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2. Wykaz uzytych skrotow

ABI3BP
ABP
ACTN1
ACTB
ADAM23
AKT
ANK2
ANKRD1
ART
CAV1
CCL2
CCNE2
CGCs
CD44
CD90
CD105
CD117
CD166
CDC20
CDC45
CDK1
cDNA
CH
CHI3L1
CLIP4
COC
COL3A1
COL14A1
CNN1
CNTLN
CXCL10
DAPL1

ang. ABI family member 3 binding protein

biatko wigzace aktyne¢ (ang. actin binding protein)

aktynina (ang. actinin alpha 1)

B — aktyna (ang. S — actin)

ang. ADAM metallopeptidase domain 23

kinaza biatkowa B (ang. protein kinase B)

ang. ankyrin 2

ang. ankyrin repeat domain 1

techniki wspomaganego rozrodu (ang. assisted reproductive technologies)
kaweolina 1 (ang. caveolin 1)

ang. chemokine (C-C motif) ligand 2

cyklina E2 (ang. cyclin E2)

komorki wzgorka jajonosnego (ang. cumulus cells)

antygen roznicowania 44 (ang. cluster of differentiation 44)
antygen roznicowania 90 (ang. cluster of differentiation 90)
antygen roznicowania 105 (ang. cluster of differentiation 105)
antygen roznicowania 117 (ang. cluster of differentiation 117)
antygen réznicowania 166 (ang. cluster of differentiation 166)
ang. cell division cycle 20

ang. cell division cycle 45

kinaza zalezna od cykliny 1 (ang. cyclin-dependent kinase 1)
komplementarny DNA (ang. complementary DNA)

homolog kalponiny (ang. calponin homology)

ang. chitinase-3-like protein 1

ang. CAP-Gly domain containing linker protein family member 4
kompleks kumulus — oocyt (ang. cumulus — oocyte complex)
kolagen 3 podjednostka 1 (ang. collagen type Il alpha chain)
kolagen 14 podjednostka 1 (ang. collagen type XIV alpha chain)
kalponina (ang. calponin 1)

centleina (ang. centlein)

ang. C-X-C motif chemokine ligand 10

ang. death associated protein — like 1



DAVID ang. Database for Annotation, Visualization and Integrated Discovery

DCN dekoryna (ang. decorin)

DMEM ang. Dulbecco’s Modified Eagle’s Medium

DNAJB1 ang. DnaJ heat shock protein family (Hsp40) member Bl

ECM macierz zewnatrzkomorkowa (ang. extracellular matrix)

EDTA kwas wersenowy (ang. ethylenediaminetetraacetic acid)

EGFR receptor naskérkowego czynnika wzrostu (ang. epidermal growth factor
receptor)

ERK sciezka sygnalizacyjna ERK (ang. ERK signaling pathway)

ESPL1 separaza (ang. extra spindle pole bodies like 1)

EVs pecherzyki zewnatrzkomorkowe (ang. extracellular vesicles)

FAK sciezka sygnalizacyjna FAK (ang. FAK signaling pathway)

FBS ptodowa surowica bydleca (ang. fetal bovine serum)

FBXOS5 ang. I-Box Protein 5

FCS ptodowa surowica cieleca (ang. fetal calf serum)

FF ptyn pecherzykowy (ang. follicular fluid)

FI interakcja funkcjonalna (ang. functional interaction)

FMOD fibromodulina (ang. fibromodulin)

FN1 fibronektyna 1 (ang. fibronectin 1)

FRMD6 biatko 6 zawierajgce domen¢ FERM (ang. FERM domain containing 6)

FSH hormon folikulotropowy (ang. follicular stimulating hormone)

FST folistatyna (ang. follistatin)

GCs komorki ziarniste (ang. granulosa cells)

GSN gelsolina (ang. gelsolin)

GJC potaczenie szczelinowe typu neksus (ang. gap junction connection)

GO BP ontologia gendow procesOw biologicznych (ang. gene ontology biological process)

GO MF ontologia genow funkcji molekularnych (ang. gene ontology molecular function)

HSD3B1 ang. hydroxy-delta-5-steroid dehydrogenase, 3 beta- and steroid delta-
isomerase 1

HSD17B1 ang. 17p-Hydroxysteroid dehydrogenase 1

ICAM miedzykomérkowe czasteczki adhezyjne (ang. intercellular adhesion
molecules)

IGF1 insulinopodobny czynnik wzrostu IGF1 (ang. insulin-like growth factor 1)

IHH ang. indian hedgehog signaling molecule



IRS1
ITGA2
ITGAS
ITGA11
ITGB3
KIF14
LAMBI1
LH
LIPG
LOX
LRP1

MAL2
MAPK
MGCs

MXRAS
NEBL
NEK2
NEXN
PAICS

PBS
PCOLCE2
PCOS
PI3K-AKT
PLK2

POI
POSTN
RAP1
RGS2
RNA
RT-qPCR

ang. insulin receptor substrate 1

podjednostka a-2 integryny (ang. integrin subunit a-2)

podjednostka a-8 integryny (ang. integrin subunit a-8)

podjednostka a-11 integryny (ang. integrin subunit o-11)

podjednostka -3 integryny (ang. integrin subunit p-3)

biatko podobne do kinezyny 14 (ang. kinesin family member 14)
podjednostka B-1 lamininy (ang. laminin subunit f-1)

hormon luteinizujacy (ang. luteinizing hormone)

lipaza srodbtonkowa (ang. endothelial lipase, EL)

oksydaza lizylowa (ang. lysyl oxidase)

biatko zwigzane z receptorem lipoprotein o niskiej gestosci 1 (ang. LDL
receptor related protein 1)

ang. T-cell differentiation protein 2

sciezka sygnalizacyjna MAPK (ang. MAPK signaling pathway)

komorki ziarniste budujace $ciane pecherzyka jajnikowego (ang. mural
granulosa cells)

ang. matrix remodeling associated 5

ang. nebulette

ang. NIMA related kinase 2

ang. nexilin F-actin binding protein

ang. phosphoribosylaminoimidazole carboxylase and
phosphoribosylaminoimidazolesuccinocarboxamide synthase

buforowana fosforanem so6l fizjologiczna (ang. phosphate-buffered saline)
ang. procollagen C-endopeptidase enhancer

zespot policystycznych jajnikow (ang. polycystic ovary syndrome)

sciezka sygnalizacyjna PI3K-AKT (ang. PI3K-AKT signaling pathway)

ang. polo like kinase 2

przedwczesna niewydolno$¢ jajnikow (ang. premature ovarian insufficiency)
periostyna (ang. periostin)

sciezka sygnalizacyjna RAP1 (ang. RAPI signaling pathway)

ang. regulator of G protein signaling 2

kwas rybonukleinowy (ang. ribonucleic acid)

ilosciowa tancuchowa reakcja polimerazy z odwrocong transkrypcja (ang.

Reverse Transcription quantitative Polimerase Chain Reaction)
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SHAS2
SNX31
SPP1
STRING
TACC3
TAGLN
TCs
TGFp
TMPO
TPM2
TRIB2
TTK

VCAM-1

syntaza hialuronianowa (ang. hyaluronan synthase 2)

ang. sorting nexin 31

ang. secreted phosphoprotein 1

ang. Search Tool for the Retrieval of Interacting Genes/Proteins
ang. transforming acidic coiled-coil containing protein 3
transgelina (ang. transgelin)

komorki ostonki pecherzykowej (ang. theca cells)

sciezka sygnalizacyjna TGFp (ang. TGFp signaling pathway)
tymopoetyna (ang. thymopoietin)

tropomiozyna 2 (ang. tropomyosin 2, beta)

ang. tribbles pseudokinase 2

kinaza biatkowa o podwojnej specyficznosci (ang. dual specificity protein
kinase)

czasteczka adhezyjna Srodbtonka 1 (ang. vascular cell adhesion molecule 1)
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3. Badania wlasne
3.1. Wprowadzenie

Komoérki ziarniste (ang. granulosa cells, GCs), osadzone na blonie podstawnej
(tac. lamina basalis), stanowig najwickszg populacje komodrek budujacych pecherzyk
jajnikowy [1]. Wsrdéd nich najliczniej wystepuja komorki tworzace $ciane pecherzyka
1 wyscielajagce go od wewnatrz (ang. mural granulosa cells, MGCs). Kolejng grupe stanowia
komorki ziarniste wzgdrka jajonosnego (ang. cumulus cells, CCs), ktére tworza
charakterystyczne wyniesienie wewnatrz pgcherzyka jajnikowego [2]. W obrgbie wzgorka
jajonosnego (tac. cumulus oophorus), oprocz komorek ziarnistych, znajduje si¢ zahamowany
w metafazie Il podziatu mejotycznego oocyt Il rzedu [3]. Komorki ziarniste, bezposrednio
otaczajagce komorke jajowa, tworza charakterystyczny wieniec promienisty (tac. corona
radiata). Oocyt od komorek ziarnistych wiefica promienistego oddzielony jest ostonka
przejrzysta (fac. zona pellucida). Blona komoérkowa oocytu oraz komorek ziarnistych jest silnie
pofatdowana 1 tworzy liczne wypustki. Draza one ostonke przejrzysta, dzigki czemu komorki
te kontaktujg si¢ 1 powstajg potaczenia szczelinowe typu neksus (ang. gap junction connection,
GJC), ktore zbudowane sg z biatek blonowych — koneksyn [4]. Polaczenia te wystepuja takze
pomiedzy sasiadujacymi ze sobg komodrkami ziarnistymi, umozliwiajac swobodny przeptyw
jonow 1 niewielkich czasteczek do 1,2 kDa [5]. Budowa taka wskazuje na istotng role
w przeptywie informacji miedzykomorkowej, niezbgdnej podczas wzrostu i dojrzewania
pecherzyka jajnikowego [6]. Z zewnatrz pgcherzyk jajnikowy otoczony jest tacznotkankows
ostonka pecherzykowa (tac. theca folliculi), ktéra dzieli si¢ na warstwe wewnetrzng (tac. tunica
interna thecae folliculi) oraz zewnetrzng (tac. tunica externa thecae folliculi). Warstwa
wewnetrzna, przylegajaca do blony podstawnej, charakteryzuje si¢ wystgpowaniem duzej
liczby komorek (ang. theca cells) 1 wtosowatych naczyn krwiono$nych, zewnetrzna zas jest
ubozsza w komorki 1 zawiera w przewadze wiokna kolagenowe oraz wigksze naczynia

krwionosne [7].

Podstawowa rolg komorek ziarnistych jest ich udziat w folikulogenezie oraz oogenezie
[2]. Procesy te sa ze sobg $cisle zwigzane 1 zachodzg u zwierzat cyklicznie, w regularnie
wystepujacych po sobie fazach cyklu rujowego. Pod wptywem hormonéw ptciowych dochodzi
do wzrostu 1 dojrzewania pgcherzyka jajnikowego oraz wyksztalcenia jego ostatecznej formy
rozwojowej, zawierajacej we wnetrzu jame (pecherzyk antralny). Jama ta wypelniona jest
ptynem pecherzykowym (ang. follicular fluid, FF) 1 wraz z dalszym rozwojem pecherzyka

zwigksza swoja objetos¢ [8]. Pecherzyk jajnikowy odpowiada takze za steroidogeneze, w ktora
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zaangazowane s3 komorki ziarniste wraz z komorkami warstwy wewnetrznej ostonki
pecherzykowej. Komorki ostonki pecherzykowej rozpoczynaja produkcje androgendéw pod
wptywem hormonu luteinizujacego (ang. luteinizing hormone, LH) [9]. W kolejnym etapie
zsyntetyzowane androgeny (androstendion) przedostajg si¢ przez bton¢ podstawng 1 docieraja
do komorek ziarnistych. Komorki te posiadajg receptory dla hormonu folikulotropowego
(ang. follicle stimulating hormone, FSH) 1 pod jego wplywem indukuja aromatyzacje
androgenow do estrogenow (17B-estradiolu) [9]. Estrogeny wplywaja korzystnie na
unaczynienie ostonki wewnetrznej pecherzyka jajnikowego, co zwigksza dostepnos¢ LH dla
tych komorek. To z kolei prowadzi do zwigkszonej syntezy androgenéw w komorkach ostonki
pecherzyka i1 estrogendw w komorkach ziarnistych [7]. Podwyzszony poziom estrogenow we
krwi promuje proliferacj¢ komorek ziarnistych. Proliferacja tych komoérek indukowana jest
roOwniez poprzez 9 czynnik wzrostu 1 réznicowania (ang. growth differentiation factor 9, GDF-
9) [10], wydzielany przez oocyt, co wskazuje na interakcje migdzy GCs a komorka jajowa.
Wyzej opisane procesy prowadzg do powstania przedowulacyjnych pecherzykow jajnikowych,
z ktorych moga zosta¢ uwolnione gotowe do zaptodnienia oocyty. W przypadku
niedostatecznej produkcji estrogendw dochodzi do androgenizacji pecherzykow jajnikowych,
ktore ulegajg atrezji, stopniowo zmniejszajac tym samym pule dostepnych do zaptodnienia
komorek jajowych. Przedstawione wyzej roznice w stezeniu hormondw piciowych, zwigzane
z dojrzewaniem pecherzykow jajnikowych, wplywaja takze na zmiany zachowania zwierzat,
ktore sa dobrze widoczne w okresie okotorujowym. Swinia domowa (tac. Sus scrofa domestica)
nalezy do zwierzat poliestralnych z owulacja mnogg (poliowulacja), w trakcie ktorej dochodzi

do uwolnienia wielu kompleksow kumulus — oocyt (ang. cumulus — oocyte complex, COC).

Do prawidtowego funkcjonowania komorek zwierzecych, w tym takze komorek
ziarnistych, wymagane jest odpowiednie mikrosrodowisko, w obrebie ktérego dochodzi do
swobodnego przeptywu informacji 1 wzajemnego komunikowania si¢. Macierz
zewnatrzkomorkowa (ang. extracellular matrix, ECM) jest niezwykle wazng strukturg, obecna
we wszystkich tkankach organizmu zwierzecego [11]. Sktada si¢ z elementéw o odmienne;j
strukturze chemicznej 1 pelni zréznicowane funkcje [12]. Gloéwnymi sktadnikami macierzy
zewnatrzkomorkowej sg dwie grupy czasteczek. Pierwszg z nich stanowig biatka wtokniste, do
ktorych naleza kolagen, elastyna, fibronektyna i laminina. Drugg grupa sa proteoglikany.
Czasteczki te skladaja si¢ zbiatkkowego rdzenia, do ktérego przylaczone sa
glikozaminoglikany. Najczgscie] wystepujagcym biatkiem wildknistym jest kolagen, ktory

wspiera rusztowanie tkankowe, ale takze wptywa na adhezje¢, migracje 1 chemotaksje komorek
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[13]. Proteoglikany z kolei wykazujg wtasciwosci wysoce hydrofilowe, powodujac tworzenie
hydrozelu, wypehiajacego przestrzen miedzy biatkami wioknistymi ECM. Ponadto
proteoglikany sa zaangazowane w wiele szlakow sygnalizacyjnych, zwigzanych miedzy
innymi z receptorem insulinopodobnego czynnika wzrostu 1 (ang. insulin-like growth factor 1,
IGFIR), receptorem naskérkowego czynnika wzrostu (ang. epidermal growth factor receptor,
EGFR) oraz bialkiem zwigzanym z receptorem lipoprotein o niskiej gestosci 1 (ang. LDL
receptor related protein 1, LRPI) [13]. Macierz zewnatrzkomérkowa stanowi unikalne
mikrosrodowisko dla komorek, petnigc dla nich nie tylko funkcje podporowe, ale takze biorac
udziat w szlakach transportu sktadnikéw odzywczych, hormonéw 1 sygnatlow
pozakomorkowych do komorek docelowych oraz stuzac regulacji ekspresji genow i uwalnianiu
cytokin [11,14]. Tak szeroki wachlarz pelnionych przez nig funkcji jest wynikiem

zréznicowanej struktury chemicznej [15].

W dotychczas przeprowadzonych przez innych autorow badaniach, ekspresja genéw
zwigzanych z tworzeniem macierzy zewnatrzkomorkowej zostala wykazana w réznych
obszarach pecherzyka jajnikowego, takich jak: btona podstawna, ostonka przejrzysta, komorki
ziarniste $ciany 1 wzgorka jajonosnego oraz ptyn pecherzykowy [16]. Wykazano réwniez, ze
profil ekspresji tych genéw ulega zmianie w trakcie przebiegu procesu folikulogenezy [17],
czego efektem jest zmienno$¢ konformacji tancuchow lamininy w zaleznosci od stopnia
dojrzatosci pecherzyka jajnikowego [18]. Udziat poszczegdlnych elementow sktadowych
macierzy zewnatrzkomoérkowej w folikulogenezie, potwierdzono rowniez, wykazujac ich
wpltyw na szlaki sygnalizacyjne zwigzane z dojrzewaniem pecherzyka jajnikowego [19].
Zaburzenia w funkcjonowaniu i strukturze ECM [20] mogg prowadzi¢ do schorzen w obrebie
uktadu rozrodczego, w tym zespotu policystycznych jajnikow (ang. polycystic ovary syndrome,
PCOS) [21-23], przedwczesnej niewydolnosci jajnikéw (ang. premature ovarian insufficient,
POI) [24,25] oraz nowotwordw [26]. Do tej pory rola macierzy zewnatrzkomorkowej komorek

ziarnistych na poziomie molekularnym zostala stabo poznana.

Wplyw na przebieg procesu folikulogenezy 1 oogenezy maja rozbudowane wzajemne
interakcje wystepujace w komorkach ziarnistych, w ktore oprécz ECM zaangazowane sg takze
kadheryny 1 integryny [27-31]. Kadheryny 1 integryny naleza do bialek transbtonowych, ktore
biorg udzial w sygnalizacji miedzykomorkowej. Pierwsze z nich s3 odpowiedzialne za
sygnalizacj¢ bezposrednio miedzy komorka a komoérka [27], drugie za$ za sygnalizacje miedzy
komorkg a macierzg zewnatrzkomorkowg [30]. Wérod kadheryn wyro6znia si¢ kilka grup: N-

kadheryna (kadheryna neuronalna), P-kadheryna (kadheryna lozyskowa), R-kadheryna
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(kadheryna siatkdéwkowa), VE-kadheryna (kadheryna $rédblonka naczyniowego) oraz E-
kadheryna (kadheryna nabtonkowa) wystepujaca w nabtonkach 1 tym samym zwigzana migdzy
innymi z funkcjonowaniem uktadu rozrodczego [27]. Ponad dwie dekady temu opisano
ekspresje E-kadheryn w komorkach ziarnistych §win i powigzano ja z rozwojem pecherzykow
jajnikowych, rozumianym jako wptyw na utrzymanie integralnosci strukturalnej [32]. Ponadto
wykazano dodatnig korelacje miedzy ekspresjg E-kadheryny a pulg pierwotnych pecherzykow
w jajniku myszy, powstajacych podczas rozwoju embrionalnego [33]. Kadheryny nabtonkowe
wplywaja rdwniez na proces zaptodnienia poprzez wzmocnienie interakcji miedzy plemnikiem
a nablonkiem jajowodu 1 komodrka jajowa, co zostato potwierdzone w modelu bydlecym [34].
Druga grupa biatek transbtonowych sg integryny, ktore nalezg do czasteczek adhezyjnych
zawierajacych w swojej budowie podjednostki o (ang. integrin subunit a, ITGA)
1P (ang. integrin subunit [, ITGB) [35]. ITGA jest zwigzana z tworzeniem ECM, zas ITGB
odgrywa jedng z kluczowych rdl w regulacji wewnatrzkomorkowych kaskad sygnalizacyjnych
(w tym FAK, AKT). Integryny, jako czasteczki adhezyjne, wigzac si¢ z ECM, stale identyfikuja
sktad macierzy zewnatrzkomoérkowej, w odpowiedzi na co mogg zmienia¢ lub utrzymywac
ksztalt komorki [36,37]. Podwyzszona ekspresja genéw kodujacych integryny zostata juz
wczesniej opisana w komorkach ziarnistych §wini 1 powigzano ja z procesami angiogenezy
[38], morfogenezy [39], adhezji [40], a w przypadku ITGB3 réwniez apoptozy [41]. Z kolei
obnizona ekspresja genow kodujacych integryny negatywnie wplywa na adhezje komorek
ziarnistych. Zaburzenia ekspresji integryn moga prowadzi¢ do zaburzen takich jak PCOS
u ludzi [42]. Stad kadheryny i integryny, jako biatka transbtonowe, wykazujg istotng role

w przebiegu folikulogenezy, oogenezy 1 owulacji.

Kolejnym istotnym elementem biorgcym udzial w sygnalizacji migedzykomorkowe;,
cho¢ takze w podziale komorki, jest cytoszkielet [43]. Cytoszkielet jest strukturg dynamiczna,
stale modyfikujacg swoj sktad, w ktory wchodzg mikrofilamenty, mikrotubule 1 filamenty
posrednie [44]. Biatkiem strukturalnym budujagcym mikrofilamenty jest aktyna, ktéra jest
najczesciej wystepujacym biatkiem w komodrkach zwierzecych. Funkcje pelnione przez
mikrofilamenty sg liczne 1 obejmujg ich udzial w ruchu 1 podziale komorek, sygnalizacji
wewnatrzkomorkowowej [45] a takze w endocytozie [46]. Mikrotubule sktadajg si¢ z biatka
tubuliny 1 sg odpowiedzialne za transport réznych substancji [47] oraz tworzenie wrzeciona
kariokinetycznego [48,49]. Z kolei filamenty posrednie, skladajace si¢ z biatek takich jak
wimentyna, keratyna i lamina, determinujg ksztalt i stabilno§¢ komorek, ale takze sygnalizacje

miedzykomodrkowa [50]. Oprécz funkcji zwigzanych ze stabilizacjg sSrodowiska komorkowego,
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filamenty posrednie wykazuja aktywnos$¢ w regulacji apoptozy, migracji 1 adhezji komérkowe;j
oraz interakcjach z innymi sktadnikami cytoszkieletu [44]. Ponadto wykazano, Ze cytoszkielet
wpltywa na sklad macierzy zewnatrzkomorkowej [51]. Geny kodujace biatka zwigzane
z cytoszkieletem, w tym TPM?2 (ang. tropomyosin 2, beta), VCAM-1 (ang. vascular cell
adhesion molecule 1) [52,53] oraz COL3Al (ang. collagen type IlI alpha chain) [54,55],
wplywaja takze na wystgpienie PCOS 1 POI. Zmiany w proporcjach poszczegélnych
sktadowych cytoszkieletu wykazano rowniez w procesach nowotworowych [56]. Moze wigzac
si¢ to z aktywnym udziatem cytoszkieletu w niekontrolowanym podziale komorek

nowotworowych [57].

Uzupetnieniem  omawianego  zagadnienia,  zwigzanego z  sygnalizacja
miedzykomérkowa w obrebie komorek ziarnistych, sg pecherzyki zewnagtrzkomorkowe
(ang. extracellular vesicles, EVs). Czasteczki te, o wielkosci okoto 30 — 1000 nm, sg obszarem
intensywnych badan naukowych w ostatnich latach i przypisuje si¢ im wiele waznych dla
aktywnos$ci komorek funkcji [58]. Pecherzyki zewnatrzkomorkowe to czasteczki otoczone
btong lipidowa, ktore sg zlokalizowane poza komoérka. Wsrod nich wyrdznia sie¢ mate
pecherzyki (ang. small-EVs) oraz duze pecherzyki (ang. large-EVs). Do matych pecherzykow
zalicza si¢ egzosomy, za$ do duzych mikropecherzyki (ang. microvesicles, MVs) oraz ciatka
apoptotyczne (ang. apoptotic bodies) [59]. Ponadto, niedawno opisano trzeci typ EVs, zwany
migrasomami [59]. Pecherzyki zewnatrzkomoérkowe stanowig nos$nik dla bialek, lipidow,
mRNA, mikroRNA, ncRNA, cirRNA bedac jednocze$nie silnie zaangazowanymi
w sygnalizacj¢ mi¢dzykomorkowa [60]. EVs powstaja w wyniku paczkowania lub
wewnatrzkomorkowego transportu endocytarnego obejmujacego fuzje ciat
wielopecherzykowych (ang. multivesicular bodies, MVBs) z btong plazmatyczng [58].
Waznym przekaznikiem nalezagcym do pecherzykow zewnatrzkomorkowych, zaangazowanym
bezposrednio, jak 1 posrednio w sygnalizacje migdzykomorkows, sg egzosomy. Wptywaja one
na komorki docelowe poprzez bezposredni kontakt z receptorami zewnatrzkomorkowymi lub
po zwiazaniu z blong komorkowa mogg podlega¢ endocytozie zaleznej od klatryny [61]. Po
fuzji z btong komoérkowa egzosomy uwalniajg przeniesiony tadunek wprost do cytozolu [62]
lub wpltywaja na komodrke poprzez aktywacje szlakéw sygnalizacyjnych [63]. Te
nanoczasteczki odgrywaja wazng role w funkcjonowaniu uktadu rozrodczego [64—67] poprzez
ich udzial w adhezji komorek [68], migracji [59], proliferacji [69] 1 odpowiedzi na hipoksj¢
[70]. Egzosomy w mikrosrodowisku komorek ziarnistych wplywaja na sklad macierzy

zewnatrzkomorkowej poprzez udzial w jej remodelingu, jednoczesnie to wiasnie ECM wptywa
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na uwalnianie egzosomdéw z komodrek [71]. Cytoszkielet jest roOwniez zaangazowany
w uwalnianie EVs, gdyz poprzez polimeryzacje aktyny znajdujacej si¢ pod btong
cytoplazmatyczng, umozliwia paczkowanie 1 uwalnianie pgcherzykdéw na zewnatrz komorki
[58]. Badanie wptywu egzosoméw na sktad ECM [72] oraz zaangazowania tych
nanoczasteczek w proces angiogenezy [73,74] moze by¢ kluczowy dla zrozumienia podstaw

molekularnych schorzen jajnika [75].

Istotng, niedawno odkryta, cechg komorek ziarnistych jest ich zdolno$¢ do roznicowania
si¢ w inne typy komorek [76,77]. Wykazano w nich ekspresje gendw, okreslonych jako markery
genetyczne, charakterystyczne dla mezenchymalnych multipotencjalnych komorek
macierzystych, tj. CD44, CD90, CDI105, CDI117, CD166 [78]. Potencjalnie stwarza to
mozliwosci réznicowania komorek ziarnistych w komorki tkanki chrzgstnej, kostnej, nerwowe;j
[79] oraz mig$niowej [80]. Istotny dla tej cechy komoérek ziarnistych jest fakt, iz na

roznicowanie si¢ komoérek ma wptyw ECM oraz egzosomy [68,81].

Wzajemne interakcje ECM, cytoszkieletu 1 pecherzykéw zewnatrzkomorkowych
w komorkach ziarnistych wptywajg na ich prawidtowe funkcjonowanie w zakresie sygnalizacji
miedzykomoérkowej, adhezji, proliferacji, migracji 1 podziatlu [11,14,45,59,68,69,82—84].
Mechanizmy te, wystepujagce w komorkach ziarnistych, nie sg wystarczajagco poznane na
poziomie molekularnym. W tym celu konieczne jest zbadanie tych interakcji, co moze da¢
podstawy do zrozumienia patofizjologii schorzen wystepujacych w obrebie jajnika. Dodatkowo
wiedza ta moze by¢ wykorzystana w nowoczesnych technikach wspomaganego rozrodu
(ang. assisted reproductive technologies — ART) a takze medycynie regeneracyjnej opartej na

komorkach macierzystych.
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3.2. Cel badan

Celem badan byto okreslenie profilu ekspresji wybranych gendéw odpowiedzialnych za
sygnalizacj¢ miedzykomoérkowa i tworzenie macierzy zewnatrzkomorkowej oraz cytoszkieletu
w komorkach ziarnistych pecherzyka jajnikowego $wini, w trakcie ich krotkoterminowej

pierwotnej hodowli in vitro.

Roéwnolegle realizowane byly nastepujace cele szczegotowe:
1. Badanie ekspresji wybranych gendéw bioragcych udzial w steroidogenezie komorek
ziarnistych jajnika §wini w warunkach in vitro.
2. Typowanie $ciezek sygnalizacyjnych biorgcych udziat w integracji srodowiska zewnatrz
1 wewnatrzkomorkowego komorek ziarnistych jajnika §wini w hodowli in vitro.
3. Wytypowanie genow, ktore moga by¢ uznane w przysztosci za nowe markery

folikulogenezy u $wini domowe;.
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3.3. Material i metody

Material do badan stanowity jajniki pozyskane poubojowo od 120 dojrzatych ptciowo
loszek §wini domowej, o $redniej masie ciata 105 kg 1 wieku okoto 6 miesigcy. Zwierzeta
poddane ubojowi w komercyjnej rzezni utrzymywane byly w zblizonych warunkach
hodowlanych. Zgodnie z obowigzujacym prawem, zwierzeta przed ubojem poddane byly
badaniu klinicznemu, ktére nie wykazato zmian chorobowych. Po uboju, wyizolowane narzady
rozrodcze byty transportowane do laboratorium w roztworze soli fizjologicznej o temperaturze
38°C, w czasie do 30 minut. Zgodnie z obowigzujacymi w Unii Europejskiej przepisami,
badania przeprowadzane na materiale pozyskiwanym poubojowo nie wymagaja zgody

Lokalnej Komisji Etycznej ds. Doswiadczen na Zwierzetach.

Jajniki odizolowane od narzadow rozrodczych umieszczono w roztworze PBS
(ang. phosphate-buffered saline), uzupelnionym plodowa surowicg bydleca (FBS; Sigma-
Aldrich Co., St. Louis, MO, USA). Nastegpnie za pomoca strzykawki o pojemnosci 5 ml 1 igly
20 G aspirowano ptyn pecherzykowy z pojedynczych pecherzykow jajnikowych o $rednicy
powyzej S mm. Pozyskany ptyn umieszczano w sterylnej szalce Petriego, a nastepnie izolowano
i1usuwano kompleksy kumulus-oocyt (COCs). Wyekstrahowany plyn pecherzykowy
filtrowano przez sterylne nylonowe sita komorkowe o $rednicy oczek 40 um (Biologix Group,
Shandong, Chiny) w celu wyeliminowania resztek tkanek 1 wigkszych agregatow komorek,
w tym erytrocytow 1 komorek nabtonkowych. Otrzymang zawiesing wirowano w temperaturze
pokojowej przez 10 minut, przy obrotach 200 x g, w celu uzyskania podziatu na frakcje. Po
odrzuceniu supernatantu, osad komérkowy zawieszano w roztworze kolagenazy typu I (Gibco,
Thermo-Fischer Scientific, Waltham, MA, USA) 1 mg/1 ml DMEM 1 inkubowano przez 10
minut w fazni wodnej o temperaturze 37°C, a nastgpnie odwirowano (w takich samych
warunkach jak podano wyzej). Uzyskany po odwirowaniu osad uzyto do rozpoczgcia procedury
hodowli pierwotnej in vitro. Do dalszych badan wykorzystano tylko proby o zywotnosci
komorek wynoszacej powyzej 85%. Komorki wysiewano w liczbie 3 x 10/ butelke hodowlang
(25 cm2, TPP, Trasadingen, Szwajcaria). Zywotno$é komorek i ich liczbe oceniano za pomoca
automatycznego licznika komorek ADAM (NanoEnTek, Waltham, MA, USA). Do hodowli
uzywano pozywke hodowlang sktadajacg si¢ z Dulbecco's Modified Eagle's Medium (DMEM,
Sigma-Aldrich, Saint Louis, MO, USA), 2% plodowej surowicy cielecej (FCS) (PAA, Linz,
Austria), 10 mg/ml kwasu askorbinowego (Sigma-Aldrich, Saint Louis, MO, USA), 0,05 uM
deksametazonu (Sigma-Aldrich, Saint Louis, MO, USA), 200 mM L-glutaminy (Invitrogen,
Carlsbad, CA, USA), 10 mg/ml gentamycyny (Invitrogen, Carlsbad, CA, USA), 10 000

19



jednostek/ml penicyliny (Invitrogen, Carlsbad, CA, USA) i 10 000 pg/ml streptomycyny
(Invitrogen, Carlsbad, CA, USA). Tak przygotowane butelki hodowlane wraz z komérkami
utrzymywano w temperaturze 38,5 °C 1 5% stezeniu CO2. Po osiaggni¢ciu przez komoérki ponad
80% konfluencji, odseparowywano je od podloza za pomocag 0,05% trypsyny-EDTA
(Invitrogen, Carlsbad, CA, USA), a nastgpnie pasazowano. Morfologi¢ GCs oceniano za

pomoca odwrdoconego mikroskopu z kontrastem fazowym (Ryec. 1).

9 h

Rycina 1. Morfologia komorek ziarnistych podczas trwania hodowli in vitro w poszczegdlnych

przedziatach czasowych (Kulus i wsp., 2021, Biology)

W celu przeprowadzenia doswiadczenia wyznaczono nast¢pujace przedziaty czasowe:
0 h — warto$¢ referencyjna oraz 48 h, 96 h i 144 h. Hodowle in vitro zamykano w wyznaczonych
przedziatach czasowych, a z pozyskanych komorek izolowano catkowity RNA, przy
wykorzystaniu metody Chomczynskiego — Sacchi, polegajacej na degradowaniu bton
komoérkowych przy uzyciu fenolu oraz tiocyjanianu guanidyny (TRI Reagent®, Sigma —
Aldrich, St. Luis, USA). Po dodaniu chloroformu uzyskano podziat roztworu na 3 fazy: wodnag
(zawierajagcg RNA), interfaze oraz faze organiczng. Do wytracenia RNA uzyto izopropanolu.
Stezenie wyizolowanego RNA zbadano przy uzyciu spektrofotometru do pomiaréw w kropli
(Spektrofotometr NanoDrop, Thermo Scientific, Waltham, MA, USA), przy dtugosci fali 260
nm, bazujac na pomiarze gestosci optycznej (ang. optical density, OD). Do dalszych badan
uzyto 100 ng RNA, ktore poddano procesowi odwrotnej transkrypcji w celu uzyskania cDNA,

zgodnie z zatagczonym przez producenta protokotem (Ambion® WT Expression Kit).

Kolejnym etapem badan bylo wykorzystanie metody mikromacierzy ekspresyjnych
Affymetrix® Porcine Gene 1.1 ST Array Affymetrix (Affymetrix, Santa Clara, CA, USA), co
umozliwitlo zbadanie transkryptomu komoérek ziarnistych w okreslonych w trakcie
do$wiadczenia przedziatach czasowych. Dodatkowo, w oparciu o bazy danych gendéw i ich
produktéw biatkowych (GeneAtlas System, Affymetrix GeneAtlas™ Operating Software),
przeprowadzono analiz¢ funkcjonalng. W celu skorygowania tla, normalizacji i podsumowania

wynikoéw zastosowano algorytm Robust Multiarray Averaging (RMA). Istotno$¢ statystyczng
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zmian ekspresji analizowanych genow oceniono za pomocg moderowanej statystyki t
z empirycznej metody Bayesa. Uzyskana warto§¢ p zostala skorygowana o wielokrotne
poréwnania przy uzyciu wspotczynnika Benjaminiego 1 Hochberga. Istotnie zmieniong
ekspresje gendow ustalono w oparciu o warto$¢ p wynoszacg <0,05 1 krotnos$¢ ekspresji wyzsza
niz 2. Listy gendw ulegajacych zroznicowanej ekspresji zostaly wprowadzone do
oprogramowania DAVID (Database for Annotation, Visualization and Integrated Discovery),
gdzie uzyskano grupy ontologiczne genéw GO MF (ang. gene ontology molecular function)
[85]. Dane dotyczace ekspresji tych genow zostalty poddane hierarchicznej procedurze
klasteryzacji 1 przedstawione w postaci wykresu heatmap (mapy zmiennosci ekspresji genow).
Szczegdlowa analiza gendéw nalezacych do wybranych termindw GO MF zostata
przedstawiona w postaci wykresow przy uzyciu biblioteki "GOplot" [86] 1 pakietu R
"ClusterProfiler" [87]. W wybranych zestawach genéw zbadano wzajemne relacje za pomocg
pakietu GOplot. Pakiet GOplot zostal wykorzystany do obliczenia z-score (r6znica w liczbie
genow regulowanych w goére 1 w dot podzielona przez pierwiastek kwadratowy z liczby).
Analiza z-score pozwolita porowna¢ wzbogacenie wybranych grup ontologicznych GO BP
(ang. gene ontology biological process). Za pomocg oprogramowania STRING10 (Search Tool
for the Retrieval of Interacting Genes, STRING Consortium, Lozanna, Szwajcaria) [88]
zbadano interakcje miedzy genami i kodowanymi przez nie biatkami. Funkcjonalne interakcje
(ang. functional interaction — F1) migdzy genami nalezacymi do wybranych GO BP zostaty
zbadane za pomocg aplikacji REACTOME FIViz i oprogramowania Cytoscape 3.8.2 (San
Diego, CA, USA).

W  celu walidacji wynikéw otrzymanych z mikromacierzy ekspresyjnych,
przeprowadzono ilosciowg tancuchowg reakcje polimerazy z odwrotng transkrypcja (RT-
qPCR). Reakcje ta wykonano przy uzyciu LightCycler real-time PCR detection system (Roche
Diagnostics GmbH, Mannheim, Germany). Jako barwnik wykrywajacy uzyto SYBR® Green I
(Master Mix Qiagen GmbH, Hilden, Niemcy), a docelowe cDNA okreslono ilosciowo przy
uzyciu metody wzglednej kwantyfikacji. Poziom ekspresji poszczegdlnych genéw w kazdej
probee obliczono wzgledem genow referencyjnych PBGD (ang. porphobilinogen deaminase)
1ACTB (ang. f — actin). Przedstawione analizy 1 wykresy zostaly wykonane za pomoca

Bioconductor (wersja 3.12) 1 przy uzyciu jezyka programowania R (v4.1.2; R Core Team 2021).
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3.4. Wyniki i dyskusja

W pierwszym etapie badan analizie poddano ekspresj¢ gendw zwigzanych z tworzeniem
macierzy zewnatrzkomoérkowej oraz kodujacych biatka transbtonowe, takie jak integryny
1 kadheryny, w komorkach ziarnistych §wini, ktére wspdlnie odpowiadajg za sygnalizacje
miedzykomoérkowa. Metoda mikromacierzy ekspresyjnych pozwolita na wyodrgbnienie,
z pozyskanego w trakcie hodowli in vitro materiatu, 3380 genow o zréznicowanej ekspres;ji.
Zgodnie z tematyka pierwszego etapu badan, dalszym analizom poddano 81 gendw, ktore
przyporzadkowano do siedmiu grup ontologicznych: “extracellular matrix binding”,

2 (13 2 (13

“extracellular matrix structural constituent”, “binding, bridging”, “cadherin binding”, “cell
adhesion molecule binding”, “collagen binding” and “cadherin binding involved in cell-cell
adhesion”. Posréd tych 81 genow, 66 wykazalo wzglegdem wartosci referencyjnych
podwyzszony poziom ekspresji, natomiast 15 obnizony. Mapy cieplne (heatmaps) prezentujace
profile transkryptomiczne gendéw dla poszczegodlnych grup ontologicznych wykazaty wzrost
ekspresji w trakcie prowadzonej hodowli in vitro. Przynaleznos¢ do dwoéch lub wigcej grup
ontologicznych wykazaty 33 posrod 66 gendw o podwyzszonej ekspresji. Natomiast wsrdd 15
genow wykazujacych obnizony poziom ekspresji, 5 wykazato przynalezno$¢ do dwoéch lub
wiecej grup ontologicznych. Do dalszych analiz wybrano 20 genow wykazujacych najwieksza
zmienno$¢ w ekspresji, zaroOwno zwigzang z jej wzrostem (ang. upregulation), jak i spadkiem
(ang. downregulation). Do dziesigciu gendw wykazujacych w komorkach ziarnistych najsilniej
podwyzszong ekspresje nalezaty POSTN, ITGA2, FNI1, LAMBI, ITGB3, CHI3L1, PCOLCE?2,
CAVI, DCN, COLI4A41. Natomiast do dziesigciu gendow wykazujacych najsilniej obnizong
ekspresje zaliczaty si¢ SPPI, IRSI, CNTLN, TMPO, PAICS, ANK2, ADAM?23, ABI3BP,
DNAJBI, IGFI. Wymienione wyzej geny 1 ich produkty biatkowe odgrywaja istotng role
w licznych procesach 1 $ciezkach sygnalizacyjnych wystepujacych w obrgbie pecherzyka
jajnikowego. Udziat tych bialek jest kluczowy w tworzeniu macierzy zewnatrzkomorkowej,
ktora dynamicznie zmieniajac swojg strukture, wptywa na aktywnos¢ proceséw fizjologicznych
oraz patologicznych w obrgbie jajnika. Dekoryna (ang. decorin, DCN), ktorej ekspresja byta
podwyzszona w prowadzonych w ramach rozprawy doktorskiej badaniach, jest glikoproteing
wykazujacg liczne funkcje w jajniku [89]. Jest zaangazowana w proces folikulogenezy oraz
owulacji, co potwierdzajg wyniki zrdéznicowanej ekspresji tego genu w poszczegolnych
populacjach komérek ziarnistych uzyskane przez innych autoréw [90]. Wykazano, ze ekspresja
DCN jest wyzsza w MGCs tworzacych od wewnatrz §ciane pecherzyka jajnikowego 1 istotnych

dla owulacji, niz w CCs [90]. Role dekoryny opisano takze w steroidogenezie oraz proliferacji
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komorek ziarnistych, dlatego jest uznawana za biomarker technik wspomaganego rozrodu
[91,92]. Ekspresja DCN jest regulowana przez wiele Sciezek sygnatowych, miedzy innymi
PKA, PKC, ERK/MEK 1 PI3K [90], za$ sama reguluje aktywnos¢ $ciezki sygnatowej TGF-3
[93]. Podobng rolg, zwigzang z udziatem w folikulogenezie 1 owulacji, pelnig dwa geny
wykazujace podwyzszong ekspresj¢ w badaniach prowadzonych w ramach rozprawy
doktorskiej. Sa to fibronektyna (ang. fibronectin, FNI) oraz periostyna (ang. periostin,
POSTN), ktore SciSle zwigzane s3 z funkcjonowaniem ECM. FNI bierze udziat w $ciezce
sygnalizacyjnej fibronektyna — integryna, waznej dla funkcjonowania pecherzyka jajnikowego
[94]. Ponadto, regulujac $ciezke sygnatowg FAK, wplywa na proces owulacji, luteinizacji oraz
ekspansji komorek budujacych kumulus [95]. Potwierdzono to poprzez inhibicje tej Sciezki
sygnatowej, czego efektem bylo niewystgpienie owulacji [94]. Z kolei POSTN jest genem
warunkujagcym remodeling tkanki wtoknistej w obrebie pecherzyka jajnikowego, co takze jest
kluczowe dla owulacji [96]. Oba geny poprzez wyzej opisang aktywnos$¢ wykazujg zwigzek
z wystepowaniem zespotu policystycznych jajnikéw [22,23]. Dodatkowo, istotng rolg
w regulacji sktadu macierzy zewnatrzkomorkowej peini kaweolina (ang. caveolin, CAV-1),
ktora wykazata podwyzszong ekspresje w prowadzonych badaniach. Produkt biatkowy tego
genu odpowiada za formowanie egzosoméw a takze deponowanie poza obreb komorki
produktow majacych wplyw na sktad 1 funkcjonowanie ECM [97]. Posrednio moze wptywac
takze na proces owulacji oraz luteinizacji komodrek ziarnistych, co potwierdzono u bydta [98].
Dodatkowo wykazano, Zze obnizona ekspresja tego genu wptywa na Sciezke sygnalizacyjng
Notch2, powodujac zmniejszenie ilosSci receptorow LgrS (leucine-rich repeat containing
G protein-coupled receptor 5), co zwigzane jest z wystepowaniem POI [24]. Integryny, jako
biatka transbtonowe, wykazuja liczne interakcje z macierza zewnatrzkomérkowa, wptywajac
na jej sktad 1 posredniczac w sygnalizacji miedzykomorkowej [36]. Dodatkowo wykazano, Ze
integryny, taczac si¢ z kadherynami, wplywaja na Sciezke sygnalizacyjng Rap1 zalezng od GTP
[99]. Sciezka ta wykazuje istotna role w transporcie wewnatrz- i zewnatrzkomérkowym, bedac
zaangazowana w endo- 1 egzocytarny transport bialek [100]. Podwyzszona ekspresja genow
kodujacych integryny I7GA2 1 ITGB3 w badaniach przedstawionych w ramach rozprawy
doktorskiej sugeruje ich bezposrednig role w sygnalizacji miedzykomoérkowej, jak 1 posrednia
poprzez wpltyw na uwalnianie pecherzykéw zewnatrzkomorkowych. Interakcje funkcjonalne
pomiedzy poszczegdlnymi genami potwierdzono przy uzyciu oprogramowania STRING.
Genem wykazujacym najwigksza liczbe interakcji byt gen FNI. Podkre$la to istotng rolg
fibronektyny w sygnalizacji migdzykomoérkowej, polegajaca na taczeniu si¢ z glikoproteinami

wystepujacymi w ECM oraz integrynami. Dodatkowo, analiza interakcji funkcjonalnych
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w prowadzonych badaniach wykazata korelacj¢ pomiedzy genami DCN 1 IGF'I (ang. insulin-
like growth factor 1) oraz SPP1 (ang. secreted phosphoprotein 1) 1 ITGB3. Ekspresja wyzej
wymienionych genéw opisana byla w komodrkach ziarnistych w kontekscie apoptozy
[38,41,101] koniecznej do zajScia owulacji, co sugerowa¢ moze ich rolg¢ w tym procesie.
W przeprowadzonych badaniach profil ekspresji genéw uzyskany metodg mikromacierzy
potwierdzono przy uzyciu metody RT-qPCR. Podwyzszony poziom ekspresji genow
zaangazowanych w tworzenie macierzy zewnatrzkomorkowej wskazuje na jej istotng role
w funkcjonowaniu komorek ziarnistych w warunkach in vitro. ECM, wspolnie z integrynami,
scisle uczestniczy w sygnalizacji migdzykomorkowej a takze wykazuje udziat w procesach
folikulogenezy, oogenezy i owulacji. Dodatkowo, poznanie ekspresji 1 interakcji genow
zwigzanych z ECM w odniesieniu do schorzen w obrebie jajnika jest szczegdlnie istotne [21—

23].

Drugi etap badan polegat na analizie ekspresji gendow, ktorych udzial wykazano
w tworzeniu cytoszkieletu 1 podziale komoérkowym oraz interakcjach miedzy srodowiskiem
zewnatrz- 1 wewnatrzkomérkowym w komorkach ziarnistych. Analizy ekspresji genow
z wykorzystaniem mikromacierzy wykazaly, ze w 48 godzinie hodowli 828 genow
charakteryzowato si¢ podwyzszong ekspresja, a 610 obnizong w odniesieniu do wartosci
referencyjnej, w 96 godzinie hodowli 1206 genow wykazato wzrost ekspresji, a 1104 jej
spadek, natomiast po 144 godzinach hodowli 1025 gendéw zwigkszylo poziom ekspresji, a 732
obnizyto. Geny wykazujace najwigksza zmienno$¢ w ekspresji zostaly przyporzadkowane do

2 (13

12 grup ontologicznych: “actin cytoskeleton organization”, “actin filament organization”,

2 (13 2 (13

“actin filament — based process”, “cell — matrix adhesion”, “cell — substrate adhesion”,
“chromosome segregation”, “chromosome separation”, “cytoskeleton organization”, “DNA
integrity checkpoint”, “DNA replication initiation”, “organelle fision”, “organelle
organization”. Na podstawie uzyskanych heatmap mozna zauwazy¢ ogdlng tendencje do
wzrostu poziomu ekspresji gendow podczas trwania hodowli, z wyjatkiem grup ontologicznych
zwigzanych z segregacja chromosomoéw oraz punktami kontrolnymi podzialu komoérki. Do
dalszych analiz wybrano 20 genéw, z ktérych 10 charakteryzowato si¢ podwyzszong ekspresja
(ITGA1l, CNNI, CCI2, TPM2, ACTNI, VCAM-1, COL3A1, GSN, FRMD6, PLK?2) oraz 10
obnizong (KIF14, TACC3, ESPLI, CDC45, TTK, CDC20, CDKI, FBX0OS5, NEK2 — NIMA,
CCNE?2). Cytoszkielet w gtownej mierze sktada si¢ z biatka aktyny, ktore przyjmujac rdzne

formy konformacyjne, wplywa na funkcjonowanie komoérki, w tym na jej strukture, transport

wewnatrzkomorkowy i1 ruchliwos¢ [43]. Biatka wigzace aktyne (ang. actin binding protein,
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ABP) wykazuja wpltyw na jej czasteczke poprzez udziat w formowaniu nowych filamentow,
ich polimeryzacj¢ i elongacje [102-104]. W przeprowadzonym do$wiadczeniu do genow
wykazujacych podwyzszong ekspresje 1 kodujacych biatka wigzace aktyne, nalezaty: kalponina
(ang. calponin 1, CNNI), tropomiozyna (ang. tropomyosin 2, TPM?2), aktynina (ang. actinin
alpha 1, ACTNI) oraz gelsolina (ang. gelsolin, GSN). W badaniach prowadzonych w ramach
rozprawy doktorskiej wykazano po raz pierwszy ekspresje genu CNNI w komorkach
ziarnistych §wini. Biatko to wykazuje liczne interakcje, miedzy innymi z 7TPM2, ACTNI 1 GSN
[105]. Homolog kalponiny (ang. calponin homology, CH) jest jedng z najczescie]
wystepujacych domen w organizmie zwierzecym, majagcym wplyw na strukture cytoszkieletu,
aktywacje¢ $ciezek sygnatowych oraz metabolizm wapnia [106]. Domena ta dodatkowo
wykazuje aktywnos$¢ w Sciezce sygnatowej ERK, ktora umozliwia transdukcj¢ sygnatu miedzy
cytoszkieletem a macierzag zewnatrzkomorkowa [106]. Potwierdza to wystepujace za
posrednictwem cytoszkieletu interakcje miedzy srodowiskiem wewnatrz-
1 zewnatrzkomorkowym. Tropomiozyna wpltywa na sklad cytoszkieletu, stabilizujac jego
wigzania [102]. W interakcje miedzy komorkg a srodowiskiem zewnetrznym oraz pomiedzy
poszczegolnymi komorkami zaangazowana jest takze aktynina. Opisano jej wplyw na
aktywacje Sciezki sygnatowej PI3K oraz wspotprace z integrynami 1 migedzykomorkowymi
czasteczkami adhezyjnymi (ang. intercellular adhesion molecules, I[CAM) [107]. ACTNI peti
takze role w takich procesach komorkowych jak cytokineza, adhezja 1 migracja [107]. Wplyw
na filamenty aktynowe w komoérce wykazuje rowniez, zalezna od st¢zenia wapnia gelsolina
[107,108]. Mutacje genu GSN 1 zmiennos¢ w jego ekspresji wigza si¢ z wystepowaniem
schorzen w obrebie jajnika [109,110]. W prezentowanych badaniach ekspresja genu ITGAI1
(ang. integrin subunit o-11) ulegta wzrostowi wzgledem wartosci referencyjnych. Integryny
jako biatka transbtonowe petnig role przekaznikow sygnatu miedzy cytoszkieletem
a srodowiskiem zewnetrznym, mi¢dzy innymi poprzez udzial w Sciezce sygnalowej FAK [93].
Wykazano, ze w poszczegdlnych fazach cyklu rujowego u §win ekspresja tych biatek jest rozna
1 zalezy od stezenia progesteronu [111]. Genem istotnym dla procesu owulacji, wykazujacym
podwyzszong ekspresje¢ w tym etapie badan byt CCI2 (ang. chemokine C-C motif ligand 2),
ktorego ekspresja takze zalezy od stezenia progesteronu. Produkt biatkowy genu CCI2 jest
czasteczka prozapalng o charakterze chemotaktycznym, powodujacym naptyw biatych krwinek
do pecherzyka jajnikowego [112]. Analogiczng rolg tego genu opisano takze w aspekcie
luteolizy u cztowieka [113]. Dodatkowo, Ji 1 wsp. wykazali korelacje miedzy genem CCI2
a genem PTGS?2, ktory jest odpowiedzialny za synteze prostaglandyny E2 [111]. Laczac zatem

dwa powyzsze mechanizmy mozna stwierdzi¢, iz wystgpienie kontrolowanego procesu
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zapalnego w mikrosrodowisku komorek ziarnistych tworzacych $ciang pecherzyka
jajnikowego, jest kluczowe do zajscia owulacji. Istotng role w tworzeniu mikrosrodowiska
komorek ziarnistych peini kolagen. Podwyzszong ekspresj¢ genow COLI4A1 (ang. collagen
type X1V alpha chain), COL3A1 (ang. collagen type Il alpha chain) oraz PCOLCE?2
(ang. procollagen C-endopeptidase enhancer), regulujacych jego syntezg, wykazano
w badaniach prowadzonych w ramach rozprawy doktorskiej. Kolagen, taczac si¢ z lamina,
stanowi gtowny sktadnik blony podstawnej komorek ziarnistych. Jego widkna charakteryzuja
si¢ duza zmienno$cig w swojej budowie, dzieki czemu dostosowuje si¢ do funkcji pelnione;j
przez dany typ tkanki [114]. Kolagen jako gtoéwny skladnik macierzy zewnatrzkomorkowej
wpltywa na jej funkcjonowanie, a takze moze odgrywac istotng rol¢ w patogenezie chorob
jajnika [54,55]. Do gendéw odpowiedzialnych za regulacje podziatu komorki branych pod
uwage w prowadzonych badaniach nalezaty: CDK1 (ang. cyclin-dependent kinase 1), CCNE2
(ang. cyclin E2), CDC20 (ang. cell division cycle 20), CDC45 (ang. cell division cycle 45),
NEK2 — NIMA (ang. NIMA related kinase 2). Scista interakcje wykazuja cykliny i cyklino
zalezne kinazy, ktore wspolnie regulujg mozliwos¢ zajscia po sobie faz podziatu komorki: G1,
S, G2, M [115]. Dodatkowo powyzsze grupy gendw wykazujg wptyw na $ciezke sygnatowsg
MAPK 1 ERK [116], oddziatujac tym samym na proliferacj¢ komorek ziarnistych.
Rozbudowane interakcje genow odpowiedzialnych za podziat komorki potwierdza takze
wykazana w niniejszej dysertacji funkcjonalna zalezno$¢ migdzy CCNE2 a NEK?2 oraz wplyw
genow CDC20 oraz CDC45 na $ciezke sygnatlowg SMAD4 [117]. Przedstawiona przy uzyciu
oprogramowania STRING liczba 708 interakcji dla 148 genow zwigzanych z widknami
filamentowymi oraz organizacjg cytoszkieletu wskazuje na mnogo$¢ i r6znorodnos¢ potaczen

tam wystepujacych, podkreslajac poziom skomplikowania tej struktury.

W trzecim, uzupehiajagcym tematyke sygnalizacji migdzykomodrkowej etapie badan,
skupiono si¢ na procesach komorkowych, takich jak migracja, adhezja 1 proliferacja komoérek
ziarnistych. Badania te obejmowaly okreslenie poziomu ekspresji genow zwigzanych z wyzej
wymienionymi procesami komorkowymi. Dodatkowo wykazano podwyzszong ekspresje
genow nalezacych do grupy ontologicznej ,,vesicle — mediated transport”, co §wiadczy¢ moze
0o wystepowaniu tego rodzaju sygnalizacji miedzykomérkowej w hodowanych in vitro
komorkach ziarnistych. Co wiegcej, podwyzszona ekspresja grup ontologicznych genow
zwigzanych z procesem angiogenezy 1 odpowiedzig komodrek na hipoksje, wskazuje takze na
obecnos¢ egzosoméw w mikrosrodowisku komorek ziarnistych, gdyz procesy te w duzej

mierze oparte s3 o uwalnianie tego rodzaju pecherzykow zewnatrzkomorkowych. Profil
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transkrypcyjny hodowanych in vitro komoérek ziarnistych okreslil, ze w 48 godzinie hodowli
610 genow wykazato podwyzszong, a 827 obnizong ekspresje wzgledem godziny referencyjne;.
W 96 godzinie 1104 geny prezentowaly zwigkszony poziom ekspresji, a 1206 obnizony, za$
w 144 godzinie hodowli in vitro 731 genow wykazato podwyzszong ekspresje, a 1025
obnizong. Geny o zroéznicowanej ekspresji zostaly przyporzadkowane do 46 grup
ontologicznych, z ktorych 10 charakteryzowato si¢ obnizong a 36 podwyzszong ekspresja. Do
grup ontologicznych o zwigkszonym poziomie ekspresji nalezaly miedzy innymi: ,.cell
adhesion”, ,cell — cell adhesion”, ,.cell — matrix adhesion”, ,,cell migration”, ,integrin —
mediated signaling pathway”, ,,negative regulation of apoptotic process”, “positive regulation
of ERK1 and ERK? cascade”, ,,angiogenesis”, ,jresponse to hypoxia”, ,wound healing” oraz
»vesicle — mediated transport”, za$ o obnizonej ekspresji miedzy innymi: ,,cell cycle” 1 ,,cell
division”. Najwieksza ilo§¢ grup ontologicznych o podwyzszonej ekspresji wykazano w 144
h doswiadczenia, co wskazuje na tendencje do zwigkszania poziomu ekspresji gendw wraz
z czasem trwania hodowli. Do dalszych analiz wybrano jedenascie genéw o podwyzszonej
ekspresji (LIPG, HSD3B1, CLIP4, LOX, ANKRDI1, FMOD, SHAS2, TAGLN, ITGAS8, MXRAS,
NEXN) oraz dziesie¢ o ekspresji obnizonej (DAPLI, HSD17B1, SNX31, FST, NEBL, CXCLI10,
RGS2, MAL2, IHH, TRIB2), a takze zwiazane z nimi grupy ontologiczne genéw. Sciezka
sygnalizacyjna ERK, dla ktorej w tym etapie badan okreslono zwigkszony poziom ekspresji,
jest elementem taczacym poprzednie etapy badan, gdyz wykazano funkcjonalny wpltyw
kalponiny 1 kaweoliny na jej funkcjonowanie. Gen CAV-1 warunkuje transport wewnatrz —
1 zewnatrzkomoérkowy, wplywajac bezposrednio na produkcje egzosoméw [97]. Ponadto
Karampoga 1 inni podaja, ze proces egzocytozy jest zalezny od ECM [71]. Wskazuje to takze
na posredni wplyw kaweoliny na uwalnianie egzosomow, gdyz gen ten uczestniczy
w remodelingu macierzy zewnatrzkomoérkowej. Co istotne, pecherzyki zewnagtrzkomorkowe,
w tym egzosomy, wykazuja zasadniczg role¢ w adhezji [68] 1 migracji komodrek [59] oraz
gojeniu ran [118], czyli procesach, dla ktorych ekspresja grup ontologicznych gendéw byta
podwyzszona w prezentowanym etapie badan. Sugeruje to, ze procesy zachodzace
w komorkach ziarnistych zalezne s3, w pewnym stopniu, od uwalniania i aktywnosci
pecherzykow zewnatrzkomérkowych. Wsrdd genow wykazujacych podwyzszong ekspresje
w trzecim etapie badan byly MXRAS5 (ang. matrix remodeling associated 5) oraz FMOD
(ang. fibromodulin). Funkcja tych genow, polegajaca na remodelingu macierzy
zewnatrzkomorkowej, zostata juz wczesniej opisana [13,119]. Kolejnym genem wykazujagcym
wpltyw na sktad ECM jest, zalezna od miedzi, oksydaza lizylowa (ang. lysyl oxidase, LOX)

[120], dla ktorej w niniejszych badaniach wykazano podwyzszong ekspresj¢. Pokazuje to, jak
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duza liczba genow jest zaangazowana w regulacje struktury ECM, a tym samym
funkcjonowanie komorek ziarnistych. Gen LOX wykazuje takze aktywno$¢ w S$ciezkach
sygnalizacyjnych takich jak MAPK, ERK, FAK [121], istotnych dla proliferacji
1 funkcjonowania GCs. Co wigcej, gen ten pelni rowniez istotng role w roznicowaniu komorek
pluripotentnych do osteoblastow [121]. Warto doda¢é, ze rola oksydazy lizylowej zostata
opisana takze w steroidogenezie u szczurdéw [122] oraz w zespole policystycznych jajnikow
[123]. Na podstawie powyzszych danych mozna stwierdzi¢, ze gen LOX moze w przysztosci
sta¢ si¢ markerem dla procesow rdznicowania si¢ 1 steroidogenezy komorek ziarnistych
w warunkach in vitro. W prezentowanych badaniach wykazano po raz pierwszy w komorkach
ziarnistych $wini ekspresje genu lipazy endotelialnej (ang. endothelial lipase, LIPG, EL). Gen
ten odpowiada za metabolizm lipidow, w tym cholesterolu, i jest kluczowy dla mediowane;j
przez mitochondria steroidogenezy [124—126]. Podobnie jak przywotany wczesniej gen LOX,
LIPG moze zosta¢ w przysztosci uznany jako marker steroidogenezy w komorkach ziarnistych
hodowanych in vitro. Oprocz genéow LOX i1 LIPG, istotnymi genami w aspekcie produkcji
hormonoéw piciowych w komorkach ziarnistych sa HSD3B1 (ang. hydroxy-delta-5-steroid
dehydrogenase) 1 HSD17B1 (ang. 17[-hydroxysteroid dehydrogenase 1). Pierwszy z wyze]
wymienionych gendw wykazal w tym etapie badan podwyzszong ekspresje. Rola HSD3B1 jest
konwersja pregnenolonu do progesteronu [127]. Natomiast gen HSDI7B1, wykazujacy
obnizong ekspresje w prowadzonych badaniach, odpowiada za przejscie estronu w bardziej
aktywng forme, czyli estradiol [128]. Ten przeciwstawny wzgledem siebie kierunek ekspresji
wyze] wymienionych gendow wskazuje specyfike steroidogenezy w komorkach ziarnistych.
W warunkach in vivo podwyzszona ekspresja genu HSDI7BI, wraz z jednoczesnym
obnizeniem ekspresji HSD3B1, prowadzi do zwigkszonej produkeji estradiolu. Ma to miejsce
w okresie okoloowulacyjnym i1 wplywa na aktywno$¢ ptciowa samicy 1 akceptacje samca.
Z kolei odwrotna sytuacja, gdzie ekspresja HSD17B1 jest obnizona a ekspresja HSD3BI
podwyzszona, prowadzi do wzrostu st¢zenia progesteronu, co przyzyciowo ma miejsce w fazie
lutealnej 1 w przypadku zaplodnienia odpowiada za utrzymanie cigzy. Wiedza ta moze by¢
wykorzystana w unowoczesnieniu technik wspomaganego rozrodu, szczegdlnie prowadzonych
in vitro. Dodatkowo, w prowadzonych badaniach podwyzszong ekspresje wykazal gen
kodujacy syntaze hialuronianowg (ang. hyaluronan synthase 2, SHAS?). Produkt biatkowy tego
genu wptywa na migracje¢ komorek 1 jest odpowiedzialny za ekspansj¢ kumulusa oraz syntez¢
hialuronianu [129], czyli jednego z gléwnych sktadnikow ECM. Warto doda¢, ze migracja
komorek zalezy takze od egzosomow, ktore w tym aspekcie wykazuja mechanizm zaré6wno

autokrynny, jak i parakrynny [59]. Nanoczasteczki te stymulujg pozakomodrkowe receptory
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sygnalizacyjne oraz przemieszczajac si¢ w okolice btony komorkowej, sg konieczne do
zainicjowania procesu migracji [130]. Podwyzszong ekspresj¢ w ostatnim etapie badan
wykazata takze grupa ontologiczna gendow reprezentujgca proces angiogenezy. Angiogeneza
wptywa na folikulogeneze, owulacje oraz powstanie ciatka zottego, poprzez udziat w tworzeniu
odpowiedniego mikrosrodowiska naczyniowego jajnika. Proces powstawania nowych naczyn
jest takze Scisle uzalezniony 1 regulowany przez egzosomy [74]. Co ciekawe, inhibicja procesu
angiogenezy moze spowalnia¢ wyczerpywanie si¢ puli pecherzykow jajnikowych. Stad
kluczowe moze okaza¢ si¢ wykorzystanie egzosomow jako czasteczek terapeutycznych

modulujacych proces angiogenezy w schorzeniach jajnika.
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3.5. Podsumowanie

Powyzej opisane badania byly prowadzone przy zastosowaniu krotkoterminowej
pierwotnej hodowli in vitro komorek ziarnistych jajnika $wini domowej. Gtownym celem
rozprawy doktorskiej bylo okreslenie profilu transkryptomicznego gendow regulujacych
wybrane procesy zachodzace w komorkach ziarnistych, utrzymywanych w warunkach in vitro.
Badania byly prowadzone w trzech etapach, z ktorych rezultaty opublikowano w oryginalnych

pracach naukowych.

W pierwszym etapie badan wykazano silnie podwyzszong ekspresje gendw
odpowiedzialnych za sktad i funkcjonowanie macierzy zewnatrzkomorkowej. Struktura ta
odpowiedzialna jest za proliferacj¢ komoérek ziarnistych, ich rozwoj oraz sygnalizacje
miedzykomoérkowa. Dodatkowo, w tym etapie badan odnotowano podwyzszong ekspresje
genow kodujacych integryny i1 kadheryny, ktére jako biatka transblonowe stanowig dla ECM
uzupetnienie sygnalizacji miedzykomorkowej. Biorgc pod uwage wplyw ECM na
wystepowanie schorzen w obrgbie jajnika, okre$lenie profilu ekspresji  genow
odpowiedzialnych za tworzenie mikrosrodowiska komorek ziarnistych moze by¢ wykorzystane
w aspekcie terapii celowanej. Wytypowanie swoistych markerow genetycznych tych chorob

stwarza mozliwo$¢ wyciszania lub zmiany ich ekspresji.

W drugim etapie badan wykazano podwyzszony poziom ekspresji grup ontologicznych
genow warunkujacych powstanie cytoszkieletu 1 jego udzial w kontroli poszczeg6lnych faz
podziatu komorki. Potwierdzono tym samym udziat cytoszkieletu w proliferacji i sygnalizacji
migdzykomorkowej, poprzez jego wplyw na Sciezki sygnalizacyjne regulujace sktad
1 funkcjonowanie ECM. Co wazne, geny kodujace biatka transblonowe biorgce udziat
w sygnalizacji miedzykomorkowej w trakcie prowadzonych badan takze wykazaly
podwyzszong ekspresj¢. Dodatkowo, aktywny udziat cytoszkieletu w folikulogenezie
1 oogenezie moze mie¢ zwigzek z wystepowaniem schorzen uktadu rozrodczego takich jak
PCOS i1 POI. Schorzenia te, jako wypadkowa funkcjonowania ECM 1 cytoszkieletu, wskazujg
na konieczno$¢ prowadzenia badan molekularnych majacych na celu poznanie fundamentu ich

patofizjologii.

Ostatni etap badan ukierunkowany byt na analiz¢ ekspresji genow zaangazowanych
W procesy zwigzane z migracja, proliferacja, adhezja komorek, angiogeneza, gojeniem ran
1 hipoksja. W oparciu o podwyzszong ekspresje grupy ontologicznej gendow reprezentujacych

proces transportu pegcherzykowego oraz dostepne dane literaturowe stwierdzi¢ mozna, ze

30



istotng role w wyzej wymienionych procesach pelnig egzosomy. Wykazana po raz pierwszy
w niniejszej rozprawie doktorskiej ekspresja genu L/PG w komorkach ziarnistych jajnika
swini, wzbogaca wiedz¢ na temat steroidogenezy tych komorek. Natomiast wzajemne
zestawienie poziomow ekspresji genow HSDI7B1 i1 HSD3BI moze by¢ wykorzystane

w dalszych badaniach dotyczacych funkcji komorek ziarnistych.

Przedstawione w powyzszych badaniach wyniki wskazujg na istotng role macierzy
zewnatrzkomorkowej, cytoszkieletu, jak 1 pecherzykow zewnatrzkomorkowych w sygnalizacji
migdzykomorkowej. Ta wzajemna wspotzaleznos¢ jest konieczna do prawidlowego
funkcjonowania komorek ziarnistych, ich podziatu, proliferacji i migracji. Doktadne poznanie
wystepujacych $ciezek sygnatowych i1 transdukcji sygnalu w mikro§rodowisku komorek
ziarnistych moze pozwoli¢ na zrozumienie dialogu wystepujacego pomiedzy srodowiskiem
zewnatrz- 1 wewnatrzkomorkowym. Wyniki przedstawione w niniejszej rozprawie doktorskiej

moga stanowi¢ wktad do dalszych badan w tym kierunku.
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3.6. Wnioski

l.

Podwyzszona ekspresja CAV-1, genu regulujacego proces egzocytozy, S$wiadczy
zarbwno o dynamicznych zmianach sktadu ECM, jak 1 intensywnej sygnalizacji
miedzykomérkowej w  komorkach ziarnistych utrzymywanych w  warunkach

krétkotermonowej pierwotnej hodowli in vitro.

. Wykazana po raz pierwszy w niniejszej pracy ekspresja genu CNN-I w komorkach

ziarnistych $§wini, ktory odpowiedzialny jest za strukture cytoszkieletu i transdukcje
sygnalu, moze sugerowac jego istotng role¢ w tworzeniu i1 funkcjonowaniu

mikrosrodowiska komoérek ziarnistych hodowanych w warunkach in vitro.

. Zmiany w profilu ekspresji genow HSD17B1 oraz HSD3B1 moga oznacza¢ indukcje

procesu steroidogenezy w komorkach ziarnistych utrzymywanych w warunkach
krétkoterminowej pierwotnej hodowli in vitro.

Indukcja $ciezki sygnalizacyjnej ERK potwierdza jej istotng role¢ w procesach
formowania cytoszkieletu, macierzy zewnatrzkomoérkowej oraz produkcji egzosomow
w komorkach ziarnistych utrzymywanych w krotkoterminowej hodowli pierwotnej

in vitro.

. Opisana po raz pierwszy w rozprawie doktorskiej ekspresja genu LIPG, regulujacego

metabolizm lipidow w komorkach ziarnistych, moze wskazywac na istotng role tego

genu w procesie steroidogenezy pecherzyka jajnikowego §wini podczas folikulogenezy.
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Simple Summary: The extracellular matrix (ECM) is involved in many physiological processes that
occur in the ovary and affect reproduction in animals and humans. The ECM has been shown to
significantly affect folliculogenesis, ovulation, and corpus luteum formation. This is mainly due to
the involvement of ECM in intercellular signaling. In the present study, we report the gene expression
profile of porcine granulosa cells during their primary in vitro culture. The genes presented are
related to ECM formation but also to cadherins and integrins that influence intercellular dialogue.
During the study, it was shown that most of the genes were upregulated. A detailed understanding
of the expression of genes such as POSTN, CHI3L1, CAV-1, IRS1, DCN in in vitro culture of granulosa
cells may provide a basis for further studies on the molecular mechanisms occurring within the
ovary. Knowledge of ECM-related gene expression within granulosa cells can also be used to
study the recently discovered stemness of these cells. Moreover, the presented data may serve
for the development of assisted reproduction techniques, which, especially in vitro, are becoming
increasingly common.

Abstract: The extracellular matrix (ECM) in granulosa cells is functionally very important, and it
is involved in many processes related to ovarian follicle growth and ovulation. The aim of this
study was to describe the expression profile of genes within granulosa cells that are associated with
extracellular matrix formation, intercellular signaling, and cell-cell fusion. The material for this study
was ovaries of sexually mature pigs obtained from a commercial slaughterhouse. Laboratory-derived
granulosa cells (GCs) from ovarian follicles were cultured in a primary in vitro culture model. The
extracted genetic material (0, 48, 96, and 144 h) were subjected to microarray expression analysis.
Among 81 genes, 66 showed increased expression and only 15 showed decreased expression were

”ou

assigned to 7 gene ontology groups “extracellular matrix binding”, “extracellular matrix structural

" ou

constituent”, “binding, bridging”,

nou

cadherin binding”,

”ou

cell adhesion molecule binding”, “collagen
binding” and “cadherin binding involved in cell-cell adhesion”. The 10 genes with the highest
expression (POSTN, ITGA2, FN1, LAMBI, ITGB3, CHI3L1, PCOLCE2, CAV1, DCN, COL14A1) and
10 of the most down-regulated (SPP1, IRS1, CNTLN, TMPO, PAICS, ANK2, ADAM23, ABI3BP,

DNAJBI1, IGF1) were selected for further analysis. The results were validated by RT-qPCR. The
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current results may serve as preliminary data for further analyses using in vitro granulosa cell
cultures in assisted reproduction technologies, studies of pathological processes in the ovary as well
as in the use of the stemness potential of GCs.

Keywords: porcine granulosa cells; extracellular matrix; gene expression profile; folliculogenesis;
reproductive physiology

1. Introduction

The extracellular matrix (ECM) is an extremely important structure present in all
tissues of the animal organism. It exhibits various functions and is composed of many
substances of different origins [1,2]. The major components of the extracellular matrix
include two groups of molecules. The first is the fibrous proteins, which include collagens,
elastin, fibronectin, and laminin. The most common of these proteins is collagen, which
provides a support for tissue scaffolding but also affects cell adhesion, cell migration, and
chemotaxis [3]. The second group are proteoglycans, which consist of a protein core to
which glycosaminoglycans are attached. These molecules are highly hydrophilic, causing
the formation of a hydrogel that fills the space between the fibrous proteins of the ECM.
Additionally, proteoglycans are involved in many signaling pathways related to insulin-like
growth factor 1 receptor (IGFIR), epidermal growth factor receptor (EGFR), low-density
lipoprotein-receptor-related protein 1 (LRP1) [3]. The fact that an extracellular matrix is
composed of a variety of components results in a vast array of functions [4]. It is a unique
microenvironment for cells (including the delivery of osmotic forces), a mechanical support
or pathway for the passage of nutrients, hormones and extracellular signals to the target
cells as well as regulation of gene expression and cytokine release [1,5]. The complicated
ultrastructure of the matrix provides the filter material, and the ability to bind growth
factors required for local action. The ECM also influences cell behavior by participating
in the migration, anchoring, division, and death of cells. Taking into account all these
functions, it can be stated that it enables cells to specialize in a specific way by creating
their microenvironment [6]. The role of the extracellular matrix in the development of
cancer has also been demonstrated, including those associated with epithelial cells in the
ovary [7]. The role of the ECM has also been described in the pathogenesis of other diseases
related to the reproductive system, including PCOS (polycystic ovary syndrome) [8-10] and
POI (premature ovarian insufficiency) [11,12]. The extensively described involvement of
extracellular matrix components in signaling pathways within the ovary highlights the role
of the ECM in folliculogenesis [13] and in pathological processes [14] which altogether may
provide valuable therapeutic insights. Until now, little is known about the molecular-level
processes involved in the ECM and its role in the maturation and growth of mammalian
ovarian follicles, and this role seems to be significant [15]. An example is the presence
of different laminin chains in ovarian follicles depending on their developmental stage,
which is associated with antrum formation [16]. In addition, the expression of genes related
to ECM remodeling was also found to change during follicle maturation [17]. ECM in
ovarian follicles is expressed in various compartments, such as basal lamina, follicular fluid,
zona pellucida, granulosa membrane, or cumulus [6]. The basal lamina is a flat sheet of
extracellular matrix, which is specialized in separating the epithelial cells lying on it from
the lower layers. Its structure is of a lattice type consisting of a network of type IV collagen
and laminine. Entaxins/nidogen are attached to this network, stabilizing the structure. In
various proportions fibronectin, heparan sulfate, and others are also connected [6,18-20].
Furthermore, these components may be present in different conforms, composed of various
chains, thus affecting the uniqueness of a specific basal lamina, which in turn affects its
functionality [6,21].

Itis important to consider the role of cell signaling on reproductive efficiency, including
via the ECM, cadherins, and integrins [22-26]. Cadherins and integrins are among the
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transmembrane proteins that are closely involved in intercellular signaling. The former
are responsible for cell-to-cell signaling and their action is closely related to catenins («, 3
and p120). The second are responsible for signaling between the cell and the ECM. The
action of both groups of proteins is through their effect on F-actin [26]. Several groups are
distinguished among the cadherins: N-cadherin (neural cadherin), P-cadherin (placental
cadherin), R-cadherin (retinal cadherin), VE-cadherin (vascular endothelial cadherin), and
the E-cadherin (epithelial cadherin) found in the epithelium of various tissues and have
been implicated in the function of the reproductive system [22]. More than two decades ago,
the expression of these transmembrane proteins in porcine GCs was described and linked
to the development of ovarian follicles by maintaining the structural integrity of the follicle
through E-cadherin [27]. Furthermore, a positive correlation between e-cadherin expression
and the pool of primary follicles in the mouse ovary formed during embryonic development
was demonstrated due to effects on cell-cell junction integrity and NOVOX expression [28]
which may affect the occurrence of POL These proteins also affect the fertilization process
by allowing the interaction between sperm and oviduct epithelium and oocyte which was
confirmed in a bovine model [29]. Intensive research in recent years on granulosa cells
has further demonstrated their stemness potential. To date, human-derived granulosa
cells have demonstrated the ability to differentiate into muscle, cartilage, bone, and even
nerve tissue [30-33]. Porcine granulosa cells have shown the ability to differentiate into
bone tissue [34,35]. These data suggest the possibility of using these cells in the treatment
of degenerative diseases and also in regenerative medicine. Further studies conducted
on porcine GCs, considered as an animal model for humans, may provide important
information in the context of using these cells in therapy. Granulosa cells play an important
role in the processes of folliculogenesis and oogenesis [36,37]. One of the most important
functions of GCs is their participation in steroidogenesis as they perform aromatization
of androgens to estrogens, which are secreted into the follicular fluid. In addition, the
proliferation of GCs leads to the growth and development of the entire ovarian follicle [38].
The aim of this study was to determine the expression profile of genes responsible for
processes related to cadherin and collagen binding and structuralization of ECM in porcine
granulosa cells cultured in vitro. The present study compared the expression levels of
selected ECM-related genes in vivo (0 h) and during in vitro culture. Cells isolated from the
natural microenvironment (which for GCs is the ovarian follicle) and subjected to in vitro
culture show an altered gene expression profile. Therefore, the mechanisms governing
expression profile dynamics may be the basis for further research, especially in the field of
assisted reproduction techniques based on in vitro culture. Additionally, characterization
of extracellular matrix-related genes within them may elucidate the molecular basis of GCs
function, which is important to elucidate the pathogenesis of ovarian-related diseases. The
results obtained in this study, show significant upregulation of expression levels of genes
related to both ECM formation and function, confirm the occurrence of these processes
in vitro during GCs culture, which is associated with the development of these cells. The
expression patterns observed in the current study, together with the positive effects of
ECM on the efficiency of cell differentiation reported in the literature [39,40], may provide
a valuable background for further research in studies on the pluripotency of GCs [41,42].

2. Materials and Methods
2.1. Animals

A total of 40 crossbred Landrace gilts with a median age of 170 days and weight of 98 kg
were used in this study. All animals were housed under identical conditions. The animals in
the study reached sexual maturity as pigs become sexually mature at 4-6 months of age.

2.2. Collection of Porcine Ovarian Granulosa Cells

Ovaries (1 = 80) were recovered at slaughter and transported to the laboratory at 38 °C
in 0.9% NaCl within 30 min. In the laboratory, the ovaries of each animal were placed
in PBS supplemented with fetal bovine serum (FBS; Sigma-Aldrich Co., St. Louis, MO,
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USA). Thereafter, single preovulatory large follicles, with a diameter estimated greater
than 5 mm (n = 300), were opened into a sterile Petri dish by puncturing using a 5 ml
syringe and 20 G needle, and the cumulus-oocyte complexes (COCs) and follicular fluid
(FF) were recovered. The transcriptomic profile of mural GCs, which constitute a significant
majority among the GCs population was analyzed. The follicular fluid was used to isolate
GCs, whereas the COCs were discarded. The extracted follicular fluid after discarding
COCs was filtered through sterile nylon cell strainers with a mesh diameter of 40 pm
(Biologix Group, Shandong, China) to eliminate tissue debris and larger cell aggregates
(including blood cells) or epithelium. The resulting suspension was centrifuged at room
temperature for 10 min, 200 rpm, to obtain individual cell fractions. The GCs pellet was
then resuspended in collagenase type I solution (Gibco, Thermo-Fischer Scientific, Waltham,
MA, USA) 1 mg/1 mL DMEM and incubated 10 min in a 37 °C water bath and centrifuged
(under the same conditions). The obtained cell pellet was resuspended in culture medium
to establish in vitro culture under the conditions described below. Granulosa cells collected
from ovarian follicles were pooled to homogenize the sample.

2.3. In Vitro Primary Culture of Porcine Granulosa Cells

A primary in vitro culture model was used in this study with four time intervals
for each biological repeat. For microarray expressions, cultures were maintained in two
biological replicates for each time interval. For validation by RT-qPCR, cultures were
maintained in a triplicate biological sample model for each time interval. Primary cultures
were established from GCs in four bottles with 3 x 10° cells per dish (25 cm? cell culture
flask, TPP, Trasadingen, Switzerland). The number of cells and their viability were assessed
using the ADAM Automatic Cell Counter (NanoEnTek, Waltham, MA, USA). From the cell
suspension, a 20 uL sample for number and viability analysis was stained with propium
iodide and examined in a fluorescence analyzer on disposable microchips. By staining the
cell nuclei, the counter is able to distinguish single cells in aggregates. Only those samples
with viability above 85% were used for further studies. Cells in culture were kept until
culture termination when the material was collected at 0 h, 48 h, 96 h, 144 h. The culture
medium was changed every 72 h.

Culture medium consisted of Dulbecco’s Modified Eagle’s Medium (DMEM, Sigma-
Aldrich, Saint Louis, MO, USA), 2% fetal calf serum (FCS) (PAA, Linz, Austria), 10 mg/mL
ascorbic acid (Sigma-Aldrich, Saint Louis, MO, USA), 0.05 uM dexamethasone (Sigma-
Aldrich, Saint Louis, MO, USA), 200 mM L-glutamine (Invitrogen, Carlsbad, CA, USA),
10 mg/mL gentamycin (Invitrogen, Carlsbad, CA, USA), 10,000 units/mL penicillin and
10,000 pug/mL streptomycin (Invitrogen, Carlsbad, CA, USA). Cells were cultivated at
38.5 °C under aerobic conditions (5% CO,). Once the adherent cells were more than 80%
confluent, they were detached with 0.05% trypsin-EDTA (Invitrogen, Carlsbad, CA, USA)
for 3 min. and then passaged. The morphology of the GCs was evaluated using an inverted
phase-contrast microscope, and the results of these observations are presented in Figure 1.
GCs underwent significant morphological changes. When the cells were seeded into culture
bottles, the shape of the cells was close to spherical, where the cells formed a suspension
in the medium. After 24 h of culture, the cells became adherent to the medium, and after
48 h, the cells assumed a star-like shape. At subsequent time intervals, the GCs became
wider, more fibroblast-like. The strong adherence to the dish surface, shape change, and
flattening of the cells is related to the secretion of extracellular matrix components, which
correlates with the increased expression of ECM-related genes during the study.
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Figure 1. Porcine granulosa cells cultures used for the experiment, presenting changes in their morphology, following 48 h,
96 h, and 144 h of in vitro culture (magnification x100 (48 h), magnification x200 (96 h, 144 h)).

2.4. Microarray Expression Analysis and Statistics

The Affymetrix procedure was previously described by Trejter et al. [43] and used in
studies involving porcine oviduct epithelial cells (OECs) [44-46] as well as oocytes [47-49].
Briefly, cDNA was subjected to Total RNA (100 ng) (Ambion® WT Expression Kit, Thermo
Fisher Scientific Inc., Wilmington, DE, USA). Obtained cDNA was biotin labeled and frag-
mented by Affymetrix GeneChip® WT Terminal Labeling and Hybridization (Affymetrix,
Santa Clara, CA, USA). Biotin-labeled fragments of cDNA (5.5 pug) were hybridized
to Affymetrix® Porcine Gene 1.1 ST Array Strip (Affymetrix, Santa Clara, CA, USA)
(48 °C/20 h). Then, microarrays were washed and stained according to the technical
protocol using Affymetrix GeneAtlas Fluidics Station (Affymetrix, Santa Clara, CA, USA).
Subsequently, the array strips were scanned by the Imaging Station of the GeneAtlas Sys-
tem (Affymetrix, Santa Clara, CA, USA). The preliminary analysis of the scanned chips
was performed using Affymetrix GeneAtlasTM Operating Software. The quality of gene
expression data was checked according to quality control criteria provided by the software.
Obtained CEL files were imported into the downstream data analysis software. All of
the presented analyses and graphs were performed by Bioconductor and R programming
language. Each CEL file was merged with a description file. In order to correct background,
normalize and summarize results, we used Robust Multiarray Averaging (RMA) algorithm.

Statistical significance of analyzed genes was performed by moderated t-statistics
from the empirical Bayes method. Obtained p-value was corrected for multiple compar-
isons using Benjamini and Hochberg's false discovery rate. The selection of significantly
changed gene expression was based on a p-value under 0.05 and expression fold higher
than 2. Differentially expressed genes were subjected to the selection of genes involved in
cadherin and collagen binding and structuralization of extracellular matrix components.
Differentially expressed gene lists were uploaded to DAVID software (Database for An-
notation, Visualization and Integrated Discovery), where “extracellular matrix binding”,

v v

“extracellular matrix structural constituent”, “binding, bridging”, “cadherin binding”, “cell
adhesion molecule binding”, “collagen binding” and “cadherin binding involved in cell-
cell adhesion” GO MF terms were obtained. Expression data of these genes were subjected
to a hierarchical clusterization procedure and presented as a heatmap graph. Detailed
analysis of genes belonging to selected GO MF terms was presented as plots using “GOplot”
library [50] and “ClusterProfiler” R package [51]. In the chosen gene sets, we investigated
their mutual relations using the GOplot package. Moreover, the GOplot package was used
to calculate the z-score (difference in the number of up- and down-regulated genes divided
by the square root of the count). The z-score analysis allowed us to compare the enrichment
of the selected GO BP terms.

Using STRING10 (Search Tool for the Retrieval of Interacting Genes, STRING Con-
sortium, Lausanne, Switzerland) software, interactions between genes and the proteins
they encode have been investigated. The STRING database includes information on pro-
tein/gene interactions, including experimental data, computational prediction methods,
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and public text collections. The STRING database engine supplied the molecular network
of interactions formed between the chosen genes. Search criteria are provided based on
gene/ protein co-occurrence in scientific texts (textmining), coexpression, and experimen-
tally observed interactions.

The functional interaction between genes that belong to the chosen GO BP terms
was investigated by the REACTOME FIViz application to the Cytoscape 3.8.2 software
(San Diego, CA, USA). The Reactome FIViz app is designed to find pathways and network
patterns related to cancer and other types of diseases. This app accesses the pathways
stored in the Reactome database, allowing to do pathway enrichment analysis for a set
of genes, visualize hit pathways using manually laid-out pathway diagrams directly in
Cytoscape, and investigate functional relationships among genes in hit pathways. The
app can also access the Reactome Functional Interaction (FI) network, a highly reliable,
manually curated pathway-based protein functional interaction network covering over
60% of human proteins.

2.5. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

Total RNA was isolated from GCs in 0 h and after 48 h, 96 h, and 144 h in vitro culture
using an RNeasy mini column from Qiagen GmbH (Qiagen GmbH, Hilden, Germany). The
RNA samples were resuspended in 20 ul of RNase-free water and stored in liquid nitrogen.
RNA samples were treated with DNase I and reverse-transcribed (RT) into cDNA. RT-qPCR
was conducted in a LightCycler real-time PCR detection system (Roche Diagnostics GmbH,
Mannheim, Germany) using SYBR® Green I (Master Mix Qiagen GmbH, Hilden, Germany)
as a detection dye, and target cDNA was quantified using the relative quantification method.
The relative abundance of analyzed transcripts in each sample was standardized to the
internal standard glyceraldehyde-3-phosphate dehydrogenase (GAPDH). For amplification,
2 uL of cDNA solution was added to 18 uL of QuantiTect® SYBR® Green PCR (Master
Mix Qiagen GmbH, Hilden, Germany) and primers (Table 1). One RNA sample of each
preparation was processed without the RT reaction to provide a negative control for
subsequent PCR.

Table 1. Oligonucleotide sequences of primers used for RT-qPCR analysis.

Gene Primer Sequence (5'-3') Product Size (bp)
Rt F CCTAGCACCAACAGGACTCA o
R GAAGAGATGAAACCGCCGTC
F GCTCAGTGGAAAGTCAGCAG
T™MPO R CCTGTCAATTTGCTGCCACT 241
F AGTCATGCTACACAGGCCAT
PAICS R TTACCATCTGCAGCCCTTCA 25
F TTGTAACGGAGGAGGTCACC
ANK2 R AACGCAGGTAGTTCATCCCA 222
F AGCAGCTCAATACCAGGGTT
ADAM23 R TTCACACCAACTCCCCTTGT 235
ar F TTCTACTTGGCCCTGTGCTT
R CTCCAGCCTCCTCAGATCAC 222
F ACCTCAACCCATAAAGCCCA
CNTLN R TGTGGCAAAAGGAAGCTGTC 186
F AGGACCATACCCGTTGTGTT
DNAJBI R AGGACGGTTCTTGAGGTCTG 167
F ATTGACCGTGTCCTCACACA
POSIN R GCCACTTTGTCTCCCATGAT 212
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Table 1. Cont.

Gene Primer Sequence (5'-3') Product Size (bp)
F CATGCCAGATCCCTTCATCT
ITGA2 R CGCTTAAGGCTTGGAAACTG 153
. F TGAGCCTGAAGAGACCTGCT s
R CAGCTCCAATGCAGGTACAG
F CTTCACCACCTTGGACCACT
LAMEL R AGCTGTGGCTCATAGCGAAT 216
F GGCTTCAAAGACAGCCTCAC
ITGB3 R AGTCCTTTTCCGAGCACTCA 175
F GGATGCAAGTTCCGACAGAT
CHIBL1 R GAGGATCCCTTTCTCCTTGG 202
DN F CTCTCTGGCCAACACTCCTC .
R GCGGGCAGAAGTCATTAGAG
F TGTAAACGGACTGGGACTCC
PCOLCE2 R CGATGACCTTGGCACTCATG 184
F AGTTCCAGCCCAGCAATACT
COL14A1 R ATCGTCCAGTACAGCCAACA 229

To quantify the specific genes expressed in the GCs, the expression levels of specific
mRNAs in each sample were calculated relative to PBGD and ACTB. To ensure the integrity
of these results, the additional housekeeping gene 18S was used as an internal standard to
demonstrate that PBGD and ACTB mRNAs were not differentially regulated in GC groups.
The gene for 18S rRNA expression has been identified as an appropriate housekeeping
gene for use in quantitative PCR studies. Expression of PBGD, ACTB, and 185 mRNA was
measured in cDNA samples from isolated GCs. The statistical significance of the analyzed
genes was performed using moderated t-statistics from the empirical Bayes method. The
obtained p-value was corrected for multiple comparisons using Benjamini and Hochberg’s
false discovery rate.

3. Results

The Affymetrix® Porcine Gene 1.1 ST Array Strip (Affymetrix, Santa Clara, CA, USA)
for the microarray gene expression analysis of porcine granulosa cells allows the study of
the gene expression of 27,558 transcripts at 0, 48, 96, and 144 h of in vitro granulosa cell
culture. Genes with more than 2-fold changes and corrected p-values less than 0.05 were
selected for downstream analysis. A total of 3380 differentially expressed genes (DEGs)
were identified according to the above criteria. The list of DEGs was uploaded to the GEO
database (ID:GSE134361). Microarray gene expression analysis with subjecting the list of
DEGs to DAVID software, which showed that the genes can be assigned to 1901 GO BP
(Gene Ontology Biological Process), 162 GO MF (Gene Ontology Molecular Function), and
182 GO CC (Gene Ontology Cellular Component) terms. Gene Ontology is the knowl-
edge database of gene function and provides the basis for computational analyses used in
molecular biology and genetics. This paper focused on the genes involved in cadherin and
collagen binding and structuralization of extracellular matrix components. The DAVID
software indicated the following GO MF terms, which cover the above processes: “extra-

s

cellular matrix binding”, “extracellular matrix structural constituent”, “binding, bridging”,
“cadherin binding”, “cell adhesion molecule binding”, “collagen binding” and “cadherin
binding involved in cell-cell adhesion”. The 81 genes involved in those processes were
clustered using hierarchical clustering and presented as heatmaps (Figure 2). Interestingly,
66 genes were upregulated, which is the greater part of the list of genes used for hierarchical
clustering. Only 15 genes, in contrast, were downregulated. Some of the downregulated
genes form small clusters in “cadherin binding” and “cadherin binding involved in cell-cell
adhesion” GO MF terms. The direction of expression change (upregulation or downreg-
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ulation) was maintained in granulosa cell culture in subsequent points of analysis (after
48, 96, and 144 h of in vitro culture). The mean value of the fold change ratio of each gene
between 48 h, 96 h, and 144 h was calculated. For further analysis we choose the 10 most
significantly upregulated and downregulated genes and their symbols, fold changes, and
corrected p-values are shown in Table 2.
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Figure 2. Heatmaps presenting differentially expressed genes involved in “extracellular matrix binding”, “extracellular
matrix structural constituent”, “binding, bridging”, “cadherin binding”, “cell adhesion molecule binding”, “collagen
binding” and “cadherin binding involved in cell-cell adhesion” based on GO MF terms. Each row on the Y-axis represents a

single transcript. The red color indicates downregulated genes while the green indicates upregulated.
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Table 2. The 10 most significantly upregulated and 10 most significantly downregulated genes involved in cadherin and

collagen binding and structuralization of extracellular matrix components.

Gene Symbol Gene Name Fold Change Adj. p. val.
POSTN periostin, osteoblast specific factor 95.2 3.5 x 107
ITGA2 Integrin, alpha 2 (CD49B, alpha 2 subunit of VLA 07 35 x 107

-2 receptor)

FN1 Fibronectin 1 35.4 3.6 x 107
LAMB1 Laminin, beta 1 33.3 3.5 x 107
ITGB3 Integrin, beta 3 (platelet glycoprotein Illa, 29.9 35 % 107

antigen CD61)
CHI3L1 Chitinase 3-like 1 (cartilage glycoprotein-39) 29.6 1.4 % 10°
PCOLCE2 Procollagen C-endopeptidase enhancer 2 26.2 4.6 x 107
CAV1 Caveolin 1, caveolae protein, 22kDa 22.3 43 x 107
DCN decorin 21.6 4.4 x 107
COL14A1 Collagen, type XIV, alpha 1 16.0 5.3 x 107

SPP1 Secreted phosphoprotein 1 -25 14 x 10%

IRS1 Insulin receptor substrate 1 -26 1.9 x 10*
CNTLN Centlein, centrosmal protein —-2.6 5.1 x 10*
TMPO thymopoietin -2.7 1.3 x 10*

Phosphoribosylaminoimidazole carboxylase,
PAICS phosphoribosylaminoimidazole —-29 8.0 x 10°
succinocarboxamide synthetase

ANK2 Ankyrin 2 —4.3 2.1 x 10°
ADAM23 ADAM metalloptidase domain 23 —4.9 1.0 x 10°
ABI3BP ABI family, member 3 (NESH) binding protein —5.3 2.1 x 10°
DNAJB1 DnaJ (Hsp40) homolog, subfamily B, member 1 —6.4 23 x 100
IGF1 Insulin-like growth factor 1 (somatomedin C) —8.3 1.0 x 10*

Z-scores, reveal whether the molecular function is more likely to be decreased (neg-
ative value) or increased (positive value). The z-scores were presented as segments of
inner circles in Figure 3. As can be seen from the figure, the expression of most genes
was increased (green dots) in all ontological groups. The z-scores had positive values,
indicating that the GO MF terms were upregulated. The “cell adhesion molecule binding”
term contained the highest number of genes. The expression pattern did not change at
any of the analyzed time points. Considering all information, the subsequent analysis was
based only on 48H/0H comparison.
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Figure 3. The circular scatter plots of differentially expressed genes involved in “extracellular matrix

"o "o "o

binding”, “extracellular matrix structural constituent”, “binding, bridging”, “cadherin binding”, “cell

" ou

adhesion molecule binding”, “collagen binding” and “cadherin binding involved in cell-cell adhesion”

’

GO MEF terms. Each dot represents a single gene. The z-scores were presented as segments of inner circles.
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Subsequently, the interaction between the seven selected ontological groups of the
81 genes was evaluated. One of the most visually appealing ways of presenting such
interaction is by using a dendrogram (Figure 4). Clusters contain functionally related
genes based on their expression pattern. The middle circle represents a logarithm of fold
change (logFC) of differentially expressed genes assigned to the studied GO terms. The
GO terms are shown as the outer ring. The genes whose expression is downregulated form
a small cluster (blue part of the middle circle—as can be seen for the gene IGF1), which
is consistent with the previous observations. Clusters of the same color over the entire
width of the outer circle represent genes that are unique for a specific GO term (as can
be seen for the gene ANK2). Clusters of different colors on the cross-section of the outer
circle show sets of genes that are likely to be functionally related (as can be seen for the
genes DNAJB1, COL14A1, ITGA2). The dendrogram showed that 25 of the 81 genes belong
simultaneously to three of the selected GO MF terms: “cadherin binding”, “cell adhesion
molecule binding” and “cadherin binding involved in cell-cell adhesion”.

_ANK2
_DNABI
_IGF1
—nmeA2
SSCOL14A1
D cell adhesion molecule binding D cadherin binding
[ cacherin binding invoived in cell-cell aghesion [[] extracellular matrix structural constituent logFC
GO Terms .
collagen binding [ exvaceluiar matrix binding . 7

D binding, bridging

Figure 4. The dendrogram of the 81 differentially expressed genes involved in “extracellular matrix

”ou v

binding”, “extracellular matrix structural constituent”, “binding, bridging”, “cadherin binding”,

“cell adhesion molecule binding”, “collagen binding” and “cadherin binding involved in cell-cell
adhesion” GO MF terms. The DEGs were clustered based on their logFC values.

In the gene ontology database, single genes may belong to many ontological terms. In
our study, among 15 down-regulated genes, 5 of them belonged to two or more ontology
groups. Of the 66 up-regulated genes, 33 showed belonging to more than one GO. Therefore,
plots with visualization of fold change values and the relationship between genes and
selected GO MF terms were employed to depict the data (Figure 5A,B). The relationship
was also presented as a heatmap (Figure 6). Genes were selected on the basis of the logFC
[2.5] (absolute value, i.e., >2.5 and <—2.5).
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Figure 5. Analysis of enriched gene ontological groups involved in (A) cell adhesion molecule
binding, collagen binding, extracellular matrix binding, extracellular matrix structural constituent,
integrin binding. The network plots presenting the linkages of genes and GO MF terms; (B) cadherin
and collagen binding and structuralization of extracellular matrix components. The network plots
presenting the linkages of genes and GO MF terms.
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Figure 6. Heatmap presenting the relationship between genes and selected GO MF terms. Yellow color of tiles indicates the

absence of logFC values.

A STRING interaction network was used to demonstrate the interaction between the
10 most up-regulated and the 10 most down-regulated genes analyzed, which can predict
the relationship between the protein products of the genes described (Figure 7). In the last
stage, the functional interactions between chosen genes with REACTOME FlViz app to
Cytoscape 3.8.2 software were evaluated. The results were shown in Figure 8.

PCOLCE2

P=
-/

ABI3BP

DNAJB1 ﬂ
~ 8 -
Figure 7. STRING-generated interaction network among 20 chosen differently expressed genes be-
longing to the “extracellular matrix binding”, “extracellular matrix structural constituent”, “binding,

(

" ou "ou ”ou

bridging”, “cadherin binding”, “cell adhesion molecule binding”, “collagen binding” and “cadherin
binding involved in cell-cell adhesion” GO MF terms. The strength of the interaction score was
reflected by the intensity of the edges.

Results from microarray expression were confirmed by quantitative RT-gPCR on
porcine granulosa cells. These data sets were collected, compared, and presented as bar
graphs (Figures 9 and 10). All 20 selected genes were validated. For 3 downregulated genes
via microarray analysis, the reaction conditions could not be established. Non-specific prod-
ucts were formed in the reaction. Only 7 downregulated genes have been presented in the
graph (Figure 9). Moreover, the expression pattern for one gene (IGF1) was not confirmed.
The expression direction of upregulated genes in all cases was confirmed (Figure 10). The
direction of expression change was different on all days of culture intervals. The RT-qPCR
result can be more representative because this method has greater quantitative precision,
as opposed to the whole transcriptome analysis provided by microarrays.
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Figure 8. Functional interaction (FI) between 20 chosen differently expressed genes. In above figure “->*
stands for activating/catalyzing, “-” for FIs extracted from complexes or inputs, and “—” for predicted FIs.
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Figure 9. Bar graph showing validation results of microarrays of downregulated genes obtained
by RT-qPCR.
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Figure 10. Bar graph showing validation results of microarrays of upregulated genes obtained
by RT-qPCR.

4. Discussion

The contact of the cell with the external environment, including the ECM, is crucial
for the continuity of the communication, the reception of stimuli, and the occurrence of
basic processes such as migration, proliferation, differentiation, morphogenesis, as well as
providing tissue homeostasis [25]. The high complexity of ECM composition, its modifi-
cation in different tissues, and its activity prove that it is not only an extracellular spatial
skeleton of tissues. The processes of cell-cell but also cell-ECM adhesion depend on many
integrated networks of protein interactions as well as signaling pathways [52]. Consider-
ing the wide range of functions performed by the ECM, as well as its significance in cell
function in vitro, it is very important to determine the changes in gene expression relative
to in vivo conditions. Due to the relatively different function of cumulus cells (located in
the closest proximity to the oocyte) and mural GCs, the gene expression profile between
these subpopulations may differ. Thus, the changes that occur during in vitro culture
can be significantly different, and knowledge of this transcriptomic profile will allow for
further studies on GCs cultured in vitro. Further research, including in the field of assisted
human and animal reproduction techniques, determination of mechanisms of ovarian
pathology, or stemness, GCs use in regenerative medicine, may rely on the transcriptomic
data. In this study, among 81 genes with statistically significant differential expression,
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10 the most upregulated POSTN, ITGA2, FN1, LAMBI, ITGB3, CHI3L1, PCOLCE2, CAV1,
DCN, COL14Al, and 10 the most down-regulated SPP1, IRS1, CNTLN, TMPO, PAICS,
ANK2, ADAM23, ABI3BP, DNAJB1, IGF1 were selected for further analysis.

It has been shown that ECM components have a direct effect on biological processes
within the ovary such as folliculogenesis, ovulation and steroidogenesis. Glycoproteins,
which play an important role in ovulation are involved in signaling with other ECM
components including proteins, integrins and growth factors, deserve special attention.
These include, among others: DCN (decorin), FN1 (fibronectin) and POSTN (periostin).
These genes showed a significant increase in expression during in vitro culture of GCs
compared to the reference value. The description of increased expression of DCN in mural
granulosa cells (MGCs) than cumulus granulosa cells (CGCs) may indicate involvement
in ovulation. The effect of LH/hCG on the upregulation of this gene expression was also
shown to be mediated through PKA, PKC, ERK/MEK, and PI3K pathways [53]. The role
of DCN is to participate in cell proliferation, cell cycle regulation and apoptosis [54] and its
expression has been described in human, goat, pig, and bovine granulosa cells [19,53-55].
Additionally, it may also be associated with cellular aging [56], folliculogenesis and ovu-
lation [53]. Therefore, its role as a marker used in assisted reproduction biotechnologies
is described [57]. On the other hand, the increased eCG-mediated DCN expression in
goat granulosa may be disrupted by the tissue inhibitor of metalloproteinase 3 (TIMP3)
present [58]. A role for DCN in steroidogenesis has also been suggested and demonstrated
by resistin in vitro. Resistin is a protein for which one of the receptors is decorin, found in
ovarian granulosa cells. It has been shown that the application of resistin can influence the
regulation of steroidogenesis through Akt, MAPK, Stat-3, PPARy, and NF-kB signaling
pathways, leading to a decrease in estradiol and progesterone levels [59]. The DCN gene is
associated with the TGF-f signaling pathway (Figure A1). This pathway indirectly affects
cellular processes related to the cell cycle and apoptosis.

In turn, integrins are bound by various ECM components, including fibronectin
(Figure A2). The type of this signaling interaction is referred to as input-output and in-
volves the fibronectin receptor [60]. The fibronectin signaling pathway shows further
association with MAPK/ERK, involved in the cell cycle (Figure A3). The FAK (focal adhe-
sion kinase, Figure A4) signaling pathway engages FN1, an important component of the
ECM, thereby mediating processes in the ovary, particularly ovulation, luteinization, and
cumulus cell expansion [61]. Inhibition of the FAK pathway results in the arrest of ovula-
tion, demonstrating the crucial role of the ECM in this process [62]. Fibronectin was shown
to be involved in ovulation and luteinization of GCs, as it enhanced progesterone produc-
tion in vitro, compared to collagen, which promoted estrogen synthesis [63]. Additionally,
an increase in the expression of this gene in GCs of beef cattle after super-stimulation was
demonstrated [64].

It is worth considering that the expression of this gene in the follicular fluid of lambs
is lower than in sheep [65] indicating that the expression may depend on various factors
related to the physiological status of the animal. It has been described that under the
stimulation of hCG in bovine granulosa cells the expression of the POSTN gene increases
and its role in fibrous tissue remodeling may induce ovulation [66]. This gene has also been
shown to influence cell adhesion, migration, proliferation, differentiation, and survival [67].
Confirmation of the role of this gene in the aforementioned processes may be provided by
the relationship between elevated POSTN levels and PCOS in humans [9]. The role of FN1
in PCOS is associated with effects on vasculature development within the ovary, which
significantly affects folliculogenesis and corpus luteum formation [10].

Another glycoprotein showing roles in ECM remodeling is CHI3L1 (chitinase-3-like
protein 1 CHI3L1) gene, which also showed up-regulation during conducted culture. Its
high expression level is an indicator of poor prognosis for ovarian cancer patients [68] and
can be used as a goal for targeted therapy [69]. Summarizing the described glycoproteins
and their role in ovarian processes, it should be pointed out that they are mainly responsible
for ovulation. Although additionally their role in steroidogenesis has been demonstrated.
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It is also important that the above ECM elements are associated with the occurrence of
PCOS. These data and our results show that not only the glycoproteins themselves but also
their association with integrins and their participation in signaling pathways are important
in the assessment of their role in this disorder. Demonstration of the expression levels of
these genes in the context of their interactions may be a basis for studies related to the
therapy of, among others, PCOS and their strong upregulation within GCs and association
with ovulation may be used in reproductive biotechnologies based on in vitro studies. This
suggests that further research is needed in this direction, but gives hope that glycoproteins
may be a target for therapy and use in assisted reproductive techniques.

Not only the ECM glycoproteins mentioned above are involved in these processes
within the ovary. CAV1 (caveolin-1) protein is strictly responsible for the composition of
the extracellular matrix. It is involved in the formation of exosomes and sorting of protein
components of the extracellular matrix as well as their deposition [70]. Thus, it leads to
changes in ECM composition and, consequently, its function. CAV1 gene expression in
bovine granulosa cells and its role in the process of ovulation and luteinization have been
demonstrated [71]. Given the role of the CAV-1 gene in extracellular matrix formation,
it has been shown that in vitro culture its expression is affected by anethole. It was
observed that anethole, as a natural substance with antioxidant properties, influences
the maturation of goat ovarian follicles [72]. It has also been shown that downregulation
of CAV-1 gene expression in female ovaries pathway affects the Notch2 signaling and
causes a decrease in Leucine-rich repeat containing G protein-coupled receptor 5 (Lgr5)
leading to POI (premature ovarian insufficiency) [11]. Lgr5 protein affects cell proliferation,
differentiation and is also a biomarker of adult stem cells [73]. Moreover, the IRS1 gene
(insulin receptor substrate 1) protein, which showed downregulated expression in our
study compared with the reference value, is associated with the mitogen-activated protein
kinase (MAPK)/extracellular signal-regulated kinase (ERK) pathway and also PI3K/AKT
(Figure A5) [74,75]. IRS1 affects cell metabolism regulation, survival, and apoptosis [76].
The association of its overexpression with GCs proliferation was demonstrated in PCOS
(polycystic ovary syndrome) study, where it activated the MAPK/ERK pathway and
promoted the disorder [77]. The MAPK/ERK pathway is also associated with ovulation, as
it is completely inhibited in mice with MAPK1/3 deletion in GCs [78].

A group of widely distributed and important proteins are integrins, adhesion molecules,
as transmembrane proteins are composed of o and 3 components [79]. ITGA is associated
with ECM formation, ITGB plays one of the key roles in regulating intracellular signaling
cascades (including FAK, AKT—Figures A4 and A5). With reference to carcinogenesis,
in particular ovarian cancer, a role for ITGA2 in spheroid formation is described, thus
promoting metastasis in the peritoneal cavity [80-82]. The PI3K/AKT pathway is also
closely related to the FOXO family proteins (Figure A6), a member of the transcription
factor class. The upregulated ITGA2 gene affects AKT phosphorylation [83], making it
closely related to the FAK signaling pathways. Integrins bind to focal adhesion compo-
nents to identify modifications in the ECM to keep the shape or reshape the cell [84,85].
Cadherin-integrin interactions play an important role, involving among others the Rap1
pathway [60], associated with GTP (Figure A7). Rapl is involved in the regulation of
integrin activity downstream of cadherins [86] and maintains cadherin connections [87].
ITGA2, ITGB3 genes play an important role in many signaling pathways. The upregula-
tion of these genes has been previously described in porcine granulosa cells, and it was
associated with their angiogenesis [55], development, morphogenesis [88], adhesion, tissue
development [89], and in the case of ITGB3 and FN1 also with the process of apoptosis [56].
These three genes belong to ontology groups closely related to cell adhesion, formation,
and binding of extracellular matrix components confirming the role of the ECM in the
processes previously described related to granulosa cell proliferation [55,88-90]. Decreased
expression of the genes mentioned above affects ECM and cell adhesion within the ovary,
affecting the possibility of diseases within the ovary, including PCOS (polycystic ovary
syndrome) in humans. It is important to consider the role of ECM in folliculogenesis and
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ovulation [91]. Furthermore, in the current study, the down-regulated gene ABI3BP (ABI
family member 3 binding protein), encoding an extracellular matrix protein that binds
to integrins has been demonstrated. Studies on MSCs have shown that their activity is
essential for osteogenic and adipogenic differentiation [92]. Through association with the
fibronectin IIT domain, it promotes cell attachment and with the ECM [93].

One of the main components of lamina basalis is laminin, which binds to collagen.
Increased expression of the laminin subunit beta 1 (LAMB1) gene, which belonged to the
ontology group (GO: ECM structural constituent) is illustrated in Figure 1. The LAMB-1
gene has been described in ovarian follicles at different developmental stages and also in
the corpus luteum in mice [18]. In addition, laminin protein can influence the shape and
proliferation of GCs and also indirectly affect estradiol secretion in the antral follicles [63].
Thus highlighting the role of laminin, a basic component of lamina basalis in human
folliculogenesis [94].

Another important component of the lamina basalis is collagen, which during the
development of the ovarian follicle may change its conformation, amount, and proportion
of isoforms [19]. In the present study, increased expression of PCOLCE2 (procollagen
C-endopeptidase enhancer 2) and COL14A1 (collagen type XIV alpha chain) genes, which
among others belong to the “collagen binding” ontology group was observed. Thus, up-
regulation of the aforementioned genes indicates active modeling of ECM composition
in primary in vitro culture of porcine GCs. Other ongoing in vitro studies have demon-
strated increased expression of collagens (COL1A2, COL3A1, COL5A2, COL12A1, COL15A1,
COL6A3) in the theca interna of the bovine ovarian follicle, leading to their consideration
as cellular markers of this structure [95].

IGF1 (insulin-like growth factor 1) is one of the described regulators of folliculogenesis
and oogenesis and is also involved in cell proliferation. Expression of this gene was the
most strongly reduced during in vitro culture of porcine GCs relative to the reference
value. The number of its receptors in the ovary changes depending on the presence of
the corpus luteum and is therefore dependent on steroid hormones [96]. In turn, down-
regulation of IGF1 is associated with apoptotic processes [97], and it has additionally been
shown to increase apoptotic gene regulation through activation of PI3K/AKT (Figure A4)
in bovine granulosa cells [98]. Another gene with reduced expression is SPP1 (secreted
phosphoprotein 1), which was shown in bovine GCs where its expression level in the largest
follicles (>10.7 mm) was lower than in smaller follicles (>7.8 mm) [99]. This demonstrates
that the expression profile of follicle stage-specific genes is altered and is associated with
development or atresia. This gene is otherwise known as osteopontin (OPN) and is
associated with immune processes, particularly during ovarian follicular atresia [100].
It also plays an important role in wound healing processes, as it is responsible for cell
adhesion to the ECM through the integrin-binding sequence [101].

The down-regulated PAICS gene (phosphoribosylaminoimidazole carboxylase and
phosphoribosylaminoimidazolesuccinocarboxamide synthase) encodes an enzyme that
catalyzes steps 6 and 7 of the de novo purine biosynthesis pathway [102] and was indicated
in the corpus luteum in cattle. Its expression level was shown to be higher in the ovary
than in skeletal muscle, indicating that these tissues require high levels of purines for the
normal proliferation of GCs [103].

Both physical and functional interactions between particular genes are confirmed by
STRING interaction (Figure 7). Interactions are mainly formed by genes closely related
to extracellular matrix formation. These connections occur mostly between upregulated
genes, although they also occur between downregulated genes IGF1, IRS1, SPP1. The
gene showing the highest number of interactions was FN1, which by binding to genes
encoding extracellular matrix glycoproteins confirms its participation in transmitting
intercellular signaling. In addition, the strongly expressed interaction of FN1 to integrins
ITGA2 and ITGB3 (and between) confirms the activity of these genes and their influence
on the numerous signaling pathways described above. Also noteworthy is the connection
between the DCN and IGF1 genes and between SPP1 and ITGB3. These genes, among
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others, are associated with apoptosis processes and may have a strong influence on changes
within granulosa cells leading to ovulation, which may confirm their involvement in this
process. Other genes that do not show direct interaction on STRING interaction may show
it indirectly, therefore, their function in ovarian processes cannot be excluded.

5. Conclusions

The incompletely understood molecular basis of processes within the ovarian follicle
leading to ovulation and luteinization requires precise determination of the gene expression
profile within, among others, granulosa cells. Therefore, the results can be broadly applied
not only to understand the physiology of the ovary but also to study pathological processes
and assisted reproduction techniques. In addition, compared to in vivo studies, in vitro
methods are less expensive, easier to perform, and do not require the approval of ethical
committees if the material used in the study comes from commercially slaughtered animals.
The expression profile of genes in porcine granulosa cells cultured in vitro, associated
with cadherin and collagen binding and structuralization of extracellular matrix (ECM)
components were carefully evaluated, and the culture of GCs in vitro showed increased
expression of genes highly responsible for extracellular matrix (ECM) formation. ECM
is involved in the regulation of many processes within the ovarian follicle, including its
development, maturation, ovulation, and corpus luteum formation. The pig has been
used as a model in human medicine, so the results of this study may be valuable in
determining pathological mechanisms within the ovary, including finding targets for
clinical therapy in humans. Of special attention is the description of the expression levels of
genes such as POSTN, CHI3L1, CAV-1, IRS1, DCN, which according to literature data are
associated with diseases such as POI, PCOS, and ovarian cancer. The current and previously
demonstrated increased expression of POSTN, FN1, ITGB3, ITGA2, LAMB1, DCN genes
in granulosa cells, associated with the processes of growth, proliferation, maturation and
differentiation, may become potential new molecular markers of proliferation of these cells
in vitro what can be valuable in assisted animal reproduction techniques. Additionally,
the described expression profile of genes related to extracellular matrix structuralization,
which plays an important role in stem cell differentiation and regeneration processes,
may provide important knowledge in this aspect. Signaling pathways and interactions
associated with the described genes demonstrate the multidirectional role of the ECM in
both spatial structure formation, intercellular signaling describing even more fully the role
of selected genes.
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Abstract

Background Cell cycle regulation influences the proliferation of granulosa cells and affects many processes

related to ovarian folliclular growth and ovulation. Abnormal regulation of the cell cycle can lead to many diseases
within the ovary. The aim of this study was to describe the expression profile of genes within granulosa cells, which
are related to the formation of the cytoskeleton, organization of cell organelles inside the cell, and regulation of cell
division. Established in vitro primary cultures from porcine ovarian follicle granulosa cells were maintained for 48, 96,
144 h and evaluated via microarray expression analysis.

Results Analyzed genes were assigned to 12 gene ontology groups "actin cytoskeleton organization', "actin filament
organization", "actin filament—based process', "cell—matrix adhesion’, "cell—substrate adhesion", "chromosome
segregation’, "chromosome separation’, "cytoskeleton organization', "DNA integrity checkpoint’, "DNA replication
initiation’, "organelle fision’, "organelle organization". Among the genes with significantly changed expression, those
whose role in processes within the ovary are selected for consideration. Genes with increased expression include
(ITGA11,CNN1, CCI2, TPM2, ACTN1, VCAM-1, COL3AT, GSN, FRMDS, PLK2). Genes with reduced expression inlcude
(KIF14, TACC3, ESPLT, CDC45, TTK, CDC20, CDK1, FBXO5, NEK2—NIMA, CCNE2). For the results obtained by microarray

expressions, quantitative validation by RT-gPCR was performed.

wo W W

Conclusions The results indicated expression profile of genes, which can be considered as new molecular markers
of cellular processes involved in signaling, cell structure organization. The expression profile of selected genes brings
new insight into regulation of physiological processes in porcine follicular granulosa cells during primary in vitro
culture.

Keywords Follicular granulosa cells, Cellular signaling, Cytoskeleton organization, Cell cycle, Gene expression profile,
Transcriptomics
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Background

The ability of animal cells to divide, transmit signals,
move, and perform metabolic activity depends on the
cytoskeleton. In addition, the cytoskeleton is responsible
for cell shape, durability, and resistance to compression
[1]. Depending on the environmental conditions, the cell,
has the ability to adjust its shape, whether it is in vitro
or in vivo [2]. The cytoskeleton is a dynamic structure,
modifying its composition continuously. Components
that build the cytoskeleton include microfilaments,
microtubules, and intermediate filaments. The structural
protein that builds microfilaments is actin, which is the
most common protein in cells. The functions performed
by microfilaments are numerous and include cell move-
ment, intracellular signaling, and cell division [3], but
also has been shown to be significantly involved in endo-
cytosis [4]. Microtubules are made of the protein tubulin,
are responsible for the transport of substances [5], and
form the karyokinetic spindle responsible for the spread
of chromosomes to the daughter cells [6]. Polyglutami-
nation of tubulin also affecting the shape of the nucleus,
according to recent data [7]. Intermediate filaments
made of proteins such as vimentin, keratin and lamin are
responsible for the majority of cell shape determination
and cell stability but also for cell signaling [8]. In addition
to functions related to stabilization of the cell environ-
ment, intermediate filaments also show activity in apop-
tosis, migration, adhesion, and interactions with other
cytoskeletal components [2]. A functionally active animal
cell requires the correct interactions of cytoskeletal com-
ponents. Changes in the ratio of individual components
of the cytoskeleton are described in diseases including
cancer [9].

Granulosa cells (GCs) are the largest population of cells
that make up the ovarian follicle. They have been shown
to be intimately involved in the processes of folliculogen-
esis and oogenesis [10, 11]. Granulosa cells are respon-
sible for steroidogenesis and their dialogue with an
oocyte leads to its competence for fertilization [12]. The
cytoskeleton involved in the cell division [13] influences
the proliferation of granulosa cells in the ovarian follicle.
The cytoskeleton has been shown to influence steroido-
genesis in rat granulosa cells [14] through cholesterol
transport [15, 16] and influence on localization of cell
organelles [5, 17], including mitochondria in the cyto-
plasm [18]. A very important role of the cytoskeleton has
been demonstrated in meiotic division of the oocyte [19,
20]. This results in an asymmetric division and the for-
mation of a haploid oocyte and two polar bodies allowing
the oocyte to retain the maternal components neces-
sary for the initial development of the embryo. Critical
steps in the above division are positioning of the nucleus,
formation and migration of spindles, segregation of
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chromosomes, and extrusion of polar bodies, in which
actin filaments are involved [19]. The processes involved
in cell division, which is part of the cell cycle, are impor-
tant for cell proliferation. The transition between the dif-
ferent phases G1, S, G2, M in the cell cycle is regulated
by many genes and signaling pathways [21]. Cell division
includes both cytoplasm and cell nucleus division, which
must be controlled by checkpoints [22]. Abnormalities
occurring during cell division can result in the formation
of defective cells and consequently cell death. A number
of genes responsible for cell division have been shown to
be expressed, which if not properly expressed can cause
the processes of tumorigenesis [23].

Additionally, intracellular and extracellular signaling
is very important in processes related to animal repro-
duction and its efficiency [24]. The cytoskeleton and
cell adhesion molecules (integrins, cadherins), catenins
but also extracellular matrix (ECM) are involved in cell
signaling [25, 26]. The orientation of the division spin-
dle depends on extracellular matrix proteins confirming
the interplay between the ECM and the cytoskeleton in
cell division [27]. The main transmembrane proteins
involved in the cell division are the integrins, which bind
to cytoskeletal actin filaments [28]. A major role for these
transmembrane proteins in reproduction in animals
has been demonstrated [29]. Additionally, the recently
described ability of granulosa cells to differentiate into
other cell lineages gives these cells additional value [30,
31]. Small Rho GTPases affect cytoskeleton composi-
tion while showing effects on mesenchymal cell differ-
entiation into adipose or muscle cells [32, 33]. Also the
recently described effect of actin remodeling on the abil-
ity of mesenchymal stem cells to differentiate requires
further research [34].

The aim of this study was to evaluate the expression
profile of genes related to the formation of cytoskeleton,
which is involved in cell division, spatial organization of
cell organelles, metabolic activity and intercellular sign-
aling in porcine granulosa cells. Describing the expres-
sion of individual genes related to intercellular signaling
in granulosa cells may contribute to understanding the
molecular basis of these cellular processes. Given the
ability to co-culture granulosa cells along with oocytes,
these data may be used in future studies to improve the
efficiency of in vitro assisted reproductive techniques.

Results

The porcine granulosa cells were collected at 48, 96,
and 144-h of cultivation and compared to the 0-h of
the experiment as a control group. The general profile
of the transcriptome changes is shown in Fig. 1, where
dots represent the mean gene expression. Concern-
ing the cut-off criteria for differentially expressed genes
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(|fold change|>2, and p value <0.05), the scattered plots
indicate that on 48-h of the experiment 828 genes were
upregulated, while 610 were downregulated in compari-
son to 0 h of cells cultivation. At 96-h, it was revealed
that 1206 activated and 1104 activated genes were, while
at the end of the experiment at 144-h, it was indicated
that 1025 upregulated and 732 downregulated genes in
comparison to 0-h of the experiment. It was found that
the most changes have been indicated during the 96-h
of the experiment compared to the control. Meanwhile,
the lowest number of deregulated genes were revealed
between 48-h and controls. Commonly expressed genes
were also identified across all analyzed groups. The
expression of LOX, and HS3B1 were upregulated, and the
expression of HSD17B1, SNX31, DAPL1, and CXCL10
were inhibited in all experimental groups compared
to the control. Expression changes were also analyzed
between experimental groups. It has been indicated that
at 96- and 144-h groups ANKRDI, and ITGAS8 genes are
upregulated compared to 48-h of the experiment.

Next, the differentially expressed genes were classified
by hierarchic clustering and visualized it as a heatmaps
(Fig. 2, 3 and 4). The figures show both the expression
values and expression fold changes between compared
groups, according to the clustered ontological groups.
It has been revealed that at the cluster related to actin
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filament and cytoskeleton organization (Fig. 2), the most
downregulated gene across all analyzed groups was
NEK2, and KIF14. Nevertheless, the expression of CAV1,
TPM2, ACTN1, and CCL2 has been mostly upregulated
throughout the experiment. Moreover, analysis of the
cell-matrix and cell-substrate adhesion processes (Fig. 3),
shows that only the KIF14 was downregulated across
all analyzed groups. For the most upregulated genes,
we include POSTN, FN1, ITGB8, LAMB1, ACTN1,
ITGA2, and COL3A4. Furthermore, the differentially
expressed genes arranged in chromosome segregation
and DNA replication (Fig. 4) revealed that the expression
of CCNE2 was mostly inhibited, while the expression of
PLK2, and CDKNIA has been activated. Furthermore,
the examination of genes of organelle fission and organi-
zation clusters (Fig. 5) indicates, that CDC20, NEK2,
FBXO5, and MASTL were downregulated, while expres-
sion of PDE3A, TPM2, CCL2, DCN, CAV1, CLU, PTK?7,
and ETS1 has been mostly upregulated across all ana-
lyzed groups compared to control.

Furthermore, STRING and Metascape were employed
as effective online platforms to perform functional analy-
sis of protein—protein interactions and combine it with
functional enrichment interactome analysis, gene anno-
tation, and membership search [35, 36]. For the STRING
analysis, four lists containing GO BP terms were used for
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Fig. 2 Heatmap of expressed genes related to actin filament and cytoskeleton organization. The heatmap shows the expressed genes (left side),
expression fold changes (center), and GO term ontological groups with gene names (right side) of all analyzed groups. The legends on the right side
illustrate the colors used for the visualization
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Fig. 3 Heatmap of expressed genes related to cell-matrix and cell-substrate adhesion, according to the GO term. The heatmap shows
the expressed genes (left side), expression fold changes (center), and GO term ontological groups with gene names (right side) of all analyzed
groups. The legends on the right side illustrate the colors used for the visualization

the differentially expressed genes (according to received
heatmaps). The STRING analysis of proteins related to
actin filament and cytoskeleton organization indicates
that for all 148 nodes, 708 edges have been revealed
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(Fig. 6). The line thickness indicates the strength of data
support from the sources of text mining and experiments
with a cutoff value of medium confidence (0.522). The
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Fig. 4 Heatmap of expressed genes related to chromosome segregation and DNA replication, according to the GO term. The heatmap shows
the expressed genes (left side), expression fold changes (center), and GO term ontological groups with gene names (right side) of all analyzed
groups. The legends on the right side illustrate the colors used for the visualization

protein—protein interaction (PPI) enrichment p-value
was <10-16.

Moreover, all statistically enriched GO terms were
identified, from which the most enriched were five pro-
cesses: actin filament-based process (GO:0030029,
log10(P)=— 29.6), cell-substrate adhesion (GO:0031589,
logl0(P)=— 26.7), positive regulation of cell migration
(GO:0030335, logl0(P) =— 21.6), response to wounding
(GO:0009611, logl0(P)=— 21.1), and regulation of cell
cycle process (GO:0010564, log10(P)=— 20.4) (Fig. 7A).
A subset of representative terms was selected from the
entire cluster, converted them into a network layout
(Fig. 7B, C), and applied the MCODE algorithm on this
network to identify neighborhoods where proteins are
densely connected (Fig. 7D).

The protein—protein interaction of molecules related to
cell-matrix and cell-substrate adhesion, according to the
GO BP terms, revealed 66 nodes with a number of edges
ranged 155 (Fig. 8). The medium confidence (0.55) cutoff
value and the PPI enrichment p-value were < 10-16. The
20 GO terms from which the actin filament-based pro-
cess (GO:0030029, logl0(P)=— 43.5) was the most sig-
nificant (Fig. 9A) were identified. The network layout and
MCODE algorithm on this network let us identify two
neighborhoods that are densely connected among ana-
lyzed proteins (Fig. 9B-D).

The analysis of protein—protein interactions related
to chromosome segregation and DNA replication per-
formed by STRING analysis disclosed 34 nodes with 138
edges, with a cutoff value of medium confidence (0.698),
and the PPI enrichment p-value was < 10-16 (Fig. 10).

The Metascape analysis indicates that the most
enriched GO processes were cell-substrate adhesion
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(G0O:0031589, logl0(P) = — 45.7), regulation of cell-sub-
strate adhesion (GO:0010810, log10(P) = — 23), and PID
integrinl pathway (M18, logl0(P)=— 21.2) (Fig. 11A).
Moreover, the selected subset of representative terms
from the full cluster and converted them into a net-
work layout revealed 20 different biological processes,
according to the node colors, while the MCODE algo-
rithm defined only one neighborhood (Fig. 11B-D).

The analysis of protein interactions belonging to orga-
nelle fission and organization indicates 117 nodes with
389 edges, with a cutoff value of medium confidence
(0.485), and the PPI enrichment p-value was<10-16
(Fig. 12).

Next, the analysis of the function of selected
genes revealed that actin cytoskeleton organization
(GO:0030036, loglO(P)=— 22.6), and regulation of
cell cycle process (GO:0010564, loglO(P)=-— 21.5)
(Fig. 13A). The network layout and MCODE algo-
rithm on this network let us identify six neighborhoods
that are densely connected among analyzed proteins
(Fig. 13B-D).

In conclusion, among all analyzed groups, we
observed commonly activated biological processes like
actin filament-based process (GO:0030029) and regula-
tion of cell cycle process (GO:0010564).

Results from microarray expression were
firmed by quantitative RT-qPCR. These data sets were
collected, compared, and presented as a bar graph
(Fig. 14). 6 selected genes were validated. The RT-qPCR
result can be more representative because this method
has greater quantitative precision, as opposed to the
whole transcriptome analysis provided by microarrays.

con-
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Fig. 5 Heatmap of expressed genes related to organelle fission and organization, according to the GO term. The heatmap shows the expressed
genes (left side), expression fold changes (center), and GO term ontological groups with gene names (right side) of all analyzed groups. The legends

on the right side illustrate the colors used for the visualization

Discussion

As a dynamically changing structure, the cytoskeleton
influences cellular metabolism by adjusting individual
components depending on signals received from the
external environment. Intercellular signaling based on
chemical signals is well established, but signaling based
on physical signals (including through the cytoskeleton)
requires further study [1]. Knowledge of the expression
of genes related to the internal environment of the cell
extends the knowledge needed to understand the molec-
ular mechanisms. Taking into account the involvement
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of cytoskeleton in processes related to cell differentia-
tion and division [32, 33], the transcriptome results can
be used to conduct further studies related to stemness
potential of GCs [37, 38], among others from proteomic
and metabolomic aspects. Demonstration of the expres-
sion of particular genes connected with cell-to-cell and
cell-to-environment signaling relevant in the context
of reproduction is valuable for conducting research on
assisted reproduction techniques conducted in vitro. The
10 upregulated genes (ITGA1l, CNN1, CCI2, TPM2,
ACTN1, VCAM-1, COL3A1, GSN, FRMD6, PLK2) and
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Fig. 6 STRING-generated interaction occurrence between differently expressed genes. The intensity of the edges reflects the strength
of interaction score. Proteins are shown as nodes and the color of each link defined the type of evidence available for the interaction between two
proteins
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Fig. 7 Metascape functional analysis of transcriptome profiles based on differently expressed genes. A Heatmap of Gene Ontology (GO) enriched
terms colored by p-values. B Clustered network of GO enriched terms where color represent its cluster identity. A circle node represents each
term, the size of node is proportional to the number of input genes fall under that term, and its color represent its cluster identity. C Clustered
network of GO enriched terms colored by p-value, where terms containing more genes tend to have a more significant p-value. D Protein-protein
interaction (PPI) network clustered to five most significant MCODE components form the PPI network. A circle node represents each term, the size
of node is proportional to the number of input genes fall under that term, and its color represent its cluster identity

10 downregulated genes (KIF14, TACC3, ESPL1, CDC45,
TTK, CDC20, CDK1, FBXO5, NEK2—NIMA, CCNE2)
were selected for further evaluation.

The main protein building block of the cytoskeleton
is actin, which can assume different conformations in
the cell [39]. Spontaneous polymerization of actin mol-
ecules builds the cytoskeleton. Depending on its con-
formation, actin is involved in various processes within
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the cell, including cellular structure, motility and intra-
cellular transport [39]. Actin-binding proteins play an
important role in actin remodeling in the cytoskeleton
regulating almost every aspect of actin filament for-
mation, including maintaining a large pool of actin
monomers available for polymerization, initiating the
formation of new filaments, promoting elongation [39—
41]. The actin-binding proteins whose expression was



Kulus et al. Cell Division (2023) 18:12 Page 9 of 23

Known interaction Predicted interactions Others
@O—  from curated databases —  gene neighborhood 3  textmining
@— experimentally determined ==  gene fusions = co-expression

@—® gene cooccurrence  E—  protein homology

Fig. 8 STRING-generated interaction occurrence between differently expressed genes. The intensity of the edges reflects the strength
of interaction score. Proteins are shown as nodes and the color of each link defined the type of evidence available for the interaction between two
proteins
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Fig. 9 Metascape functional analysis of transcriptome profiles based on differently expressed genes. A Heatmap of Gene Ontology (GO) enriched
terms colored by p-values. B Clustered network of GO enriched terms where color represent its cluster identity. A circle node represents each
term, the size of node is proportional to the number of input genes fall under that term, and its color represent its cluster identity. C Clustered
network of GO enriched terms colored by p-value, where terms containing more genes tend to have a more significant p-value. D Protein-protein
interaction (PPI) network clustered to five most significant MCODE components form the PPI network

determined in our study are: CNNI1 (calponin 1), TPM2
(tropomyosin 2, beta), ACTN (actinin, alpha 1), GSN
(gelsolin). The CH (calponin homology) domain is one of
the most common in animal cells, being responsible for
actin cytoskeleton organization, activation of signaling
pathways and calcium metabolism. The following three
domains are distinguished: CH1—CH2 occurring in tan-
dem and CH3 [42]. Point mutations present in diseases
have been shown to affect the affinity of the CH1-CH2
domains for F-actin [43]. A large role has recently been
attached to the role of the CH domain in cancer, involv-
ing the Rho/ROCK1 signaling pathway [44]. To date,
specific expression of CNN1 in muscle tissue has been
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demonstrated, linking this protein to muscle contrac-
tion [45]. The role of CH domain is not limited to actin
binding and cytoskeleton remodeling, it has been shown
that CH domain of calponin binds to ERK (extracellular
regulated kinase) leading to signal transduction between
cytoskeleton and extracellular matrix [42]. CNN1 gene
expression was first demonstrated in porcine granulosa
cells in the present study. Highlighting the importance
of calponin, it has been shown to bind to many pro-
teins found in the cytoskeleton, including tropomyosin,
actinin, and gelsolin [45]. The cytoskeleton protein TPM2
binding to actin filaments protects them from degenera-
tive action of cofilin, maintaining a stable cytoskeleton
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Fig. 10 STRING-generated interaction occurrence between differently expressed genes. The intensity of the edges reflects the strength

of interaction score. Proteins are shown as nodes and the color of each link defined the type of evidence available for the interaction between two
proteins

structure [39]. Elevated expression of this gene was pre-
viously shown in the granulosa of pre-ovulatory follicles
in mice [46]. Additionally, tropomyosin beta has been

shown to be down-regulated in granulosa cells of women
with PCOS (Polycystic ovary syndrome) [47]. Actinin
(ACTN1) belongs to actin filament cross-linking proteins
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[2]. This protein indirectly affects cytokinesis, cell adhe-
sion and migration without affecting actin assembly.
Actinins affect cell-matrix signaling through activation
of PI3K and also cell-to-cell signaling through integrins
and intercellular adhesion molecules (ICAM) [48]. To
date, expression of ACTNI1 and TPM2 genes has been
demonstrated in human granulosa cells [49]. A cytoskel-
etal protein showing a major influence on the composi-
tion of actin filaments is gelsolin (GSN) [39]. Gelsolin
is composed of two to six domains, and the activity of
breaking the connections between actin molecules is
dependent on calcium concentration [50]. Mutations in
this gene have been shown to cause multiple diseases
[51]. It has been described that gelsolin is also associated
with ovarian disease in humans [52-54], and GSN has
been identified as a marker for these disease processes
[53]. It has been described that increased GSN gene
expression is associated with suppression of apoptotic
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processes, whereas downregulation is associated with
increased apoptosis and this protein is also recognized
as a therapeutic target [50]. Differentiation of this gene
expression in mice between mural granulosa cells and
cumulus cells was also demonstrated [55]. As transmem-
brane proteins, integrins are responsible for transmitting
signals between cells by influencing the composition of
the cytoskeleton through interactions with GTPases [56].
The signaling occurs through the connection between
the actin cytoskeleton and the extracellular matrix [57].
It has been shown that ITGA11 expression in rat uterine
endometrium is dependent on progesterone, but also on
miR-126a-3p [58, 59], which by affecting its expression
may be involved in embryo implantation and pregnancy
maintenance. The importance of progesterone has been
confirmed in studies on pregnant sows [60] and expres-
sion of the ITGA11 gene in the porcine ovary during dif-
ferent phases of the sexual cycle [61]. A marked increase
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in ITGA11l gene expression during differentiation of
murine satellite cells (MSCs) into muscle cells has been
described [62], which may be important in the context of
the described differentiation potential of granulosa cells.
ITG, GSN, ACTN genes have been shown to be involved
in regulation of actin cytoskeleton. ITG affects signal-
ing pathways, including FAK, thus regulating the activ-
ity of Rho GTPases, including Rac. This in turn leads
to stabilization of actin filaments by gelsolin (GSN). An
important element regulated by Rho proteins is ROCK
(Rho-kinase), which by regulating ACTN transcription
affects actin filament polymerization. The mechanism
stabilizes the cytoskeleton while regulating intercellular
signaling (Fig. 15).
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CCI2 (chemokine C—C motif ligand 2) as a chemotac-
tic, proinflammatory substance causes the influx of white
blood cells within the ovarian follicle, which is involved
in the regulation of ovulation. CCI2 expression has been
shown to be dependent on progesterone receptors (Pgr),
which influence the expression of the Ptgs2 gene involved
in PGE2 synthesis leading to a physiologically controlled
inflammatory response necessary for ovulation to occur
[63]. Expression of the CCI2 gene in bovine granulosa
cells is also described, demonstrating its role in the gain-
ing of competence by the oocyte [64]. In addition, it has
been described that CCI2 in human granulosa shows a
role in luteolysis by affecting macrophage infiltration
into the corpus luteum [65]. CCI2 in combination with
BMP15 affect apoptosis of porcine cumulus granulosa
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cells has also been described [66]. VCAM-1 is identified
as a molecule involved in cell adhesion, regulates inflam-
mation-related vascular adhesion and transendothelial
migration of leukocytes such as macrophages and T lym-
phocytes [67] suggesting the involvement of VCAM-1
in luteolysis,. Additionally, VCAM-1 has been shown to
be associated in cancer [68], autoimmune diseases [69].
VCAM-1 has been suggested to be upregulated in PCOS
(Polycytic ovary syndrome) [70], where it has been shown
that this gene correlates with androgen production in
theca cells of mouse ovaries, [71]. Ovarian processes such
as oogenesis, folliculogenesis and ovulation require close
cooperation between the cytoskeleton and the extracel-
lular matrix (ECM) which is encoded by genes described
in porcine granulosa cells [72]. It is worth noting the role
of COL3A1, an ECM component protein in folliculogen-
esis, whose expression has been demonstrated within the
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ovary in both cattle and pigs, mono- and polyovulatory
animals [73]. COL3A1 expression in PCOS [74] as well as
POI [75] suggest that Lnc-GULP1-2:1 (long non-coding
RNA) could be used to alter COL3A1 expression, treating
it as a therapeutic target. Additionally, COL3A1 has been
shown to be a biomarker for ovarian cancers [76] and
also its elevated expression reduces the effects of antican-
cer drugs in vitro [77]. The control of mitotic and meiotic
cell division is carried out by polo-like kinases (PLKs).
One of them is PLK2, which also affects cell shape and
cell death [78]. It was also shown that PLK2 activity in
rat granulosa cells is influenced by hormonal induction
of both LH and hCG [79]. Increased expression of PLK2
shown in the above work affects cell cycle arrest in gran-
ulosa cells, which is necessary for their luteinization in
the perovulatory period. The FRMD-6 protein belongs to
the FERM superfamily of proteins and has been shown to
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obtained

be involved in the regulation of the Hippo signaling path-
way [80]. This pathway has been shown to significantly
affect ovarian follicle development and ovulation in cat-
tle [81, 82]. Additionally, the Hippo signaling pathway is
dependent on actin remodeling [83]. Cell proliferation in
animal organisms depends on cell division, which must
occur in an orderly manner and regulated by multiple
mechanisms. The cell cycle is divided into individual
phases associated with cell division and growth, consist-
ing of G1, S, G2, M. Only the proper transition between
the different stages of cell division allows proper karyo
and cytokinesis, which is further controlled by check-
points. Many genes have been described whose protein
products are responsible for normal cell division and are
also involved in controlling the succession of the different
phases of oogenesis [21]. If abnormalities occur during
mitosis or meiosis, this can lead to cell dysfunction, cell
death and uncontrolled cell division leading to cancer [84,
85]. Many cancers within the ovary have been described
that are associated with abnormal cell division within
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the ovary [86, 87]. In relation to this type of disorders,
knowledge of gene transcription associated with cell divi-
sion is valuable because it may explain the basis of many
diseases and also highlight potential therapeutic targets.
All of the down-regulated expression genes are cell cycle
related and have been described to be involved in cell
division. Interestingly, a similar direction of expression of
genes responsible for cell division was obtained in in vitro
experiments on human [88] and porcine granulosa cells
[89]. These genes affecting cell proliferation within the
ovary affect granulosa cell function [90, 91], while at the
same time may cause many diseases within the ovary [86,
87]. A particularly important gene associated with cell
division is CDK1, which binds to CCNs cyclins and is
responsible for regulation of cell cycle events, including
transition between G1, S, G2, M phases [21]. Both CDKs
and CCNs have been shown to influence granulosa cell
proliferation by affecting the MAPK and ERK pathways
[92]. Deletion of the CDK1 gene causes early embryonic
death in mice [21], and its expression in pig granulosa
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cells is modulated by the RSPO2 gene involved in the
WNT signaling pathway [93]. Regulation of pig granu-
losa cell proliferation is associated with the CCNE2 gene
[89] but also by numerous miRNAs [94]. Recent studies
support a large role for cyclins in granulosa cell growth,
which was confirmed by targeted suppressive effects of
miRNAs on CCND2 [95]. There are many interactions
between genes responsible for cell division such as the
functional interaction between the CCNE2 and NEK2
genes [89]. Although NEK2 has previously been shown
to interact with many other genes while demonstrat-
ing its involvement in cancer treatment within the ovary
[96]. Continued research on treatment resistance caused
by NEK2 confirms its important role in this regard and
identifies this gene as a therapeutic target [97]. However,
the activity of NEK2 as a kinase in granulosa cells derived
from healthy porcine ovarian follicles was blocked [91]. It
has been shown that the FBXO5 gene may be a prognos-
tic biomarker in breast cancers, thus providing a poten-
tial therapeutic target [98]. In addition, the demonstrated
interaction between FBXO5 (Emil) and CDC20 confirms
their role in regulating cell division through APC (ana-
phase promoting complex) inhibition [99]. The TGF-p/
SMAD signaling pathway (Fig. 16) has a very important
role in regulating ovarian function, where SMAD4 plays
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a large role within SMAD [100]. It was shown that silenc-
ing of SMAD4 caused an increase in many key cell cycle
markers, including CDK1 and also cyclins (CNNA2,
CNNBI1 and CNNB2) confirming its role in granulosa
cell proliferation. Additionally, SMAD4 silencing resulted
in upregulation of the expression of other important cell
cycle checkpoints, including CDC20 and CDC45 [100].

CDC20 has also been shown to play an important role
in meiosis occurring in the oocyte, where detected muta-
tions within this gene lead to infertility in women [101].
Interestingly, exogenous administration of gonadotropins
has been shown to downregulate expression in human
granulosa cells of both the CDC20 and CDC45 genes
[102]. Genes closely involved in cell cycle regulation are
TTK, ESPL1, TACC3, KIF14. They have been shown to
be expressed in ovarian, uterine, breast, lung and colo-
rectal cancers [84, 85, 103—106]. The available literature
shows that these genes are potential therapeutic targets
in cancer and determine resistance to treatment [84, 85,
103-106]. These data emphasize the necessity of under-
standing the expression of genes responsible for cell cycle
regulation and constituting checkpoints in cells associ-
ated with the reproductive system of animals, including
granulosa cells.
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Conclusions

Successful animal and human reproduction is largely
dependent on interactions that occur between granu-
losa cells and the oocyte. Knowledge of the mechanisms
and interactions occurring between the cytoskeleton and
the external environment of the cells that make up the
ovarian follicle provides an opportunity to understand
the basis of diseases occurring within the ovary. The
cytoskeleton has been shown to influence the composi-
tion of the extracellular matrix [26]. Many glycoproteins
found in the ECM of granulosa cells have been described
to influence the occurrence of diseases within the ovary,
including PCOS and POI [107-109]. Interestingly, several
genes encoding cytoskeleton-related proteins have also
been described in relation to PCOS, including: TPM2,
VCAM-1 [47, 70], and in the case of COL3A1 also in the
aspect of POI [74, 75]. Given some ability to modulate
cytoskeleton composition with actin-binding proteins
[41, 110], it should be possible to influence ECM compo-
sition. Such an approach seems reasonable as a possibility
to apply targeted therapy. Equally important in the con-
text of reproductive disorders are the cell mechanisms
involved in cell division, both within granulosa cells and
within the oocyte [64, 90, 91]. Noteworthy are the cell
division checkpoints, which, if not working properly, may
impede cell replication. The TTK, ESPL1, TACC3, KIF14
genes first described in porcine granulosa cells provide
new information about their cell cycle regulation. The
results may provide a basis for further research on their
use as a therapeutic target.

Methods

Animals

A total of 40 crossbred Landrace gilts with a median
age of 170 days and weight of 98 kg were used in this
study. All animals were housed under identical condi-
tions. The animals in the study reached sexual maturity
at 4—6 months of age and were in the follicular phase of
sexual cycle.

Collection of porcine ovarian granulosa cells

Ovaries (n=80) were recovered at slaughter and trans-
ported to the laboratory at 38 °C in 0.9% NaCl within
30 min of harvest. In the laboratory, the ovaries of each
animal were placed in PBS supplemented with fetal
bovine serum (FBS; Sigma-Aldrich Co., St. Louis, MO,
USA). Thereafter, single preovulatory large follicles, with
a diameter estimated greater than 5 mm (n=300), were
opened into a sterile Petri dish by puncturing using a
5 ml syringe and 20 G needle, and the cumulus-oocyte
complexes (COCs) and follicular fluid (FF) were recov-
ered. The transcriptomic profile of mural GCs, which
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constitute a significant majority among the GCs popula-
tion was analyzed. The follicular fluid was used to isolate
GCs, whereas the COCs were discarded. The extracted
follicular fluid after discarding COCs was filtered through
sterile nylon cell strainers with a mesh diameter of 40 pm
(Biologix Group, Shandong, China) to eliminate tissue
debris and larger cell aggregates (including blood cells) or
epithelium. The resulting suspension was centrifuged at
room temperature for 10 min, 200 rpm, to obtain individ-
ual cell fractions. The GCs pellet was then resuspended
in collagenase type I solution (Gibco, Thermo-Fischer
Scientific, Waltham, MA, USA) 1 mg/1 mL DMEM and
incubated 10 min in a 37 °C water bath and centrifuged
(under the same conditions). The cell pellet was resus-
pended in culture medium to establish in vitro culture
under the conditions described below. Granulosa cells
collected from ovarian follicles were pooled to homog-
enize the sample.

In vitro primary culture of porcine granulosa cells

A primary in vitro culture model was used in this study
with four time intervals. For microarray expressions,
cultures were maintained in two biological replicates for
each time interval. For validation by RT-qPCR, cultures
were maintained in a triplicate biological sample model
for each time interval. Primary cultures were estab-
lished from GCs in four bottles with 3 x 10° cells per dish
(25 cm? cell culture flask, TPP, Trasadingen, Switzerland).
The number of cells and their viability were assessed
using the ADAM Automatic Cell Counter (NanoEnTek,
Waltham, MA, USA). From the cell suspension, a 20 uL
sample for number and viability analysis was stained with
propium iodide and examined in a fluorescence analyzer
on disposable microchips. By staining the cell nuclei, the
counter is able to distinguish single cells in aggregates.
Only those samples with viability above 85% were used
for further studies. Cells in culture were kept until cul-
ture termination when the material was collected at 0 h,
48 h, 96 h, 144 h. The culture medium was changed every
72 h.

Culture medium consisted of Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich, Saint Louis,
MO, USA), 2% fetal calf serum (FCS) (PAA, Linz, Aus-
tria), 10 mg/mL ascorbic acid (Sigma-Aldrich, Saint
Louis, MO, USA), 0.05 uM dexamethasone (Sigma-
Aldrich, Saint Louis, MO, USA), 200 mM L-glutamine
(Invitrogen, Carlsbad, CA, USA), 10 mg/mL gentamycin
(Invitrogen, Carlsbad, CA, USA), 10,000 units/mL peni-
cillin and 10,000 pg/mL streptomycin (Invitrogen, Carls-
bad, CA, USA). Cells were cultivated at 38.5 °C under
aerobic conditions (5% CO2). Once the adherent cells
were more than 80% confluent, they were detached with
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0.05% trypsin—-EDTA (Invitrogen, Carlsbad, CA, USA)
for 3 min. and then passaged. When the cells were seeded
into culture bottles, the shape of the cells was close to
spherical, where the cells formed a suspension in the
medium. After 24 h of culture, the cells became adherent
to the medium, and after 48 h, the cells assumed a star-
like shape. At subsequent time intervals, the GCs became
wider, more fibroblast-like. The strong adherence to the
dish surface, shape change, and flattening of the cells is
related to the secretion of extracellular matrix compo-
nents, which correlates with the increased expression of
ECM-related genes during the study.

Microarray expression analysis and statistics

The Affymetrix procedure was previously described by
Trejter et al. [111] and used in studies involving por-
cine oviduct epithelial cells (OECs) [112-114] as well as
oocytes [115-117]. Briefly cDNA was subjected from
Total RNA (100 ng) (Ambion® WT Expression Kit).
Obtained ¢cDNA was biotin labeled and fragmentated
by Affymetrix GeneChip® WT Terminal Labeling and
Hybridization (Affymetrix). Biotin-labeled fragments of
cDNA (5.5 pg) were hybridized to Affymetrix® Porcine
Gene 1.1 ST Array Strip (45 °C/20 h). Then, microar-
rays were washed and stained according to the technical
protocol using Affymetrix GeneAtlas Fluidics Station.
Subsequently the array strips were scanned by Imaging
Station of GeneAtlas System. The preliminary analysis
of the scanned chips was performed using Affymetrix
GeneAtlasTM Operating Software. The quality of gene
expression data was checked according to quality con-
trol criteria provided by the software. Obtained CEL files
were imported into downstream data analysis software.
All of presented analyses and graphs were performed
by Bioconductor and R programming language (v4.1.2;
R Core Team 2021). Each CEL file was merged with a
description file. A Robust Multiarray Averaging (RMA)
algorithm was used to correct background.

To show the total number of up- and down-regulated
genes, the principal component analysis (PCA) of filtered
data set was performed and visualized using "factoextra"
library [118]. Differentially expressed genes (DEGs) from
each comparison were visualized hierarchic clustering of
differentially expressed genes as a heatmap using "Com-
plexHeatmap" library [119]. The established cut-off crite-
ria for DEGs were based on the differences in the absolute
value from the expression fold change greater than 2.
Functional protein partners among all input gene list
were identifies using the Search Tool for the Retrieval of
Interacting Genes (STRING) (version 11.5) analysis web
portal (https://string-db.org/) and by Metascape [35, 36].
The score of minimum required interaction was medium
confidence (0.4). While the PPI network contains more
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Table 1 Oligonucleotide sequences of primers used for RT-gPCR
analysis

Gene Primer sequence (5-3) Product
size (bp)
CCNE2 F GATGGTGCTTGCAGTGAAGA 216
R CGATGGCTAGAATGCACAGA
FBX05 F AAGCCTCAAAGCCTGCATTC 221
R TCACCTTCGAAGCACAGTCT
ITGA11 F GAGGCTCCACAGGAAAGTCT 151
R CTTCTCATCGCTGTCACTGC
Cc2 F TCTCCAGTCACCTGCTGCTA 185
R TCCAGGTGGCTTATGGAGTC
TPM2 F AGTTTCCCCAAGTCTCTGCA 184
R TCCGTCCCTTTCAGCTTCTT
ACTIN1 F GGCAAGATGAGAGTGCACAA 172
R AGATGTCCTGGATGGCAAAG

than three nodes, the Detection (MCODE) algorithm
has been used to revealed clusters directly related to
genes within PPI [120]. Next, according to the p-value in
the generated network, MCODE created and assigned a
unique colour.

Real-time quantitative polymerase chain reaction
(RT-qPCR) analysis

Total RNA was isolated from GCs in 0 h and after 48 h,
96 and 144 h in vitro culture using an RNeasy mini col-
umn from Qiagen GmbH (Hilden, Germany). The RNA
samples were resuspended in 20 pl of RNase-free water
and stored in liquid nitrogen. RNA samples were treated
with DNase I and reverse-transcribed (RT) into cDNA.
RT-qPCR was conducted in a LightCycler real-time PCR
detection system (Roche Diagnostics GmbH, Mannheim,
Germany) using SYBR® Green I as a detection dye, and
target cDNA was quantified using the relative quantifica-
tion method. The relative abundance of analyzed tran-
scripts in each sample was standardized to the internal
standard glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). For amplification, 2 pl of cDNA solution was
added to 18 ul of QuantiTect® SYBR® Green PCR (Mas-
ter Mix Qiagen GmbH, Hilden, Germany) and prim-
ers (Table 1). One RNA sample of each preparation was
processed without the RT-reaction to provide a negative
control for subsequent PCR.

To quantify the specific genes expressed in the GCs,
the expression levels of specific mRNAs in each sample
were calculated relative to PBGD and ACTB. To ensure
the integrity of these results, the additional house-
keeping gene, 18S, was used as an internal standard to
demonstrate that PBGD and ACTB mRNAs were not
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differentially regulated in GC groups. The gene for 18S
rRNA expression has been identified as an appropriate
housekeeping gene for use in quantitative PCR studies.
Expression of PBGD, ACTB, and 18S mRNA was meas-
ured in cDNA samples from isolated GCs. The statistical
significance of the analyzed genes was performed using
moderated t-statistics from the empirical Bayes method.
The obtained p-value was corrected for multiple compar-
isons using the Benjamini and Hochberg’s false discovery
rate.
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Abstract: Exosomal regulation is intimately involved in key cellular processes, such as migration,
proliferation, and adhesion. By participating in the regulation of basic mechanisms, extracellular
vesicles are important in intercellular signaling and the functioning of the mammalian reproductive
system. The complexity of intercellular interactions in the ovarian follicle is also based on multilevel
intercellular signaling, including the mechanisms involving cadherins, integrins, and the extracellular
matrix. The processes in the ovary leading to the formation of a fertilization-ready oocyte are
extremely complex at the molecular level and depend on the oocyte’s ongoing relationship with
granulosa cells. An analysis of gene expression from material obtained from a primary in vitro
culture of porcine granulosa cells was employed using microarray technology. Genes with the highest
expression (LIPG, HSD3B1, CLIP4, LOX, ANKRD1, FMOD, SHAS2, TAGLN, ITGA8, MXRAS5, and
NEXN) and the lowest expression levels (DAPL1, HSD17B1, SNX31, FST, NEBL, CXCL10, RGS2,
MAL2, THH, and TRIB2) were selected for further analysis. The gene expression results obtained from
the microarrays were validated using quantitative RT-qPCR. Exosomes may play important roles
regarding intercellular signaling between granulosa cells. Therefore, exosomes may have significant
applications in regenerative medicine, targeted therapy, and assisted reproduction technologies.

Keywords: porcine granulosa cells; cellular signaling; extracellular vesicles; cell adhesion;
cell migration and proliferation; transcriptomics; extracellular matrix

1. Introduction

In oocyte maturation during oogenesis, granulosa cells (GCs) are necessary and sur-
round the oocyte, interacting with it in numerous ways [1]. Within the granulosa cells found
in the ovarian follicle, there are mural granulosa cells (mGCs), which occur at the periphery
of the ovarian follicle and are closely associated with steroidogenesis and ovulation [2]. The
second group of granulosa cells—namely, cumulus cells (CCs)—are those that are in direct
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contact with and surround the oocyte, forming close multiple intercellular connections
with the oocyte [2]. These connections are of the gap junction type (nexus type), allowing,
among other things, ion exchange [3]. Granulosa cells are responsible for the maturation of
the oocyte, although they are also responsible for meiotic arrest through the regulation of
cAMP levels. [4]. The adequate pool of these cells in the ovarian follicle depends on their
division and proliferation. The proliferation of granulosa cells depends on a number of
factors that are involved in the activation of signaling pathways, e.g., EGFR, PDGF, VEGF,
TGF-B, MAPK, FAK/AKT, and ERK. Some of these factors have been well-known for
years [5], but with active research, newer ones are being described, such as Procr (Protein
C receptor) [6], Protegrin-1 [7], and the KAT2B gene [8]. The current direction of research
should focus on a multifaceted view of cell signaling and its effects on the proliferation
and migration of GCs. Moreover, properly functioning granulosa cells require efficient
intercellular signaling, which involves the integrins, cadherins, and the extracellular ma-
trix (ECM) that constitute the microenvironment for them [9]. The present study shows
the upregulation of ontology groups of genes related to the effects of integrins on cell
adhesion and the activation of signaling pathways. Integrins affect signaling dictated by
Rho GTPase, which is involved in cytokinesis and cell migration [10]. In addition, the
cytoskeleton, which is a dynamic structure in terms of composition and structure, also sig-
nificantly affects intercellular signaling [11]. The GTPase RhoA is involved in the process of
cytoskeleton change [12].

The upregulation of the vesicle-mediated transport ontology group demonstrated
in this article suggests an important role for extracellular vesicles (EVs) in the activity
of granulosa cells, especially in intercellular signaling. EVs are structures with a lipid
membrane released outside the cell. They provide a carrier for proteins, RNAs, mRNAs,
and microRNAs while being heavily involved in cell signaling. They are formed by
budding or intracellular endocytic trafficking [13]. The cytoskeleton is also involved in EV
secretion, which requires polymerization of actin located under the cytoplasmic membrane,
allowing budding and the release of vesicles outside the cell [13]. Exosomes, belonging
to extracellular vesicles, take direct and indirect roles in intercellular signaling and have
been shown to play an important role in the functioning of the reproductive system [14-17].
These nanoparticles, through their involvement in the regulation of cell morphology, can
promote cell adhesion [18]. In addition, exosomes transporting protein molecules released
from cells have been suggested to promote cell migration, as described in inflammatory
processes [19]. Recent reports have also indicated that exosomes are actively involved
in the processes of proliferation [20] and the response to hypoxia [21]. Exosomes affect
the composition of the ECM (through its remodeling), but, at the same time, the ECM
affects the release of exosomes from the cell [22]. The ECM'’s and exosomes’ formation and
composition are important for the signaling pathways that take place in them, the passage
of nutrients and hormones, and the initiation of many cellular mechanisms (migration and
cell division) [23,24].

The success of the cell cycle requires interaction in multiple fields, both in the intracel-
lular and extracellular environment. For this purpose, it is necessary to maintain proper
interactions between the cytoskeleton and the extracellular matrix while varying cell adhe-
sion and proliferation [25]. Microtubules are involved in the formation of the karyokinetic
spindle [26], while intermediate filaments show an important role in cell adhesion and
interaction with other components of the cytoskeleton [27]. The link between the cell cycle
and cell adhesion has been confirmed through integrin receptors, which, by connecting
the cell to the ECM, lead to the activation of a cell cycle signaling pathway progression,
particularly the G1/S phase transition [28].

The interaction of the ECM, the cytoskeleton, and the release of EVs during the cell
cycle affects the proper functioning of cells in terms of cell signaling, adhesion, prolifera-
tion, migration, and division [9-11,19,20,23-25,29]. These interactions on a molecular basis
within GCs are not very well understood. Therefore, the goal of the current study was to
investigate the expression profile of genes involved in the regulation of cell adhesion, mi-
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gration, proliferation, and wound healing in porcine granulosa cells, as these are processes
associated with exosomes’ formation and composition.

2. Results

The porcine granulosa cells were collected at four time points, representing different
stages of a short-term in vitro culture: 0 h (serving as an ex vivo reference); 48 h (repre-
senting the initial in-vitro-associated changes in culture); 96 h (an assumed “point of loss”
of most of the cell’s physiological properties); and 144 h (the end point of the short-term
culture). Obtaining information on the level and direction of gene expression in culture
provides important new data regarding dynamic changes in the cell population. The tran-
scriptomic profile of gene expression was compared to the control group (0 h). The general
profile of the transcriptome changes is shown in Figure 1, where dots represent the mean
gene expression. With respect to the assumed cut-off criteria for differentially expressed
genes (|fold changel =2, and p value < 0.05), we demonstrated 610 upregulated and
827 downregulated genes in the 48 h vs. 0 h comparison, 1104 upregulated and
1206 downregulated genes in the 96 h vs. 0 h comparison, and 731 upregulated and
1025 downregulated genes in the 144 vs. 0 h comparison. In the 48 h vs. 0 h comparison, the
genes with the highest fold change of expression included: LOX, POSTN, ITGA2, HSD3B1,
and CLIP4. In the 96 h vs. 0 h comparison, the most downregulated genes were DAPL1
and HSD17B1, with overexpression of LOX, LIPG, and ANKRD1 genes. In the 144 h vs.
0 h comparison, we observed decreased expression of DAPL1 and HSD17B1 and increased
expression of POSTN, HSD3B1, and LIPG genes.

48h vs.0h 98h vs.0h 144h vs.0h
10.09 gown=610 up=827 10.09 down= 1104 up=1206 10.0- down= 731 up= 1025
Lox\msm LOX DAPL1 POSTN
. ITGA2 o o o
7.5 .? /SDBBI 7_5.. LPS 75_ HSD1 HSD3B1,
¢ CLIP4 ANKRD1 :
5.0 5.0+ 5.0-
2.54 2.5 2.5
[
1 ] T 1 1 ] 1 1 1
-5 0 5 -5 0 5 -5 0 5

Figure 1. General expression profiles visualized as volcano plots. Each dot represents the mean
expression (two biological replicates) of an individual gene obtained from a normalized microarray
study. The orange dotted lines (cut-off values) were established according to the following parameters:
| fold change | =2 and p value = 0.05. Genes above the cut-off lines were considered as differentially
expressed genes and are shown as red (downregulated) and green (upregulated) dots. The total
numbers of upregulated and downregulated genes are given in the top right and top left corners,
respectively. The symbols of the five most differentially expressed genes from each comparison are
marked on the plots.

A principal component analysis (PCA) was performed to show similarities and differ-
ences in the analyzed transcriptomic profiles of the studied groups (Figure 2). PCA analysis
showed a very strong separation of the studied groups, where the first component (Dim1)
explained 88.8% of the differences between the groups. The 0 h and 48 h groups were
considerably separated from the others, while the 96 h and 144 h groups were distinctly
separate. The Venn diagram illustrates that many genes overlapped between the compared
experimental conditions, and 548 genes were upregulated and 462 were downregulated in
comparison to the control group, regardless of the duration of the cultivation.
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Figure 2. (A) Principal component analysis (PCA) plot of the first two components of the filtered
microarray data set. (B) Venn diagrams indicating common upregulated and downregulated genes
in all analyzed groups.

The fold change values of the top ten upregulated genes in the 48 h vs. 0 h comparison
(Figure 3) ranged from 124.46 to 29.91. The fold change values of the top ten downregulated
genes in the 48 h vs. 0 h comparison ranged from —16.08 to —35.75. The ten genes with
enhanced expression in the 48 h vs. 0 h comparison were: hydroxy-delta-5-steroid dehy-
drogenase 3-beta and steroid delta-isomerase 1 (HSD3B1); periostin (POSTN); CAP-GLY
domain containing linker protein family member 4 (CLIP4); Lysol oxidase (LOX); integrin
alpha 2 (ITGA2); serpin protease inhibitor clade B (ovalbumin) member 2 (SERPINB2);
fibronectin 1 (FN1); laminin beta 1 (LAMB1); hyaluronian synthase 2 (SHAS2); and in-
tegrin beta 3 (ITGB3). The ten downregulated genes in the axis cells compared to the
controls were: phosphodiesterase 7B (PDE7B); synaptotagmin X (SYT10); Rh family B
glycoprotein (RHBG); Indian hedgehog (IHH); mal T-cell differentiation protein 2 (MAL2);
nebulette (NEBL); chemokine (C-X-C motif) ligand 10 (CXCL10); death associated protein-
like 1 (DAPL1); sorting nexin 31 (SNX31); and hydroxysteroid (17-beta) dehydrogenase
1 (HSD17B1).

The fold change values of the top ten upregulated genes in the 96 h vs. 0 h comparison
(Figure 4) ranged from 190.61 to 50.19. The fold change values of the top ten downregulated
genes in the 96 h vs. 0 h comparison ranged from —28.00 to —265.08. The ten genes
with enhanced expression in the 96 h vs. 0 h comparison were: Lipase (LIPG); ankyrin
repeat domain 1 (ANKRD1); lysyl oxidase (LOX); nexin (NEXN); hydroxy-delta-5—steroid
dehydrogenase 3-beta and steroid delta-isomerase 1 (HSD3B1); hyaluronian synthase
2 (SHAS2); fibronectin 1 (FN1); laminin beta 1 (LAMB1); transgelin (TAGLN); and matrix-
remodelling associated 5 (MXRAD5). The ten downregulated genes in the 96 h vs. 0 h
comparison were: Tribbles pseudokinase 2 (TRIB2); pyruvate dehydrogenase kinase
isozyme 4 (PDK4); regulator of G-protein signaling 2 (RGS2); thioredoxin interacting
protein (TXNIP); cyclin E2 (CCNE2); chemokine (C-X-C motif) ligand 10 (CXCL10); follis-
tatin (FST); sortin nexin 31 (SNX31); hydroxysteroid (17-beta) dehydrogenase 1 (HSD17B1);
and death associated protein-like 1 (DAPLI).

The fold change values of the top ten upregulated genes in the 144 h vs. 0 h comparison
(Figure 5) ranged from 105.90 to 59.54. The fold change values of the top ten downregulated
genes in the 144 h vs. 0 h comparison ranged from —21.64 to —247.18. The ten genes
with overexpression in the 144 h vs. 0 h comparison were: Lipase (LIPG); periostin
(POSTN); hydroxy-delta-5-steroid dehydrogenase 3—beta and steroid delta-isomerase
1 (HSD3B1); fibromodulin (FMOD); lysyl oxidase (LOX); fibronectin 1 (FN1); decorin
(DCN); hyaluronian synthase 2 (SHAS2); CAP-GLY domain containing linker protein
family member 4 (CLIP4); and integrin alpha 8 (ITGAS).
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48h vs.0Oh
Gene symbol Gene name Fold change

HSD3B1 hydroxy-delta-5-steroid dehydrogenase, 3 beta— and steroid delta—~isomerase 1 124.46
POSTN periostin, osteoblast specific factor 95.23
CLIP4 CAP-GLY domain containing linker protein family, member 4 85.59
LOX lysyl oxidase 67.34
ITGA2 integrin, alpha 2 (CD49B, alpha 2 subunit of VLA-2 receptor) 42.68
SERPINB2 serpin peptidase inhibitor, clade B (ovalbumin), member 2 41.25
FN1 fibronectin 1 35.38
LAMB1 laminin, beta 1 33.30
SHAS2 hyaluronan synthase 2 32.19
ITGB3 integrin, beta 3 (platelet glycoprotein llla, antigen CD61) 29.91
PDE7B phosphodiesterase 7B -16.08
SYT10 synaptotagmin X -19.17
RHBG Rh family, B glycoprotein -19.28
IHH indian hedgehog —-20.09
MAL2 mal, T—cell differentiation protein 2 -21.75
NEBL nebulette -26.72
CXCL10 chemokine (C-X-C motif) ligand 10 -27.26
DAPL1 death associated protein-like 1 -28.69
SNX31 sorting nexin 31 -30.30
HSD17B1 hydroxysteroid (17-beta) dehydrogenase 1 -35.75

Figure 3. List of the top 20 genes with the highest (10 genes) and lowest (10) expression fold change
between 48 h and 0 h of the cells’ cultivation.

98h vs.0h
Gene symbol Gene name Fold change

LIPG lipase, endothelial 190.61
ANKRD1 ankyrin repeat domain 1 (cardiac muscle) 91.18
LOX lysyl oxidase 88.95
NEXN nexilin (F actin binding protein) 87.60
HSD3B1 hydroxy-delta-5-steroid dehydrogenase, 3 beta— and steroid delta—isomerase 1 80.52
SHAS2 hyaluronan synthase 2 69.65
FN1 fibronectin 1 66.17
LAMB1 laminin, beta 1 60.55
TAGLN transgelin 53.77
MXRA5 matrix-remodelling associated 5 50.19
TRIB2 tribbles pseudokinase 2 —-28.00
PDK4 pyruvate dehydrogenase kinase, isozyme 4 -29.19
RGS2 regulator of G—protein signaling 2 -29.73
TXNIP thioredoxin interacting protein -34.10
CCNE2 cyclin E2 -34.23
CXCL10 chemokine (C-X-C motif) ligand 10 -36.04
FST follistatin —43.04
SNX31 sorting nexin 31 -43.14
HSD17B1 hydroxysteroid (17-beta) dehydrogenase 1 -113.74
DAPLA1 death associated protein-like 1 —265.08

Figure 4. List of the top 20 genes with the highest (10 genes) and lowest (10) expression fold change
between 96 h and 0 h of the cells” cultivation.
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144h vs.0h
Gene symbol Gene name Fold change

LIPG lipase, endothelial 105.90
POSTN periostin, osteoblast specific factor 88.95
HSD3B1 hydroxy—-delta—-5-steroid dehydrogenase, 3 beta— and steroid delta—isomerase 1 88.08
FMOD fibromodulin 84.85
LOX lysyl oxidase 75.58
FN1 fibronectin 1 68.74
DCN decorin 63.38
SHAS2 hyaluronan synthase 2 62.22
CLIP4 CAP-GLY domain containing linker protein family, member 4 60.71
ITGA8 integrin, alpha 8 59.54
TGFBR3 transforming growth factor, beta receptor I1| -21.64
ITM2A integral membrane protein 2A -23.29
MAL2 mal, T—cell differentiation protein 2 -24.61
KCNN2 potassium channel, calcium activated intermediate/small conductance subfamily N alpha, member 2 -24.76
RGS2 regulator of G—protein signaling 2 -28.29
NEBL nebulette -28.79
CXCL10 chemokine (C-X-C motif) ligand 10 -32.28
SNX31 sorting nexin 31 -35.74
HSD17B1 hydroxysteroid (17-beta) dehydrogenase 1 -99.00
DAPL1 death associated protein-like 1 —247.18

Figure 5. List of the top 20 genes with the highest (10 genes) and lowest (10) expression fold change
between 144 h and 0 h of the cells’ cultivation.

The ten downregulated genes in the 144 h vs. 0 h comparison were: Transforming
growth factor beta receptor III (TGFBR3); integral membrane protein 2A (ITM2A); mal T-cell
differentiation protein 2 (MAL2); potassium channel, calcium activated intermediate/small
conductance subfamily N alpha member 2 (KCNN2); regulator of G—protein signaling
2 (RGS2); nebulette (NEBL); chemokine (C-X-C motif) ligand 10 (CXCL10); sorting nexin
21 (SNX31); hydroxysteroid (17-beta) dehydrogenase 1 (HSD17B1); and death associated
protein-like 1 (DAPL1).

In conclusion, commonly overexpressed genes for all the analyzed groups were:
HSD3B1, LOX, FN1, and SHAS2. Meanwhile, inhibited expression was observed in all
groups for CXCL10, DAPL1, and SNX31 in comparison to the control.

Further analysis of the enrichment in the relevant ontological groups was performed
using the Database for Annotation, Visualization, and Integrated Discovery (DAVID)
bioinformatics tool with the GO BP Direct database (Figure 6).

The analysis revealed 46 ontological groups. For all analyzed groups, some similarities
in patterns in the gene expression profile were revealed between groups in comparison
to the control. The downregulated genes were responsible for inhibition processes, such
as cell division, mitotic cell cycle, and mitotic sister chromatid segregation. Meanwhile,
upregulated genes comparable in all three groups were angiogenesis, cell adhesion, cell-
cell adhesion, cell-matrix adhesion, cellular response to transforming growth factor beta
stimulus, collagen fibril organization, endodermal cell differentiation, heart development,
integrin-mediated signaling pathway, negative regulation of apoptotic process, positive
regulation of angiogenesis, positive regulation of cell migration, response to hypoxia, and
wound healing.

The relevant GO ontological groups with adjusted p-values below 0.05 and N per
group > 2 are presented as a bubble in Figure 6. The analysis of the expression patterns in
the 48 h group in comparison to the control revealed a total of twenty-two upregulated and
seven downregulated GO BP terms. Meanwhile, in the 96 h group, we showed that twenty
GO BP terms were activated and six terms were inhibited. The highest number of activated
GO BP terms (29 terms) was observed at 144 h, with six inhibited terms.
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Figure 6. Bubble plot of overrepresented gene sets in DAVID GO PB DIRECT annotations database
obtained from comparisons in gene expression profiles between 48 h, 96 h, and 144 h vs. control (0 h).
The graph shows only the GO groups above the established cut-off criteria (p with correction < 0.05, a
minimal number of genes per group >2). The size of each bubble reflects the number of differentially
expressed genes assigned to the GO BP terms. The intensity of the bubble’s transparency displays a
p-value (more transparent indicates closer to the p = 0.05 cut-off value). The green bubbles indicate
overexpressed genes, and the red bubbles indicate downregulated genes.

Hierarchic clustering of differentially expressed genes in all analyzed groups has
been shown as a heatmap and presented in Figure 7. Genes belonging to the first seven
most significantly enriched ontological groups (lowest adjusted p-value) are shown as
dark squares. Expression values are scaled by rows and presented as colors and ranges.
As observed, the expression of all analyzed genes decreased according to the time of the
experiments. In accordance with previous results, most genes, regardless of the time of the
experiment, were assigned to the cell division and cell cycle GO terms.
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Figure 7. Heatmap with hierarchic clustering of differentially expressed genes in all analyzed groups.
Genes belonging to the first seven most significantly enriched ontological groups (lowest adjusted
p-value) are shown as dark squares. Expression values are scaled by rows and presented as colors
and range from red (high expression) to yellow (moderate) to blue (low expression).

Next, powerful bioinformatic tools, such as the Gene Set Enrichment Analysis (GSEA),
were used to confirm the obtained results. The GSEA was performed for the 48/0 h,
96/0 h, and 144 /0 h experimental groups. The normalized expression level data from the
microarray were uploaded to the software and allowed us to generate the list of signifi-
cantly represented terms from the Hallmark database software version 4.1.2 (BioConductor
software, Boston, MA, USA).

The strongest enriched term in the comparison between 48 h, 144 h, and 0 h referred
to “wound healing.” Meanwhile, the strongest enriched term in the comparison between
96 h and 0 h referred to “gastrulation.” This means that the expression of those terms was
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higher in the analyzed groups in comparison to controls. Detailed results of this analysis
are presented in Figures 8-10. Despite a different methodological approach, the GSEA
analysis presented relatively similar groups, as shown in the analysis of ontological groups
by DAVID. This group’s enriched terms strictly related to the cell cycle pathway, such as
wound healing, extracellular matrix organization, and cell-matrix adhesion.

Quantitative RT-qPCR was used to validate the results from the microarray expression.
Results for 11 selected genes are presented as a bar graph (Figure 11). The differences in
gene expression shown in Figure 11 are due to the greater sensitivity of RT-qPCR than
microarray expression methods.

The analyses focused on cellular processes, such as the migration, adhesion, and
proliferation of granulosa cells. Extracellular vesicles, mainly exosomes, which represent
a form of intercellular signaling based on exocytary release, have been shown to play an
important role in these processes. Interestingly, increased expression of genes belonging
to the “vesicle—mediated transport” ontological group was demonstrated, indicating an
important role for this type of intercellular signaling in cultured granulosa cells.
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Figure 8. Gene set enrichment analysis (GSEA) cells in 48 h cultivation compared to control (0 h).
(A) Clusterization of enriched gene sets into common functional clusters. Each cluster is marked with
a different color. (B) Bar plot with the ten most activated and inhibited gene terms according to the
normalized enrichment score (NES) values. (C) Detailed enrichment plots for the five most inhibited
gene sets showing the profile of the running ES score and positions of genes on the rank-ordered list.
(D) Detailed enrichment plots for the five most activated gene sets showing the profile of the running
ES score and positions of genes on the rank-ordered list.
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Figure 9. Gene set enrichment analysis (GSEA) cells in 96 h cultivation compared to control (0 h).
(A) Clusterization of enriched gene sets into common functional clusters. Each cluster is marked with
a different color. (B) Bar plot with the ten most activated and inhibited gene terms according to the
normalized enrichment score (NES) values. (C) Detailed enrichment plots for the five most inhibited
gene sets showing the profile of the running ES score and positions of genes on the rank-ordered list.
(D) Detailed enrichment plots for the five most activated gene sets showing the profile of the running
ES score and positions of genes on the rank-ordered list.
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Figure 10. Gene set enrichment analysis (GSEA) cells in 144 h cultivation compared to control (0 h).
(A) Clusterization of enriched gene sets into common functional clusters. Each cluster is marked with
a different color. (B) Bar plot with the ten most activated and inhibited gene terms according to the
normalized enrichment score (NES) values. (C) Detailed enrichment plots for the five most inhibited
gene sets showing the profile of the running ES score and positions of genes on the rank-ordered list.
(D) Detailed enrichment plots for the five most activated gene sets showing the profile of the running
ES score and positions of genes on the rank-ordered list.
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Figure 11. Bar graph showing the microarray validation results obtained by RT-qPCR. The black bar
indicates the results of microarray expressions; the white bar indicates the results of RT-qPCR.
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3. Discussion

The granulosa cells’ function in steroidogenesis, folliculogenesis, and oogenesis re-
quires proper intercellular signaling (both physical and chemical). The ECM, cytoskeleton,
transmembrane proteins, and multiple signaling pathways are involved in this signaling. It
is worth noting that extracellular vesicles are also important in this context, with their role
in cell adhesion, cell-to-cell adhesion, migration, and proliferation [9-11,19,20,23-25,29].
The demonstrated elevated expression of genes mainly related to the processes of migration,
proliferation, and granulosa cell adhesion clearly suggests that exosomes are important in
these processes. Exosomal influence on the molecular level is not completely understood. A
thorough understanding of these mechanisms and the messengers involved can be used in
assisted reproductive techniques (ART) and in the treatment of ovarian disorders, such as
PCOS (polycystic ovary syndrome) and POI (premature ovarian insufficiency). In addition,
given the elevated expression of genes included in the wound healing ontology group in
granulosa cells and the previously demonstrated potential for stemness [30,31], as well as
the important role of exosomes in tissue regeneration [32], further research linking these
aspects is needed. In this study, eleven genes with increased expression (LIPG, HSD3B1,
CLIP4, LOX, ANKRD1, FMOD, SHAS2, TAGLN, ITGA8, MXRA5, and NEXN), ten with
decreased expression (DAPL1, HSD17B1, SNX31, FST, NEBL, CXCL10, RGS2, MAL2, IHH,
and TRIB2), and selected ontology groups were chosen for further analysis.

Cells are the basic building blocks of living organisms, which require numerous
interactions among themselves and between the cell and the extracellular environment to
function properly. For this purpose, cells exhibit adhesion, which is carried out by various
components that build the cell, including cadherins, integrins (cell adhesion molecules—
CAM), and the cytoskeleton. Proper communication requires continuous changes in cell
adhesion, thereby remodeling the structures involved. These connections show varying
degrees of complexity depending on the tissue the cell type builds [33]. An important
element in the aspect of intercellular signaling and also in granulosa cells is the extracellular
matrix. The combination of the ECM with integrins (transmembrane proteins) allows
the transmission of signals. In addition to elevated expression of the ECM-associated
genes ITGA2 and ITGB3 in porcine GCs [9], the present study also showed significant
upregulation of ITGAS8 gene expression. This integrin (ITGAS) has so far been described
in bovine cumulus cells, where it is responsible for integrin-mediated cell adhesion [34].
Expression of this gene is also significantly modified by progesterone, which has been
shown in the oviduct [35] and may be equally important in the ovary. In reference to
previous results [9,34] and the elevated expression of the integrin-mediated signaling
pathway ontology group in our research, the role of integrins in cell signaling within the
ovarian follicle is highlighted.

It is noteworthy that in the context of intercellular signaling [36] and cell adhesion [18],
an important role has recently been demonstrated for extracellular vesicles, including
exosomes. The ECM plays an important role in the transport of extracellular vesicles,
which, depending on the degree of stress (resulting from its composition), affects the
diffusion of EVs [37]. Exosomes affect target cells through direct contact with extracellular
receptors, or, after binding to the cell membrane, can be uptaken by clathrin-dependent
endocytosis [38]. After fusion with the cell membrane, exosomes release the transferred
type of molecule directly into the cytosol [39] or influence the recipient cell through the
activation of signaling pathways [40]. A potential second pathway based on caveolin has
also been demonstrated [41]. However, elevated expression of the CAV1 gene has been
shown to negatively affect exosome uptake [42]. This is related to the effect of CAV1,
which inhibits the ERK1/2 signaling pathway; this signaling pathway showed elevated
expression in our research [42]. Interestingly, exosomes are involved in regulating the
composition of the extracellular matrix [43,44], thereby affecting the cellular processes
mediated by the ECM. The action of exosomes is not only limited to constituting the
structural components of the ECM, but also stimulates cells to release enzymes responsible
for ECM remodeling (matrix metalloproteases-MMPs) [43]. It is worth adding that the
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upregulation of the CAV-1 gene, which is responsible for ECM remodeling by participating
in exosome formation [45], was presented in our previous studies [9]. As nanoparticles
with biological activity, exosomes have a wide range of functions in the mammalian tissues.
Due to their characteristics, they are being carefully studied for use as drug transporters
and molecular markers of diseases [46].

ECM composition and cell adhesion are influenced by the Matrix-remodeling as-
sociated (MXRA) protein family [47] and also by fibromodulin (FMOD) [34], which are
the genes that showed increased expression (Figures 4 and 5). The composition of the
ECM influences the microenvironment of cells and thus is also associated with patholog-
ical conditions. Elevated MXRAS gene expression has been demonstrated in pancreatic
cancer [48]. The protein encoded by the LOX gene, Cu-dependent lysyl oxidase (LOX),
also has an important effect on ECM remodeling and was upregulated. This protein is
involved in a number of signaling pathways, e.g., EGFR, PDGF, VEGF, TGF-3, MAPK,
and FAK/AKT [49]. LOX has been shown to interact with the cytoskeleton, and its ex-
pression in the nucleus has been demonstrated, suggesting activity in cell division [50,51].
In addition, LOX expression is regulated by integrin—collagen fusion, confirming its role
in mechanotransduction [52]. LOX showed a multiplicity of functions in granulosa cells,
including effects on signaling pathways MAPK, ERK, and FAK [49], which are important
for the function of GCs [9]. And, given the involvement of the LOX gene in the differ-
entiation of pluripotent cells into osteoblasts [53] in relation to the stemness potential of
GCs [30,31], this gene requires further careful study. LOX also shows a role in steroidoge-
nesis within rat ovaries [54] and in PCOS [55]. However, it may be an important marker
for processes related to reproduction and cell differentiation in GCs. Expression of the
LIPG (EL endothelial lipase) gene has not been described in pig granulosa cells. This
lipase regulates lipoproteins’ metabolism [56], which, as sources of cholesterol [57], are
important for mitochondria-mediated steroidogenesis [58]. Exosomes are also involved
in the metabolism of lipids, including cholesterol [59]. LIPG expression is affected by
IL-1p [60] similarly to LOX [49], although it is also affected by sex hormones [61]. This
indicates that the genes of interest may be crucial for steroidogenesis in porcine granulosa
cells. Upregulated 3p-hydroxysteroid dehydrogenase 1 (HSD3B1) plays an important role
in steroidogenesis [62]; its expression is dependent on imidacloprid [62] and estrogen [63].

Another ontological group showing increased expression is the repression of apopto-
sis. The negative regulation of apoptosis in the cancer cells described is associated with
increased expression of the ANKRD1 gene. The expression of ANKRD1 was upregulated.
The process of natural cell death is also regulated by exosomes through their effect on
TNF related apoptosis inducing ligand (TRAIL) [64]. The ANKRD1 gene shows a positive
effect on the differentiation of hMSCs into adipocytes and a negative effect on osteoblasto-
cytes [65]. In addition, this gene regulates cell sensitivity to cisplatin, thereby affecting ER
stress-induced apoptosis (caused by hypoxia) [66]. TAGLN (transgelin), like the ANKRD1
gene, showed upregulation and is associated with the differentiation of hMSCs into os-
teoblasts and adipocytes [67]. In view of the potential of GCs to differentiate into other cell
types, they may provide a basis for further research in this direction.

Genes belonging to the response to hypoxia ontology group showed significant up-
regulation in our study. This process in the aspect of the reproductive system, especially
the ovarian microenvironment, is very important [68]. It is responsible for maintaining
the proper oxygen concentration necessary for folliculogenesis and ovulation [69]. The
response to conditions of reduced oxygen concentration involves the release of hypoxia-
inducible factors (HIFs) [68]. The reduced oxygen concentration condition also affects the
exosomes that are released [21], particularly in the case of exosomes secreted in the tumor
microenvironment (TME) [70]. Additionally, changes in exosomes have been described
in the context of hypoxia-maintained human umbilical vein endothelial cells (HUVECs),
which were later used in regenerative medicine [71]. Hypoxia is linked to the process of
angiogenesis as an element very important for the formation of the corpus luteum [72].
The genes encoding proteins involved in the process of angiogenesis showed upregulation.

104



Int. ]. Mol. Sci. 2023, 24, 11873

14 of 22

Angiogenesis within the ovarian follicle is very important, and its improper regulation can
be associated with various disorders, such as PCOS and POI [73]. Each ovarian follicle
undergoing folliculogenesis manifests a temporary, individual vascularization pattern. It
has been shown that inhibition of angiogenesis within the ovary slows the depletion of
the ovarian follicle pool and can be used to treat POI [74]. Exosomes have been shown
to promote angiogenesis through the suppression of HIK-1 expression [75] as well as by
microRNA-92a-3p [76].

Another ontological group showing increased expression is wound healing. This
process strictly depends on the blood supply to the tissues undergoing healing. The
healing process is also closely related to exosomes [77-79], which significantly influence its
course (probably also by influencing angiogenesis [75,76]), and they are important for their
application in clinical practice [80]. The involvement of previously described ANKRD1
and LOX genes, whose expression was upregulated, was demonstrated to display an
important role in wound healing. ANKRDI affects the interaction of fibroblasts with
collagen fibers [81]. LOX, on the other hand, is involved in ECM remodeling during new
tissue reconstruction [82].

Cell migration is very important for many processes related to development, em-
bryogenesis, immune response, and wound healing, among others. The current study
demonstrated increased expression of genes belonging to the cell migration ontology group.
SHAS?2 (swine hyaluronic acid synthase 2) was upregulated in the present study; it is
mainly responsible for the cumulus expansion process (one of the LH-mediated ovulatory
processes), and inhibition of its expression leads to reduced migration of granulosa cells [83].
This gene is also responsible for the synthesis of hyaluronyan, the main component of the
ECM [84]. In addition, hyaluronic acid is an important component affecting exosomes with
regard to their bone-regenerative capacity [85]. SHAS2 has been described in pig CCs [86].
Additionally, cell viability and migration depend on the expression of the CLIP4 gene
(upregulated (Figures 3 and 5)), whose knockdown causes a significant decrease in cell
viability [87]. EVs, including exosomes, also have an impact on migration [88,89]. They play
a key role in migration, conducting it in an autocrine and paracrine way [19]. Exosomes
stimulate extracellular signaling receptors, and their deposition near the cell membrane is
required to initiate the migration process [90]. In addition, interactions between exosomes
and the ECM via integrins, among other things, show the importance of connecting the cell
to the extracellular environment [91].

Downregulation of the HSD17B1 (hydroxysteroid 17-beta dehydrogenase 1) gene
results in a decrease in estrogen because the enzyme is responsible for the last step of
steroidogenesis in porcine granulosa cells. This process is further regulated positively by
the p53 protein and negatively by FoxA2 [92]. Changes in sex hormone levels in relation
to PCOS have also been shown to be caused by changes in HSD17B1 gene expression in
follicular fluid (FF) exosomes [93]. A negative effect of dioxin on the expression of the
HSD17B1 gene has been described, thereby causing the inhibition of steroidogenesis [94].
In addition, this gene has been identified as a marker of steroidogenesis in ovine granulosa
cells, thus affecting fecundity in this species [95]. A downregulation of FST (follistatin)
was revealed in the current study, which could positively affect porcine GCs’ proliferation
and estrogen secretion [96]. FST also affects the TGF-{ signaling pathway, which is closely
responsible for ovarian follicle development [97] and the survival rate of follicles [98].
Expression of the CXCL10 (C-X-C motif chemokine ligand 10) gene exhibited reduced
expression, but it has no effect on steroidogenesis within luteinized ovarian granulosa
cells [99]. However, CXCL10 has been shown to affect the production of COL1A1 and
COL1A2, which, as a component of the ECM, can affect fibrosis within the ovary, leading
to POI [99].
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4. Materials and Methods
4.1. Animals

Ovaries were collected post-slaughter from 40 sexually mature gilts. Animals slaugh-
tered in a commercial slaughterhouse were kept under similar breeding conditions on
registered farms. At slaughter, the animals had reached an average weight of 98 kg and an
age of about 6 months (+/—10 days).

4.2. Collection of Porcine Ovarian Granulosa Cells

The research material was transported to the laboratory at 38 °C in 0.9% NaCl within
30 min of harvesting. In the laboratory, ovaries isolated from the reproductive organs were
placed in PBS (phosphate-buffered saline) solution supplemented with fetal bovine serum
(FBS; Sigma-Aldrich Co., St. Louis, MO, USA). Follicular fluid (FF) was then aspirated from
individual pre-ovulatory ovarian follicles larger than 5 mm in diameter using a 5 mL syringe
and a 20 G needle. The fluid thus extracted was deposited into a sterile Petri dish, and then
cumulus—oocyte complexes (COCs) were recovered for rejection. The extracted vesicular
fluid after COCs rejection was filtered through sterile nylon cell screens with a mesh
diameter of 40 um (Biologix Group, Shandong, China) to eliminate tissue debris and larger
cell aggregates, including erythrocytes and epithelial cells. The resulting suspension was
centrifuged at room temperature for 10 min at 200x g to divide the solution into fractions.
After discarding the supernatant, the GCs pellet was then suspended in collagenase type I
solution (Gibco, Thermo-Fischer Scientific, Waltham, MA, USA) and 1 mg/1 mL DMEM
and incubated for 10 min in a 37 °C water bath, followed by centrifugation (under the same
conditions as stated above). Granulosa cells were taken from different ovarian follicles to
homogenize the sample, and the pellet obtained after centrifugation was used to establish
the primary culture.

4.3. In Vitro Primary Culture of Porcine Granulosa Cells

A primary in vitro culture model was used in this study with four time intervals.
For microarray expressions, cultures were maintained in two biological replicates for
each time interval. For validation by RT-qPCR, cultures were maintained in a triplicate
biological sample model for each time interval. Primary cultures were established from
GCs in four bottles. Cells were seeded at 3 x 10°/culture bottle (25 cm?2, TPP, Trasadingen,
Switzerland). The number of cells and their viability were assessed using an ADAM
automatic cell counter (NanoEnTek, Waltham, MA, USA). Only samples with a cell viability
above 85% were used for further studies. The culture medium consisted of Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma-Aldrich, Saint Louis, MO, USA), 2% fetal calf
serum (FCS) (PAA, Linz, Austria), 10 mg/mL ascorbic acid (Sigma-Aldrich, Saint Louis,
MO, USA), 0.05 uM dexamethasone (Sigma-Aldrich, Saint Louis, MO, USA), 200 mM
L-glutamine (Invitrogen, Carlsbad, CA, USA), 10 mg/mL gentamicin (Invitrogen, Carlsbad,
CA, USA), 10,000 units/mL penicillin (Invitrogen, Carlsbad, CA, USA), and 10,000 pg/mL
streptomycin (Invitrogen, Carlsbad, CA, USA). The culture bottles prepared in this way,
together with the cells, were maintained at 38.5 °C and 5% CO2. After the cells reached
more than 80% confluence, they were detached from the medium with 0.05% trypsin-EDTA
(Invitrogen, Carlsbad, CA, USA) and then passaged. Cells in culture were kept until culture
termination, and the material was collected at 0 h, 48 h, 96 h, and 144 h. The culture
medium was changed every 72 h.

4.4. Microarray Expression Analysis and Statistics

The total RNA from porcine granulosa cells was isolated using TRI Reagent (Sigma,
St Louis, MO, USA), and an RNeasyMinElute cleanup Kit (Qiagen, Hilden, Germany).
The RNA for transcriptome study was collected from two independent replicates for each
experimental variant: (1) control—0 h, (2) 48 h, (3) 96 h, and (4) 144 h. Each replicate
contained pooled RNA from three independent experiments. The microarray study was
performed according to the previously described protocol [100,101].
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First, the total RNA (100 ng) from each sample was submitted to a two-step cDNA
synthesis reaction, biotin labeling, and fragmentation according to the manufacturer’s
instructions (GeneChip® WT Plus Reagent Kit, Affymetrix, Santa Clara, CA, USA). Then,
the biotin-labeled fragments of cDNA were hybridized to the Affymetrix® PorGene 1.1 ST
Array Strip (45 °C/20 h). Next, the microarrays were stained by the Affymetrix GeneAtlas
Fluidics Station of GeneAtlas System. The microarrays were scanned by the Imaging Station
of the GeneAtlas System (Affymetrix, Santa Clara, CA, USA). The Affymetrix GeneAtlas
Operating System was performed for the analysis of the obtained results. The quality of
the gene expression data was confirmed using the software’s quality control criteria.

All analyses were performed by BioConductor software with the relevant Bioconductor
libraries through the statistical R programming language (v4.1.2; R Core Team 2021). For
the normalization, background correction, and calculation of the expression values of the
analyzed genes, the robust multiarray average (RMA) normalization algorithm implement
in the “Affy” library was applied [102]. To show the total number of upregulated and
downregulated genes, the principal component analysis (PCA) of the filtered data set was
performed and visualized using the “factoextra” library [103]. Next, the DAVID (Database
for Annotation, Visualization, and Integrated Discovery) bioinformatics tool was used for
functional annotation and clusterization of differentially expressed genes (DEGs) [102,104].
The established cut-off criteria for DEGs was based on the differences in the absolute value
from the expression fold change greater than 2. Furthermore, the expressed genes were
assigned to relevant GO terms, with the subsequent selection of significantly enriched
GO terms using the GO BP DIRECT database. The p-values of selected GO terms were
corrected using the Benjamini-Hochberg correction [105]. DEGs from each comparison
were visualized through hierarchic clustering of differentially expressed genes as a heatmap
using the “ComplexHeatmap” library [106]. Genes belonging to the first seven most
significantly enriched ontological groups (lowest adjusted p-value) were shown on the
figures with the expression values of analyzed genes.

GSEA was carried out using the “clusterProfiler” Bioconductor library [107]. The
aim of the analysis was to identify the level of depletion or enrichment in GO terms
through the calculation of the normalized enrichment score (NES) with the relevant p-value.
Normalized fold change values from all of the genes were log?2 transformed, sorted, and
used as an argument for the “gseGO” function. Gene set enrichment was performed with
reference to the “biological process” GO category, assuming that the minimum size of
each geneSet for analyzing = 50 and p-value cut-off = 0.05. Then, hierarchical clustering of
enriched terms based on pairwise similarities calculation with Jaccard’s similarity index
was performed. The result of the analysis qualified individual GO terms to clusters based
on their functional similarity. The obtained clusters were presented as a tree plot. The ten
ontology groups with the highest enrichment score (the highest NES value) and the ten
groups with the most depleted enrichment score (the lowest NES value) were visualized as
a bar chart. Enrichment plots for five of the most enriched and depleted GO terms were
also presented.

4.5. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) Analysis

Total RNA was isolated from GCs at 0 h and after 48 h, 96 h, and 144 h in vitro
culture using an RNeasy mini column from Qiagen GmbH (Hilden, Germany). The RNA
samples were resuspended in 20 uL of RNase-free water and stored in liquid nitrogen.
RNA samples were treated with DNase I and reverse-transcribed (RT) into cDNA. RT-qPCR
was conducted in a LightCycler real-time PCR detection system (Roche Diagnostics GmbH,
Mannheim, Germany) using SYBR® Green I as a detection dye, and the target cDNA was
quantified using the relative quantification method. The relative abundance of analyzed
transcripts in each sample was standardized to the internal standard glyceraldehyde-3-
phosphate dehydrogenase (GAPDH). For amplification, 2 uL of cDNA solution was added
to 18 uL of QuantiTect® SYBR® Green PCR (Master Mix Qiagen GmbH, Hilden, Germany)
and primers (Table 1). One RNA sample of each preparation was processed without the RT
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reaction to provide a negative control for subsequent PCR. Eleven randomly selected genes
were chosen to validate the microarray results.

Table 1. Oligonucleotide sequences of primers used for RT-qPCR analysis.

Gene Primer Sequence (5'-3') Product Size (bp)
F GTGTCAGAGGCTTGCTAGGG
HSDI7BL g CAGCACAATCTCAAGGCTGA 200
F ATCCTCGTCATGGAAAGGTG
MAL2 R TGCCACTCATTCATGGTTGT 202
F AGGTGACCTTCCTTGGGACT
SNX31 R CCGGAACTTCAATCTGCATT 222
DAPL F CCTGCTCTGGAGAAGGTCAC 51
R GGGCCTAAGGAAAGTTTTGG
F CTGCTTGAGGTGGGGAAGTA
ANKRD1 GTGTCTCACTGTCTGGGGAA 178
F GAAGCAAGGAGAAGCATGGC
NEXN R CCTCCTCTGTTCGTCGTCTT 151
F TGCTGGCACTGTTTTCTCAC
MXRA5 g TCGGAGAGGATTCATGAGGC 212
F TTAAAGGCCGCTGAGGACTA
TAGLN ATGACATGCTTTCCCTCCTG 233
F ATCGCGGCCTATCAAGAAGA
SHAS2 R GCCCTTTTCGTGGAAGTTGT 204
s F CCCTTAGAAATGGCCGATGC ‘o
R ATCTCCCAACTTCAGGCCAA
F TCCACACCAGCAGCATAGAG
HSD3BL g CATGTGGGCAAAGATGAATG 245

To quantify the specific genes expressed in the GCs, the expression levels of specific
mRNAs in each sample were calculated relative to PBGD and ACTB. To ensure the integrity
of these results, the additional housekeeping gene, 18S, was used as an internal standard to
demonstrate that PBGD and ACTB mRNAs were not differentially regulated in GC groups.
The gene for 185 rRNA expression has been identified as an appropriate housekeeping gene
for use in quantitative PCR studies. The expression of PBGD, ACTB, and 185 mRNA was
measured in cDNA samples from isolated GCs. The statistical significance of the analyzed
genes was performed using moderated t-statistics from the empirical Bayes method. The
p-value was corrected for multiple comparisons using Benjamini and Hochberg's false
discovery rate.

5. Conclusions

There appears to be an association between the expression of genes involved in cell
adhesion, proliferation, migration, division, and intercellular signaling and EV production
and composition in granulosa cells. The literature suggests that the ECM and cytoskeleton
are also involved in these signaling pathways of granulosa cells. The exosomes in the
microenvironment of granulosa cells affect the composition of the ECM, which is a key
element of the ovulation process. ECM is also crucial in the aspect of reproductive disorders,
such as PCOS and POIL. Therefore, these studies can be used to identify genetic markers
of processes, largely based on EVs, that can be used in assisted reproductive techniques
(ART), reproductive tract disorders, and regenerative medicine.
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5. Streszczenie

Macierz zewnatrzkomorkowa (ang. extracellular matrix, ECM) jest niezwykle wazna
strukturg obecng we wszystkich tkankach organizmu zwierzecego. Jest ona zaangazowana
w wiele procesow fizjologicznych, takze tych zachodzacych w jajniku. Wykazano, ze ECM
znaczaco wplywa na folikulogeneze, owulacje 1 tworzenie ciatka zoltego. Cytoszkielet,
podobnie jak ECM, jest strukturg dynamiczng, stale modyfikujacg swoj sktad. Poprzez
zaangazowanie w podziat komodrek wptywa na proliferacje komorek ziarnistych w pecherzyku
jajnikowym. Cytoszkielet, wraz z biatkami transblonowymi (integrynami i kadherynami)
a takze macierzg zewnatrzkomorkowa, jest $cisle zaangazowany w sygnalizacje¢ komorkowa.
W ostatnim czasie wiele uwagi poswigca si¢ roli pecherzykéw zewnagtrzkomoérkowych
(ang. extracellular vesicles, EVs) w sygnalizacji mie¢dzykomoérkowej. Wsrod tych
nanoczgsteczek wyrdznia si¢ egzosomy, ktore bedac no$nikami biatek, lipidow czy czasteczek
DNA lub RNA, sa $cisle zaangazowane w regulacje procesOw komorkowych takich jak:
adhezja, proliferacja i migracja. Doktadne poznanie interakcji pomigedzy ECM, cytoszkieletem
oraz EVs w mikrosrodowisku pecherzyka jajnikowego pozwoli na lepsze zrozumienie

molekularnych podstaw procesow fizjologicznych jak i patologicznych w obrebie jajnika.

W badaniach obejmujacych rozprawe doktorskag wykorzystano komorki ziarniste
jajnika §wini domowej, ktore stanowig najliczniejsza populacje komorek tworzacych pecherzyk
jajnikowy. Wykazano, ze sg one $cisle zaangazowane w procesy folikulogenezy 1 oogenezy,
a takze sa odpowiedzialne za steroidogenez¢. Dodatkowo, poprzez ich nieustanny dialog
z komorka jajowa aktywnie uczestnicza w nabywaniu przez nig kompetencji do zaptodnienia.
Metodyka badawcza rozprawy doktorskiej zostata oparta na prowadzeniu pierwotnej hodowli
in vitro komorek ziarnistych jajnika $wini domowej oraz okre$leniu profilu ekspresji genow
regulujacych tworzenie macierzy zewnatrzkomoérkowej, cytoszkieletu oraz uczestniczacych
w podziale komorki 1 sygnalizacji miedzykomorkowej, szczegodlnie w oparciu o pegcherzyki
zewnatrzkomorkowe. Wykorzystanie metody mikromacierzy ekspresyjnych pozwolilo na
okreslenie profilu transkryptomicznego komorek z poszczegdlnych przedzialdéw czasowych
(0 h, 48 h, 96 h i 144 h), a walidacje pozyskanych wynikow przeprowadzono z zastosowaniem

procedury RT-qPCR.

Opublikowane wyniki pierwszego etapu badan wykazaly w $winskich komodrkach
ziarnistych hodowanych in vitro zwiekszong ekspresje genéw kodujacych kadheryny 1 kolagen
oraz zaangazowanych w powstanie macierzy zewnatrzkomorkowej. Wyniki drugiego etapu

badan przedstawiajg profil ekspresji gendw, ktore mozna uzna¢ za nowe markery molekularne

114



procesow komorkowych zaangazowanych w organizacje cytoszkieletu i1 jego udziat
w sygnalizacji miedzykomoérkowej. Trzeci etap prowadzonych badan przedstawia analize
ekspresji genéw zaangazowanych w adhezje komorkowa, proliferacj¢, migracj¢ oraz produkcje
pecherzykow zewnatrzkomorkowych. Przedstawiony profil ekspresji wybranych gendw wnosi
nowe spojrzenie na regulacje procesow fizjologicznych, szczegolnie sygnalizacje
miedzykomdrkowg w komorkach ziarnistych pgcherzyka jajnikowego $wini. Badania te moga
by¢ zatem wykorzystane w technikach wspomaganego rozrodu (ang. assisted reproductive
technologies, ART) prowadzonych in vitro oraz dostarcza¢ nowych danych dotyczacych

patofizjologii zaburzen w obrebie jajnika.
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6. Summary

The extracellular matrix (ECM) is an extremely important structure present in all tissues of
the animal body. It is involved in many physiological processes, including those occurring in
the ovary. The ECM has been shown to significantly affect folliculogenesis, ovulation and
corpus luteum formation. The cytoskeleton, like the ECM, is a dynamic structure, constantly
modifying its composition. Through its involvement in cell division, it influences the
proliferation of granulosa cells in the ovarian follicle. The cytoskeleton, along with trans-
membrane proteins (integrins and cadherins) and also the extracellular matrix, is closely
involved in cell signaling. Recently, the role of extracellular vesicles (EVs) in intercellular
signaling has focused much attention. Among these nanoparticles are exosomes, which, being
carriers of proteins, lipids or DNA or RNA molecules, are intimately involved in the regulation
of cellular processes such as adhesion, proliferation and migration. A thorough understanding
of the interactions between the ECM, cytoskeleton and EVs in the microenvironment of the
ovarian follicle will allow us to better understand the molecular basis of physiological as well

as pathological processes of the ovary.

In the research performed in the dissertation, were used granulosa cells of the domestic pig
ovary, which constitute the most abundant population of cells forming the ovarian follicle. They
have been shown to be intimately involved in the processes of folliculogenesis and oogenesis,
and are also responsible for steroidogenesis. In addition, through their constant dialogue with
the ovum, they actively participate in the oocyte acquisition of competence for fertilization. The
research methodology of the dissertation was based on conducting primary in vitro culture of
granulosa cells of the domestic pig ovary and determining the expression profile of genes
regulating the formation of the extracellular matrix, cytoskeleton and participating in cell
division and intercellular signaling, specifically based on extracellular vesicles. The use of the
expression microarray method allowed the determination of the transcriptomic profile of cells
from specific time intervals (0 h, 48 h, 96 h and 144 h), and the validation of the obtained results

was carried out using the RT-qPCR procedure.

The published results of the first stage of the study showed increased expression of genes
encoding cadherins and collagen, as well as those involved in extracellular matrix (ECM)
formation, in porcine granulosa cells cultured in vitro. The results of the second stage of the
study present the expression profile of genes that can be considered new molecular markers of
cellular processes involved in the organization of the cytoskeleton and its participation in

intercellular signaling. The third stage of the conducted research presents the expression
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analysis of genes involved in cell adhesion, proliferation, migration and production of
extracellular vesicles (EVs). The presented expression profile of selected genes brings new
insights into the regulation of physiological processes, especially intercellular signaling in
granulosa cells of the porcine ovarian follicle. This research can therefore be used in assisted

reproduction techniques (ART) conducted in vitro and provide new data on the

pathophysiology of ovarian disorders.

117



