrich, St. Louis,
MO) was added to the culture medium at a final concentration of 100 pug/ml for either from the
one-cell stage to two-cell stage (20-34 hpf), from the one-cell stage to four-cell stage (20-44
hpf), from the four-cell stage to early eight-cell stage (44-72 hpf) or from the four-cell stage to
late eight-cell stage (44-96 hpf). After the o-amanitin treatment, the embryos were washed
with PBS, immediately frozen and stored at -80°C. Control embryos were collected at the same
time interval as their treated counterparts from the same fertilization/cultivation group,
washed with PBS, immediately frozen and stored at -80°C. All pools were done in triplicate
and contained 20 embryos.

Immunofluorescence

Embryos were fixed in 4% paraformaldehyde for 50 min at 4°C. Fixed embryos were processed
immediately or stored in PBS for up to 3 weeks at 4°C. After washing in PBS, the embryos were
incubated in 0.5% (v/v) TritonX-100 for 15 min. All subsequent steps were done in PBS supple-
mented with 0.3% (w/v) BSA and 0.05% (w/v) saponin (PBS/BSA/sap). Embryos were blocked
with 2% normal goat serum (NGS; Millipore Biosciences; St. Charles, MO) for 1 h and incubated
with rabbit anti-cullin 1 antibody (Abgent A] 1205a, San Diego, CA) 1:100, rabbit anti- ROC1
(Abcam, Cambridge, UK) 1:100 or mouse anti-SKP 1 (Abcam 4E11, Cambridge, UK) 1:100 in
PBS/BSA/sap overnight at 4°C. After thorough washing, the embryos were incubated with goat
anti-rabbit antibody conjugated with FITC 1:350 (Santa Cruz Biotechnology, Santa Cruz, TX) or
goat anti-mouse conjugated with Alexa Fluor 594 1:800 (Invitrogen, Eugene, OR) in PBS/BSA/
sap for 1 h at room temperature in the dark. After washing, the nuclei were stained and the
embryos were mounted with Vectashield HardSet Mounting Medium with DAPI (Vector Labo-
ratories, Peterborough, UK). Controls of immunostaining specificity were carried out by omit-
ting the primary antibody or using another species-specific secondary antibody conjugate.

In situ Proximity ligation assay (PLA)

To test the activity of the SCF complex, the interaction of CUL1 and SKP1 was localized and
quantified by Duolink (Olink Bioscience, Uppsala, Sweden). Unless otherwise indicated, chem-
icals were part of the Duolink. Embryos were fixed and permeabilized in the same way as for
immunofluorescence staining. The Duolink in situ proximity ligation assay (PLA) was per-
formed according to the manufacturer’s instructions. Embryos were blocked with 2% normal
donkey serum (NDS; Santa Cruz Biotechnology, Santa Cruz, TX) in PBS/BSA/sap. Then they
were incubated with rabbit anti-cullin 1 antibody (Abgent AJ 1205a, San Diego, CA) 1:100
together with mouse anti-SKP 1 antibody (Abcam 4E11, Cambridge, UK) 1:100, overnight at
4°C. After thorough washing, the embryos were cultivated with the PLA probes, diluted in the
antibody diluent buffer, for 1 h at 37°C. After washing, the ligation solution was added for 30
min at 37°C. After washing in washing buffer A, the amplification stock (5x amplification
stock, polymerase, RNase-free water) was added to the embryos for 100 min at 37°C in the
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dark. After washing, the nuclei were stained and the embryos were mounted with Vectashield
HardSet Mounting Medium with DAPI (Vector Laboratories, Peterborough, UK). Controls of
the assay were prepared by omitting either the probe or primary antibody.

The samples were examined with a Leica SP 5 (Leica Microsystems AG, Wetzlar, Germany).
The images were processed using the software Fiji (http://fiji.sc).

Western blotting

Unless otherwise indicated, chemicals were purchased from Sigma. Embryos and oocytes (25
per extract) were lysed in 15 yl of Blue Loading Buffer (772, Cell Signaling Technology, Dan-
vers, MA) with dithiothreitol, boiled for 5 min and subjected to 12% SDS-PAGE. Proteins were
transferred from gels to an Immobilon P membrane (Millipore Biosciences, Billerica, MA)
using a semidry blotting system (Whatman Biometra GmbH, Hoettingen, Germany) for 28
min at 5 mA/cm? The blocking of the membrane was performed in 3% BSA in TBS-Tween
buffer (TBS-T, 20 mM Tris, pH 7.4, 137 mM NaCl and 0.5% Tween 20) for cullin 1 and RBX1,
and in 5% non-fat milk in TBS-T for SKP1, for 1 h and incubated overnight with rabbit anti-
cullin 1 (Abgent 1205a) 1:1000, rabbit anti-ROC 1 (Abcam) 1:1000 or mouse anti-SKP 1 anti-
body (Abcam 4E11) 1:1000 in 5% non-fat milk/TBS-T. The results of the SKP 1 antibody were
verified with a different mouse anti-SKP1 antibody (Abcam 1H9) 1:1000. After washing in
TBS-T, the membranes were incubated with HRP-conjugated donkey anti-rabbit or donkey
anti-mouse IgG antibody (both 1:7500; Jackson Immuno Research, Suffolk, UK) in 5% non-fat
milk/TBS-T for 1 h at room temperature. Proteins were visualized with Luminata Crescendo
Western HRP (Merck Millipore, Darmstadt, Germany). The data were processed using Quan-
tity One software (Bio-Rad).

Statistical analysis

The data were analysed using SigmaStat 3.0 software (Jandel Scientific, San Rafael, CA). The
One-Way ANOVA test or Holm-Sidak method were used. P<0.05 was considered statistically
significant.

Results
The mRNA expression of invariant members of SCF complex

By quantitative RT-PCR analysis with variant-specific primers, both Cul 1-like and Cull tran-
scripts were detected in bovine embryos before and after embryonic genome activation (EGA).
The expression pattern of the maternal Cul I-like transcript during the in vitro culture (from
MII oocyte to blastocyst stage) exhibited a relatively constant high level from MII to 4c, however
at the early 8c stage (72 hours post fertilization, hpf), mRNA level rapidly decreased (p<0,001)
and continued decreasing until the blastocyst stage (Fig 1A). Inversely, the level of Cull mRNA
was low from MII to 4c, then rose slightly up to the early 8c (72 hpf), and significantly increased
at the late 8c stage (96 hpf) (p<0.05). The level was highest at the blastocyst stage (Fig 1B).

The Skpl mRNA level was similar to Cull during bovine preimplantation development.
The transcript level slightly decreased from MII to 4c and started to rise at early 8c (72 hpf). A
significant increase occurred at late 8¢ (p<0.05) and rose further up until the morula stage.
Transcript nonsignificantly decreased at the blastocyst stage (Fig 1C).

The Rbx1 mRNA was stable from MII to 4c, the level fell at early 8c but increased after
EGA, at late 8c, and rose rapidly from the morula to blastocyst stage (p<0.001) (Fig 1D).

To determine at which stage the transcription of CulI from the embryonic genome begins,
embryos were cultured in the presence of o-amanitin, an RNA II polymerase inhibitor. There
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Fig 1. Relative mRNA expression of invariant members of SCF complex. Untreated embryos. The data were normalised according to the relative
concentration of the exteral standard (luciferase mRNA, 1 pg per oocyte/embryo). (A) Cul 1-like, (B) Cul1, (C) Skp1, (D) Rbx1. Bars show + S.D. 29,
Values with different superscripts indicate statistical significance (P<0.05). (MIl, Mll stage oocyte; 2c, two-cell stage embryo; 4c, four-cell stage embryo; E8c,
early eight-cell embryo; L8c, late eight-cell stage; mor, morula; bl, blastocyst).

doi:10.1371/journal.pone.0147096.9001

was a significant (p<<0.001) decrease in Cull and Skp1 at the 4c and early 8c stage (Fig 2A-2D),
respectively, indicating that their transcription is initiated prior to major embryonic genome
activation (EGA). On the other hand, the significant difference between the control group and
o-amanitin-treated group in RbxI occurred at the late 8c stage (Fig 2E-2F), at the time of the
EGA. These results show the importance of the invariant members of the SCF complex in pre-
implantation development. The impact of o-amanitin treatment on transcript level at the dif-

ferent stages was also examined (S1 Fig).

Protein expression and localization throughout bovine preimplantation
development

Cullin 1. The level of cullin 1 protein gradually increased from MII oocytes (MII) to mor-
ula-stage embryos with a significant increase in protein level from the MII to late 8-cell stage

and morula stage (p<<0.01) (Fig 3A).
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Fig 2. Relative mRNA expression of invariant bers of SCF plex, embryos treated with a-
amanitin. The data were normalised according to the relative concentration of the extermnal standard
(luciferase mRNA, 1pg perembryo). (A) CulT —embryos treated from one-cell to two-cell stage, (B) CulT —
embryos treated from one-cell to four-cell stage, (C) Skp7 —embryos treated from one-cell to four-cell stage,
(D) Skp1 —embryos treated from four-cell to early eight-cell stage, (E) Rbx7 —embryos treated from four-cell to
early eight-cell stage, (F) Rbx1 —embryos treated from four-cell to late eight-cell stage. Bars show + S.D. *°
Values with different superscripts indicate statistical significance (P<0.05). (C, control group of untreated
embryos; AA, group of embryos treated with a-amanitin; 2¢, two-cell stage embryo; 4c, four-cell stage
embryo; E8c, early eight-stage embryo; L8c, late eight-cell stage embryo).

doi:10.1371/joumal.pone.0147096.9002

The localization of Cullin 1 was already described in our previous paper [26], thus here we
present only the immunofluorescent staining of blastocysts. The protein was quite abundant
throughout the whole embryo and localized primarily to nuclei and to a slightly lesser extent to
the cytoplasm. However, we found a difference in the staining of the inner cell mass (ICM) and
trophectoderm (TE). Even though Cullin 1 was present in both of them, the staining was
noticeably less intensive in the ICM (Fig 4).

SKP1. The level of SKP1 protein significantly increased from MII oocytes to 4c embryos,
but then significantly decreased again (p<0.05 in all cases). There were no statistically
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Fig 3. Quantification of protein level after western blot analysis of bovine oocytes and
preimplantation embryos. 30 embryos perlane. A) Cullin 1; B) SKP1 (antibody 4E11); C) RBX1. The data
were processed using Quantity One software (Bio-Rad). 100% represents the sum of the trace quantities of
all bands; relative abundance (y-axis) represents the percentage of each band. Bars show mean +S.D.
®Values with different superscripts indicate statistical significance (P<0.05). The experiments were repeated
atleast three times, and representative westem blotimages are shown below the graph. B’) Representative
image of additional bands (approximate size 55 and 90 kDa). (MIl, Mll oocytes; L8c, late eight-cell stage
embryos; 4c, four-cell stage embryos).

doi:10.1371/joumal.pone.0147096.g003

significant differences between MII oocytes, L8¢c embryos and morulas (p>0.05) (Fig 3B). In
addition to the expected cca 19-kDa band, we detected two other weaker bands with approxi-
mate sizes of 55 and 90 kDa (Fig 3B’). This finding was verified using another SKP1-specific
antibody (S2 Fig).

The protein was distributed throughout the cell, and to some extent was also present at the
zona pellucida. In MII oocytes, we found an accumulation of the immunofluorescence signal
around the nucleus. In blastocysts, the staining was slightly less intensive in the ICM (Fig 5).

Fig 4. Confocal laser scanning microscopy of CUL1 of bovine blastocysts. Nuclei (DAPI)-blue; cullin 1 —green.

doi:10.1371/journal.pone.0147096.9004
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RBX1. There were no statistically significant differences between the developmental stages
(p>0.05) (Fig 3C). However, in MII oocytes and morulas, the protein was noticeably less abun-
dant than in 4c and L8c. The protein was localized to the nucleus and cytoplasm at all develop-
mental stages. At the blastocyst stage, the protein seems to be localized to the ICM and TE with
the same intensity (Fig 6).

SCF complex activity

The interaction of Cullin 1 and Skpl, which indicates SCF complex activity, was monitored in
groups consisting of MII oocytes, 4c embryos, late 8c embryos and morulas (Fig 7A-7D ).
The intensity of the fluorescence signal was measured and compared between these develop-
mental stages. Blastocysts were analysed in a separate experiment. There was no statistically
significant difference in PLA signal intensity between the groups; however, in MII oocytes the
signal was noticeably more intensive than in all embryonic stages (Fig 8). At the blastocyst
stage, there was almost no PLA signal in the ICM and on the other hand, the signal was very
intensive in the TE (Fig 7E-7E"").

Discussion

The function of the SCF complex and its members in somatic cells, its necessity for oogenesis
[39,45-48] spermatogenesis [49,50] and early development [8] and the need for precise regula-
tion of proteolytic processes in early embryogenesis suggest the potential importance of the
complex during mammalian preimplantation development.
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Fig 6. Confocal laser scanning microscopy of RBX1 from Mil oocytes to blastocyst-stage embryos. The embryos were labelled with rabbit monoclonal
anti-RBX1 antibody ({-\’—F‘) and the nuclei were stained with DAPI (A—F). In overlaid images (A"-F"), RBX1is green and DNA blue.

doi:10.1371journal.pone.0147096.9006

To the best of our knowledge, the role of the SCF complex during this period has not been
examined to date, nor has the expression profile of its members been determined. However, it
is not possible to study the involvement of the SCF complex in preimplantation protein degra-
dation without this knowledge. Thus, we determined thorough expression profiles of both the
mRNAs and proteins of three invariant SCF complex members (Cullin 1, Rbx1, and Skp1). We
also described the course of SCF complex activity throughout preimplantation development.

The dynamics of mRNA expression between individual stages reflects the importance of the
gene during preimplantation development. Genes activated no later than during the major
wave of EGA are assumed to be the most important. It was shown that silencing genes activated
before or during EGA often results in early developmental arrest or substantially lowers its
quality [51-53]. Genes related to protein ubiquitination are usually activated at the 8-cell stage
[54]. However, we found earlier activation of two of the three invariant members of the SCF
complex. The embryonic transcription of Cull and Skp1 starts in the 4c and early 8c stage,
respectively, the transcription of Rbx1 during a major wave of EGA (Fig 1). This is why the
necessity of these genes and in fact the whole of the SCF complex for the normal course of
EGA seems to be undisputed. The expression of Cullin 1 starts in the very early stages of
embryogenesis, both in bovines and Drosophila [55]. Thus the embryonic expression of Cullin
1 seems to be the most important of the SCF complex members. This is further supported by
the existence of the two Cullin 1 variants. These transcripts represent the products of two dif-
ferent genes, both present on chromosome 4 (UniGene IDs: maternal cullin 1—BT.36789;
embryonic cullin 1—BT.6490) [26]. The transcripts share 83% identity, however the predicted
protein of maternal cullin 1 shares only 78% identity with GenPept protein ID:

PLOS ONE | DOI:10.1371/joumal.pone.0147096 January 29, 2016 11/18

31



©PLOS | one

CF-Complex during Bovine Preimplantation Development

pre EGA (4¢)

late 8¢

post-EGA (morula)

blastocyst

Fig 7. Confocal laser scanning microscopy of Mil oocytes and preimplantation embryos after Duolink
in situ PLA analysis. PLA signal indicates Cul1-Skp1 interaction (A-E’) and the nuclei were stained with

DAPI (A-Eﬂ)4 In merges (‘A"-E“)V, PLAsignaI is red and DNA blue.
doi:10.1371/joumal.pone.0147096.9007
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Fig 8. Relative flv after analysis of Skp1/Cul1 interaction. The relative fluorescence (y-axis)

represents the emitted fluorescence signal in a single embryo normalised to the mean of the measured
fluorescence signal of morulas. There were in total 15 embryos per experimental group. The embryos were
analysed using confocal scanning microscope in groups. Each group included an Mil oocyte, a 4-cell stage
embryo, late 8-cell stage embryo and morula. (MIl, MIl oocytes; L8c, late eight-cell stage embryos; 4c, four-
cell stage embryos).

doi:10.1371/joumal.pone.0147096.g008

NP_001180162.1 —cullin 1, Bos taurus. The maternal variant is probably a pseudogene raised
by gene duplication [26] and is referred to as the Bos taurus cullin 1 pseudogene (LOC539792).
Filippov [55] found that in Drosophila only the protein, not the transcript, is maternally inher-
ited from the oocyte to embryo. This could be actually caused by the existence of two mRNA
variants and non-detection of the maternal one. A similar expression change during preim-
plantation development was found in murine eIF-1A. In this case, the maternal and embryonic
transcripts utilize different promoters, giving rise to diverse transcriptional products. In
oocytes a TATA-containing promoter is used, while in embryos a TATA-less promoter is used
[56]. The authors hypothesize that the increased utilization of the TATA-less promoter during
EGA and further embryonic development can contribute to the smooth running of gene
expression reprogramming, and is related to an increased expression of housekeeping genes or
totipotent marker Oct4, which are both expressed from a TATA-less promoter. However both
Cull variants are expressed from a TATA-less promoter, and thus the expression shift cannot
be associated with different promoter utilization. Another similar case is the expression of the
pseudogenes Zscan4d and Zscan4c in 2-cell stage murine embryos and murine embryonic
stem cells, respectively [52]. However, in this case Zscan4 pseudogenes are not expressed in
any other tissues or cell types, or maternally in the oocyte. Thus to the best of our knowledge,
such a shift as in Cullin 1 variant expression has not been described elsewhere to date. Yet it
seems that the activation of embryonic Cullin 1 transcription is important for normal preim-
plantation development, since it takes place as early as in the 4c stage. Even though at this stage
the maternal variant was still predominant, almost no maternal cullin 1 was detected at the
early 8¢ stage, and we can say that from this stage onwards the embryo is fully dependent on
the embryonic variant.

Using Duolink in-situ PLA analysis, we monitored the interaction of Cullin 1 and Skp1,
which indicates the activity of the SCF complex. The PLA signal was found in all developmen-
tal stages and was comparably intense in the examined embryonic stages. The highest activity
was found in MII oocytes, where the proper degradation of protein is crucially important for
normal maturation, however even this difference was not statistically significant. Generally,
APC/C is thought to be the most important ubiquitin-ligase for meiotic maturation reviewed
in [57], but it was found that the degradation of mitotic APC/C is controlled by the SCF
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complex [50]. Hence we hypothesize that the SCF complex also plays a similar role during mei-
osis. The PLA results indicates that the SCF complex is likely required for controlling the
whole of preimplantation development, and that both maternal and embryonic variants of cul-
lin 1 should be functional. However, since embryonic cullin 1 mRNA starts to be transcribed as
early as the 4c stage, the shift seems to be required for preparing the embryo for EGA and it is
still needed in further stages of preimplantation development. The level of cullin 1 protein
gradually increased from MII oocytes (MII) to the morula stage. Since the localization of cullin
1 protein in bovine preimplantation embryos has been described in our previous paper [26],
here we only present the data obtained in blastocysts. From the 2¢ to morula stage, the protein
is dispersed throughout the blastomere and is present in the whole embryo [26]. Here we have
found that at the blastocyst stage, cullin 1 tends to also localise to nuclei and it started to be pre-
dominantly localized in the trophectoderm rather than the inner cell mass. This is in accor-
dance with the fact that Cullin 1 plays a key role in trophoblast cell invasion and placenta
development [24]. An even greater difference was found in the staining intensity between TE
and ICM after PLA staining. Almost no signal was detected in the ICM. These findings confirm
the occurrence of ubiquitination in the trophectoderm [58]. Surprisingly, this activity did not
correlate with the protein abundance of any of the three examined genes. Cullin 1 is thought to
be the limiting factor for SCF complex activity [59], however the protein level increased gradu-
ally from MII oocytes to L8c-stage embryos, and then remained stable at the morula stage. The
PLA activity was the highest in MII oocytes, nonsignificantly, though noticeably decreased in
the 4c stage and remained stable until the morula stage. Thus both the localization of the pro-
teins and the PLA signal at the blastocyst stage and the progress of protein level and SCF com-
plex activity suggest that all three basic components of the SCF complex, including Cullin 1,
also have other functions than merely being components of the SCF complex. This is especially
obvious in Rbx1, which is known to interact with all other members of the cullin family, and
thus is also part of other E3 ligases [30,60]. Both the mRNA and protein expression of Rbx1
defy the expression profiles of the other two invariant members of the SCF complex. Thus,
even though Rbxl is necessary for SCF complex functionality, and the complex is non-func-
tional after Rbx1 silencing [40], RBX1 expression does not correlate with SCF complex activity.
This applies to a lesser extent for the other two proteins, even though to the best of our knowl-
edge all currently known functions of cullin 1 are related to the SCF complex, and Skp1 has a
few functions besides the SCF complex in lower organisms [27,61]. We assume that the pre-
sumptive Skpl complexes represented by the higher bands after western blot analysis are also
not related to the SCF complex because of their size.

In conclusion, the mRNA and protein expression of the basic components of the SCF com-
plex (Cullin 1, Skp1 and Rbx1) suggest that all these genes are essential for normal preimplan-
tation development. The early activation of Cull and SkpI mRNA expression suggests that
these genes are necessary for preparing the embryo for EGA. SCF complex-mediated ubiquiti-
nation takes place at approximately the same level throughout the whole of preimplantation
development. However at the blastocyst stage, the ubiquitination is concentrated specifically to
the trophectoderm, the emerging embryonic part of the placenta. The comparison of protein
expression and SCF complex activity showed that protein abundance does not correlate with
the complex activity. At the MII stage, proteins were expressed at a low level, but the SCF com-
plex activity was the highest. However, this does not mean that the level of protein expression
does not influence ubiquitination by the SCF complex, as was shown by Piva and coauthors
[62]. Altogether, our data suggest that SCF complex mediated protein degradation plays an
important role in EGA initiation in bovines.
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Supporting Information

S1 Fig. Relative mRNA expression of invariant members of SCF complex, embryos treated
with ¢-amanitin, supplement. The data were normalised according to the relative concentra-
tion of the external standard (luciferase mRNA, 1pg per embryo). (A) Cull, (B) Skp1, (C) Rbx1.
Bars show + $.D. *® Values with different superscripts indicate statistical significance
(P<0.05). (C, control group of untreated embryos; AA, group of embryos treated with o-ama-
nitin; 2c, two-cell stage embryo; 4c, four-cell stage embryo; E8c, early eight-stage embryo; L8c,
late eight-cell stage embryo).

(TIFF)

S2 Fig. Western blot analysis of bovine oocytes and preimplantation embryos using anti-
SKP1 antibody 1H9. 30 embryos per lane. A) Quantification of protein level. The data were
processed using Quantity One software (Bio-Rad). 100% represents the sum of the trace quan-
tities of all bands; relative abundance (y-axis) represents the percentage of each band. Bars
show mean # $.D. “*Values with different superscripts indicate statistical significance
(P<0.05). The experiment was repeated four times, and a representative western blot image is
shown below the graph. B) Representative image of additional bands (approximate size 55 and
90 kDa). (MII, MII oocytes; L8c, late eight-cell-stage embryos; 4c, four-cell-stage embryos).
(TIFF)

S3 Fig. Confocal laser scanning microscopy of SKP1 (antibody 1H9) from MII oocytes to
blastocyst-stage embryos. The embryos were labelled with mouse monoclonal anti-SKP1 anti-
body 1H9 (A’—F’) and the nuclei were stained with DAPI (A-F). In overlaid images (A”-F”),
SKP1 is red and DNA blue.

(TIF)

$4 Fig. Western blot analysis of SKP1 using Abnova antibody. First band shows SKP1 on
zona pellucida, second band shows SKP1 in embryos.
(TIF)
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Chapter 17

Potential Involvement of SCF-Complex in Zygotic Genome
Activation During Early Bovine Embryo Development

Veronika Benesova, Veronika Kinterova, Jiri Kanka, and Tereza Toralova

Abstract

Proper timing of degradation of maternal protein reserves is important for carly embryonic development.
The major modification that triggers proteins to degradation is ubiquitination, mediated by ubiquitin-
proteolytic system. We focus here on Skp 1-Cul 1-F-box complex (SCF-complex), E3 ubiquitin-ligase, a
part of ubiquitin-proteolytic system, which transfer ubiquitin to the substrate protein. We describe in this
chapter the methods for the characterization of the expression profile of mRNA and protein of invariant
members of SCF-complex and for the definition of SCF-complex activity.

Key words SCE-complex, Preimplantation development, qRT-PCR, Western blot, Inmunofluorescence,
In situ proximity ligation assay

1 Introduction

Early embryo development is driven by maternal mRNAs and pro-
teins. However, during the development these reserves are gradu-
ally degraded and replaced with mRNAs produced by newly
activated embryonic genome. The degradation of mRNAs peaks
around embryonic genome activation and results in the degrada-
tion of the vast majority of maternal mRNAs [1]. However, little
information about the protein degradation is available. It is thought
that a large proportion of the degradation of maternal proteins is
mediated by the ubiquitin-proteolytic system [ 2, 3]. Ubiquitination
of proteins is managed by the cooperation of three enzyme com-
plexes: E1—ubiquitin activating enzyme, E2—ubiquitin conjugat-
ing enzyme, and E3—ubiquitin ligase [4].

Previously, we characterized the SCE-complex (Skp 1-Cullin
1-F-box), a modular RING type E3 ubiquitin-ligase, in bovine
preimplantation embryos [5]. This complex consists of three
invariable components—Skp1, Cullin 1 (Cull) and Rbx1, and one
of many F-box proteins, which determines the substrate specificity

Kiho Lee (ed.), Zygotic Genome Activation: Methods and Protocols, Methods in Molecular Biology, vol. 1605,
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[6-8]. It is thought that up to 20% of ubiquitinated proteins are
triggered for degradation by the SCE-complex [9].

Technologies and methods used to characterize the expression
profile of SCF-complex in bovine embryos are presented below.
The profile of the mRNA was measured by the quantitative
RT-PCR. To determine at which stage the transcription of each
mRNA from the embryonic genome begins, the embryos were
cultured with a-amanitin, specific inhibitor of RNA polymerase
I1. For the expression profile and localization of proteins, the west-
ern blot and immunofluorescence were used. To define the SCF-
complex activity during bovine preimplantation development in
situ proximity ligation assay was used. This method enables detec-
tion of the protein-protein interaction and moreover the localiza-
tion of this interaction.

2 Materials
2.1 Oocytes
and Embryos

Preparation

2.2 «a-Amanitin
Treatment

2.3 Buffers

Abattoir-derived ovaries from cows and heifers were collected and
transported in thermocontainers in sterile saline at about 33 °C.

This treatment is used to block the RNA polymerase II-dependent
transcription.

1. Add a-amanitin (Sigma-Aldrich, St. Louis, MO) to the culture
medium at a final concentration of 100 pg/ml for either from
the 1-cell stage to 2-cell stage (20-34 hpf), from the 1-cell
stage to 4-cell stage (20—44 hpf), from the 4-cell stage to ecarly
8-cell stage (44-72 hpf) or from the 4-cell stage to late 8-cell
stage (44-96 hpf).

2. Collect the embryos at required stage. Collect the control
embryos (without added o-amanitin) at the same time
interval.

3. Wash embryos in PBS.

4. Place it on ice or store at =80 °C.

5. Use the embryos for Subheading 3.3.

1. PBS/BSA/sap: phosphate-buffered saline (PBS) supple-
mented with 0.3% (w/v) BSA and 0.05% (w/v) saponin.

2. TBS-Tween: 20 mM Tris, pH 7.4, 137 mM NaCl, and 0.5%
Tween 20.

3. 10% Towbin: 5.82 g 25 mM Tris, 2.93 g 192 mM glycin,
pH 9.2, 100 ml Methanol, adjust volume to 1 L dH,O.

4. Modified Parker medium (MPM): 16.8 ml H 199 10x con-
centrated, 7.8 ml1 7.5% NaHCOj;, 100 mg Ca I-Lactate, 40 mg
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2.4 Antibodies

N

Ll

Na pyruvate, 300 mg HEPES, 20 mg |-Glutamine, 50 U /ml
Penicillin - K-salt, 50 U/ml Streptomycin, 125 ng/ml
Amphotericin B, 15 U/ml P.G. 600 (Intervet, Boxmeer,
Holland), 10% oestrus bovine serum, adjust to 200 ml dH,O.

Fertilization medium [10].
Menezo B2 medium [11, 12].

Rabbit anti-cullin 1 (Abgent, San Diego, CA).
Mouse anti-Skp 1 (Abcam, Cambridge, UK).
Rabbit anti-ROC 1 (Abcam).

HRP-conjugated donkey anti-rabbit antibody (Jackson
Immuno Research, Suffolk, UK).

HRP-conjugated donkey anti-mouse antibody (Jackson
Immuno Research).

Goat anti-rabbit antibody conjugated with FITC (Santa Cruz
Biotechnology, Santa Cruz, TX).

Goat anti-mouse conjugated with Alexa Fluor 594 (Invitrogen
Dynal AS, Eugene, OR).

3 Methods

3.1 Oocyte Collection
and in Vitro
Maturation

3.2 InVitro
Fertilization
and Embryo Culture

ol b9

Wash ovaries briefly in ethanol.

Wash ovaries in PBS at 25-30 °C two times.

Dissect the follicles (size 5-9 mm) with fine scissors.
Puncture the follicles and transfer the cumulus-oocytes com-
plexes (COCs) to 4-well dishes (Nunc, Roskilde, Denmark)
with 0.5 ml MPM media without a paratfin overlay and cultivate
under a humidified atmosphere at 39 °C with 5% CO, for 24 h
[10].

. After 24 h denude part of the MII oocytes by gentle

pipetting.
Wash MII oocytes in PBS.

Use the oocytes for Subheading 3.6 or freeze at —80 °C and
use them for Subheading 3.3 or 3.5.

Use the rest of COCs for Subheading 3.2.

After 24 h of maturation wash the rest of COCs in PBS four
times.

2. Wash COCs in fertilization medium [10].

Transfer up to 40 of COCs to 4-well dishes (Nunc) with
250 pl of fertilization medium.

Wash the viable spermatozoa in fertilization medium.
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3.3 Poly(A)+ mRNA
Extraction

10.

11.

12.
13.

1.

10.
11.

Centrifuge spermatozoa at 100 x g for 5 min.

. Count the spermatozoa in a hemocytometer and dilute in the

appropriate volume of fertilization medium to concentration
of 2 x 10° spermatozoa,/ml.

Add 250 pl of spermatozoa suspension to fertilization well to
obtain a final concentration of 1 x 10 spermatozoa/ml.

Incubate plates for 20 h at 39 °C in an atmosphere of 5% CO,,
5% Oy, 90% N,.

At 20 h post fertilization denude presumptive zygotes by gentle
pipetting.

Transfer groups of 25 zygotes to 25 pl of Menezo B2 medium

[11, 12] and cultivate them under the same conditions as in
step 8.

Collect the embryos at 34, 44, 72, 96, 156, and 180 h post
fertilization at required stages 2-cell, 4-cell, 8-cell, morula
stage, blastocyst stage, and hatched blastocyst stage.

Wash embryos in PBS.

Use them for Subheading 3.6 or freeze it at —80 °C and use it
for Subheading 3.3 or 3.5.

Prepare pools of 20 oocytes and embryos at each stage of
development.

Use Dynabeads mRNA DIRECT Micro Kit (Invitrogen).
Unless indicated, the chemicals are included in the kit. Prepare
the magnetic rack (PerkinElmer Chemagen Technologic
GmbH, Baesweiler, Germany).

Bring all buffers except the 10 mM Tris—-HCI to room tem-
perature (RT') before use. Store Tris—HCI at 4 °C before use.
Warm the incubator to 95 °C.

Add 1 pg of luciferase mRNA (Promega, Madison, WI) per
oocyte /embryo on ice as an external standard (see Note 1).
Adjust volume to 100 pl/tube by Lysis/Binding buffer and
gently mix by vortex.

Keep oocyte and embryos in Lysis/Binding bufter for 20 min
on ice. Control embryos when they are lysed.

Preparation of Dynabeads: Shake the bottle with Dynabeads
and transfer 20 pl/reaction into new tubes.

Place the tube on a magnet for 30 s and discard the supernatant.
Remove the tube from magnet, add an equivalent volume of
Lysis/Binding Buffer, and resuspend Dynabeads.

Place the tube on a magnet for 30 s and discard the supernatant.

Remove the tube from magnet, add an equivalent volume of
Lysis/Binding Buffer, and resuspend Dynabeads.
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12.
13.
14.

15.

16.

17.

18.

19.

20.

21.
22.

23,

24.

25.

26.
27

Transfer 20 pl of Dynabeads/reaction into new tubes.
Vortex oocytes/embryos and shortly centrifuge.

Transfer the lysed oocytes/embryos to Dynabeads and place
tubes on a rotator for 5 min at RT.

Place the tubes on the magnet for 30 s and discard the
supernatant.

Remove the tubes from the magnet and resuspend the samples
in 100 pl Washing Buffer A by gentle pipetting.

Place the tubes on the magnet for 30 s and discard the
supernatant.

Remove the tubes from the magnet and resuspend the samples
in 100 pl Washing Buffer A by gentle pipetting.

Place the tubes on the magnet for 30 s and discard the
supernatant.

Remove the tubes from the magnet and resuspend the samples
in 100 pl Washing Buffer B by gentle pipetting.
Transfer the suspension to a new tube.

Place the tubes on the magnet for 30 s and discard the super-
natant (see Note 2).

Remove the tubes from the magnet and resuspend the samples
in 100 pl Washing Buffer B by gentle pipetting.

Place the tubes on the magnet for 30 s and discard the
supernatant.

Remove the tubes from the magnet and resuspend the samples
in 3 pl of ice-cold Tris-HCI/embryo.

Place the tubes into incubator for 2 min at 95 °C.

Place the tubes on the magnet and immediately transfer the
supernatant to new tube and place it on ice or store at —80 °C.

Design primers using Beacon Designer 7 (Premier Biosoft,
Palo Alto, CA). See Table 1.

Unless indicated, the chemicals are included in OneStep RT-
PCR Kit (Qiagen, Hilden, Germany).

. Thaw template mRNA, primer solutions dNTP Mix, OneStep

RT-PCR buffer and RNase-free water, and place them on ice.
Prepare the master mix into one tube composed of: Nuclease-
tree water (4.55 pl/reaction; Life Technologies, Carlsbad,
CA), OneStep Buffer 1x (0.5 pl/reaction), dNTP Mix 400 pM
of each (0.5 pl/reaction), forward and reverse primers (both
400 pM; 0.25 pl/reaction), Sybr Green I (1:50,000 of 1000x
stock solution, 0.25 pl/reaction; Invitrogen), RNasin
Ribonuclease Inhibitor (Promega; 0.2 pl /reaction), OneStep
Enzyme Mix (0.5 pl/reaction) (see Note 3).
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Table 1
Information of primers used in this study

Annealing Amplicon
Primer Sequences temperature (°C)  size (bp)
Cul 1-like (XM_589507.3) 5-CGG ACT GGA GCC AGA 60 178
ATC CCA-3’
5-GTC TGG GCT TGA GGG
GAC ACA-3'
Cul 1 (NM_001193233.1) 5’-AAC CCC CAC GGA CTC AAG 60 173
CAGA-3
5-GCC CCT CGA GCT TGG TTT
GAC T-3’
Skp 1 (NM_001034781) 5-GCC ATC TCC TTG AGC CCT 55 172
AC-3’
5-CAT TTG GCA AGG GGA CTG
GA-3’
Rbx 1 (NM_001034781) 5-CAG GCG TCC GCT ACT TCT 63 93
G-3'
5-TGT TTT GAG CCA GCG AGA
GA-3'
Luciferase 5-ACT TCG AAATGT CCGTTC 55 633
GG-3'
5-ACT TCG AAA TGT CCG TTC
GG-3’
Table 2
RT and PCR conditions used in this study
Temperature (°C) Time
Gene Cull-like, Cull/Skpl /Rbx1 Cull-like, Cull /Skpl/Rbx1
Reverse transcription 50 30 min
Initial activation 95 15 min
Cycling:
Denaturation 94 15 s
Anncaling 60/55/63 20s
Extension 72 30s
Final extension 72 10 min

5. Mix the master mix thoroughly and distribute appropriate
volume (9.0 pl) into the PCR microtubes.

6. Add template mRNA to final volume 12 pl (1 pg-2 pg/reaction).
All reactions are prepared in duplicates.

7. Place the tubes into RotorGene 3000 (Corbett Research,
Morthlake, Australia). Reaction conditions are as in Table 2.
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Fig. 1 Relative mRNA expression of invariant members of SCF complex. Untreated embryos. The data were
normalized according to the relative concentration of the external standard (luciferase mRNA, 1 pg per oocyte/
embryo). (A) Cul 1-like, (B) Cull, (C) Skp1, (D) Rbx1. Bars show =S.D. 2bcdValues with different superscripts
indicate statistical significance (P < 0.05). MIl MIl stage oocyte, 2¢ 2-cell stage embryo, 4c 4-cell stage
embryo, E8c early 8-cell embryo, L8c late 8-cell stage, mor morula, bl blastocyst

8. Determine the relative concentration of the template in the
different samples by comparative quantification in analysis
software (Corbett Research), as described in [13]. Normalize
the results according to the relative concentration of the external
standard (Luciferase) (Fig. 1).

3.5 Western Blot 1. Day 1. Prepare gel 4-12% Bis—Tris Gel (see Note 4).

2. Preparation of samples. Add 2.5 pl LDS Sample Buffer, 1 pl
Reducing agent (both Life Technologies), 6 pl deionized
water to sample (see Note 5). Use 25 oocytes/embryos
per extract.

3. Boil samples for 3—5 min in distilled water.

4. Transfer to ice.
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3.6 Immuno-
fluorescence Analysis

5.

10.
11.

12.

13.

14.

15.
16.

17
18.

e T o ou D)

%

10.

Prepare 1x SDS Running Buffer. Add 35 ml 20x SDS Running
Buffer (Life Technologies) to 700 ml deionized water
(see Note 6).

Prepare gel to the chamber.
Load samples on the gel.

Fill chambers with 1x Running Buffer and add 500 pl
antioxidant.

Run the gel. 200 V constant for about 35 min (see Note 7).
Wash gel in 10% Towbin.

Prepare Immobilon P membrane (Millipore Biosciences,
Billerica, MA) and filter papers.

Prepare the blotting semidry system (Whatman Biometra
GmbH, Hoettingen, Germany) and turn on for 28 min at
5 mA/cm?.

After blotting, block the membrane by 3% BSA in TBS-T (CUL
1, RBX 1) or 5% nonfat milk in TBS-T (SKP 1) for 1 h at RT.

Incubate with primary antibody. Rabbit anti-cullin 1 1:1000,
rabbit anti-ROC 1 1:1000, or mouse anti SKP 1 in 5% nonfat
milk, overnight at 4 °C.

Day 2. Wash membrane in TBS-T 3x in 30 min.

Incubate with secondary antibody. HRP-conjugated donkey
anti-rabbit or donkey anti-mouse IgG, both 1:7500 in 5%
nonfat milk for 1 h at RT.

Wash membrane in TBS-T 3x in 30 min.

Visualize the proteins with Luminata crescendo Western HRP
(Merck Millipore) in dark room.

Day 1. Fix oocyte/embryos in 4% paraformaldehyde for
50 min at 4 °C.

Wash in PBS (see Note 8).

Transfer embryos to 0.5% TritonX-100 for 15 min (se¢ Note 9).
Wash embryos in PBS/BSA /sap three times.

Block with 2% normal goat serum for 1 h at RT.

Wash in PBS/BSA/sap three times.

Incubate with primary antibody. Anti-cullin 1 1:100 or anti-
SKP1 1:100 or anti-ROC1 1:100, overnight at 4 °C (see Note
10).

Day 2. Wash in PBS/BSA/sap 12 times in 1 h.

Incubate with secondary antibody goat anti-rabbit with FITC
1:350 or goat anti-mouse with Alexa Fluor 594 1:800 for 1 h
at RT in the dark.

Wash in PBS/BSA/sap 12 times in 1 h.
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11. Wash in PBS.

12. Mount with Vectashield Hardset Mounting Medium with
DAPI (Vector Laboratories, Peterborough, UK) (see Note 11).

13. Check and make a photo of the samples on a fluorescent/
confocal microscope (Fig. 2).

Fig. 2 Confocal laser scanning microscopy of CUL 1, SKP 1, RBX 1 of morula stage embryo. The embryo was
labeled with protein-specific antibodies (A”) CUL 1, (B’) SKP 1, (C’) RBX 1, and the nuclei were stained with DAPI
(A—-C). In overlaid images CUL 1 (A”) and RBX 1 (C"”) are green, SKP 1 (B”) is red, and DAPI (A”-C") blue
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3.7 In Situ Proximity
Ligation Assay (PLA)

The PLA method enables detection and visualization of the
protein-protein interaction. If the proteins are in close proximity
(<40 nm), it causes cascade of reactions that leads to fluorescent
signal. In our case, the interaction of SKP 1 and CUL 1 was
observed, which indicates SCF-complex activity [14].

For PLA use Duolink kit (Olink Bioscience, Uppsala,

Sweden). Unless otherwise indicated, the chemicals are included
in the kit.

1.
2.

10.
11.

12

13.

14.

15.

16.
L

18.

Day 1. Prepare embryos as in Subheading 3.4, steps 1—4.

Block with 2% normal donkey serum (NDS; Santa Cruz
Biotechnology, Santa Cruz, TX), 1 h at RT.

. Wash in PBS/BSA/sap solution three times.
. Incubate with primary antibodies—rabbit anti-cullin 1 1:100

together with mouse anti-Skp 1 1:100 overnight at 4 °C
(see Note 12).

. Day 2. Wash embryos in PBS /BSA /sap 12 timesin 1 h.
. Prepare the PLA probes by diluting 1:5 in PBS/BSA /sap, and

leave it for 20 min at RT (see Note 13).

. Add probes and incubate for 1 h at 37 °C.
. Ligation. Wash in PBS/BSA /sap 12 times in 1 h.
. Prepare the Ligation solution by diluting 1:5 in RNase-free

water (see Note 14).
Add ligation solution and incubate for 30 min at 37 °C.

Amplification. Wash in 1x (Washing Buffer A) WBA three
times in 15 min.

Prepare polymerization solution by diluting 1:5 in RNase-free
water (see Note 15).

From this step you use light-sensitive reagents. Protect them from
light. Add polymerization solution and incubate for 100 min
at 37 °C.

Wash six times in 1x WBB in 30 min.
Wash in 0.01x WBB (see Note 16).
Wash in PBS.

Mount by Vectashield Hardset medium with DAPI (see
Note 17).

Check and make a photo of the samples on a fluorescent/
confocal microscope (Fig. 3). Dots should represent the inter-
action of CUL 1 and SKP 1 proteins (see Note 18).
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PLA (CULI + SKP1) - blastocyst stage

Fig. 3 Confocal laser scanning microscopy of bovine blastocyst after Duolink in situ PLA analysis. PLA signal
indicates Cul1-Skp1 interaction (A") and the nuclei were stained with DAPI (A). In overlaid (A”), PLA signal is

red and DNA blue

4 Notes

o

13

14.

. Dilute luciferase in Lysis/Binding bufter.

. Carefully, in contrast to previous steps, the Dynabeads are not

tightly touched.

. Prepare a volume of master mix 10% greater than required for

total number of reactions.

. We use NuPAGE Bis—Tris Mini Gels (Life Technologies).

. It is better to prepare the solution together for every sample

and then add the appropriate volume to each sample.

. Use cold water, at 4 °C.

. 100 V for 10 min at the beginning, then 175-200 V.
8.
9.

10.

11.

12:

Fixed embryos can be stored in PBS for up to 3 weeks at 4 °C.
Dilute TritonX-100 in PBS.

Dilute in PBS /BSA /sap.

Before the use, centrifuge the medium for 10 min at 10,000 x 4.

Prepare controls by omitting one or both primary antibodies
or using another species-specific secondary conjugate; dilute
primary antibodies in PBS/BSA /sap.

For a 40 pl reaction take 8 pl of PLA probe MINUS, 8 pl of
PLA probe PLUS, and 24 pl of PBS /BSA /sap.

For a 40 pl reaction take 8 pl of the 5x Ligation stock, 31 pl of
RNAse-free water, and add 1 pl of Ligase immediately before
addition to the samples.

49



256

Veronika Benesova et al.

15.For a reaction take

40 pl

8§ pl

of the 5x Amplification stock,

31.5 pl of RNAse-free water, and add 0.5 pl of polymerase
immediately before the addition to the samples; light-sensitive

reagents.
16.

Dilute 1x WBB in RNase-free water; be careful that the

embryos tend to stick in WBB.

17. Before the use, centrifuge the medium for 10 min at 10,000 x 4.

18. Leave it for at least 20 min at 4 °C before checking.
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4.2. Inhibice Skpl-Cullin-F-box komplexi v priibéhu zrani oocyti a

preimplanta¢niho vyvoje skotu vede k opozdénému vyvoji embryi

V nasledujicim vyzkumu jsme se zaméfili na inhibici SCF ligdz u oocytli a embryi
skotu. Nejprve jsme inhibovali SCF komplex pomoci RNA interference. Po injikaci specifické
dsRNA proti Cull bylo mnozstvi jeho mRNA signifikantné snizeno. Pfi kontrole hladiny
proteinu CUL1 jsme vSak zjistili, ze protein je i nadale u embryi pfitomny a je pravdépodobné
prili$ stabilni na to, aby mohl byt SCF komplex inhibovan touto cestou. Z toho divodu jsme
pro dalsi experimenty vyuzili inhibitor MLN4924., MLN4924 (jinym nazvem také
Pevonedistat) je inhibitor SCF ligdz kontrolovanych neddylaci, tedy pfevazné¢ SCF komplexu
obsahujici Cull, v mensi mife dalSich SCF ligaz obsahujici Cul2, Cul3, Cul4A/B nebo Culs.
Byl vyvinut jako potencialni 1€k proti rakoviné (Zhou et al. 2018).

Abychom zjistili, zda je materndlni Cull (syntetizovany v pribéhu oogezene) potiebny
pro oplozeni a nasledujici embryonalni vyvoj, byl nas prvni experiment zaméten na kultivaci
GV oocyti v médiu obsahujici inhibitor MLN4924. Rozdily byly patrné jiz pii expanzi
kumularnich bunék. Kumularni buiiky ve skupiné oSetfrené MLN4924 neexpandovaly, béhem
celého zrani se pevné drzely na oocytech. Oocyty vSak byly schopné podstoupit in vitro
oplozeni, ptestoze se signifikantné nizsi Gspé$nosti nez kontrolni skupina. Popsali jsme také
statisticky vyznamny nardst v mnozstvi polyspermnich embryi po kultivaci v MLN4924
(51,798 £ 20,721 %) oproti kontrolni skupiné (16,52 + 5,13 %; p=0.016). Pii nésledujici
kultivaci jsme prokazali zhorSeni embryonalniho vyvoje. Embrya po kultivaci v MLN4924
dosahovala 8bunéc¢ného stadia v signifikantné mensim poc¢tu a dokonce pouze 8,67 + 4,59 %
embryi se vyvinulo do stadia blastocysty (na rozdil od kontrolni skupiny, kde doséhlo stadia
blastocysty 20,99 + 7,69 % embryi).

V dal§im experimentu byly inhibovany SCF ligazy u preimplantaénich embryi. Embrya
skotu byla kultivovana v MLLN4924 od 4bunééného do pozdniho 8bunécného stadia. Tento Cas
byl zvolen z toho diivodu, ze mira degradace maternalnich mRNA postupné stoupa a kulminuje
v obdobi okolo EGA, coz u krav odpovid4 pravé pozdnimu 8bunécnému stadiu. Pokud by
degradace nékterych maternalnich proteind pomoci SCF ligdz méla podobny priibéh, v tomto
obdobi by byly SCF ligdzy masivné vyuzivany a jejich inhibice by se na nésledujicim vyvoji
projevila. Inhibitor byl odmyt v pozdnim 8bunécném stadiu a embrya byla kultivovana az do
stadia blastocysty. Pouze 26,6 + 2 % embryi oSetfenych MLN4924 bylo schopno dosédhnout
stadia moruly v porovnani s 57,2 £+ 6,98 % kontrolnich embryi. 168 hodin po oplozeni (hpf)
bylo schopno dosahnout stadia blastocysty 22,381 + 10,852 % kontrolnich embryi v porovnani
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S pouze 3,889 + 4,843 % embryi s inhibovanymi SCF ligdzami. Néktera embrya vSak byla
schopna tuto nevyhodu piekonat a vyvinout se do blastocyst pozdéji, 192 hpf.

U embryi kultivovanych v MLLN4924 jsme sledovali aktivaci embryonélniho genomu.
Zjistili jsme, ze aktivace jednéch z nejvyznamnéjSich markertt EGA (jejich transkripce zacina
pfesné v tomto obdobi a sledovanim jeho exprese je tak mozné kontrolovat pribéh celé
aktivace) PAPOLA a U2AFI1 byla opozdéna. To naznacuje, Ze po inhibici SCF ligdz dochézi
k pozd¢jsi aktivaci embryonalniho genomu. U téchto embryi jsme nasledné kontrolovali i
mnozstvi proteinli pomoci BCA metody. Tato metoda slouzi k méfeni koncentrace proteinii
V porovnani s proteinovym standardem na zékladé kolorimetrické detekce. Prokézali jsme, Ze
u oocytll i embryi po kultivaci v MLN4924 dochazi k hromadéni proteinti. Abychom odhalili,
expresi jejich proteintt pomoci metody western blot. U sledovanych proteini se nepodafilo
prokazat zadné signifikantni navyseni v jejich mnozstvi.

Umlceni SCF ligaz v prubéhu maturace oocytu i embryonalniho vyvoje ma negativni
dopad na expanzi kumulu, oplozeni, EGA a embryondlni vyvoj. Dochéazi k hromadéni proteind,
které mély byt odstranény Vv obdobi pted aktivaci embryonalniho genomu, coz mohlo mit,
spole¢né s opozdénou EGA negativni vliv i na nasledujici preimplantani vyvoj. Prozatim se
vSak nepodafilo prokazat, které proteiny jsou v embryich nahromadény. K jejich definovani

povede nas nasledujici vyzkum a analyza embryi pomoci hmotnostni spektrometrie.
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Abstract

The mechanism of maternal protein degradation during preimplantation development has not been
clarified yet. Itis thought that a lot of maternal proteins are degraded by the ubiquitin-proteasome
system. In this study, we focused on the role of the SCF (Skp1-Cullin-F-box) complexes during early
bovine embryogenesis. We inhibited them using MLN4924, an inhibitor of SCF complex ligases
controlled by neddylation. Oocytes maturated in MLN4924 could be fertilized, but we found no
cumulus cell expansion and a high number of polyspermy after in vitro fertilization. We also found
a statistically significant deterioration of development after MLN4924 treatment. After treatment
with MLN4924 from the four-cell to late eight-cell stage, we found a statistically significant delay
in their development; some of the treated embryos were, however, able to reach the blastocyst
stage later. We found reduced levels of mRNA of EGA markers PAPOLA and U2AF1A, which can be
related to this developmental delay. The cultivation with MLN4924 caused a significant increase
in protein levels in MLN4924-treated oocytes and embryos; no such change was found in cumulus
cells. To detect the proteins affected by MLN4924 treatment, we performed a Western blot analysis
of selected proteins (SMAD4, ribosomal protein S6, centromeric protein E, P27, NFKB inhibitor
alpha, RNA-binding motif protein 19). No statistically significant increase in protein levels was
detected in either treated embryos or oocytes. In summary, our study shows that SCF ligases are
necessary for the correct maturation of oocytes, cumulus cell expansion, fertilization, and early
preimplantation development of cattle.

Summary Sentence

SCF complexes are involved in normal oocyte maturation, polysperm defense, and correct course
of preimplantation development.

Key words: ubiquitin-proteasome system, MLN4924, oocyte, cumulus cells, early development, SCF complexes.
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Introduction

The early embryonic development of mammals is controlled by ma-
ternal mRNA and proteins synthesized during oogenesis. These re-
serves are used until embryonic genome activation (EGA), a pro-
cess that occurs at a species-specific developmental stage (the late
eight-cell stage in cattle [1], four-cell stage in pigs, and two-cell
stage in mice [2]). After fertilization, maternal mRNA and proteins
are gradually eliminated [3]. The degradation of maternal mRNA
is a gradual process, which peaks around the major wave of EGA
[4], but the mechanism underlying the elimination of maternal pro-
teins remains unknown. Two main mechanisms are suggested to
be involved in maternal protein degradation—autophagy and the
ubiquitin—proteasome system (UPS). Although previous studies sug-
gest the essential participation of autophagy in early embryogenesis
[5], UPS seems to play a crucial role in maternal protein degradation
during preimplantation development. It has been proved that UPS
plays an important role in polar body emission, the formation of
pronuclei, meiosis resumption, and cell cycle proliferation [6]. The
E3 ubiquitin ligase RNF114 is essential for the activation of the NF-
KB pathway during EGA [7], and after silencing the E3 ubiquitin
ligase Rnf20, the majority of embryos arrest at the morula stage [8].

UPS-based protein degradation is managed by ubiquitin cova-
lently attached to the targeted proteins by the cooperation of three
enzymatic complexes: E1 ubiquitin-activating enzyme, E2 ubiquitin-
conjugating enzyme, and E3 ubiquitin ligases. The E3 enzyme, which
binds the substrate, mediates the interaction between ubiquitin and
the substrate protein [9]. E3 enzymes are responsible for substrate
specificity. One of the most abundant families of E3 enzymes is
SCF complexes (Skp1-Cullin-F box, reviewed in [10]). This com-
plex consists of three invariant members: Cullin (Cul), Rbx1, Skp1,
and one of the F-box proteins, which determines the substrate
specificity [11]. SCF ligases are assumed to mediate up to 20% of
proteasome-dependent degradation [12]. The SCF complex is ac-
tivated by neddylation, post-translational modification conjugating
the small ubiquitin-like protein NEDDS to Cul. Deneddylation is
caused by the CAND1 (Cullin-associated and neddylation dissoci-
ated 1) protein, which binds to Cul and needs to be dissociated to
reactivate the SCF complex [13].

According to our previous results, SCF complex activity is nec-
essary throughout the whole preimplantation development. Further-
more, the early activation of Cull and Skpl mRNA expression in-
dicates its necessity for the preparation of embryos for EGA [14].
Therefore, we decided to explore the role of SCF complexes in preim-
plantation development in more detail. We show here that inhibiting
the activity of SCF ligases leads to an increase in protein level and
consequently influences both oocyte maturation (including cumulus
expansion) and early embryo development.

Materials and methods

IVF and embryo culture

Unless otherwise indicated, the chemicals were purchased from
Sigma (Sigma-Aldrich, St. Louis, MO) and plastic from Nunclon
(Nunc, Roskilde, Denmark). Bovine embryos were obtained after the
in vitro maturation of oocytes and their subsequent in vitro fertiliza-
tion (IVF) and in vitro culture. Briefly, abattoir-derived ovaries from
cows and heifers were collected and transported in thermos contain-
ers in sterile saline at about 33°C. The cattle had been slaughtered
(Jatky Rosovice spol, s.r.0.; Slaughterhouse Rosovice) for the public
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edible meat. Those ovaries were discarded without any utilization;
hence, an ethics statement in our paper was not required. The folli-
cles with a diameter between 5 and 9 mm were dissected with fine
scissors and then punctured. The cumulus-oocyte complexes (COC)
were evaluated and selected according to the morphology of the
cumulus and subjected to in vitro maturation in TCM 199 (Earle
salt) supplemented with 20 mM sodium pyruvate, 50 U/ml peni-
cillin, 50 pg/ml streptomycin, 10% estrus cow serum (ECS), serum
gonadotropin, and chorionic gonadotropin (P. G. 600, 15 U/ml; In-
tervet, Boxmeer, Holland) without a paraffin overlay in four-well
dishes under a humidified atmosphere for 24 h at 39°C with 5%
CO3.

For IVF, the COC were washed four times in phosphate-buffered
saline (PBS) and once in Tyrode albumin lactate pyruvate (TALP)
fertilization medium, and transferred in groups of up to 30 to four-
well dishes containing 250 pl TALP per well. The TALP medium
contained 1.5 mg/ml bovine serum albumin (BSA), 30 pg/ml hep-
arin, 0.25 mM sodium pyruvate, 10 mM lactate, and 20 uM peni-
cillamine. One straw with frozen semen from one bull previously
tested in the IVF system was thawed in a 40°C water bath, diluted
with 2 ml TALP and centrifuged at 3500 g for 10 min. The sper-
matozoa were layered under 5 x 1 ml TALP. The supernatant with
the motile spermatozoa was isolated after 1 h of swim-up at 39°C
[15]. Spermatozoa were counted in a hemocytometer and diluted in
the appropriate volume of TALP to give a concentration of 2 x 10
spermatozoa/ml. A 250 pul aliquot of this suspension was added to
each fertilization well to obtain a final concentration of 1 x 10° sper-
matozoa/ml. Plates were incubated under a humidified atmosphere
with 5% C0O2-5% Oz - 90% N for 20 h at 39°C.

At approximately 20 h post fertilization (hpf), presumed zygotes
were denuded by gentle pipetting and transferred in groups up to 25
to 25 pul of Menezo B2 medium (Veterinary Research Institute, Brno,
Czech Republic) supplemented with 10% ECS and cultured in a hu-
midified atmosphere 5% CO2-5% 02-90% N3 under liquid paraf-
fin (Origio, Malov, Denmark). Germinal vesicle (GV) oocytes were
fixed immediately after isolation or further cultivated. The dishes
were then examined at 24 h post isolation and 34, 44, 72, 96, 120,
156, and 180 hpf, and metaphase II (MII) oocytes and two-cell (2¢),
four-cell (4c), early eight-cell (e8c), late eight-cell (L8c), morula,
blastocyst, and hatched blastocyst were collected at each time point,
respectively.

Cumulus cells were denuded by gentle pipetting of oocytes, sub-
sequently 2x washed by PBS, centrifuged and frozen (each tube con-
tained cumulus cells from 25 oocytes).

MLN4924 treatment
To determine the optimal dose of MLN4924 for our experiment,
several concentrations of MLLIN4924 were used (detail in the Supple-
mentary material section). To inhibit the SCF complex, MLN4924
was added to the culture medium at a concentration of 1 uM from
4c to L8c stage (44-96 hpf). After MLLN4924 treatment, the embryos
were washed thoroughly and subsequently cultivated in Menezo B2
medium. Part of L8c¢ stage embryos after MLN4924 treatment was
washed with PBS, frozen, and stored at -80°C. Control embryos
without treatment were collected at the same time interval as their
treated counterparts from the same fertilization/cultivation group.
In the case of inhibition of the SCF complex before IVF, oocytes
were cultivated in MPM medium with MLN4924 immediately after
COC isolation, cultivated for 24 h, then washed with MPM medium
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Table 1. Primer details.

Annealing Amplicon
Primer Sequences temperature (°C) size (bp)
Cul1 (NM_001193233.1) 5'-CTGAAGTTCTATACTCAACAATG-3' 60 162
5'-ACAATCTCTCCAAGTCACC-3" [22]
U2AF1 (FJ415609.1) 5-GATGTCGAGATGCAGGAACA-3’ 58 155
5-TCTTCTTCACGGCGAAACTT-3' [17]
eiF1A (FJ415608.1) 5'-CTCCCAAGTGACTGAGAAAG-3' 55 163
5-TCACTCTCCTCCTCGCTCTC-3' [17]
PAPOLA (F]J386493.1) 5-GGATGGTCATGGTTGAGGAG-3' 57 162

5 -GGCGTTGTTTTTCAGTTGGT-3' [17]

and frozen or thoroughly washed with fertilization medium and in
vitro fertilized.

Quantification of mMRNA expression

The embryos were washed using PBS in groups of five and stored
dry and deep-frozen at -80°C until used. Poly (A)+ mRNA was
extracted from the pool of five embryos using a Dynabeads mRNA
DIRECT Micro Kit (Invitrogen Dynal AS, Eugene, OR) according
to the manufacturer’s instruction.

The expression of mRNA was measured by quantitative RT-
PCR, and the reaction was performed using OneStep RT-PCR kit
(Qiagen, Hilden, Germany) with real-time detection using SybrGreen
fluorescent dye. The reaction composition was Qiagen OneStep RT-
PCR buffer (1x), dNTP Mix (400 uM of each), forward and re-
verse primers (both 400 uM; Table 1), SybrGreen (1: 50 000 of
1000x stock solution; Invitrogen), RNasin Ribonuclease Inhibitor
(Promega; 0.2 ul), Qiagen OneStep Enzyme Mix (0.5 M), and
template RNA. Reaction conditions were as follows: RT at 50°C for
30 min, initial activation at 95°C for 15 min, cycling: denaturation
at 94°C for 15 s, annealing at 60°C for 20 s (Cull), at 58°C for 20
s (U2 small nuclear RNA auxiliary factor 1, U2AF1), at 55°C for
20 s (eukaryotic translation initiation factor 1A, eiF1A), at 57°C for
20 s (poly(A) polymerase alpha, PAPOLA), and extension at 72°C
for 30 s. The final extension step was held for 10 min at 72°C. The
real-time RT-PCRs were run in duplicate, with all samples in the
same reaction. The experiments were carried out in a RotorGene
3000 (Corbett Research, Morthlake, Australia). Fluorescence data
were acquired at 3°C below the melting temperature to distinguish
the possible primer dimers. The qRT-PCR data were determined us-
ing serial dilutions of fibroblasts RNA, and the standard curve was
created using the take-off points. The take-off points were calculated
by Internal RotorGene software (Corbett Research) and defined as
the cycle at which the second-derivative curve is at 20% of the maxi-
mum rate of fluorescence and indicates the transition to the exponen-
tial phase (RotorGene 3000 operation manual; Corbett Research).
The starting amount of corresponding RNA in analyzed samples was
determined by appointing the take-off points to the curve. Products
were verified by melting analysis and gel electrophoresis on 1.5%
agarose gel with ethidium bromide staining. Experiments were re-
peated at least three times.

Western blotting

Unless otherwise indicated, chemicals were purchased from Sigma.
Embryos and oocytes (20 per extract) were lysed with 6 pl of Mil-
lipore H,O and 2.5 pl of 4x lithium dodecy! sulfate, sample buffer
NP 0007 and 1 ul reduction buffer NP 0004 (Novex, Thermo Fisher
Scientific, Prague, Czech Republic), boiled for 5 min, and subjected

to 4-12% SDS-PAGE. Proteins were transferred from gels to an
Immobilon P membrane (Millipore Biosciences, Billerica, MA) us-
ing a semidry blotting system (Whatman Biometra GmbH, Hoet-
tingen, Germany) for 28 min at 5 mA/cm®. The blocking of the
membranes was performed in 5% nonfat milk in TBS-Tween (TBS-
T, 20 mM Tris, pH 7.4, 137 mM NaCl, and 0.5% Tween 20) for
SMAD4 (mothers against decapentaplegic homolog 4), protein 27
(P27), RBM19 (probable RNA-binding protein 19), zygote arrest
1 (ZAR1), alpha-tubulin, in 1% nonfat milk in TBS-T for ribo-
somal protein S6 (RPS6) and centromeric protein E (CENPE) and
in 5% BSA in TBS-T for NFKB inhibitor alpha (IKBA) for 1 h.
Membranes were incubated overnight with the following primary
antibodies: rabbit anti-CENPE (Cell Signaling Technology 14977,
Leiden, Netherlands) 1: 500, rabbit anti- IKBA (Cell Signaling Tech-
nology 9242S) 1: 1000, rabbit anti-P27 (Abcam ab32034, Cam-
bridge, UK) 1: 1000, rabbit anti-RBM19 (Abcam ab122515) 1: 250,
mouse anti-RPS6 (Santa Cruz Biotechnology SC-74459, Santa Cruz,
TX) 1: 1000, rabbit anti-SMAD4 (Proteintech 10231-I-AP, Manch-
ester, UK) 1: 7000, rabbit anti-ZAR1 (Bioss Antibodies bs-13549R,
Woburn, MA (Supplementary Table 1)) 1: 300, and rabbit anti-
alpha-tubulin (Abcam ab52866) 1: 2000. After washing in TBS-T,
the membranes were incubated for 1 h with secondary antibody
Peroxidase Anti-Rabbit Donkey (711-035-152, Jackson Immuno
Research, Suffolk, UK) or Peroxidase Anti-mouse Donkey (715-
035-151, Jackson Immuno Research, Suffolk, UK) both in 1: 7500
dilution in 1% nonfat milk/TBS-T, 5% nonfat milk/TBS-T, or in
5%/TBS-T at room temperature. Proteins were visualized by ECL
(Amersham, GE Healthcare life science), and films were scanned us-
ing a GS-800 calibrated densitometer (Bio-Rad) and quantified using
Image J software (http://rsbweb.nih.gov/ij/).

Total protein amount measurement—Pierce BCA
Protein Assay

Embryos were lysed by RIPA buffer (composed of: 150 mM NaCl,
5 mM EDTA pH = 8, 50 mM Tris HCl pH = 7.4, 0.5% NP-
40, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS). The
protein amount was measured using Pierce BCA Protein Assay Kit
(ThermoFisher Scientific, Prague, Czech Republic) according to the
manufacturer’s instruction [16]. Both standard dilution series and
samples were prepared in duplicated and incubated for 1.5 h at
37°C. Optical density was measured at 562 nm using Synergy HTX
multimode reader (BioTek, Swindon, UK).

Polyspermy detection —immunofluorescence

Embryos were fixed in 4% paraformaldehyde for 50 min at 4°C.
Fixed embryos were processed immediately or stored in PBS for
up to 3 weeks at 4°C. After washing in PBS, the embryos were
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Figure 1. Developmental competence of embryos after the inhibition of a SCF complex using MLN4924 from 4c to 8c embryos. The number of embryos reaching
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during four independent experiments; in total, 150 control and 146 MLN 4924-treated 4c embryos. Bars show mean = SD (paired t-test). * ®Values with different
superscripts indicate statistical significance (P < 0.05) (4c—four-cell-stage embryos; 8c—eight-cell-stage embryos).

incubated in 0.5% (v/v) TritonX-100 for 15 min. All subsequent
steps were done in PBS supplemented with 0.3% (w/v) BSA and
0.05% (w/v) saponin (PBS/BSA/sap). Embryos were blocked with
2% normal goat serum (NGS; Millipore Biosciences; St. Charles,
MO) for 1 h and incubated with mouse anti-lamin (Sigma-Aldrich
SAB4200236, St. Louis, MO) 1: 150 in PBS/BSA/sap overnight at
4°C (Supplementary Table 1). After thorough washing, the embryos
were incubated with goat anti-mouse conjugated with Alexa Fluor
594 1:350 (Invitrogen, Eugene, OR) in PBA/BSA/sap for 1 h at room
temperature in the dark. After washing, the nuclei were stained and
embryos were mounted in Vectashield HardSet Mounting Medium
with DAPI (4,6-Diamidine-2'-phenylindole dihydrochloride, Vec-
tor Laboratories, Peterborough, UK). Controls of immunostaining
specificity were carried out by omitting the primary antibody or
using another species-specific secondary antibody conjugate.

The samples were examined using Leica TCS SPS (Leica Mi-
crosystems AG, Wetzlar, Germany). The images were processed us-
ing Image ] software.

Statistical analysis

The data were analyzed using SigmaStat 3.0 software (Jandel Sci-
entific, San Rafael, CA). The data were tested for normality, and
then paired t-test, Mann-Whitney rank sum test, or t-test was used.
P < 0.05 was considered statistically significant.

Results

Development of embryos after treatment with
MLN4924

To investigate the role of SCF complexes during bovine preimplan-
tation development, we used the selective inhibitor of NEDDS-
activating enzyme (NAE) MLN4924. NAE is an activator of SCF
ligases, and its inhibition prevents the formation of SCF complexes.
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We did not use the microinjection of cull dsRNA, since CUL1 pro-
tein is very stable during bovine preimplantation development. After
the microinjection of Cull dsRNA into zygotes, the Cull mRNA
was significantly decreased (to 25.31% compared to the controls);
nevertheless, the protein level remained unchanged (Supplementary
Figures S1 and S2). First, embryos were treated with several con-
centrations of MLN4924 to determine an optimal concentration for
our experiment (Supplementary Figure S3) and 1 uM MLN4924
was selected as the most appropriate concentration. The develop-
ment of embryos treated with MLN4924 from the 4c to late 8¢
stage was significantly delayed. Only 26.6 + 2% (mean + SD) of
MLN4924-treated embryos were able to reach the morula stage
compared to 57.2 + 6.98 (P = 0.025) of control embryos. At 168
hpf, 22.381 + 10.852% (mean =+ SD) of control embryos reached
the blastocyst stage (the number of four-cell-stage embryos was con-
sidered to be 100% ). However, only 3.889 + 4.843% of MLN4924-
treated embryos reached the blastocyst stage at this time (P = 0.01).
On the other hand, some of the embryos treated with MLN4924
were able to reach the blastocyst stage later (Figure 1). Under the
microscope, we found no difference in blastocyst quality between
them.

To determine whether the maternally inherited CUL1 protein is
needed for fertilization and further preimplantation development,
we treated the GV oocytes with MLN4924 for 24 h. We have
found no expansion of cumulus cells after the MLN4924 treat-
ment of GV oocytes. The condition of cumulus cells remained the
same during maturation. Nevertheless, it was possible to fertilize
the oocytes. Cumulus cells closely surrounded embryos even after
fertilization, in contrast to control embryos gradually losing the sur-
rounding cumulus cells (Figure 2). After IVF, the average ratio of
normally fertilized embryos in MLN4924-matured oocytes was sig-
nificantly reduced to 22.00 + 16.28% (mean + SD) compared to
71.57 + 14.39% of normally fertilized embryos in the control group
(P = 0.014). In some MLN4924-treated oocytes, a high number
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treated

GV oocytes after isolation

Figure 2. Cumulus cells morphology after MLN4924 Diff in

MII oocytes before fertilization

Zygotes 20 hpf

vitro maturation of bovine oocytes and 20 h post fertilization.

of sperms were found attached to the zona pellucida, laying in the
subzonal space or entering the oocyte. The proportion of unfertilized
MLN4924-treated oocytes was significantly higher (26.2% =+ 14.70)
compared to the control (11.91% =+ 14.88) (P < 0.05). We observed
a significantly higher rate of polysperm embryos in MLN4924-
treated oocytes (51.798 & 20.721%) compared to the control group
(16.52 + 5.13%; P = 0.016) (Figure 3A). Lamin staining was used
for better visualization of pronuclei (Figure 3B). The development
of diploid MLN4924-treated embryos was significantly deteriorated
from 8c onwards (8¢—P = 0.005; morula—P = 0.015; blastocyst—
P <0.05)and only 8.67% +4.59 (mean =+ SD) of MLN4924-treated
embryos, as compared to 20.99% =+ 7.69 (mean =+ SD) of control
embryos, developed to the blastocyst stage (the number of 2¢-stage
embryos was to be considered 100 %; Figure 3C).

Changes in protein level after MLN4924 treatment

The treatment of embryos using 1 xM MLN4924 from the GV stage
to MII stage oocyte and from four-cell-stage to late eight-cell-stage
embryos caused a statistically significant increase in protein level
(P < 0.05 in both cases). It rose to 161.43 + 122.28 (mean + SD) in
MLN4924-treated oocytes and to 150.17% + 30.71 (mean + SD)
in MLN4924-treated embryos compared to controls (Figure 4A and
B). In contrast, the protein level was not changed in cumulus cells
collected after MLN4924 treatment from GV- to MII-stage oocytes
(P > 0.05) (Figure 4C).

To determine which proteins were affected after the MLN4924
treatment of oocytes and embryos, we performed a Western blot
analysis of selected proteins. The proteins were selected as SCF com-
plex substrates or based on their expression level during preimplanta-
tion development. SMAD4, RPS6, CENPE, P27, IKBA, ZAR1, and
RBM19 were tested. Alpha-tubulin was used as the housekeeper
gene. No statistically significant increase in protein level was de-
tected in either treated embryos or oocytes (P > 0.05). In embryos
two bands after RBM19 staining were detected (130 and 150 kDa).
The presence of the higher band is likely caused by phosphoryla-
tion or interaction with SUMO2. In MLN4924-treated oocytes, a
statistically significant decrease was found in SMAD4 protein level
compared to controls (P < 0.001; 11.52% =+ 3.06; protein level in

of cells after MLN4924 cultivation: after isolation, during in

controls was considered 100%, Figure 5). No statistically significant
difference was found in a-tubulin levels (P > 0.05).

Delay in EGA initiation after MLN4924 treatment

We monitored the mRNA expression of three EGA markers after the
MLN4924 treatment of embryos from 4c¢ to L8c: eiF1A, U2AF1, PA-
POLA [17]. The level of expression of U2AF1 and PAPOLA mRNA
was significantly lower in MLN4924-treated embryos than in con-
trols (U2AFL: P = 0.003; 50.264% + 21.097; PAPOLA: P < 0.001;
47.386% =+ 11.806; mean + SD; the mean of mRNA expression
level of controls was considered 100%). The level of eiF1A mRNA
expression was not significantly decreased (P > 0.05) (Figure 6).

Discussion

The expression profiles of SCF complex members, the existence of
two Cull variants, the activity of SCF complex during whole preim-
plantation development, and the currently available data concerning
protein degradation during early embryogenesis suggest the potential
importance of SCF complexes during early embryonic development
[14, 18-22]. To experimentally verify this hypothesis, we used the
NAE inhibitor MLN4924. MLN4924 (also known as Pevonedistat)
is an inhibitor of SCF ligases controlled by neddylation, primarily
Cull-based SCF ligases or, on a smaller scale, Cul2-, Cul3-, Cul4A/B-
,or Cul5- based SCF ligases. It was developed as a potent anti-cancer
drug, and to date, most studies with MLLN4924 have focused on can-
cer cells [23]. The first option we considered for the silencing of a
gene or connected enzyme in preimplantation embryos was the mi-
croinjection of dsRNA into zygotes. This method is well established
in early mammalian embryos and frequently used [24-28]. How-
ever, the CUL1 protein is highly stable and remains present at a
statistically unchanged level even after the silencing of Cull mRNA
(Supplementary Figures S1 and S2). Thus, MLN4924 treatment was
chosen instead.

First, we wanted to know whether oocytes matured with de-
activated SCF complexes can be fertilized and establish viable em-
bryos. The oocytes were matured in MLN4924 from the GV to
MII stage, and even during this period we noticed a change in
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Figure 3. Fertilization and developmental competence of embryos after inhibition of SCF complex using MLN4924 from GV to Ml stage. (A) Fertilization ability
of oocytes. Relative amounts of embryos belong to following groups: not fertilized, polyspermy, and diploid. In total, 95 control and 105 MLN4924-treated
embryos were analyzed. Bars show mean =+ SD (paired t-test). *®Values with different superscripts indicate statistical significance (P < 0.05). (B) Confocal
laser scanning microscopy of diploid control zygote and polyspermy embryo rising from fertilized oocyte treated with MLN4924 during maturation. In total, 95
control embryos and 105 MLN4924-treated embryos were analyzed. Nuclei (DAPI)—blue; lamin—red. Scale bars 100 um. (C) The developmental competence
of embryos arisen from oocytes cultivated in MLN4924 from GV to MIl stage. The number of embryos reaching individual developmental stages (y-axis). The
number of two-cell-stage embryos is considered as 100%. The developmental competence was followed up during four independent experiments; in total, 207

control embryos and 240 MLN4924-treated 2c embryos. Bars show mean = SD (paired t-test). * "Values with different superscripts indicate statistical significance
(P < 0.05). (2c—two-cell-stage embryos; 4c—four-cell-stage embryos; 8c—eight-cell-stage embryos).

cumulus cells morphology. Whilst in controls the cumulus cells ex-

panded and gradually dropped from the zygotes after fertilization,
no such change was found in MLN4924-treated oocytes. The role
of UPS in the formation of the expanded cumulus is still poorly
understood. Yi et al. [29] have shown that after the treatment of
GV oocytes with proteasome inhibitor MG132 for 22 h, no oocytes

reached the MII stage. In comparison to other proteasome path-

way inhibitors such as MG132, which completely block proteasome
activity, MLN4924 specifically blocks the activation of SCF com-
plexes. This is probably why almost 74% of MLN4924-treated
oocytes could be fertilized, even though only 40.3% zygotes were
diploid in comparison to 80% of diploid controls. We assume that
the higher polyspermy rate may be due to altered insufficient CG
exocytosis. CG exocytosis after fertilization is involved in the ZP-
mediated polyspermy blocking and its absence due to inhibition of

e L

(UCHL1) causes increased rates of polyspermy [30]. This suggests

deubiquinating enzyme (DUB) ubiquitin C-terminal hydrolas

that the degradation of proteins by SCF ligases is necessary for the
correct course of antipolyspermy defense, in which it likely coop-
erates with UCHL1 or maybe also other DUBs. Furthermore, we
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showed that SCF ligases are an essential part of UPS that is involved
in cumulus cell expansion. Yi et al. [29] showed that the expansion
of cumulus cells is blocked and cumulus cells are firmly attached
to oocytes even in the later stages of oocyte maturation in MG132-
treated porcine oocytes. This suggests that SCF complexes play an
important role in the expansion of cumulus cells. Interestingly, even
though the cumulus cells are definitely influenced by the UPS inhibi-
tion, we found no change in the total protein level in cumulus cells
after MLN4924 treatment compared to controls (Figure 4C).
When we monitored the developmental competence of embryos
arising from MLN4924-treated oocytes, we found a statistically sig-
nificant deterioration of development in comparison to controls. In-
terestingly, the most statistically significant difference was found at
the 8c stage (P = 0.005) and the strength of the significance de-
creased in further stages (morula, P = 0.016; blastocyst, P = 0.048).
Similarly, after the MLLN4924 treatment of embryos from 4c to L8c,
we found a statistically significant difference between the number
of treated embryos and controls at the morula stage (P = 0.025)
and blastocyst stage at 168 hpf (P = 0.01). However, despite there
being a clear difference at the blastocyst stage at 192 hpf, it was
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Figure 4. Relative abundance of total protein after treatment with inhibitor MLN4924. (A) Relative protein abundance after treatment from four-cell-stage to
late eight-cell-stage embryo. The experi was rep d four times; in total 30 control embryos and 36 MLN4924-treated embryos. * ®Values with different
superscripts indicate statistical significance (P < 0.05). (B) Relative protein abundance after treatment with inhibitor MLN4924 from GV stage to MIl stage
oocyte. The experiment was repeated three times; in total 73 control embryos and 82 MLN4924 treated embryos. *Values with different superscripts indicate

statistical significance (P=0.032). (C) Relative protein in cells after with inhibitor MLN4924 from GV stage to Ml stage oocyte. The

experiment was repeated three times. No
100%. Bars show mean =+ SD (Mann-Whitney rank sum test).

not statistically significant (P > 0.05) (Figure 1). This suggests that
the degradation of proteins by SCF complexes during oocyte mat-
uration and the early stages of embryogenesis was needed for nor-
mal preimplantation development; nevertheless, some embryos af-
ter MLN4924 treatment are able to overcome this handicap and
develop into blastocysts 24 h later. We suppose that the embryos
are temporarily arrested in their development at the 8c stage and
resume their growth a few hours after the transfer of embryos to
the pure culture medium. Since the deterioration of developmental
competence is more distinct after the treatment of GV-MII oocytes
than 4c¢-L8c¢ embryos, normal activity of the SCF complex is ap-
parently more important during oocyte maturation than during the
early stages of preimplantation development. The delay in the de-
velopment of embryos may be related to reduced levels of mRNA
of EGA markers PAPOLA and U2AF1A. The level of another EGA
marker eiF1A was not significantly changed (Figure 6). The genes in-
volved in protein ubiquitination are activated at 8¢ in bovines [31],
i.e. even before the major wave of EGA, and this also applies to
two invariant members of the SCF complex, Cull and Rbx1 [14].
Hence, embryonic UPS being responsible for protein degradation
is probably necessary for the normal course of EGA. The involve-
ment of proteolysis during EGA was discussed in the work of Stitzel
and Seydoux [32] and Liu et al. [33], and the delay in EGA ini-
tiation was also found in murine preimplantation embryos treated
with MG132 independently of their developmental competence [6].
Our results point to delayed EGA initiation and suggest the impor-
tance of protein degradation through the SCF complex. However,
since the initiation of eiF1A was not altered in our study in con-
trast to Shin et al. [6], it seems that for the normal course of EGA
the cooperation of multiple parts of the UPS is necessary. The crit-
ical stage for embryos arising from MLN4924-treated oocytes is
the EGA stage, and the deterioration of development is also obvi-
ous in blastocysts. It is very interesting that in embryos that were
treated with MLLN4924 during the EGA period, the developmental
deterioration stops being significant in the late blastocyst stage. This
suggests that the preparation for EGA and post-EGA development
is already going on during oocyte maturation and the early stages of
embryogenesis.

Moreover, we have found a statistically significant increase in
total protein level in both treated oocytes and embryos (Figure 4A
and B) in contrast to MLN4924-treated cumulus cells (Figure 4C).

was found (P > 0.05). The total protein amount in control embryos was considered

This shows that as a consequence of SCF complex inhibition, some
proteins cannot be degraded and are hoarded. We wanted to know
which proteins are affected by the SCF complex inhibition. We tested
several SCF complex substrates (SMAD4, RPS6, CENPE, IKBA,
P27) [34-38] and other proteins based on their function or expres-
sion during preimplantation development (RBM19, ZAR1) [39-41]
using Western blot analysis. However, we did not find an increase
in protein level in any of these proteins after the deactivation of SCF
complexes (Figure 5). An accumulation of P27 was found after the
MLN4924 treatment of cell cultures [42, 43], and it is likely that the
accumulation of some of the other proteins mentioned above would
be found if it was tested in cell cultures in the same way as after SCF
complex silencing [34, 44]. After the inhibition of E3 ligase RNF114
in murine preimplantation embryos, the accumulation of only one
protein (TGF-beta activated kinase 1, TAB1) was found, even though
the authors tested over 9000 proteins [7]. This suggests that the
degradation of proteins during oocyte maturation and preimplanta-
tion development is subject to strict rules. In somatic cells, nRNAs
and proteins can be degraded and synthesized again without limit. In
preimplantation embryos, the maternal stores of mRNAs and pro-
teins are stored at least until the EGA stage (late 8c in bovines), and
thus those stores need to be conserved. Thus, we suppose that the
SCF complexes might be involved in the degradation of the studied
proteins even in preimplantation embryos; however, the degradation
takes place at a specific time point and/or specific location, similarly
to the existence of translational hotspots during oocyte maturation
[45]. It is known that the localization of proteins is to some extent
driven by their degradation, as proteins are only degraded at a cer-
tain location [46]. Interestingly, we found a statistically significant
decrease in SMAD4 protein level in MLN4924-treated MII stage
oocytes in comparison to controls. We suppose that the decrease of
SMAD#4 protein amount may be related to atypical maturation of
the treated oocytes and cumulus cells as the knockout of SMAD4
gene is connected to cumulus cells defects in mice [47]. In conclu-
sion, we have shown that SCF ligases are necessary for the normal
maturation of oocytes, expansion of their cumulus cells, and normal
preimplantation development of embryos. Although we found an in-
crease in protein level in both treated oocytes and embryos, we have
not found a specific affected protein. To explore which proteins
are degraded by SCF complexes during preimplantation develop-
ment, we plan to subject the treated oocytes and embryos to mass
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significance (P < 0.05).

spectrometry analysis. This is a big challenge, since bovine preim-
plantation embryos are quite a scarce material, and mass spectrome-
try is very demanding in terms of the amount of material. However,
itis probably also the only way to find the SCF complex substrates in
oocytes and preimplantation embryos, in which, as our results sug-
gest, protein processing is strictly driven to avoid the degradation
of essential maternal stores. This indicates that protein degradation
by SCF complexes is an essential process in proper preimplantation
development. Incomplete protein degradation and their subsequent
higher content leads to developmental delay and to a decrease in
the mRNA level of some EGA markers. This developmental delay
persi
of these embryos are able to overcome this handicap and develop
from a morula to a blastocyst about 24 h later. Shin et al. [6], Stitzel
and Seydoux [32], and Liu et al. [33] suggest that protein degra-
dation is crucial for EGA, the initiation of which is delayed after
UPS inhibition. Our results provide a new piece of the puzzle of the

s until the early blastocyst stage. Nevertheless, at least some

involvement of the UPS in EGA startup, and show the necessity of
protein degradation by SCF ligases at this stage, even though other
parts of the UPS must also be involved.

Supplementary data

Supplementary data are available at BIOLRE online.

Supplementary table 1. Antibody Table.

Supplementary Figure S1. Relative abundance of cullin 1 mRNA
after injection of cullin 1 dsRNA. The relative abundance (y-axis)
represents the amount of cullin 1 mRNA in a pool of five embryos
at L8¢ stage, nRNA amount in uninjected embryos was considered
100%. In total, 15 uninjected, 30 GFP dsRNA-injected, and 30 cullin
1 dsRNA-injected embryos were analyzed. Bars show mean + SD.
*bValues with different superscripts indicate statistical significance
(P < 0.05).

Supplementary Figure S2. Representative Western blot of CUL1 pro-
tein level in L8c¢ stage embryos after injection of Cull dsRNA. Two
different anti-CUL1 antibodies were used (ab199415 and ab75812).

Twenty embryos per lane. No statistically significant difference was
found in the protein level. The experiments were repeated at least
three times (uninjected control, GFP dsRNA injected, Cull dsRNA
injected embryos).

Supplementary Figure $3. Developmental competence of embryos af-
ter cultivation with different concentrations of MLN4924 from 4c to
late 8¢ embryos. (A) 0.3 uM, (B) 1.5 uM, and (C) 3 uM MLN4924
were used. The number of embryos reaching individual develop-
mental stages (y-axis). The number of four-cell-stage embryos is
considered as 100%. The developmental competence was followed
up during three independent experiments; 360 in total, 118 control,
and 242 MLN 4924-treated 4c embryos. Bars show mean + SD
(paired t-test). "Values with different superscripts indicate sta-
tistical significance (P < 0.05). The experiments were repeated at
least three times (4c—four-cell-stage embryos; 8c—eight-cell-stage
embryos).
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4.3. Exprese proteini SKP1, P27 a IkBa u preimplanta¢nich embryi skotu

Jak jiz bylo naznaeno dfive, neni pfili§ mnoho informaci o degradaci maternalnich
proteind v prubéhu preimplantacniho vyvoje. Piedpoklada se, Ze jejich odstranéni nebude tak
rapidni a obecné jako pii degradaci maternalni mRNA. Degradace nékterych proteini miize byt
specificka zptsobem, ¢asem 1 lokalizaci. Je pravdépodobné, Ze nékteré proteiny mohou byt
Vv embryu uchovavany i do dalsich vyvojovych stadii. Proti degradaci mohou byt ochranény
riznymi zplisoby. Mezi né€ patii tieba tvorba komplexi, kterou mizeme sledovat napiiklad u
proteinti zona pellucida (Lu et al. 2017), které jsou ¢isté maternalniho ptuvodu. Jejich mRNA je
degradovana jiz v pribchu EGA, pfestoze tyto proteiny jsou nezbytné az do stadia blastocysty.
Proto je nutné je v embryu ochranit pied ptipadnou degradaci (Bebbere et al. 2016). Dalsimi
modifikacemi proteinll jsou i riizné zpiisoby docasného maskovani znamého napiiklad u

proteinu CENPE béhem maturace oocyti (Duesbery et al. 1997).

Pii na$i analyze exprese rliznych proteinii v pribéhu embryonalniho vyvoje skotu
pomoci metody western blot jsme narazili na zajimavy fenomén. Nékteré proteiny mély veétsi
molekularni hmotnost, nez bylo ocekavano. Jednalo se o proteiny SKP1, P27 a IkBa. VSechny
tf1 proteiny maji pfimou souvislost s SCF komplexem. Skpl je pfimo jednim z neménnych
¢lenu tohoto komplexu (Bai et al., 1996), P27 a IkBa jsou jeho substraty. Pokusy byly se
stejnym vysledkem zopakovany u vSech vyvojovych stadii embryi a nasledné¢ kontrolovany na
fibroblastech, kde tyto proteiny vykazovaly standardni velikost. To ukazuje na skutecnost, Ze
tyto zmény v molekularni hmotnosti mohou byt specifické pro preimplanta¢ni embrya. Velikost
molekuldrni hmotnosti neodpovidala jejich ndsobklim, proto je zfejmé, ze vysSi hmotnost neni

vysledkem polymerizace proteinti.

Prozatim neni jasné, jaky ma tento jev vysvétleni. Pfedpokladame vSak, Ze divodem
existence vysSich bandl je pravé vytvareni komplexti, které maji za kol je uchranit pro
postimplanta¢ni vyvoj pted nechténou degradaci. Je pravdépodobné, Ze podobny vysledek bude

nalezen 1 u dalSich proteint analyzovanych u preimplanta¢nich embryi.
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Summary

We report here the existence of bands of higher molecular weight after western blot analysis
in three proteins - Skpl, p27 and IkBa in bovine preimplantation embryos. This finding is
specific to preimplantation embryos (from the 2-cell stage to the blastocyst stage) and not
differentiated fibroblast cells in which these bands were of expected molecular weight. We
suggest that these bands of higher molecular weight represent a complex of proteins that are
characteristic of preimplantation embryos.

Introduction

Mammalian preimplantation development, as well as early embryonic development, in non-
mammalian species is a very specific period of life. The cell cycle is much shorter, G1 and G2
phases are almost missing and the embryo lives only from maternal stores. Until the event
called embryonic genome activation (EGA) or maternal-to-zygotic transition (MZT) the
embryo is transcriptionally silent and only maternally derived mRNAs and proteins are
present. As both these types of molecules have usually short lifetimes, their processing has to
be altered so that they could be stored from oocyte maturation through fertilization to EGA
and in some proteins even further. It has been shown that some maternal proteins are stored
after EGA (Svarcova et al., 2007; Ohsugi et al., 2008; Toralova et al., 2012). This prolonged
stability may be ensured by some posttranslational modification or complex formation. Such
complexes of maternal proteins are formed to persist to preimplantation development and are
then involved in driving embryogenesis (reviewed in Lei et al, 2013). This represents primarily
proteins like zona pellucida proteins or the SCMC (subcortical maternal complex). However it
is possible that maternal proteins form complexes or are modified in order to be preserved for
preimplantation development. Such masking or modification was found in oocytes in protein
CENPE (Duesbery et al., 1997). Moreover, the SCMC has a molecular weight much larger
than is expected by the total mass of all participating proteins (669-2000 kDa vs. expected
325kDa) (Li et al., 2008).

Material and methods
In vitro fertilization and embryo culture

Bovine cumulus-oocytes complexes were obtained from abattoir-derived ovaries. The cattle
had been slaughtered (Slaughterhouse Rosovice) for publicly edible meat. Those ovaries were
discarded without any utilization. Hence, an ethics statement in our paper was not required.
The isolated oocytes were subjected to in vitro maturation and subsequent fertilization
(Toralova et al., 2012). The embryos were collected after an appropriate time of cultivation
(Benesova et al., 2016).

Western blotting

Unless otherwise indicated, chemicals were purchased from Sigma. Unlike the anti-p27 and
anti-IkBa antibodies (in which was necessary to use 20 embryos per line), anti-Skp1 antibody
gave a really intensive signal and therefore we used just six embryos per line. Embryos were
lysed in 15 pl of Blue Loading Buffer (772, Cell Signaling Technology, Danvers, MA, USA)
with dithiothreitol, boiled for 5 min and subjected to 12% SDS-PAGE. Proteins were

Downloaded from https://www.cambridge.org/core. 23 Jul 2019 at 04:41:47, subject to the Cambridge Core terms of use.

66



188

(@) b)

R I I
- Eh e - 80-90 kDa
- 19kDa

© u v & u u o 9 o9 om g
8§ ¢ & 2 B & <G B A B
S S 3 S &
g £ e g 8
@ E< =
= & =

Veronika et al.

(©

70-75kDa
Ll T 65-70kDa
- 27 .wkpu
= =) S =
[ £ g 2
S = =
g 2 &

Figure 1. Western blot analysis of bovine preimplantation embryos and bovine fibroblasts. Representative images of western blots of embryos from 2-cell to blastocyst stage: (a)
Skp1: 80-90kDa vs. 19 kDa (six embryos per line). (b) p27: 70-75kDa vs. 27 kDa (20 embryos per line). (c) IkBa: 65-70kDa vs. 40 kDa (20 embryos per line). The expected band size
responds to the band size in bovine fibroblasts. All experiments were repeated at least three times. 2c, 2-cell stage; e8c, early 8-cell stage, L8c, late 8-cell stage embryos.

transferred from gels to an Immobilon P membrane (Millipore
Biosciences, Billerica, MA, USA) using a semidry blotting system
(Whatman Biometra GmbH, Hoettingen, Germany) for 28 min at
5mA/cm’. Blocking of the membrane was performed in 5% BSA
in TBS-Tween buffer (TBS-T, 20 mM Tris, pH 7.4, 137 mM NaCl
and 0.5% Tween 20) for IkBa, and in 5% non-fat milk in TBS-T
for Skpl and p27, for 1 h and incubated overnight with following
antibodies: IkBa - IkBa Antibody (Cell Signaling Technology
9242, Leiden, The Netherlands) 1:1000 in 5% BSA/TBS-T, p27 -
Anti-p27 KIP 1 antibody (Abcam ab32034, Cambridge, UK)
1:1000 in 5% non-fat milk/TBS-T or Skpl-SKP1A monoclonal
antibody, clone 1H8 (Abnova M01, Heidelberg, Germany) 1:1000
in 5% non-fat milk/TBS-T. After washing in TBS-T, the mem-
branes were incubated with HRP-conjugated donkey anti-rabbit
or donkey anti-mouse IgG antibody (both 1:7500; Jackson
Immuno Research, Suffolk, UK) in 5% non-fat milk/TBS-T or in
5 % BSA/TBS-T for 1h at room temperature. Proteins were
visualized with Luminata Crescendo Western HRP (Merck Mil-
lipore, Darmstadt, Germany) or ECL (Amersham, GE Healthcare
Life Science, UK). Precision Plus Protein™ Dual Color Standards
(161-0374, Bio-Rad spol s.r.0., Czech Republic) were used for
molecular weight estimation.

Results and discussion

Both embryos and fibroblasts were processed in the same way
according to the protocol used in Toralova et al. (2012). All
experiments were performed at least three times. When per-
forming the western blot analysis, we found the existence of bands
of higher molecular weight than expected, in all stages of bovine
preimplantation development from the 2-cell stage until the
blastocyst stage (representative blot in Fig. 1).

These bands were not possible to be dissolved using dithio-
threitol or high temperature (5 min boiling). Simultaneously,
analysis of bovine fibroblast cells was performed and the bands
emerged at the expected molecular weight. This shows that the
bands of higher molecular weight might be specific and typical for
preimplantation embryos. However, we cannot exclude that this
phenomenon does not exist in another cells, especially non-dif-
ferentiated, rapidly dividing cells. The described proteins play
distinct roles in cell functioning, however all of these have con-
nection to E3-ubiquitin ligase SCF complex (Skp1-Cullin1-F-box
protein complex). Skpl is an invariant member of this complex
and is involved in its activation/deactivation control (Bai et al,
1996; Zheng et al., 2002). Besides participation in the ubiquitin-
proteasome pathway, it is necessary for correct chromosome

segregation and euploidy maintenance in mice (Piva et al., 2002).
It is supposed to play an important role during mammalian
preimplantation development (Benesova et al., 2016). Incorrect
Skp1 expression is involved in development of malignancy (Piva
et al., 2002). P27 is a cell cycle regulator especially involved in G1
arrest and in regulation of transcription. Its decreased expression
is involved in tumorigenesis and poor prognosis of disease pro-
gression (Slingerland & Pagano, 2000). IkBu is involved in NF-kB
inhibition by masking its nuclear localization signal and dis-
sociation of NFkB from DNA. Both p27 and IxBa are substrates
of the SCF complex, in which Skpl is incorporated. However, it
does not seem that the higher band incidence is related in these three
proteins, as the bands are in different heights. It is known that the
proteins in early embryos often have multiple isoforms (Tay et al.,
2006), however the large difference in molecular weights does not
support this explanation. Moreover, the band height is not a multiple
of the expected value, so it is not consequence of polymerization.

The reason for the existence of bands of higher molecular
weight remains to be elucidated. However, the finding of them in
these three proteins speaks for its importance and common
occurrence in preimplantation embryos. We suppose that these
bands are complex of proteins that arise to preserve them for
further stages of preimplantation and may be (as the higher
molecular weight bands are present in all preimplantation stages,
including blastocysts) to some period of postimplantation devel-
opment. We assume that similar results can be found also in
many other proteins in preimplantation embryos.
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4.4. Degradace maternalnich proteini jako opomijena soucast

embryonalniho vyvoje

Ze vSech dosavadnich poznatkii o degradaci materndlnich proteini V pribéhu
preimplantac¢niho vyvoje bylo sepsano review. Degradace maternalnich proteinti je pomalejsi,
nez degradace maternalnich MRNA, svétSim dirazem na specificnost, nacasovani a
pravdépodobné i lokalizaci degradace. Zda se, ze zrani oocytl je, v souvislosti s degradaci
Vv pribehu preimplanta¢niho vyvoje je taktéz dilezitd, nicméné bez spravného odstranovani
proteinti béhem zrani oocytii nejsou embrya nasledné schopna normalniho vyvoje. Pro normalni
preimplantacni vyvoj je diilezita jak autofagie, tak ubiquitin — proteasomovy systém. Neni vSak

jasné, ktery systém se podili na degradaci maternalnich proteind.

Shromazdili jsme dostupné informace o odstraflovani maternalnich proteini u embryi
savcl. Tyto informace jsou vSak znaéné omezené, proto jsme do review zaradili i védomosti
tykajici se nizSich zivoCicht. NaSe podklady budou slouzit k nasledujici ptiprave
matematického modelu, ktery bude umoziiovat pienos poznatki zjednoho modelového
organizmu na druhy. Pro spravné porozuméni mechanizmu zpracovani proteinit béhem ¢asné
embryogeneze bude nutné se soustiedit zejména na casové obdobi okolo hlavni viny aktivace
embryonalniho genomu. Toto obdobi je mnohem dokonaleji popsané u nizsich zivocichi a na
zaklad¢ téchto poznatkti se zda, ze je do velké miry fizeno degradaci proteint. Pravdépodobné
nebude dochazet k jednotnému, ani rozsahlému odstranovani proteint, ale spiSe k degradaci
jednotlivych skupin nebo specifickych proteint. Toto review nam bude slouzit jako zaklad k
dalSimu vyzkumu této problematiky a uleh¢i ndm préaci na pfipravovaném matematickém
modelu, diky kterému budeme schopni uréit, jakym zptisobem jsou maternalni proteiny

degradovany u embryi skotu.
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Summary

The degradation of maternal reserves is considered to be one of the most important processes during early
embryogenesis. However, the vast majority of papers deals with mRNA degradation and protein degradation is
only a very little explored process yet. The aim of this article was to summarize current knowledge about the
protein degradation during preimplantation development. In addition to resume of known data concerning
mammalian early embryogenesis, we tried to fill the gaps in knowledge by comparison with facts known about
protein degradation in early embryos of non-mammalian species. The degradation of maternal proteins is certainly
not as universal as maternal RNA degradation. On the contrary, it seems to be driven by very strict rules in terms
of specificity and timing. The degradation of maternal proteins is certainly necessary for the normal course of
embryonic genome activation (EGA) and several concrete proteins that need to be degraded before major EGA
have been already found. Nevertheless, the most important period seems to take place even before preimplantation

development — during oocyte maturation. The defects arisen during this period seems to be later irreparable.

Keywords: ubiquitin — proteasome system, protein degradation, preimplantation development, autophagy,

embryonic genome activation

Introduction

The early development of a preimplantation embryo is initially driven by maternally inherited mRNAs and
proteins. As development proceeds, the stored stocks are degraded and replaced by embryonally synthesized
molecules. There are plenty of articles dealing with maternal RNA processing during early embryonic development
(summarized in [1]). The degradation of maternal mRNAs is a gradual process, which peaks around the major
wave of embryonic genome activation (EGA) and results in the degradation of the vast majority of maternal
mRNAs at this time [2]. On the other hand, it is very challenging to find an article describing the processing of
maternally inherited proteins, especially in mammals. Protein degradation is relatively well described during
oocyte maturation and fertilization ([3—5] and others) and several proteins such as securin or cyclin B1 are known
to be degraded during oocyte maturation [4, 6]. However there have been almost no papers dealing with protein
processing during early embryogenesis.

During the pre-EGA stages of preimplantation development the embryos are transcriptionally silent. This indicates

that the mRNA must be unusually stable [7], so that it persists even until the EGA stage. Therefore, embryonic
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life regulation is driven mostly at the post-transcriptional level with a high impact on the balance of protein
synthesis/storage/degradation.

Due to the strict post-transcriptional regulation of stored maternal mMRNA, mRNA and protein expression often do
not correlate with each other (Statl, G10 in Xenopus or Nanog in rabbit) [8, 9]. The onset of transcription of a
concrete gene often coincides with a decrease in protein level as a result of its maternal mRNA degradation [8].
The levels of other proteins increase during the mid-blastula transition (MBT; an equivalent of EGA in mammals)
in Xenopus [8]. Surprisingly, this increase is often caused not only by translation from embryonic but also from
maternal mRNA. The maternal mRNA might be translationally silent, and its activation can be postponed as far
as the major EGA (e.g. fibronection in Xenopus) [10].

The preimplantation development of mammals is in many ways very specific, and differs from the early
embryogenesis of non-mammalian species [11]. The meiotic division of the oocyte is only completed after
fertilization, and the cleavage of the early embryo is really slow in comparison to other animals (Figure 1A). In
the time it takes mammalian embryos to go from fertilization to implantation, some non-mammalian species have
already formed most of their organ primordia. As far as the developmental stage is concerned, the EGA occurs
very early in mammalian embryos - the major wave occurs at the 2-cell to 16-cell stage for mammalian species
[12—14]. Nevertheless, with respect to the time since fertilization, EGA occurs significantly later in mammals
(Figure 1B). At the 8-cell stage (at the same developmental stage for all mammalian species) the mammalian
embryo undergoes a process called compaction (Figure 1). During this process, blastomeres that used to loosely
attach to each other start to express adhesive molecules such as E cadherin, and the embryo becomes a compact
structure. Asymmetry appears after the 8-cell stage with the formation of polar and apolar cells [15, 16], but can
still be altered when needed [17, 18]. The cells are still able to adapt to a new environment (reviewed in [19]). The
definitive formation of two distinct cell lineages comes at the blastocyst stage with the formation of the inner cell
mass (ICM) and trophectoderm (TE). Afterward the blastocyst hatches, which is taken to be the final step of
preimplantation development.

In this review, we summarize current knowledge on protein degradation during preimplantation development in
mammals. Since a much larger dataset is available on the early embryogenesis of non-mammalian species, we also

use this information and try to find a way to transfer this knowledge from non-mammalian to mammalian species.

1. Protein degradation pathways involved in preimplantation development

The degradation pathways of maternal proteins during early embryogenesis are to a large extent unknown. The
most attention is paid to the ubiquitin-proteasome system (UPS) and autophagy, nevertheless other minor pathways
are involved as well. For example in Xenopus, miRNAs are involved in protein degradation during early
embryogenesis [20].

In particular UPS is a highly branched pathway comprise of a lot of different enzymes, many of them involved
during preimplantation development. Results to date suggest that maternal protein degradation in embryos is not
a mass process, but the degradation of each protein is instead controlled separately. Although the hypotheses and
experiments can be largely based on the knowledge gained in somatic cells, there are clearly many specifics in the

usage of an enzyme in early embryos for the degradation of a particular protein, its timing or localization.

1.1 Ubiquitin-proteasome system

UPS is a highly specific degradation pathway that primarily deals with the degradation of endogenous proteins.

The proteins targeted for degradation are marked using the small protein ubiquitin that is reversibly linked by a
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covalent bond to targeted protein [21]. The proteins are polyubiquinated, which directs them to be degraded by the
268 proteasome. The ubiquitination of proteins is performed by three enzyme complexes: E1 — ubiquitin activating
enzyme; E2 — ubiquitin-conjugating enzyme and E3 — ubiquitin ligase [21]. While there is only one type of El
enzyme and a little over 40 types of E2 enzymes, there are more than 500 types of E3 ligases [22]. The plurality
of E3 ligases enables the polyubiquitination of different protein targets. The ubiquitinated proteins are rapidly
degraded by the proteasome system.

The protein degradation using UPS regulates many cellular functions, including H2B methylation and chromatin
remodelling [23, 24], cell cycle progression, the continuous running of transcription [25] and also its termination
[26], without which the cell division does not occur. Thus the role of the ubiqutin-proteasome pathway (UPS) in
preimplantation development seems to be undeniable, and it is though that a great deal of maternal protein
degradation is mediated by the ubiquitin-proteolytic system [27-30]. Moreover, the activity of UPS reflects the
embryo quality [28]. Nevertheless, it is still far from clear which E3 ligases are included in the process of maternal
protein degradation, as well as which substrates are targeted and when. Moreover, to ensure the flawless course of
preimplantation development, ubiquitination without the activation of UPS is also involved in DNA repair,
autophagy, transcription and vesicle processing [31].

The amount of proteasomes is mainly regulated at the transcriptional level of its subunits (reviewed in [32]). A
decrease in proteasomal activity results in an increased mRNA expression of proteasomal genes and consequently
in de novo proteasome formation [33]. However, transcription is inactive during the early stages of preimplantation
development, and so the expression of proteasomal genes is not the way proteasome activity is regulated in
embryos.

In mice, the polysomal maternal mRNA of genes responsible for ubiquitination is equally present in matured
oocytes and one-cell embryos [34]. The embryonic expression of genes involved in protein ubiquitination is
activated at the 8-cell stage in bovines; at the same time, the genes required for translation initiation and ribosome
biogenesis are activated [35]. The major wave of embryonic genome activation takes place at the late 8c stage in
cows. When we focused on the expression of SCF complex members, we found that the mRNA transcription of
Cullinl and Skp1 starts already at the early 8c (i.e. before major EGA) and of Rbx1 at the late 8c stage (EGA
stage) [36]. The level of proteins related to UPS sharply increases in mouse zygotes [37], the Cullinl protein level
is the highest at the late 8¢ and morula stage, the level of Skpl is the highest at the 4¢ stage [36]. This shows that
the maternal mRNA of genes involved in UPS-based protein degradation is stored and translated until the major
wave of EGA, and the expression of embryonic mRNA of these genes is initiated even before the major EGA, so
that there is no gap in their protein synthesis. Interestingly, there are large interspecies differences in the expression
of UPS genes mRNAs, as was shown by Mtango and Latham [28] after a comparison of mouse and rhesus monkey
oocytes and embryos, and also after comparison with our results [36]. It would be very interesting to compare the
expression of these genes at the protein level.

Polyubiquinated proteins are accumulated in the embryo around the major EGA - i.e. in mice from the 2-cell stage
with rapid degradation at the 4-cell stage [38]. This degradation is consistent with the increase in the chymotrypsin-
like activity of the proteasome at the 2-cell stage in mice [38]. However, we found that SCF complex activity does
not significantly change during preimplantation development [36]. In preimplantation embryos, proteasomes and
ubiquinated proteins are preferentially localized to the nucleus [39-41], active SCF complex and Cullin 1 are

mainly localized to the cytoplasm [36, 42]. At the blastocyst stage, ubiquitination is mainly localized to the
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trophectoderm. Sutovsky et al. [43] found that in bovine and murine blastocysts the diffuse cytoplasmic labelling
of ubiquitin was present in both the TE and ICM, however in the TE large granules of ubiquitin were accumulated,
whilst these granules were not present in the ICM. Similarly, we found almost no SCF complex activity in the
inner cell mass and high SCF complex activity in the TE [36]. On the other hand, the murine deubiquitinase Dub-
2 is required for the development of the ICM and hatching of the blastocyst [44], and the localization of
proteasomes seems to be the same in ICM and TE (nevertheless, this was observed using ivf-discarded triploid
blastocysts; [39]). This indicates that UPS — mediated protein degradation is needed throughout the whole of
preimplantation development from oocyte maturation to blastocyst formation. However, the two parts of the UPS
— ubiquitination and proteasomal degradation — do not always correlate with each other, and the regulation of
protein degradation is driven mainly by the proteasomal activity level rather than the level of ubiquitination in
preimplantation embryos.

Moreover, the interaction of a protein with E3-ubiquitin ligase does not necessarily mean its degradation. For
example, RecQL4 (RecQ like helicase 4) is ubiquinated by DDB1-Cul4A E3 ubiquitin ligase, which triggers
RecQL4 to mediate the repair of double-strand breaks in DNA instead of RecQL4 being degraded [45]. Further, it
is associated with the ubiquitin ligases UBR1/UBR2, nevertheless this interaction does not even cause the
ubiquitination of RECQLA4 [46].

1.1.1. Deubiquitinating enzymes

Deubiquitinating enzymes (DUBs) are thiol proteases that remove the bound ubiquitin from its substrates (proteins,
polyubiquitin chains) and thus reverses ubiquitination and enables the renewal of free monoubiquitin ([47, 48]
reviewed in [49]). In this way, DUBs not only control (prevent) the substrate degradation, but also recycling of the
ubiquitins for further use. It has been shown that silencing or inhibition of a DUB causes affected preimplantation
development [50, 51] and others. The deterioration of their preimplantation development is likely mainly caused
by the lack of free monoubiquitin (reviewed in [52]). The silencing of DUB USP36 causes decreased mRNA
translation in murine morulas. USP36 is a nucleolar protein that is necessary for ribosome biogenesis and RNA
processing [51]. To the best of our knowledge, there are no data on USP36 silencing in other mammalian species,
however such an effect will likely occur earlier in development, according to the stage at which nucleoli are formed
(e.g. at the 8-cell stage in cattle). DUBs certainly play an important role during fertilization in anti-polyspermy
defence, specifically the Ubiquitin C-terminal hydrolases (UCHLSs) [50]. UCHLs are the most important subgroup
of DUBs. Further, there are four other families of DUBs: ubiquitin-specific proteases (USPs), ovarian-tumour
domain (OTU DUBs), Machado-Joseph domain (MJD DUBs) and a Jabl/MPN metalloenzyme (JAMM) zinc-
dependent metalloprotease (reviewed in [52]), whose role during preimplantation development has however not
been elucidated yet.

1.1.1.1. UCHLs

As for oocytes and early embryos, UCHLI and 3 are the most important members of the UCHL family. UCHL 1
and 3 are necessary for normal oocyte maturation and fertilization and the mechanism of their action seems to be
highly conserved (reviewed in [52]). UCHLI is highly expressed in porcine and bovine oocytes and is localized
to the oocyte cortex [50, 53, 54]. This is likely because of its need for cortical granule maturation as part of the
later polyspermy block [50]. It is further thought to regulate the level of maternal protein Mater [55]. UCHL3 is
localized to the spindle and is probably involved in correct cumulus expansion [52]. Both UCHLI and 3 are

involved in correct polar body extrusion, which ensures leaving enough cytoplasm for the growing oocyte [52,
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56]. The incorrect expression of UCHLs during oogenesis and fertilization causes abnormal embryo development,
most defects are seen especially during morula compaction and blastocyst formation [56]. A potential role in early
embryogenesis may also be played by UCHL2 (mostly referred to as BRCA1-associated protein 1; BAP1), which
is needed for the removal of ubiquitin from histone H2B [57]. However its role during preimplantation embryo
development has not been studied at all yet.

1.1.2 Ring finger protein 114 (RNF114)

RNF114 is an E3 ubiquitin ligase that is predominantly expressed in oocytes and early embryos, and it is one of
the most abundant proteins during the late stage of oocyte maturation [58, 59]. Recently, Yang et al. [60] found
that RNF114 plays a crucial role in murine preimplantation development through the degradation of TAB1 (TGF-
beta activated kinase 1 (MAP3K7) binding protein 1). Embryos with silenced RNF114 arrest at the two-cell stage
(i.e. the stage of major EGA), which is likely caused by a defect in NFKB pathway activation during major EGA
after TAB1 accumulation [60]. Interestingly, the authors studied more than 9000 proteins, and TAB1 was shown
to be the only target of RNF114, whose degradation is necessary for normal preimplantation development [60].
This suggests that the degradation of individual proteins rather than all maternal proteins is important for the
initiation of EGA.

1.1.3 Zygote specific proteasome assembly chaperone (ZPAC)

ZPAC is a protein that is specifically expressed in murine gonads, germ cells and early embryos, and not expressed
in somatic cells [38, 61]. This is probably because of an increased demand for protein degradation. The expression
of ZPAC-like protein in other species has not been found to date [38]. The expression of ZPAC is increased at
major EGA and is involved in the degradation of maternal proteins, as it interacts with and stabilizes proteasome
assembly chaperone Ump1 (ubiquitin-mediated-proteolysis 1) and promotes 20S proteasome biogenesis [38]. The
expression of these proteins is interconnected in the above-mentioned tissues and cells, as the silencing of one of
them results in depleting the other [38]. ZPAC replaces PAC proteins that work as proteasome chaperones in
somatic cells, probably because of the high abundance of B-precursors of the proteasome in quickly developing
cells such as embryos [33, 38, 62]. Its protein level is highest from 12 to 36 hours post fertilization (hpf; peak at
24 hpf) and is almost undetectable after the 8-cell stage in mice. Its mMRNA becomes undetectable as soon as 36
hpf [38]. The Ump1 protein remains highly expressed until 48 hpf, but its level sharply decreases thereafter and is
also almost undetectable from the 8-cell stage onwards [38]. This is a very early degradation compared to other
maternal factors such as Mater, that are present until the blastocyst stage. Both of these proteins are degraded in
proteasomes, have a short life-time and are degraded and de novo synthesized even during early embryogenesis
[38]. The majority of ZPAC knock-down and Umpl-knockdown embryos arrested between the 1- and 2-cell stage,
i.e. just before the initiation of major EGA in mice because of the accumulation of B-subunits of the 20S
proteasome [38, 61]. Both of these inhibitions cause a decrease in proteasomal activity and an accumulation of
polyubiquinated proteins in the treated embryos [38]. ZPAC is also needed for normal spermatogenesis in mice
[61, 63].

1.1.4 SCF complex

An SCF complex is an E3 ubiquitin ligase that is formed of Cullinl, Skp1, Rbx1 and an F box protein. The F box
determines the specificity of the complex to its substrate. There are also other types of similar ligases based on
Cullin 2, 3,4A, 4B, 5, 7 and 9 that are called Cullin 2 - 9 based CRL (Cullin-RING ubiquitin ligases) complexes,
or often Cullin2 - 9 based SCF complexes [64, 65].
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SCF complexes are probably involved to a large extent in the protein degradation of maternal proteins, since there
are a large number of SCF complexes in mouse oocytes and zygotes [37, 58], it is active throughout
preimplantation development, and the embryonic expression of its invariant members is activated no later than the
major EGA stage [36]. Moreover, the inhibition of SCF ligase activity causes an increase in total protein level
[66]. It is certain that an SCF complex is responsible for the degradation of Cdc6 (cell division cycle 6) before
GVBD (germinal vesicle breakdown), CPEB (cytoplasmic polyadenylation element-binding protein) during
oocyte maturation, Cdc25A (M-phase inducer phosphatase 1) in Xenopus around the major wave of MBT or
Drf1/DFB4B (DBF4 zinc finger B) before the major MBT in Xenopus [67-71]. The processing of Cdc6 and
Drf1/DFB4B proteins is discussed in detail in the Specific protein degradation chapter.

1.1.5. Other UPS-related proteins involved in preimplantation development

In addition to the above-mentioned genes, several other proteins related to UPS were found to be necessary for
normal preimplantation development. These are mainly E3 ubiquitin ligases (Rnf20, Mdm2 and APC/C) and the
ubiquitin conjugation enzyme Ube2a/HR6A. Rnf20 is responsible for H2B monoubiqutination. After the silencing
of Rnf20, the ubiquitin ligase of H2B, the majority of embryos arrest at the morula stage and only one third of
them develop to the blastocyst stage [72]. This arrest is however not related to protein degradation defects, but to
the decrease in H2B monoubiquitination level. Mdm2 causes the degradation of p53, and its knockout causes
embryonic lethality due to p53 accumulation [73-75]. Nevertheless, this arrest occurs during the postimplantation
period of development around ES5.5 (embryonic day; [74, 75]). Anaphase promoting complex (APC/C) prevents
securin degradation in mice oocytes and zygotes and causes arrest at the metaphase phase of the cell cycle [76,
77]. APC/C is known to be responsible for cyclin B and securin degradation, which is needed for the cell cycle
transition to anaphase [78]. Ube2a/HROGA seems to play the most important role during preimplantation
development as the embryos of a Ube2a/HR6A-deficient mother arrest at the 2-cell stage or earlier in mice [79],
however the reason for this arrest is unknown. The early arrest of embryos shows that Ube2a/HR6A belongs to

the Maternal effect genes group, like the Mater or Filia gene.

1.2. Autophagy

Autophagy is, after UPS, the second most known pathway for degrading proteins, but also other molecules like
lipids or small organelles present in the cytoplasm, and it is involved in the degradation of maternal mRNA during
early embryogenesis [80-82]. Besides the degradation of unnecessary protein, protein degradation by autophagy
is also needed for the recycling of amino acids that are necessary for de novo protein synthesis [83]. Autophagy
degrades its substrates using lysosomes. It starts with the engulfment of part of the cytoplasm into an
autophagosome. The autophagosome then fuses with the lysosome, in which proteins are broken down into amino
acids. The regulation of autophagy is driven mainly by mTOR and Atg proteins (reviewed in [84] and [85]. Murine
Atg5-/- embryos arrest during the preimplantation phase of development [83], Beclinl (ortholog of Arg6) -/-
embryos arrest after implantation at E7.5 [86] and the inhibition of autophagy causes a significant decrease in
blastocyst number in the treated group [87]. Autophagy is also involved in the regulation of pluripotency-
associated proteins Oct4, Nanog and Sox2 [87, 88], which together suggest that autophagy plays a crucial role
during early embryogenesis. The genes involved in the autophagy pathway are conserved from yeast to humans
(reviewed in [89]). The autophagy pathway needs to be started shortly after fertilization, and in mice is active until

the late 1-cell stage [83]. Interestingly, this fertilization-induced activation of autophagy is not dependent on
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mTORCI [90] (mTOR is a member of two complexes, n"TORC1 and mTORC2 [91]). During the middle 2¢ stage
it becomes reactivated and is active until the 8c stage. After that, the autophagy activity decreases to the basal level
and is only reactivated after birth [89]. Nevertheless, autophagy is clearly also important during the 8-cell to
implantation period of development [92-94].

A higher rate of autophagy seems to correlate with a higher embryo quality. It was shown that mouse embryos
with higher autophagic activity at 4¢ are of higher quality [95], LC3 (autophagosome marker)-induced autophagy
can improve porcine oocyte quality [96], the induction of autophagy in bovine preimplantation embryos increases
their developmental competence and on the other hand the inhibition of autophagy leads to a decrease in
developmental competence [97]. Autophagy further improves the blastocyst survival rate during implantation [94].
On the other hand, a higher autophagy of oocytes and embryos can result from a poor maturation or developmental
condition and is known as pro-death autophagy [93, 98-102]. Autophagy (not only) during preimplantation
development is driven by Poly(ADP-ribosyl)ation (PARylation) and PARylation inhibition leads to a decreased
autophagic degradation of ubiquinated aggregates, and consequently to a decreased developmental competence of
porcine and murine preimplantation embryos, especially at the blastocyst stage [92, 93]. Both the inhibition and
induction of autophagy during the earliest stages of preimplantation development (from 1- to 2-cell stage or longer)
decreases the number of blastomeres and increases apoptosis in blastocysts in mice. Nevertheless, the induction of
autophagy does not influence the number of embryos reaching the blastocyst stage, in contrast to the inhibition of
autophagy [87]. This is probably caused by the overexpression of Cdx2 (caudal type homeobox 2), Nanog and
Sox2 mRNA in the treated blastocysts. This was true after both the induction and inhibition of autophagy, yet the
increase was more significant after the induction of apoptosis, and in addition Pou5fl (Oct3/4) was also
overexpressed [87]. However, the induction/inhibition of autophagy after reaching the 2-cell stage does not affect
the development of embryos [87]. The normal operation of autophagy during the division from the 1-cell to the 2-
cell stage thus seems to be the most important period of preimplantation development for the production of a
normal blastocyst. Surprisingly in pigs, the number of embryos reaching the blastocyst stage was not affected after
the inhibition of autophagy from the 1-cell to morula stage, but the number significantly decreased after inhibition
from the morula to the blastocyst stage [93]. The authors suggest that only UPS based degradation and not
autophagy may be involved in the maternal protein degradation in early stages of porcine preimplantation
development [93, 103]. Nevertheless, the development of pig embryos arising from oocytes with an affected
autophagy pathway significantly decreases the number and quality of blastocysts [102].

The autophagic activity in embryos declines with maternal age [95] and the level of autophagy in 2-4-cell-stage
cloned porcine embryos influences major EGA initiation [82]. Interestingly, the activity of autophagy is dependent
on the origin of the embryos. The highest activity of autophagy in porcine cloned embryos was found at the 2—cell
stage, however the same was true for 4-cell-stage parthenogenetically activated embryos and 1-cell-stage IVF
derived embryos [82, 93]. This is also true for the relocalization of the LC3 autophagosome marker from nuclei to
the cytoplasm that coincides with a decrease in autophagic activity [82, 93]. The nuclear localization is likely due
to the decondensation of chromatin [93].

Further, autophagy is interconnected with ubiquitination, as it degrades protein complexes that were imperfectly
degraded using UPS or in organelle degradation [89]. How ubiquitination is further processed depends on the type
of ubiquitin (Ub) chain binding. Chains of 4 or more Ubs on lysine 48 results in processing by UPS, the binding
of Ubs on lysine 63 (K63) results in autophagy, the endocytosis of membrane proteins or DNA repair [31, 104,
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105]. The timing of K48 and K63 ubiquitination in the peri-fertilization time of C. elegans is different. While UPS-
related ubiquitination is present especially before the MII stage, K63 ubiquitination starts from the MII stage
onwards and is connected not only to autophagy but also endocytosis [105, 106]. During the degradation of
damaged mitochondria, autophagy collaborates with the E3 ubiquitin ligases Parkin and MULI, which
ubiquitinates the mitochondrial membrane protein. In this way, autophagy becomes selective, as the ubiquitination
targets the marked mitochondria for lysosomal degradation [107]. The selective degradation is otherwise typical,
especially for starvation (reviewed in [52]). Ubiquitination and autophagy also collaborate during paternal
mitophagy after fertilization [107-109]. The selective degradation of ubiquitinated proteins is mediated through
protein p62, which is a receptor for ubiquitinated proteins for autophagy (reviewed in [110]).

In conclusion, autophagy and ubiquitination clearly intersect with each other in order to correctly degrade/store
maternal proteins during preimplantation development. The activity of both these pathways reflects the quality of
the embryo [28, 88]. Similarly to UPS-related pathways, autophagy (autophagosomes) is mainly localized to the
trophectoderm at the blastocyst stage [36, 43, 94, 111]. However, autophagy during preimplantation development
is to a large extent related to the degradation of targets other than proteins (maternal mRNA, lipids, epigenetic
changes etc.) [81, 82].

1.3 Endocytosis

Endocytosis is involved in plasma membrane proteins degradation. The selected proteins are first loaded into an
intraluminal vesicle and then form multivesicle bodies that fuse with lysosomes [31, 112, 113]. It may be triggered
by monoubiquitination or K63 ubiquitination (which also triggers autophagy) [31, 113]. In C. elegans, endocytosis
is involved in the selective degradation of plasma membrane proteins after fertilization (e.g. caveolin 1, RME-2,
CHS-1, EGG-1) [114-118]. In mammals, the role of endocytosis in maternal plasma membrane protein
degradation has not been demonstrated to date, but its role seems to be undeniable, as it is one of the earliest
activated pathways in the preimplantation embryo [119].

1.4. Ornithine decarboxvlase

Ornithine decarboxylase (ODC1) is a crucially important enzyme for the synthesis of polyamines [120]. Its
inhibition causes implantation defects and entry of the murine blastocyst into an embryonic diapause [121]. ODC1
expression is also important during peri-implantation stages in species that do not normally undergo embryonic
diapause [122]. The ODC1-/- offspring of ODCI1+/- parents are able to implant, but die soon thereafter. This is
likely related to the fact that ODC1 expression is needed for ICM expansion [123]. The enzyme is unusual in its
specific way of targeting for proteasomal degradation. Instead of being marked with ubiquitin, ODC1 interacts
with ornithine decarboxylase antizyme (OAZ), which directs it to be degraded by the 26S proteasome. An intact
COOH-terminal part of the protein is needed for the degradation (reviewed in [124]). It seems that ODCI can be
also degraded in an OAZ/COOH-terminal/ubiquitin-independent manner by the 20S proteasome, when not bound
to NAD(P)H quinone oxidoreductase (reviewed in [124]). In Xenopus, the maternal protein is stable and is not
degraded before MBT [125]. No such data are available for mammalian preimplantation embryos.

2. Waves of protein degradation during early embryogenesis

The first wave of protein degradation occurs even before fertilization, and enables the resumption of meiosis and
transition to mitosis. This is when the degradation occurs of proteins like cytoplasmic polyadenylation element-
binding protein 1 (CPEB1; involved in translational control) in Xenopus, bovine and mouse oocytes [126—129],

ElavI2 in mouse oocytes (translational control) [5], or MEII and 2 (microtubule severing complex) in C. elegans
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(reviewed in [130]). CPEB is degraded with E3 ubiquitin ligase SCFPTCP [67]. MEI1 and 2 are degraded by Cul3-
based ubiquitin ligase [131, 132]. The Skp1-Cullinl-Fbox (SCF) complex ligases are suggested to be involved in
protein degradation during bovine oocyte maturation and preimplantation development [36, 66, 111], since after
the inhibition of SCF-ligases activity during oocyte maturation, an increase in total protein level occurs (see chapter
SCF ligases). Interestingly, this inhibition largely influences further preimplantation development even after the
transfer of the MII oocytes to standard culture medium for fertilization [66]. The quality of the embryo likely
depends on the correct course of protein degradation during oocyte maturation [28, 66]. UPS is also involved in
cumulus cell expansion, as the inhibition of UCHL3 or SCF ligases during oocyte maturation prevents cumulus
cell expansion [52, 66]. The embryo arising from an oocyte with a defective process of protein storage/degradation
may not be able to overcome this handicap, even if its protein processing is appropriate during preimplantation
development [28]. Interestingly, the inhibition of UPS using the proteasome inhibitor MG 132 in oocytes leads to
an increased quality of cloned mammalian embryos [133—138]. The treatment prevents the degradation of cyclin
B, maintains MPF activity and cause premature chromosome condensation, which enables a better availability of
remodelling and reprogramming of the somatic nucleus and thus better reorganization of chromatin [136, 139].
Furthermore, it likely prevents the inappropriate degradation of proteins essential for initiation of EGA in cloned
embryos and regulates the expression of genes involved in histone acetylation [139].

The next wave of protein degradation comes after fertilization of the oocyte. This early degradation depends on
both maternally derived UPS and autophagy [41, 83, 90]. After the inhibition of proteasomal activity,
polyubiquinated proteins become accumulated after fertilization [140]. UPS is likely involved in the proper
reprogramming of the differentiated oocyte into a totipotent zygote after fertilization and its dysfunction is likely
the reason for the deteriorated development of somatic cell nuclear transfer embryos [140]. The mouse zygote is
enriched in proteins involved in the ubiquitin-proteasome pathway in comparison to MII oocytes, and the amount
of proteins in zygotes is decreased compared to MII [37]. In murine MII oocytes, proteins related to ubiquitination
and protein degradation amount to 9% [141]. This points to the rapid degradation of maternal proteins after
fertilization in mice mentioned in the Ubiquitin proteasome pathway chapter. Moreover, a large set of F-box
proteins is present in murine MII and zygotes, which suggests the involvement of an SCF complex in maternal
protein degradation in mice [37]. Nevertheless, F-box proteins are involved in many other processes such as
epigenetic regulation or reprogramming and its overexpression during the perifertilization period is likely also
connected to these UPS-unrelated functions [37]. These results point to the involvement of UPS in post-
fertilization protein degradation.

Further degradation is not thoroughly described, and is thought to not be so massive. Instead individual proteins
are degraded at specific time points. We suppose that there is a smaller wave of maternal protein degradation
before/at the major EGA stage, similarly to such degradation in Xenopus (discussed in the Specific protein
degradation chapter). The degradation of maternal proteins is the easiest to explore in genes that are only expressed
from maternally derived reserves. For example, the maternal protein Mater (Nlrp5) is stored until the blastocyst
stage and hatched blastocyst stage, when it is degraded in mice and bovines, respectively [142, 143]. Gao et al.
[144] detected a decrease in the protein amount of maternal factors Mater (Nlrp5), Floped or TLEG6 even at the 8-
cell stage. We suppose that the discrepancy in results is caused by the different method used, as Gao and colleagues
used mass spectrometry and Pennetier and Ohsugi and their colleagues used western blot analysis [142-144].

Murine ZPAC and Ump1 are among the earliest degraded maternal proteins. Their degradation occurs at the 8-
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cell stage [38] and is discussed in the ZPAC chapter. The degradation of TAB1 occurs even earlier (2-cell stage).
This degradation is necessary for the normal course of major EGA [60].

3. Specific protein degradation

Even though there is a large decrease in protein number from MII stage oocytes to zygotes in mouse oocytes [37],
not all proteins are degraded before the initiation of EGA. Some of the proteins are stored throughout the whole
preimplantation development [143, 145, 146]; reviewed in [147]. In Xenopus, a stable amount of maternally stored
proteins is stored long after the MBT, until beating heart [148].

Maternal proteins often form complexes that persist to preimplantation development and are then involved in the
regulation of embryogenesis even after major EGA (reviewed in [147]). These are mainly functional complexes
of proteins such as Zona pellucida sperm-binding proteins (ZPs) or SCMC (subcortical maternal complex; formed
of MATER, FLOPED, TLE6, Filia, PADI6 and likely other proteins [149]. The expression of these genes is
exclusively maternal, and mRNAs of its members are degraded at EGA. However, the proteins are stored until the
blastocyst stage (reviewed in [150]). Another case of protein modification is the temporary masking of the protein
CENPE during oocyte maturation, and it is possible that other proteins are also modified or form complexes to
enable their storage to preimplantation development [151]; reviewed in [147]. Some cell cycle regulating proteins
(like Stem-loop binding protein or Centromeric protein F) that are expressed in a cell-cycle dependent manner are
expressed constantly in oocytes and early embryos [152, 153].

On the other hand, some maternal proteins need to be degraded, so that the embryo can take control over their
development. The list of proteins that needs to be degraded before the major wave of EGA/MBT is shown in Table
1. In mammals, the degradation of the TABI1 protein is needed for the normal course of major EGA [60]. Even
though it seems that in general maternal protein degradation is not needed for embryonic genome activation, Shin
et al. [4] have shown that the transient inhibition of the ubiquitin proteasome pathway in murine preimplantation
embryos using MG132 delays embryonic genome activation. This delay occurs regardless of whether the embryo
is arrested or developing. This suggests that the degradation of maternal protein is highly specific and the
degradation of one is just as important as keeping the others.

In Xenopus, five proteins that need to be degraded at major EGA were identified: TopBP1 (a human ortholog of
Xenopus Cut5), RecQ4, Treslin, Drfl (Dumbbell-forming 4; a homolog of mammalian DBF4B) and XCdc6 (Cell
division control protein; [8, 154]). All these genes are involved in replication control. Drfl/DBF4B, being part of
Cdc7, is essential for the activation of the replication origin complex that the others are part of. Cdc6 is one of the
first proteins loaded into the complex. TopBP1/Cut5, RecQ4 (or RecQL4 in mammals) and Treslin are part of the
replication pre-initiation complex and are loaded to the replication origin in the second step (reviewed in [155]).
Thus, the need for degradation of these proteins is likely connected to the lengthening of the cell cycle after the
MBT and less a need for replication initiation. Whether the degradation of these genes is needed for the normal
course of major EGA in mammals is to the best of our knowledge unknown. Certainly, these genes are important
for mammalian preimplantation development as well. The knockouts are mostly lethal at peri-implantation stages
in mammals, however the development of lower animals is enabled far beyond the MBT stage [156 in 157; 158—
163]. The only exception is Drfl/DBF4B. Drf1-/- mice are viable, only develop lymphopenia [164] and mutant
cell cultures show affected cytoskeletal remodelling [165]. A complete knockout of DrfI/DBF4B was found as a
rare sequence variant in humans [166] which further confirms that embryonic development is possible without

Drfl/DBF4B expression even though it participates in the manifestation of disease. This similarity of null
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phenotypes in these genes suggests that the initiation of embryonic protein synthesis is as important as the
degradation of the maternal protein. The differences between mammalian and non-mammalian species are likely
due to the difference in developmental speed and must be taken into account when data are transferred between
different model organisms. Taken together, it is clear that all the above-mentioned genes are needed for the normal
preimplantation development of mammals, however there is no evidence on whether the degradation of maternal
protein before major EGA is as necessary as in the Xenopus embryo. Certainly, these genes together form a group
of proteins that play a similar role during the earliest phases of development and are processed in a similar manner.
The necessity of their degradation is further supported by the overexpression experiments. Embryos
overexpressing XCdc6 exhibit a high level of apoptosis [8]. Embryos that combined the overexpression of Cut5,
RecQ4, Treslin and Drf1 do not lengthen cell cycles (dependently on protein level) and arrest at stage 17 (i.e. at
17th division) [154]. After the overexpression of Drf1/DBF4B, the viability of the Xenopus embryos decreases
after stage 11 [70]. Interestingly, DBF4 overexpression in pre-MBT embryos can suppress the activation of Chkl,
but the overexpression is not lethal, in contrast to Drf1 overexpression [70]. Thus, it would be extremely interesting
to study the whole group thoroughly and complexly during mammalian preimplantation development.

In Xenopus, two of the above-mentioned proteins — Drfl/DBF4B and Cdc6 — have two distinct variants expressed
from two different genes with a switch between those variants around the major MBT. Drfl1/DBF4B is replaced
by DBF4 before the major wave of MBT and cannot be detected afterwards (Figure 1B, C). Consequently
Drf1/DBF4B is present mainly in embryonic cells and DBF4 is found mainly in adult cells [167, 168]. With Cdc6,
the Xcdc6A and Xcde6B variants were found. Only Xcdc6A is functional at early embryonic stages (Xcdc6B is
present in early stages, however not functional). It switches around the major MBT stage from XCdcd6A to
XCdcd6B and Xcdc6A is undetectable after stage 12 (Figure 1C) and only Xcdc6B is present in somatic cells
[169]. Interestingly, Xcdc6A is not expressed in a cell-cycle dependent manner like the somatic Xcdc6B is [169].
Tikhmyanova and Coleman [169], however, suppose that the Cdcd6A/B isoforms may be restricted to Xenopus
since they did not find the isoforms in humans, fruit flies, puffer fish and worms in the available genomic databases,
and their regulation significantly differs in different organisms [169]. In mammals, a similar switch was found in
bovine embryos in Cullin 1, where the maternal variant of cullin I mRNA switches to the embryonic (adult) cullin
1 just before the major wave of EGA [36, 42]. The time of protein variant switch is unfortunately unknown. In
Xenopus embryos, Drf1/DBF4B is degraded by SCF*"R (Skp 1-Cullin1-Fbox complex where B-TRCP represents
the F-box protein) at the major MBT. This ensures a Drf1/DBF4B shortage and consequently a lengthening of cell
cycles [70]. Thus, we suppose that the switch between DBF4 and Cullin 1 variants might be interconnected and it
would be really interesting to find out whether there is a similar switch between Drf1/DBF4B and DBF4 in
mammals and study the link between the maternal to embryonic Cullinl switch and Drf1/DBF4B degradation.
The way that Xcdc6 degrade at the major wave of MBT is to the best of our knowledge unknown. However, the
degradation of Cdc6 before GVBD is UPS-dependent and is mediated by SCF™*7 [71]. (The decrease in Cdc6
protein level in prophase arrest is caused by a decrease in its translation and is UPS independent.)

Similarly to the above-described proteins involved in replication control, Cdc25A is degraded in Xenopus embryos
around the major MBT by SCFF™RC? (Figure 1B, C) [68, 69]. Cdc25A is a mitotic progression inducer and is
involved in the resumption of meiosis during mouse oocyte maturation [170]. In Drosophila, a steep decrease in

Cdc25A level in cycles 10-13 causes cell cycle lengthening [171]. This is partly caused by Chk1 inhibition, which

82



WO Jo & W

437
438
439
440
441
442
443

445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469

470
471

472

473
474

475

in Xenopus mediates the degradation of Drf1 by SCFF™RP [70]. In Drosophila, the inhibition of Chk1 is sufficient
for the prevention of cell cycle lengthening, which is not true for Xenopus embryos [70, 172].

The necessity of UPS for EGA was also found in mammalian species, as the deactivation of UPS or its part delays
the initiation of both the minor and major wave of EGA [4, 38, 60, 61, 66, 140]. However, specific proteins that
need to be degraded have not yet been found in mammals. Higuchi and colleagues [140] suppose that the delay is
caused by the delayed recruitment of Pol II into the embryo pronuclei. According to their results, the delayed
initiation of DNA replication does not seem to cause the delay in major EGA initiation [140]. Together with the
results of Collart et al. [154], Sun et al. [8], Farrell ef al. [171] and others, this suggests that for the normal course
of EGA and further development, the replication rate decrease around major EGA and consequent slowing of
development speed is especially important.

4. Concluding remarks

In this review, we summarized current knowledge of the way proteins are processed during preimplantation
development. The degradation of maternal proteins is slower than the degradation of maternal RNAs with a large
impact on specificity, timing and likely also localization of the degradation. It seems that the most important period
for normal preimplantation development in terms of protein degradation occurs already during oocyte maturation.
Normal maternal protein degradation during proper preimplantation development is definitely important as well,
however without correct protein processing during oocyte maturation, the embryos are not able to develop
normally, even under standard conditions. Both autophagy and UPS are necessary for normal preimplantation
development. However, the extent to which each of these pathways takes part in maternal protein degradation has
not been determined yet.

Since there is limiting data available concerning mammals, the data were also based on a comparison with non-
mammalian species and the timing of individual events related to maternal protein degradation in several species
was compared. For this purpose, the preparation of a theoretical model that will facilitate the transfer of knowledge
from one model organism to the others will be highly beneficial. For a proper understanding of protein processing
during preimplantation development, it will be necessary to concentrate especially on the time period around the
major wave of EGA. This period is not well described in mammals, and based on the results obtained with lower
organisms, it seems to be to a large extent driven by protein degradation. During this period, it is likely that no
general or extensive degradation will occur (such as during oocyte maturation or fertilization). We suppose there
is a specific degradation of some groups of proteins or even of individual proteins. Identifying such proteins will
however be a very challenging and time-consuming work, when we take into account the identification by Yang

and colleagues [60] of just one protein whose degradation is necessary for the normal course of major EGA.
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Figure Legends

Figure 1. The comparison of development of selected mammalian and non-mammalian species. The figure
shows the most important events occurring during the early development of Xenopus, Drosophila, mouse, bovine
and human embryos compared to each other in the timeline. A) Hpf/hped vs. developmental stage; B) Hpf/hped

vs. event; C) Stage vs. event
2c¢ - two-cell stage embryos; 4¢ - four-cell stage embryos; e8c — early eight-cell stage embryos; L8c — late eight-

cell stage embryos; hpf — hours post fertilization; hped — hours post egg deposition; EGA — embryonic genome

activation; MBT — mid-blastula transition
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Tables
Protein Function Organism Reference
TAB1 Regulator of MAP3K7/TAK1, NFKB, mouse [60]
MAPK 14/p38alpha
Cdc25A Induces progression of mitosis; tyrosine Xenopus [68, 69]
protein phosphatase
Cdc6 Controls progression of DNA replication Xenopus [8]
Treslin Regulates DNA replication Xenopus [8]
RecQL4 DNA dependent ATPase Xenopus [8]
TopBpl Involved in DNA replication Xenopus [8]
Drf1/DBF4B Plays crucial role DNA replication control, Xenopus [154]

Cdc7 subunit

Table 1: Proteins degraded in the time of major EGA. The degradation of these proteins in necessary for
normal course of EGA.
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5. Sumarni diskuze

Béhem casného preimplantacni vyvoje savcil probiha cela rfada klicovych dé&ja, které
maji za vysledek pfeménu vysoce specializovanych gamet- spermie a 0ocytu, Vv totipotentni
embryo, které je schopné vytvofit Gipln¢ novy organizmus. Pocatec¢ni ¢ast vyvoje je fizena
maternalni mRNA a proteiny, které byly nasyntetizovany a uloZeny V oocytu jiz z obdobi
oogeneze. Tyto zdroje embryo vyuziva az do chvile, dokud nedojde k aktivaci embryonalniho
genomu (EGA), kdy zacina transkripce z genomu embrya. VSechny pocateéni procesy savéiho
embryonalniho vyvoje jsou pod materndlni kontrolou, patii mezi né oplozeni, blok proti
polyspermii, zpracovani paternalni DNA, udrzeni homeostaze a prvni kroky embryonélniho
vyvoje. Bylo zjiSténo, Ze po oplozeni dochéazi k postupné degradaci maternalnich rezerv.
Pravdépodobné se jednd o postupny piechod kontroly z ulozenych maternalnich mRNA a
proteint k nové aktivovanému embryonalnimu genomu sérii sehranych krokt. Jde tedy o vice
jednotlivych podprocest, nez nahlé radikalni zmény (Li et al. 2013).

Maternalni mRNA jsou z embrya odstranény pomoci mikroRNA (miRNA) a jejich
degradace je pro nasledujici embryonalni vyvoj mysi nezbytna (Tripurani et al. 2013). Vétsina
mysich mRNA je destabilizovana jiz pted EGA (Su et al. 2007), pficemz v 2bunééném stadiu
mizeme detekovat pouze 10 — 20 % plivodni maternalni mRNA (Yokoi et al. 1993). O
degradaci maternélnich proteind vSak neni doposud ptili§ mnoho informaci. Pfedpoklada se, ze
1 degradace maternalnich proteintl je pro dal§i embryonalni vyvoj nezbytna, nicméné piesny
mechanizmus jeSté neni zndm. Tento proces vSak pravdépodobné nebude tak rychly, jako
degradace maternalnich mRNA a nékteré proteiny mohou setrvavat i po EGA. Li et al. (2013)
uvadi, Ze nékteré¢ maternalni proteiny mohou tvofit komplexy, diky ¢emuz mohou pfetrvat i do
pozdéjsich stadii vyvoje. Mezi tyto proteiny patii napiiklad proteiny zony pellucidy (ZPs), bez
nichz by embryo v pocatku vyvoje zaniklo, nebo subkortikalni maternalni komplex (SCMC)
(Lietal. 2013). Tyto proteiny jsou v embryu uloZeny az do stadia blastocysty, piestoze je jejich
mRNA degradovana jiz v pribéhu EGA (Bebbere et al. 2016). Dalsi proteiny mohou byt pied
degradaci chranény pomoci maskovani, pfipadné jinak modifikovany (Li et al. 2013). Jiné
materndlni proteiny vSak musi byt z embrya odstranény. Mezi nejpravdépodobnéjsi zplisoby
degradace patii ubiquitin-proteazomovy systém. Tomu nasvéd¢uje i fakt, ze kratce po oplozeni
je mozné u mysich zygot detekovat vysoké mnoZzstvi proteint nalezicich praveé do ubiquitinacni
drahy, coz ma pravdépodobné za nasledek velky ubytek proteinii mezi mysimi MII oocyty a

zygotami (Li et al. 2013). Cilem mé prace bylo objasnéni funkce SCF komplexu, jedné
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z nejvyznamnéjsich E3 ubiquitin-ligdz, v pribéhu preimplantacniho vyvoje. Jeho funkce je
dilezita pro transkripci, gametogenezi, replikaci DNA a kontrolu bunééného cyklu (Petroski &
Deshaies 2005), jeho vyznam pfi ¢asné embryogenezi v§ak nebyl doposud objasnén. Nejprve
jsem se zaméfila na expresi jednotlivych ¢lenit SCF komplexu, jejich lokalizaci v ramci
jednotlivych vyvojovych stadii a pfitomnost aktivniho SCF komplexu Vv prubéhu ¢asného
preimplanta¢niho vyvoje. Dynamika exprese mMRNA mezi jednotlivymi vyvojovymi stadii
koresponduje s dualezitosti daného genu pro vyvoj, pficemz geny aktivované do hlavni viny
vyvoje nebo dokonce k jeho uplnému zastaveni (Falco et al. 2007; Toralova et al. 2009;
Salilew-Wondim et al. 2010). Geny spjaté s ubiquitinaci jsou pievazné aktivovany
nékterych ¢lentt SCF komplexu. Konkrétné Cull a Skpl se transkribuje jiz od 4bunécného a
casného 8bunééného stadia. Transkripce Rbx 1 zacina pozd¢ji, béhem hlavni viny EGA. Z toho
vyplyva, Ze jednotlivi ¢lenové SCF komplexu maji pro spravnou aktivaci embryondlniho
komplexu nepopiratelnou roli. Zejména velmi ¢asny pocatek exprese Cull, ktery byl detekovan
je podpoteno i existenci dvou variant Cull, které jsou transkribovany ze dvou rozdilnych gent
(Kepkova et al. 2011). Embryonalni verze Cull je transkribovana od 4bunécného stadia.
V tomto stadiu je maternalni verze Cull jesté detekovatelna, v pozdéjsich stadiich (od ¢asného
8bunécného stadia) vSak maternalni forma Cull neni téméf znatelnd a tudiz od tohoto okamziku
je embryo pln¢ zavislé pouze na embryonalni verzi.

Dale jsme sledovali vazbu mezi CUL1 a SKP1, ktera signalizuje aktivaci celého SCF
komplexu. K tomu jsme vyuzili Duolink in-situ PLA metodu, ktera je schopna detekovat signal
Vv piipad¢, ze se dva hledané proteiny pohybuji ve vzdalenosti maximalné 40 nm, tedy pokud
interaguji. Pozitivni PLA signal byl objeven u vSech vyvojovych stadiich v podobné intenzité.
Nejvyssi aktivita byla detekovana u MII oocytil, kde je nalezita degradace proteinii nezbytné
dilezita pro spravné zrani oocytu, nicméné ani tento rozdil v intenzité signalu nebyl statisticky
(Karabinova et al. 2011). Bylo vsak zjisténo, ze degradace mitotického APC/C je kontrolovana
pomoci SCF komplexu (Guardavaccaro et al. 2003), coz vede k hypotéze, ze SCF komplex by
mohl hrat podobnou roli i v pribéhu meidéze. Pomoci PLA analyzy u embryi ve stadiu
blastocysty byl objeven velky nepomér v ptitomnosti signalu mezi ICM a TE blastomerami.
Témét zadny signal nebyl objeven v ICM, zatimco v TE blastomerach byl signal velmi

intenzivni. S timto objevem se shoduji i vysledky (Sutovsky et al. 2001), ktefi prokazali, Ze
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v oblasti TE dochazi k radikalni proteolytické degradaci pomoci ubiquitinu majici vliv na
pozdé&jsi formovani extraembryonalni tkané. Vyssi aktivitu SCF komplexu v trofoektodermu
podporuji také nase vysledky, kdy CULI1 byl ve stadiu blastocysty detekovan obzvlasté
V jadrech a také predevsim v oblasti TE. To je v souladu s vysledky (Lee et al. 2003), ktefti
prokdzali dulezitou roli Cull pro tvorbu trofoektodermu a placenty. Piekvapivé vSak rozdily
v aktivit¢ SCF komplexu nebyly potvrzeny mnozstvim proteinu zadného z naSich tii
zkoumanych gend. Cullinl je povazovan za limitni faktor pro aktivitu SCF komplexu (Liu et
al. 2002), nicméné hladina CUL1 postupné rostla od MII oocytu do pozdniho 8bunétného
stadia a nasledné zlstala stabilni do stddia moruly. PLA signal, ktery byl nejvyssi u oocytl
v MII stadiu, nasledné znatelné (avSak nesignifikantng) klesl v 4bunééném stadiu a zlstal stejny
do stddia moruly. Vysledky lokalizace proteini, PLA signdl ve stadiu blastocysty, zména
hladiny proteinii a aktivita SCF komplexu naznacuje, Ze vSechny tii zdkladni komponenty SCF
komplexu mohou mit i dal$i funkce nezavislé na SCF komplexu. To potvrzuje i fakt, ze Rbx1
muze interagovat i s ostatnimi ¢leny rodiny cullinti a tak mtize byt i soucasti jinych komplext
(Piva et al. 2002). Exprese proteinu i mMRNA Rbx1 nesouhlasi expresnim profilim dal$ich dvou
neménnych ¢lentt SCF komplexu- Cull a Skpl. Rbx1 je pro funkénost SCF komplexu nezbytny
a po jeho umlceni je cely komplex neaktivni (Zhou et al. 2013), exprese proteinu RBX1
nekoreluje s aktivitou SCF komplexu. To ¢aste¢né plati i pro zbyvajici dva proteiny, i pies to,
ze vSechny dosud znamé funkce Cull jsou spjaty s SCF komplexem. Skp1 zastava i jiné funkce
(mimo SCF komplex), ale ty byly prozatim objeveny jen u nizSich organismi (Zhang et al.
1995). Této teorii nasvédcuje i existence komplext Skp1, které se objevuji jako vyssi bandy po
western blot analyze.

Profily exprese ¢lent SCF komplexu, existence dvou forem Cull a aktivita SCF
komplexu béhem celého preimplantacniho vyvoje ukazuje nezbytnost SCF komplexu pro
preimplanta¢ni vyvoj skotu. Z toho diivodu jsme se rozhodli pokrafovat ve studiu této
problematiky a rozsitit zakladni povédomi o roli SCF komplexu v ¢asné embryogenezi o dalsi
poznatky. DalSim krokem bylo umlcéeni SCF komplexu. K tomu jsme vyuZili inhibitor
MLN4924 (také znamy jako Pevonedistat), ktery inhibuje SCF ligazy fizené neddylaci. Mezi
né patii primarné¢ SCF ligazy obsahujici Cull, nebo v menSim méfitku dalSi komplexy
obsahujici zbyvajici culliny (Cul2, Cul3, Cul4 nebo Cul5). Inhibitor MLLN4924 se primarné
pouziva jako 1€k proti rakoving, tudiz je vétSina vyzkum jeho t¢inku soustiedéna na rakovinné
bunky (Zhou et al. 2018). Prvni volbou pro umlceni SCF komplexu bylo pouziti RNA
interference (¢imz by meélo dojit k inaktivaci celého SCF komplexu), tedy mikroinjikace

dsRNA do zygot. Ackoliv je tato metoda pro dané tcely bézn¢ vyuzivana, po uml¢eni mRNA
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Cull, zlstaval protein CULI1 stabilni a pfitomny bez jakékoliv zmény. Z toho diivodu byla
zvolena inhibice pomoci MLLN4924 jako vhodnéjsi alternativa.

Nejprve jsme zjistovali, jaky dopad bude mit deaktivace SCF komplexii na zrajici
oocyty. Oocyty byly kultivovany v MLLN4924 od GV stadia po stadium MII. Jiz béhem tohoto
obdobi byly pozorovany ocividné zmény v morfologii kumuldrnich bun¢k. Zatimco u
kontrolnich oocytd byly kumularni buiikky expandované a po oplozeni nasledné zacaly ze zygot
opadavat, u inhibovanych oocytii nebyl podobny prubéh zaznamenan. I ptes vliv kultivace
Vv inhibitoru na expanzi kumulu se v8ak neprojevil Zadny statisticky vyznamny nartst v obsahu
celkového proteinu u bunék kumulu oproti kontrolam. Role ubiquitin-proteazomového systému
Vv expanzi kumulu jesté€ neni pfili§ objasnéna. Yi et al. (2008) vsak uvadi, ze po kultivaci oocytd
V inhibitoru MG132 po dobu 22 hodin, zddny oocyt nedosadhl MII stadia. Na rozdil od inhibitoru
MG132, ktery inhibuje aktivitu celého proteazomu, MLN4924 inhibuje pouze aktivaci SCF
komplexti. To je pravdépodobné diivodem, pro¢ téméi 74% oocytd osetienych MLN4924
mohlo byt oplozeno. Usp&ny vznik diploidnich zygot viak bylo zaznamenano jen u 40,3 %
ptipadd, na rozdil od 80 % diploidnich kontrolnich zygot. Pfedpokladame, Ze vySsi procento
polyspermie bylo vysledkem nefunkéni exocytozy kortikalnich granuli. Jejich exocytozu
zajistuji proteiny vrstvy zona pellucida a jejich absence zptisobena inhibici deubiquitina¢nich
enzymu (DUB) UCHLI1 zptsobuje narast v polyspermii (Susor et al. 2010). To naznacuje, Ze
degradace pomoci SCF ligaz pti ochrané proti polyspermii kooperuje s UCHL1 nebo dal$imi
DUB enzymy.

Kdyz jsme sledovali vyvojovou kompetenci embryi vzniklych z oocytt kultivovanych
Vv MLLN4924, nalezli jsme statisticky vyznamné opozdéni vyvoj v porovnani s kontrolami.
Nejvice signifikantni rozdil byl patrny u embryi v 8bunéénych stadiich a sila vyznamnosti
v dalSich stadiich klesala. Podobny vysledek méla i kultivace embryi v MLN4924 od
4bunécéného do pozdniho 8bunééného stadia, kde jsme nalezli vyznamné rozdily u embryi ve
stadiu moruly a blastocysty (168 hpf) v porovnani s kontrolami. Pozd¢jsi kultivaci byly vSak
statisticky vyznamné rozdily snizovany, a piestoze u blastocyst 192hpf byly rozdily jesté
patrné, jiz nebyly signifikantni. To naznacuje, Ze nckterda embrya jsou schopnd piekonat
nevyhodu v podobé kultivace v MLN4924 a vyvinout se v blastocysty o 24 hodin pozdéji.
Ptedpokladame, Ze embrya byla zastavena ve svém vyvoji v 8bunéném stadiu a po pienosu do
Cistého, MLN4924 neobsahujiciho média byla schopna po par hodinach ve svém vyvoji
pokracovat. Z naSich vysledkii vyplyva, Ze aktivita SCF komplexu je vice dulezitd pro zrani
oocytli nez béhem ¢asné embryogeneze, kdyz po kultivaci GV-MII oocyti v MLN4924 byl

nasledujici embryondlni vyvoj horsi, nez pfi inhibici aZ od 4 do pozdnich 8bunéénych stadii.
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Zpozdény vyvoj embryi mize byt dany redukci hladiny mnozstvi mRNA EGA markert
PAPOLA a U2AF1A. Hladina markeru eiF1A nebyla signifikantn¢ zménéna. Geny, které se
podili na ubiquitinaci proteind jsou u skotu aktivovany v 8buné¢ném stadiu (Graf et al. 2014),
tedy jesté pied hlavni vinou EGA. Opozdéna aktivace embryonalniho genomu se projevila také
u mysich embryi kultivovanych s MG132 (Shin et al. 2010). Na§ vyzkum prokazal také
opozdénou EGA a naznacuje tak, ze degradace pomoci SCF komplexu je pro preimplantacni
vyvoj dilezita. V pribehu naSich experimentii vSak nedochazelo k opozdéni aktivace eiF1A,
coz se s vysledky Shin et al. (2010) rozchazi. Vyplyva z toho, Ze pro normalni funkci EGA je
potiebna kooperace vice ¢asti ubiquitin-proteozomového systému.

Prestoze jsme neprokazali signifikantni nartst celkového mnoZzstvi proteinti u
kumularnich buné€k, nalezli jsme statisticky vyznamny ndrGst v mnozstvi proteinii u
inhibovanych oocytli i embryi. Z toho vyplyvd, Ze po inhibici SCF komplexu nedochézi
k degradaci n¢kterych proteint a ty jsou nasledné v oocytu/embryu hromadény. Testovali jsme
nékolik substrati SCF komplexu (SMAD4, RPS6, CENPE, IkBA, P27) (Yaron et al. 1998;
Tsvetkov et al. 1999; Wan et al. 2004; Liu et al. 2006; Xiao et al. 2015) a dalsi proteiny na
zakladg jejich exprese v prib&hu preimplantaéniho vyvoje (RBM19, ZAR1) (Pennetier et al.
2004; Bebbere et al. 2008; Zhang et al. 2008a) pomoci metody western blot. V zadnym
z uvedenych proteinti se vSak nepovedl prokazat statisticky vyznamny nartst. Zhang et al.
(2015) a Tong et al. (2017) prokazali hromadéni proteinu P27 po pouziti inhibitoru MLN4924
na bunécné kultury. Yang et al. (2017) po inhibici E3 ligazy RNF114 u mysich embryi objevili
narust pouze jednoho proteinu- TAB1 (TGF-beta activated kinase 1), piestoze testovali pies
9000 proteini. To naznacuje, Ze se degradace proteini béhem maturace oocyti a
preimplanta¢niho vyvoje fidi striktnimi pravidly. U preimplanta¢nich embryi je nutné, aby
maternalni rezervy mRNA a proteint vydrzely alespon do stadia, ve kterém dochazi k aktivaci
embryonalniho genomu. Proto ptedpokladame, ze SCF komplexy by mohly byt zapojeny do
degradace zminovanych proteint, ale jejich degradace by mohla byt omezena pouze na
specificky ¢as nebo misto, podobné jako existence translacnich hotspoti béhem maturace
oocytt (Susor et al. 2015). Piekvapiveé jsme objevili signifikantni snizeni proteinu SMAD4 u
MII oocytl inhibovanych MLN4924 v porovnani s kontrolami. Predpokladame, Ze tento pokles
muZe byt spjat s atypickou maturaci osetfenych oocytli a kumularnich bunék, jelikoz knockout
Smad4 genu je spojeny s poSkozenim kumularnich bunék mysi (Pangas et al. 2006).

Béhem testovani jednotlivych proteini metodou western blot jsme narazili na zajimavy
fenomén. Jak bylo zminovano jiz pii hodnoceni vysledkl exprese proteinu SKP1, u dalSich

dvou zminovanych proteint (P27 a IkBA) jsme objevili bandy s vys$si molekularni hmotnosti,
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nez bylo o¢ekéavano. Tyto bandy nebylo mozné rozpustit pouzitim dithiothreitolu nebo vyssi
teploty (var po dobu 5 min). Pro kontrolu byly pouzity buiky fibroblastt, u kterych se zadné
vyssi bandy nepotvrdily. To naznacilo, Ze bandy s vyssi molekuldrni hmotnosti by mohly byt
specifické pro preimplantacni embrya. Je zndmo, ze proteiny embryi mohou mit rozdilné
izoformy (Tay et al. 2006), nicméné velké rozdily v molekularni hmotnosti toto vysvétleni
nepotvrdily. Zéarovenn neslo o polymerizaci, jelikoz velikost bandii neodpovidala nasobkiim
predpokladanych hodnot. Piedpokladame, ze tyto bandy by mohly byt komplexy proteina, které
vznikly, aby je ochranily pied prfedCasnou degradaci pro vyssi vyvojova stadia (pravdépodobné
postimplanta¢ni). Domnivdme se, Ze podobné vysledky by mohly byt potvrzeny i u jinych
proteind, zbyva vsak urcit, jaky vyznam tyto bandy s vys$si molekuldrni hmotnosti maji.

Analyza exprese jednotlivych ¢lentt SCF komplexu prokazala jejich nezbytnost pro
normdlni preimplantaéni vyvoj. Zejména casnd aktivace Cull a Skpl naznacila jejich
nepostradatelnost pro spravnou EGA. Ubiquitinace zprostfedkovand SCF komplexem je
Vv pfiblizné stejném zastoupeni v prubéhu celého preimplantacniho vyvoje. Ve stadiu
blastocysty se vSak jeho aktivita koncentruje do trofoektodermu. Srovnani mnoZstvi
jednotlivych proteini a aktivity SCF komplexu spolu vzajemné nesouhlasi. V MII stadiu jsou
vSak neznamend, ze uroven exprese proteinu neovliviiuje SCF komplexem zprostfedkovanou
ubiquitinaci, jak prokazal jiz Piva et al. (2002).

Prokazali jsme, Ze SCF ligdzy jsou pro normalni maturaci oocytil, expanzi kumularnich
bun¢k a spravny preimplanta¢ni vyvoj embryi skotu nezbytné. Pfestoze jsme nasli narist
Vv celkovém mnozstvi proteinli u oocytl i embryi s inhibovanymi SCF ligazami, neobjevili jsme
Zadny protein, ktery by byl timto naristem ovlivnén. Na zjisténi, které proteiny se u embryi
hromadi, bude v nasledujicich pokusech pouZzita hmotnostni spektrometrie. To vSak bude
vyZzadovat nashromdzdéni velkého mnoZstvi inhibovanych oocytli a embryi, coz miZe byt
vzhledem k obtiznosti ziskavani bovinniho materialu problém. Je to pravdépodobné vsak jedina
cesta, jak objevit, o které proteiny se jedna.

Ze vSech dostupnych informaci o degradaci proteini v pribéhu casného
preimplanta¢niho vyvoje jsme sepsali review. V ném shrnujeme dosud znamé poznatky o
odstrafiovani proteinii v pribéhu embryogeneze savci a mezery vypliujeme védomostmi
zjisténymi u nizSich Zivocichl. Tato studie bude fungovat jako ptiprava pro vypracovani
teoretického modelu, ktery by mél ulehcit pochopeni dé&jii spjatych s degradaci proteinti u
savCich embryi a usnadnit pfenos védomosti mezi jednotlivymi modelovymi organizmy.

Pochopeni mechanizmi degradace maternalnich proteind, které jsou jednou z nezbytnych
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podminek uspé$né aktivace embryonalniho genomu, je nezbytné pro nasledujici vyvoj a
vylepSeni technik in vitro oplozeni a kultivace embryi hospodaiskych zvitfat. Ze znalosti

ziskanych na modelovych organizmech bude profitovat i huménni asistovana reprodukce.
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6. Zavér

V této praci jsme sledovali vyznam SCF komplexu v pritbéhu preimplantacniho vyvoje
skotu. Popsali jsme expresi a lokalizaci jeho jednotlivych ¢lent a nasledné i lokalizaci aktivniho
SCF komplexu. Podafilo se prokazat, ze ptedev§sim u Cull a Skpl dochazi k velmi casné
aktivaci embryonalni transkripce, coz naznacuje jejich nezbytnost pro spravnou aktivaci
embryonalniho genomu. Proto jsme piedpokladali, Ze se SCF komplex ucastni v degradaci
maternalnich proteini a abychom tuto skute¢nost ovéfili, SCF komplex jsme inhibovali.
Kultivaci oocytll a embryi v médiu s inhibitorem MLN4924, jsme zabranili degradaci proteini
fizené neddylaci, coz zahrnuje degradaci fizenou SCF ligazami. Vysledky naSich studii
ukazaly, ze degradace pomoci SCF ligaz je nezbytnym piedpokladem pro normalni zrani
oocytl, expanzi kumularnich buné¢k i spravny preimplantaéni vyvoj skotu. Zv1asté inhibice SCF
ligaz u oocytii méla velky dopad na nasledné in vitro oplozeni a embryogenezi, kdy se projevil
zhorSeny preimplantacni vyvoj od 4bunécného stadia. Inhibice SCF ligaz zaroven ovlivnila i
aktivaci embryonalniho genomu, kdy nékteré markery EGA (U2AF1 a PAPOLA) projevili
opozdénou aktivaci z embryonalniho genomu. Oocyty i embrya s umléenymi SCF ligazami
projevila signifikantni nartst v celkovém mnoZzstvi proteinti. Tyto vysledky ¢aste¢né potvrzuji
nasi hypotézu, ze degradace prinejmensim nckterych maternalnich proteinti je pro EGA
nezbytnd. Prozatim se vSak nepodafilo prokazat, o které¢ konkrétni proteiny se jedna. To by mél
odhalit nas nasledujici vyzkum, ve kterém budeme analyzovat inhibované oocyty a embrya
pomoci hmotnostni spektrometrie. Na zakladné¢ naSeho review bude nasledné sestaven
matematicky model. Diky nému budeme schopni ptenést védomosti z nizSich organizmi i na
savce a bude tak snazsSi pochopit, jak probihd degradace maternalnich proteinti i u savcich

embryi.
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7. Seznam zkratek

APC/C

Atg

ATP

Caz2+

Candl
Cdc25A
Cdc6
CENPE
COP9/signalazom
Cul
Drfl/DBF4B
dsRNA
DUBs

El enzym
E2 enzym
E3 enzym
EGA

eiF1A

elF4G

FBXO30
Gl faze
G2 faze
GV
HECT

Hpf
ICM
IP3

anafazi podporujici komplex/cyklozom (Anaphase-Promoting Complex or
Cyclosome)

protein souvisejici s autofagii (Autophagy-Related Protein)
adenosin trifosfat

vapenaté kationty

Cullin-Associated and Neddylation Dissociated Protein 1
Cell Division Cycle 25A

Cell Division Cycle 6

Centromere-Associated Protein E

Constitutive Photomorphogenesis 9/Signalosome

cullin

DBF4 Zinc Finger B

dvouvlaknova ribonukleova kyselina (double-stranded RNA)
deubiquitinacni enzymy

ubiquitin aktivujici enzym

ubiquitin konjugujici enzym

ubiquitin ligdza

aktivace embryonalniho genomu
(embryonic genome activation)

vvvvvv

-------

Initiation Factor 4 Gamma)

F-box protein 30

rastova faze 2 bunééného cyklu (gap phase 1)
rustova faze 1 bunééného cyklu (gap phase 2)

oocyt ve stadiu zarode¢ného vacku (germinal vesicle)

ubiquitin ligazy obsahujici motiv HECT (Homologous to E6-Associated
Protein C-terminus)

hodiny po oplozeni (hours post fertilization)
vnitini bunéna masa (inner cell mass), embryoblast

inozitoltrisfosfat
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IxB
Lys-63,48,29
MCL1
MG132

M1l

miRNA
MLN4924
mMRNA

mTOR

MUL1

MZT

N:C pomér
Na/K ATPaza
Nanog

Nedd8

Oct4

P21

P27

P53
PAPOLA
PARKIN
PIP2
PLA
PLC(
RBM19
Rbx1
RecQL4
RING

RNF114

inhibitor kappa B (Inhibitor of Kappa B)

lysin 63, 48, 29

Induced Myeloid Leukemia Cell Differentiation Protein
inhibitor proteazomu

metafaze druhého meiotického déleni

mikroRNA

inhibitor neddylace proteind, Pevonedistat

messengerova jednovldknova
ribonukleova kyselina

cilovy protein rapamycinu (Mammalian Target of Rapamycin)
Mitochondrial E3 ubiquitin protein ligase 1

prechod z maternalni k embryonalni kontrole vyvoje
nukleocytoplazmaticky pomér (N:C ratio)

sodno-draselna ATPazova pumpa

transkripcni faktor Nanog

ubiquitinu podobny protein Nedd8 (Ubiquitin-Like Protein Nedd8)

oktamer vazajici transkrip¢ni faktor 4 (Octamer-Binding Transcription
Factor 4)

protein p21, inhibitor kinazy zavislé na cyklinu (cyclin-dependent kinase
inhibitor 1A)

protein p27, inhibitor kinazy zavislé na cyklinu (Cyclin-dependent kinase
inhibitor 1B)

Tumor protein p53

Poly(A) Polymerase Alpha
Parkinson protein
fosfatidylinositol-4,5-bisfosfat
in situ Proximity Ligation Assay
fosfolipaza C zeta

RNA Binding Motif Protein 19
RING box protein-1

RecQ Like Helicase 4

ubiquitin ligdzy obsahujici RING finger doménu (Really Interesting New
Gene)

Ring finger protein 114
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RNF114
ROC1
RPS6
RT-PCR
SCF Fowr

SCF komplex
SCFPTC
SCMC
Skpl
SLBP
SMADA4
Sox2
TAB1
TAB1
TE
U2AF1
UBH
UBP
UCHLs
UPS

USP36
ZAR1

ZP

ZP1, ZP2,...

E3 ubiquitin-ligaza RNF114
regulator cullinti (Regulator Of Cullins)
ribozomalni protein S6 (Ribosomal Protein S6)

reverzné transkripéni polymerazova fetézova reakce

SCF komplex obsahujici Fbw7 (F-Box And WD Repeat Domain
Containing 7)

Skp1-Cull-F box komplex

SCF komplex obsahujici BTrC

subkortikalni maternalni komplex, subcortical maternal complex
S-Phase Kinase-Associated Protein 1

Stem-loop vazebny protein (Stem-Loop-Binding Protein)
Mothers Against Decapentaplegic Homolog 4
transkrip¢ni faktor Sox2

TGF-beta activated kinase 1

TGF-beta activated kinase 1 binding protein
trofoektoderm

U2 Small Nuclear RNA Auxiliary Factor 1

ubiquitin karboxy-terminalni hydrolaza

ubiquitin procesujici hydrolaza

ubiquitin C-terminalni hydrolazy

ubiqutitin-proteazomovy systém
(ubiquitin-proteasome systém)

ubiquitin specificka peptiddza 36 (Ubiquitin Specific Peptidase 36)
Zygote Arrest Protein 1
zona pellucida

zona pellucida sperm-binding protein 1,2,...
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10. Prilohy

10.1. Priloha k ¢lanku Charakterizace SCF komplexu v priibéhu
preimplanta¢niho vyvoje skotu

Supporting Information

S1 Fig. Relative mRNA expression of invariant members of SCF complex, embryos
treated with ¢-amanitin, supplement. The data were normalised according to the relative
concentration of the external standard (luciferase mRNA, 1pg per embryo). (A) Cull, (B)
Skp1, (C) RbxI. Bars show + S.D. *° Values with different superscripts indicate statistical
significance (P<0.05). (C, control group of untreated embryos; AA, group of embryos treated
with a-amanitin; 2c, two-cell stage embryo; 4c, four-cell stage embryo; E8c, early eight-stage

embryo; L8c, late eight-cell stage embryo).
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S2 Fig. Western blot analysis of bovine oocytes and preimplantation embryos using anti-

SKP1 antibody 1H9. 30 embryos per lane. A) Quantification of protein level. The data were

121



processed using Quantity One software (Bio-Rad). 100% represents the sum of the trace
quantities of all bands; relative abundance (y-axis) represents the percentage of each band.
Bars show mean + S.D. *®Values with different superscripts indicate statistical significance
(P<0.05). The experiment was repeated four times, and a representative western blot image is
shown below the graph. B) Representative image of additional bands (approximate size 55
and 90 kDa). (MII, MII oocytes; L8c, late eight-cell-stage embryos; 4c, four-cell-stage

embryos).
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S3 Fig. Confocal laser scanning microscopy of SKP1 (antibody 1H9) from MII oocytes to
blastocyst-stage embryos. The embryos were labelled with mouse monoclonal anti-SKP1
antibody 1H9 (A’ - F’) and the nuclei were stained with DAPI (A - F). In overlaid images

(A —F’), SKP1 is red and DNA blue.
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MII oocyte

pre-EGA (4¢)

early 8¢

S4 Fig. Western blot analysis of SKP1 using Abnova antibody. First band shows SKPI on

zona pellucida, second band shows SKP1 in embryos.

zona
pellucida cmbryos

123



10.2.

Piiloha k ¢lanku Inhibice Skp1-Cullin-F-box komplexi v

prubéhu zrani oocyti a preimplanta¢niho vyvoje skotu vede k
opoZzdénému vyvoji embryi

Supplementary material

Material and Methods

MLN4924 treatment — the optimal dose determination

The cultivation with MLN4924 inhibitor was performed in the same way as is described in the
main text. MLN4924 was added to the culture medium at several concentration to determine
the optimal dose of this inhibitor. Used concentrations were: 0.3 uM, 1 uM, 1,5 uM and 3 pM.
Embryos were treated from 4c to L8c stage (44 — 96 hpf), subsequently washed and cultivated

in Menezo B2 medium until the blastocyst stage.
Synthesis of Cull DNA template and dsSRNA

The RNA for Cull DNA template synthesis was isolated from bovine fibroblasts or oocytes
using RNeasy Mini Kit (Qiagen). The template was synthesized using primers with T7

promotors:

Cull dsRNA

F: 5'-AGGATCCGCTAGCTAATACGACTCACTATAGGGAGATGGAGACACACATTC
ATAATCAGGG-3'

R: 5'- ACTCGAGGCTAGCTAATACGACTCACTATAGGGAGACACCAATGTCTTGAA
ACATCCGCT-3’

GFP dsRNA

F: 5'-AGGATCCTAATACGACTAACTATAGGGAGAATGGTGAGCAAGGGCGAGGA-3’

R: 5'-ACTCGAGTAATACGACTCACTATAGGGAGAGCGGCCGCTTTACTTGTACA-3’
The RT was performed at 60 °C using two-step Phusion RT-PCR kit (Finnzymes, Vantaa,
Finland) primed with Oligo (dT) primers. The DNA template coupled with T7 promotor was in
vitro transcribed using MEGAscript RNAi Kit (ThermoFisher Scientific, Prague, Czech
Republic). An amount of 1.2 pug of DNA template was used for each reaction. The reaction
mixture was incubated for 4 h at 37 °C and the sense and antisense strands were transcribed in
the same reaction. The residual DNA template and sSRNA were digested and the dsSRNA was

purified according to the manufacturer’s instruction. One microliter RNA acquired by in vitro
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transcription and 1 pl of final dsSRNA were resolved by electrophoresis on 1.5 % agarose gel to

confirm the integrity of the dsRNA and efficiency of the annealing step.
Zygote microinjection

The zygotes were injected 20 hpf at the stage of two pronuclei. dsSRNA was dissolved in RNase-
free water to a final concentration of 800 ng/ul. Two control group were establish — the

uninjected control and a group injected with GFP dsRNA.

Zygotes were injected with ~ 5pl of the dsRNA using an inverted microscope Leica DMI 6000B
with Transferman NK2 and Femtojet (Eppendorf Czech & Slovakia s.r.o., Ricany u Prahy,
Czech Republic). Pipettes for microinjection were made using P97 Pipette Puller (Sutter
Instrument Company, Novato, CA, USA). In total, 75 embryos were included in the study three
independent injection sessions. Embryos were categorized into the following groups: 1)
embryos injected with Cull dsRNA (30 embryos), 2) embryos injected with GFP dsRNA (30)
and 3) uninjected embryos (15). After microinjection, embryos were cultivated under the
conditions mentioned in Material and Methods in the main text and collected at specific

developmental stages.
Western blot

The western blot analysis was performed as described in the main text. The antibodies used
were as follows: rabbit anti-Cullin 1 (ab75812) and rabbit anti-Cullin 1 (ab199415) both 1:1000
in 5% non-fat milk (Abcam, Cambridge, UK).

Results

Determination of the optimal dose of MLLN4924

To determine the optimal concentration of MLLN4924, several concentration of MLN4924 (0.3
pM, 1 uM, 1.5 uM and 3 uM) were used. The development of embryos treated with 0.3 pM
from the 4c to late 8c stage was not significantly changed (p>0.05; S3A Fig.). The rates of
development to the blastocyst stage after treatment with 1.5 pM MLN4924 were significantly
lower compared to control (1.5 pM MLN: 2.083 + 3.608 %, p=0.005; mean + S.D., the number
of 4-cell stage embryos was considered to be 100 %; control: 27.38 +£2.061%, S3B Fig.). When
3 uM MLN4924 was used, only 9.84 +10.004 % (p=0,015) were able to reach the morula stage
compared to 54.167 + 16.009 % control embryos and these embryos never developed into

blastocyst (S3C Fig.). Moreover, part of treated embryos shows morphological changes, under
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the stereomicroscopy they look like homogeneous ball of cytoplasm and never developed into
the subsequent stage. Cultivation with 1 pM MLN4924 showed decreasing numbers of
developing embryos from morula to blastocyst stages (168 hpf), but some of the embryos were
able to reach the blastocyst stage later (192 hpf, Fig. 1 in the main text). That showed us the
ability of embryos to overcome this handicap and restore the activity of SCF complex. For these
reasons, the treatment with 1uM of MLN4924 from 4cell to late 8cell stage was considered to

be the lowest functional concentration.
Verification of Cullin 1 mRNA and protein silencing

To prevent the formation of SCF complex, zygotes were microinjected with specific dsSRNA
against Cullin 1 mRNA. The microinjection of cullin 1 dsRNA efficiently (S1 Fig.) caused
degradation of cullin 1 mRNA in bovine preimplantation embryos. The Cullin I mRNA was
reduced by 74.69 % in comparison to uninjected control (p<0.001) and by 72.31 % (p=0.004)
in comparison to GFP dsRNA injected control. No significant difference was found in the
abundance of cullin I mRNA between the uninjected group and GFP dsRNA-injected group

(p>0.05). The experiment was repeated three times.

The level of CULI protein in microinjected embryos was analyzed using western blot. No
significant decrease in CULI protein in Cull dsRNA injected embryos was found. The

experiment was repeated three times using two different antibodies (S2 Fig.).
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Tables

Antibody Vendor Cat. number | Host Organism | Dilution
Anti-CENPE Cell Signaling Technology | 14977 rabbit 1:500
Anti-IKBA Cell Signaling Technology | 92428 rabbit 1:1000
Anti-P27 Abcam Ab32034 rabbit 1:1000
Anti-RBM19 Abcam Ab122515 rabbit 1:250
Anti-RPS6 Santa Cruz Biotechnology [ SC-74459 mouse 1:1000
Anti-SMAD4 Proteintech 10231-I-AP | rabbit 1: 7000
Anti-ZAR1 Bioss Antibodies bs-13549R rabbit 1:300
Anti-alpha-Tubulin | Abcam ab52866 rabbit 1:2000
Anti-Lamin Sigma-Aldrich SAB4200236 | mouse 1:150

Supplementary table 1. Antibody Table
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